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ABSTRACT 

PFAAs (Perfluoroalkyl acids) are a class of bioaccumulative, persistent and ubiquitous aquatic 

contaminants. A paucity of toxicological information exists for short chain PFAAs and PFAA 

mixtures. In order to address these knowledge gaps, we performed a 3-week, aqueous exposure of 

rainbow trout to 3 different concentrations of a PFAA mixture (50 - 500 ng/L) and individual 

PFAAs (25 nM of PFOS, PFOA, PFBS or PFBA). Untargeted proteomics and phosphorylated 

metabolomics were conducted on the blood plasma and head kidney tissue to evaluate differences 

in biological effect for congeners and mixtures. The mixture and PFOS exposures significantly 

altered the abundances of many plasma proteins involved in lipid metabolism and the nervous 

system. The PFOA and high mixture treatments altered many kidney proteins involved in oxidative 

stress and inflammation. The findings emphasize the need for more toxicological testing of PFAA 

mixtures and their potential to cause metabolic dysregulation and neurotoxicity in fish.  
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Chapter 1. Introduction  

1.1 General Overview 

Per- and polyfluoroalkyl substances (PFAS) are a class of persistent and bioaccumulative 

pollutants which are characterized by alkane moieties which have two or more fully fluorinated 

carbons (1, 2). PFAS have been used in a variety of products including non-stick cookware, 

aqueous firefighting foams, disposable food packaging and surface protective coatings for carpets, 

apparel, furniture and other fabrics (3, 4). PFAS are valued due to several physical and chemical 

properties including their hydrophobic and oleophobic properties which provide a non-stick, stain 

repellency in surface coatings. The perfluorinated alkane moiety within PFAS is quite chemically 

inert, being robust against many forms of chemical attack (i.e. acid/base, oxidation, thermal, 

radiation etc.) (3, 4). It is due to these unique physicochemical properties that PFAS is highly 

valued in a large variety of industrial processes. However, it is the same chemical inertness which 

makes these compounds highly persistent environmental pollutants, as it is believed that they 

persist in the environment indefinitely. PFAS are a major environmental pollutant, being 

frequently detected in biota and environmental matrices around the world (5-7).  

In particular, perfluoroalkyl acids (PFAAs) are deemed the final degradation products of larger 

forms of PFAS (5).  PFAAs comprise the vast majority of PFAS which exist in surface waters and 

biota, being comprised of perfluorinated alkane groups and an anionic moiety typically being 

either a carboxylate or sulfonate group (Table 1.1).   
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Table 1.1. Chemical Structure Diagram of Perfluoroalkyl Acids Mentioned in this Thesis.  
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PFAAs have been widely detected in human blood and always exist as mixtures of structurally 

similar congeners in surface waters (Table S1) (5-8). PFAAs are being investigated as potential 

carcinogens and adversely affect many biological systems including development, metabolism and 

immune function in vertebrates (9-12). Currently, there is a large paucity of data evaluating the 

toxicology of PFAA mixtures and compounds which are considered short chain (being < C8 for 

perfluoroalkyl carboxylates (PFCAs) and < C7 for perfluoroalkyl sulfonates (PFSAs) (13). Reports 

from Environment and Climate Change Canada (ECCC) have acknowledged the lack of 

information available for PFAAs other than PFOA and PFOS; including addressing mixture 

toxicity (14, 15). Currently, only two national regulatory agencies have established a framework 

for addressing potential risks associated with complex mixtures of PFAAs in drinking water which 

is due to lack of data to support such a framework. Health Canada and The National Institute for 

Public Health and the Environment within the Netherlands have both established a hazard index 

type framework for quantifying relative toxicity of various PFAAs based on dose response with 

an established health criterion (13, 15). Establishment of environmental guidelines for PFAAs 

other than PFOA and PFOS in Canada and the world are absent due to the lack of information 

regarding toxicity of short chain PFAAs and PFAA mixtures (15-17). Regulatory bodies such as 

the U.S. Agency for Toxic Substances and Disease Registry (ATSDR) acknowledges similarity of 

adverse health outcomes of some PFAAs but states that there is evidence of mechanistic 

differences and insufficient information on interactions between diverse PFAA mixtures (13, 14, 

18). Clearly, there is a great need to better establish the toxicology of short chain PFAAs and 

PFAA mixtures for informed risk assessment.  
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1.2 Perfluoroalkyl Acids  

PFAAs are a subgroup of PFAS which are the most abundant form in the environment and 

are the final degradation products from the diverse number of chemical species extant in consumer 

and industrial products (3, 4, 19). The forms of PFAS which degrade into PFAAs are commonly 

termed as ‘precursors’ within the literature (5, 20). Perfluorooctanoate sulfonic acid (PFOS) and 

perfluorooctanoic acid (PFOA) are examples of the most infamous and well-studied forms of 

PFAAs initially garnering attention from the American public and the U.S Environmental 

Protection Agency following their ubiquitous detection in the blood of American citizens as well 

as being detected in biota around the world (6, 8). PFOS in particular was phased out from 2000 - 

2002 by its major manufacturer 3M due to concerns regarding its widespread occurrence in 

American surface waters and high bioaccumulative potential (5). Currently, PFSAs of > 7 carbons 

and PFCAs of > 6 carbons are not permitted to be manufactured or imported into most developed 

nations which has resulted in a shift to production of PFAAs of shorter chain length and other 

alternative chemistries (21). Regardless of the restrictions, legacy PFAAs remain in the 

environment while short chain PFAAs levels are increasingly entering the aqueous environment 

through both point sources (industrial wastes, wastewater treatment plants, aqueous firefighting 

foams, landfills etc.) and non-point sources (surface runoff and atmospheric discharges) (5, 7, 22, 

23).  

 

1.3 Uses of PFAS 

PFAS have invaluable physical and chemical properties making them very useful in an 

extensive number of applications (19, 24, 25). A recently published review by Glüge et al., 2020 
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found over 200 use categories for over 1400 PFAS which is the most comprehensive and up to 

date publication on PFAS use (24). Some examples of the most frequent industrial use categories 

include: photographic industry, semiconductor industry, stain and grease repellant coatings, paints, 

varnishes, fluorinated polymers, lubricants, fire-fighting formulations (AFFF), medical utensils, 

personal care products, and printing (24).  The most frequently used forms of PFAS are the 

fluorotelomer based-products which consist of a perfluorinated alkyl group conjugated to a methyl 

or ethyl alcohol and are known to readily degrade into PFAAs in the environment  (24). 

Unfortunately, the voluntary phase outs of long chain PFSAs and PFCAs by major US 

manufacturers have not completely eliminated illegal import of products containing long chain 

PFAAs into developed nations i.e. electronics, cars and others (26). Thus, long chain or legacy 

PFAAs continue to enter the environment via the degradation of legacy products in landfills and 

current products which may unknowingly contain restricted PFAAs.  

 

1.4 Pathways into the Aquatic Environment 

Sources of PFAS into the environment are caused by a contribution of point and non-point 

sources (5). Point sources of PFAAs include industrial and municipal wastewater treatment plants 

(WWTPs), landfill leachates, and aqueous firefighting foams (AFFF) (5). Non-point sources 

include sewage sludge application to crops, wet and dry atmospheric deposition, soil and street 

surface runoff (5). Generally, wastewater treatment of PFAS is not effective because they are not 

designed to remove PFAS from waste flows. It is common to observe increased concentrations of 

PFAAs in wastewater effluent because of the degradation of PFAS precursors (5, 27-31). For 

example, the fate of several PFAAs were monitored in six WWTPs in New York State and the 



6 
 

mass flows of PFOS, PFOA, PFNA, PFDA and PFUnDA were all found to significantly increase 

following secondary treatment (29). Concentrations of PFAAs in  have been determined to be 5-

10 times higher in effluent than surface waters along the river Elbe, Germany (32).  Industrial 

influenced WWTPs are another important point source sometimes resulting in highly elevated 

levels of PFAS in the environment (29, 33, 34). A study conducted in Taiwan found the 

semiconductor and electronics industry to have a large influence on concentrations of PFAAs in 

receiving waterways (33). Although conventional wastewater treatment processes are poor at 

removing PFAS, technologies do exist that have been found to be effective in lowering PFAS 

concentrations to safe standards such as granular activated carbon, reverse osmosis and anion-

exchange resins (35). All of these technologies fall under the category of tertiary treatment for 

WWTPs and are costly to implement and maintain (35). Landfill leachates are another important 

point source, where various products containing PFAS degrade, contaminating underlying 

groundwater or undergo municipal wastewater treatment (36, 37). Landfill leachates in Germany 

contained 199-1537 ng/L PFASs but due to the relatively slow rate of flow for leachates, 

contribution of PFAS to the environment through this method may be quite slow (38). Finally, 

aqueous firefighting foams are another major point source of PFAAs (3, 4, 19). AFFFs contain 

various compositions of PFAS and were widely utilized by the American military (aircraft bases 

etc.), oil and gas production, refining industries, and at airports worldwide (19). A spill that 

occurred at Toronto Pearson Airport, Ontario Canada in 2002 resulted in 22000 L of AFFF being 

spilled into Etobicoke Creek. Total PFSA concentrations in the creek ranged from 0.017 to 2260 

µg/L and total PFOA concentrations ranged from 0.009 - 11.3 µg/L (39).  
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1.5 Occurrence of PFAAs in the Aqueous Environment 

PFAS is ubiquitously present in the global environment, tending to be in the hydrosphere 

due to its high-water solubility (4, 19, 40, 41). A recent review of the environmental occurrence of 

PFAS in surface waters was summarized herein (Table S1) where over 80 different locations from 

68 different academic studies report many forms of PFAAs at large ranges of concentrations. The 

median summative concentration of PFAS was found to be 38.4 ng/L with a minimum of non-

detect to a maximum of almost 67 µg/L (Table S1).  Studies included within Table S1 are all 

chosen based on having an environmental sampling time by the year 2009 in order to get a more 

recent overview of PFAA levels in surface waters. From the review, it is clear that PFAAs always 

exist in surface waters as mixtures, containing a suite of PFCAs and PFSAs of different carbon 

chain length (Table S1). According to a search conducted in Web of Science as of February, 2023, 

over 7000 scientific articles have been published using keywords ‘PFOA’ or ‘PFOS’. Clearly, a 

great degree of research has been done regarding the two most important forms of PFAAs but there 

is much to understand regarding the many other forms that exist (42). New forms of structurally 

similar PFAS are being manufactured at locations around the world, including classes such as the 

short chain congeners and perfluoroalkyl ethers (PFAEs) (24, 43). The burden of PFAAs in the 

environment is gradually shifting as these newer alternatives are increasingly entering the 

environment (i.e. PFOA and PFOS). For example, a shift in PFAA composition was observed in 

the sediment profile in lake Michigan from long chain PFAAs to short chain alternatives (4 carbon 

PFBA and PFBS) (64). The Cape Fear River basin in North Carolina, a site historically influenced 

by perfluorochemical production, has seen shifts in PFAS composition over the years from 

predominantly long chain PFCAs (C7-C9) in 2006 to short chain PFCAs (C5 - C6) in 2013 (65, 

66). In addition, appearance of a novel form of PFAAs known as hexafluoropropylene oxide-dimer 
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acid or GenX is being detected in the environment. GenX is an alternative to PFOA developed by 

Chemours, a sister company of Dupont in anticipation of American production phase outs of PFOA 

from 2010 - 2015 (65-67). Unfortunately, GenX is still believed to be highly persistent and as toxic 

as PFOA, the compound it was designed to replace.  

 

1.6 Bioaccumulation of PFAAs 

PFAAs do not tend to bioaccumulate in fatty tissues like the majority of persistent 

environmental pollutants, likely being due to the oleophobic character of the perfluorinated alkane 

moieties (44-51). Non-covalent binding of PFOA and other PFAAs have been observed in human 

and rat serum albumins along with human liver fatty acid binding protein (23, 46, 47, 49, 51-55). 

Thus, it is not surprising that highest levels of PFAAs are in blood, kidneys, and liver where select 

classes of proteins are at their highest (55). Elimination half-lives of PFOA and PFOS in humans 

are exceptionally high when compared to other biota being 5.3 years, 3.4 years and 2.7 years for 

PFHxS, PFOS and PFOA respectively (56-60). Stark differences exist in the elimination rates 

across species, age, and sex in vertebrates where serum half lives in non-human vertebrates are 

drastically less (on the order of days and hours) (56, 60). Bioaccumulation of PFAAs in fish tissues 

have a very wide range of values (Table S2) between 100 – 104 orders of magnitude. 

Bioaccumulative potential tends to be a function of chain length and functional group. In general, 

every perfluorinated carbon added can increase the bioaccumulative factor (BAF) by an order of 

magnitude with the PFSAs generally having BAFs that are 1-2 orders of magnitude higher than 

PFCAs with equal chain length (61). Longer chain PFAAs tend to be approximately 1-2 orders of 

magnitude more acutely toxic and have higher affinity towards a key mode of action: peroxisome 
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proliferator activated receptor alpha (PPARA) (62). Biomagnification is another important 

variable which is observed to occur in the Great Lakes in higher trophic level birds, fish and 

mammals having significantly higher levels of PFAAs (63-66). Several studies in fish have also 

found significantly higher rates of elimination in females for PFOA and PFOS than in males (67-

69). 

 

1.7 Toxicokinetics 

Urinary and fecal elimination are deemed the primary routes of PFAS elimination in rodent 

studies with metabolism not occurring due to the chemical inertness of PFAAs (70). Urinary 

elimination is highly dependent on carbon chain length while fecal elimination is relatively 

constant regardless of chain length (2-5% (71)). Urinary rates of elimination are also influenced 

by circulating sex hormones which affect expression of organic anion transporters (OATs) and 

organic anion transporting polypeptides (OATPs) in the renal tubules of the kidney (72). A rodent 

study co-treating rats with PFOA and an OAT inhibitor (probenecid) almost completely eliminated 

urinary excretion of PFOA (73). Further gene expression analysis of the renal tubules found 

distinct differences in expression of Oat1, Oat2 and Oatp2 across males and females as well as 

between castrated males, testosterone, estradiol and ovariectomy cohorts (72, 74). Renal 

resorption was determined to be another important factor for determining renal elimination rates 

of PFAS with the location and density of OAT and OTAP proteins on the apical and basal 

membrane of renal tubules being an important determinant (75, 76). Although there are less 

toxicokinetic studies conducted on fish, many of the same observations occur as with mammals, 

with body burdens of PFAAs differing by sex, chain length, and functional group (77). One study 



10 
 

dosing rainbow trout with PFOA and PFOS in respirometer-metabolism chambers measured half-

lives of 16 days and 86.8 days, respectively. Route of elimination was confirmed to be primarily 

via urine, as is observed in mammals. Brachial elimination was another factor but was occurring 

at approximately 10-fold lower rates when compared to the renal route (78, 79).  

 

1.8 Impacts of PFAAs on Lipid Metabolism 

Some of the most well documented effects of PFAAs are on lipid and carbohydrate 

metabolism across many model organisms including fish species (12, 68, 80-88). A high dose 

exposure of PFOS or PFOA to rodents caused weight loss, hepatocellular hypertrophy, hepatic 

steatosis, reduced serum triglycerides, glucose, and cholesterol as well as an induction of enzymes 

involved in fatty acid β-oxidation (12, 85, 86, 89-96). Several studies in mammals and fish have 

found decreased hepatic excretion of very low-density lipoprotein (VLDL) particles along with 

increased liver uptake of lipids through upregulation of Cluster of Differentiation 36 (CD36) (12, 

68, 87, 88, 97-99).  

The primary mode by which PFAAs are believed to affect lipid and carbohydrate metabolism is 

from ligand mediated activation of peroxisome proliferator activated receptor alpha (PPARA) (80, 

81, 95, 96, 100-102). The peroxisome proliferator activated receptors (PPARs) are a class of 

nuclear hormone receptors which belong to the NR1C subgroup of the nuclear receptor 

superfamily (103, 104). Three PPAR isotypes have been identified in vertebrates (PPARA, 

PPARD, PPARG) which are encoded by separate genes. PPARs play an important role in lipid 

and carbohydrate metabolism being activated by a variety of endogenous lipids including fatty 

acids (primarily unsaturated), fatty acid derivatives, phospholipids, eicosanoids and prostaglandins 
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(103, 104). There is some degree of overlap between PPAR ligand recognition across isotypes 

with some ligands transactivating multiple isotypes at once, however with varying affinities (104).  

PPARA is primarily involved in fatty acid catabolism and is expressed in tissues which undergo 

higher rates of mitochondrial and peroxisomal β-oxidation which include brown adipose tissue, 

hepatocytes, cardiomyocytes, enterocytes, proximal tubules of the kidney and skeletal muscle 

(103, 105, 106). PPARs mediate control on the expression of target genes through 

heterodimerization with the retinoid X receptor (RXR) which binds to peroxisome proliferator 

response elements on the genome. In the event that the PPAR:RXR heterodimer binds a specific 

PPAR agonist, binding leads to the release of the co-repressor complex and subsequent recruitment 

of several coactivators culminating in the binding of peroxisome proliferator response elements in 

the genome and transcription of target genes (104).  The affinity of C4 - C7 PFAAs for human 

PPARA have been evaluated in vitro and a clear positive relationship is observed with increasing 

chain length, and PFCAs bind more strongly than PFSAs (45, 62, 100, 101).  

One abnormal effect of PFOA and PFOS on lipid homeostasis in livers was micro vesicular 

accumulation of fatty acids which is not an outcome which occurs from PPAR activation (95, 96). 

Tan et al., 2013 observed significant accumulation of long chain fatty acid and long chain acyl-

carnitines such as linoleic acid and linoleoyl carnitines in mice fed high fat diets while also being 

exposed to 5 mg/kg bw of PFOA for 3-weeks (12). The accumulation of long chain fatty acids and 

acyl carnitines suggested a dysfunction in downstream oxidation of long chain fatty acids. In 

addition to this, carbohydrate metabolism within the liver appeared to be impacted following 

PFOA exposure with fructose, mannitol, galactose, fumaric acid, malic acid and citric acid were 

all significantly reduced along with transcript levels of various glucose metabolism enzymes (12). 

In particular, a reduction in hepatic citric acid levels along with a downregulation of several genes 
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involved in the citric acid cycle (Acly, Dlst, Pdha, Sdha and Suclg1) suggested a dysfunction 

occurring in oxidative phosphorylation may explain the accumulation of long chain fatty acid 

metabolites and reduction in carbohydrate metabolites (12).  

 

1.9 PFAS Induced Mitochondrial Dysfunction 

Dysregulation of lipid and carbohydrate metabolism can occur when mitochondrial 

function is impaired. Lipids in particular can only generate ATP efficiently through generation of 

NADH and FADH2 which are subsequently used as reducing equivalents in the electron transport 

chain. However, as seen in many disease states, when oxidative phosphorylation is impaired, it 

serves as a bottleneck for the generation of ATP from lipids (107). An adverse outcome pathway 

which explains this phenomenon describes mitochondrial dysfunction as a cause of hepatic 

steatosis through impaired catabolism of lipids within the liver leading to the buildup of lipids 

(108). A plethora of studies report some form of mitochondrial dysfunction occurring following 

exposure to PFAAs such as PFDA, PFNA, PFOA (109-112). For example, an ex vivo study 

exposed isolated rat brain and liver mitochondria to 1.5 mM PFOA exhibited mitochondrial 

membrane potential collapse, mitochondrial swelling, cytochrome C release and a dose dependent 

reduction in ATP production, up to 83% at 1.5 mM (111) Hagenaars et al., 2013 mitochondrial 

uncoupling occurring in zebrafish exposed to PFOA, finding a 55% reduction in electron transport 

chain activity in fish exposed to 1 mg/L PFOA (68). Another study exposing Crucian Carp to 25 

mg/L of PFOA found a decrease in expression of genes coding for adenine nucleotide translocase 

and voltage dependent anion channel proteins at the 4-day exposure but not the 7-day exposure 

concentrations (87).   
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1.10 Effects of PFAAs on the Nervous System 

PFAAs are deemed to cause behavioral deficits in developmentally exposed human 

children, mice and fish (113). Zebrafish embryos exposed to 0.5 µg/L of PFOS found effects on 

thigmotaxis, light:dark preference, increased embryonic mortality, swim bladder inflation and 

spinal curvature (113). Many behavioral studies exist on the effects of PFOS and some other 

PFAAs on important cognitive and neuromuscular responses in mammals and fish (114). Several 

prominent examples of impacts of PFAAs on behavioral phenotypes include impaired spatial 

learning, memory, and swimming velocity in mice exposed to a high dose of PFOS for 1 month 

(114). Several studies have found altered locomotion in fish exposed to PFAAs (113, 115-117).   

Assessing PFOS exposure at multiple time points reveals that the length of PFOS exposure was a 

variable in predicting morphological effects (113). Exposure of zebrafish for 5 days post-

fertilization to 2 µg/L PFNA or PFOS caused sex specific differences in lighting preferences and 

decreased aggression in the males (118). A small panel of mRNA transcripts involved in early 

zebrafish development were found to be changed including brain derived neurotrophic factor 

(bdnf), adaptor related protein complex 1, sigma subunit 1 (ap1s1) transforming growth factor beta 

1a (tgf1a) and solute carrier organic anion transporting polypeptide 2b1 (slco2b1) (118, 119). 

Several potential modes of action for PFAA induced neurotoxicity exist; PFOA and PFOS affect 

multiple aspects of calcium homeostasis in neurons including L-type calcium channels, inositol 

1,4,5-triphosphate receptors and ryanodine receptors (120-123). In utero exposure of rats exhibited 

apoptosis of hippocampal neurons at 5 and 15 mg/L of PFOS in drinking water with a dose 

dependent increase in calcium levels in the hippocampus (124). Calcium acts as an important 

secondary messenger in neurons regulating many functions including apoptosis, synaptic 

transmission and plasticity (113).  
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1.11 Immunotoxicity of PFAAs  

Adverse effects on immune function may be one of the more sensitive endpoints affected 

by PFAS (11, 41). An epidemiological study investigating antibody production in infants 

vaccinated for tetanus and diphtheria found significant negative correlations for PFOS and PFOA 

levels and anti-diphtheria antibody concentrations being -38.6% and -16.2% respectively for 5-

year-old children (125). Similar associations exist with serum concentrations of various PFAAs 

and antibody concentrations specific towards rubella, mumps and Hemophilus influenzae 

vaccinations in children and adults (126-130). Similar effects have been found in rodents exposed 

to PFOA and PFOS which resulted in reductions of antibody responses following immune 

challenges (11, 131-133).  Rodent exposures to high doses of PFOA (40 mg/kg/day for 7 days) 

have also resulted in lowered spleen and thymus weights and reduced immature CD4+ and CD8+ 

T cells in the thymus and spleen (134). In a study conducted by Qazi et al., 2012 exposure of mice 

to a 10-day dietary exposure to PFOA and PFOS caused reductions in the cellularity of the spleen, 

thymus and bone marrow (135).  

The primary mode by which PFAAs are believed to exert their immunotoxic effects is via PPAR-

mediated modulation of the immune system. PPARs generally exert an anti-inflammatory effect 

via multiple mechanisms which depend on the isoform involved. The primary mode is from the 

negative cross-talk that exists between PPARs and the proinflammatory transcription factor 

nuclear factor Kappa B (NFκB). PPARs also have relatively high expression levels in key immune 

effector cells including macrophages, neutrophils and lymphocytes (136, 137). Previous studies 

exposing mice to peroxisome proliferators have caused similar immunological effects including 

thymus and splenic atrophy along with reductions in CD4+ and CD8 + cell populations within the 

thymus (138-140). Interestingly, the effects of Wy14-643 and PFOA were not found to cause 
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splenic and thymic atrophy in Ppara null mice while causing a less significant change in the T cell 

populations of the thymus and no change in leukocyte numbers within the spleen (138). 

Relatively less information is available on the immunotoxicity of PFAAs in fish however there are 

some studies which tend to have similar findings as those in mammals. Embryonic exposures of 

marine medaka to 1 mg/L of PFOS caused an impaired immune response following a 

lipopolysaccharide (LPS) challenge at 27 days post hatch. The transcript levels of several key 

genes involved in the inflammatory response to LPS including Il8, Cox1, Cox2, Tnfa and Il1b were 

found to be significantly lowered in the PFOS treatment. Another study exposing zebrafish to 

PFOA (0.05, 0.1, 0.5, and 1 mg/L) for 21 days found increased expression of proinflammatory 

cytokines il1b and il21 in the spleen at the low dose but its suppression at higher doses (141). 

Additionally, a clear trend was observed between immunoglobulin gamma levels (Igg) and 

cytokine secretion suggesting the antibody responses of fish may be affected by PFAAs just like 

those in mammalian studies (141). Thus, it is likely for PFAAs to cause immunotoxicity in fish 

via conserved mechanisms.   

 

1.12 Thesis Premise 

PFAAs are a major global aqueous contaminant and exist as chemical mixtures of a number 

of structurally similar congeners. Current toxicological information is lacking when it comes to 

addressing the effects of PFAA mixtures at concentrations and compositions typically found in 

surface waters. Additionally, relatively little information is available on the toxicity of short chain 

PFSA and PFCA congeners. PFAAs have a pleotropic mode of action on many biological systems 

emphasizing the importance of using an untargeted, multi ‘Omics approach on different organs 
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will allow for a thorough analysis of any toxicological effect. Structural and toxicological 

similarity of PFAAs could allow for these compounds to be grouped as a class for more efficient 

risk assessment. However, much more research into the toxicological dose response to short chain 

PFAA congeners and PFAA mixtures needs to be conducted. Within this thesis, we will address 

these knowledge gaps by conducting two types of chemical exposure: (1) PFAA mixture exposures 

at environmentally relevant concentrations and (2) Single component exposures to different PFAA 

congeners. Specifically, we conducted a 3-week aqueous exposure of rainbow trout and performed 

untargeted proteome analyses on the blood plasma and head kidney tissue. An additional set of 

single component exposures was also conducted at higher, equimolar concentrations to elucidate 

the potential for differences in proteomic response across chain length (C4 and C8) and functional 

groups (carboxylate or sulfonate) of PFAA congeners. Overall, the proposed research project 

hopes to generate toxicity data for PFAAs and their mixtures that will aid in risk assessment, and 

protein profiles that could be used for monitoring the effects of PFAS in wild fish populations. 

 

1.13 Objectives 

The objectives of the study were to: (1) Analyze and compare changes in the plasma and head 

kidney proteome of rainbow trout following waterborne exposures to different PFAA congeners 

and their mixtures (2) Establish biological processes likely to be affected using pathway analysis 

software on protein information (3) Analyze changes in phosphorylated carbohydrates in the 

plasma and link them to changes observed in the proteome (4) Measure the concentrations of 

PFAAs in the exposure water and blood plasma of rainbow trout to investigate toxicokinetics of 

low concentration PFAA mixture exposures.  
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Chapter 2. Methods 
 

2.1 Fish Housing Conditions 

Juvenile Rainbow trout (Oncorhynchus mykiss) approximately 70 – 100 grams, 6 – 8 

months of age were acquired from Linwood Acres Trout Farms LTD, Campbellcroft Ontario. All 

animal experimentation was done in compliance with the Canadian Council on Animal Care 

Guidelines. Fish were allowed to acclimate for 4 weeks in 4000 L fiberglass tanks, receiving flow-

through, de-chlorinated water at 12 C°, 16:8 light:dark photoperiod. During the acclimation period, 

fish were fed a maintenance diet of 0.4 % body weight every 3 days to minimize growth. Uneaten 

food and feces were cleared every two days. Fish were randomly transferred to 70 L glass aquaria 

and allowed to acclimate for an additional 1 week prior to commencing chemical exposures. There 

were four replicate tanks per treatment with 5 fish per tank and an approximate stocking density 

of 1.2 g/L. It must be noted that due to feasibility constraints, 1 replicate tank per treatment was 

60 L instead of 70 L and had an approximate stocking density of 1.4 g/L. Any potential effects 

caused by the differences in tank size were predicted to be controlled due to every treatment having 

one 60 L tank. All fish within the glass aquaria received the same water, temperature and 

photoperiod as within the fiberglass tanks. Water quality was maintained via flow-through, with 

5, 95% tank turnovers every 24 hours. The chosen flow rate has previously been determined to 

ensure high molecular mixing and optimal water quality parameters for rainbow trout (142). 

Oxygen readings of several of the tanks prior to beginning the chemical exposures were 

determined to be saturated. Water quality parameters were not specifically taken within the glass 

aquaria because water quality is deemed not to be an issue for flow through systems at high 
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turnover rates (142). General water quality parameters for the system water are also taken daily 

within the laboratory i.e. temperature, PH, nitrite and ammonia. 

 

2.2 Chemical Exposures 

 Following the acclimation period, fish were exposed to different compositions of 

waterborne PFAAs for 22 days (Table 2.1). Originally, the duration of exposures was been planned 

to be 28 days but was shortened due to a university shutdown in the wake of the COVID-19 

outbreak in Ontario, Canada, mid-March 2020.  

The first set of chemical exposures were considered environmentally relevant consisting of a 

mixture of 8 different PFAAs at summative concentrations of 50, 100, and 500 ng/L (Table 2.1). 

The composition of the mixture exposures was modeled after the species of PFAAs quantified in 

Lake Ontario after 2009 by Amila et al., 2011 (61). The second set of chemical exposures consisted 

of 4 different aqueous exposures to a single PFAA compound at substantially higher 

concentrations (25 nM PFOS, PFOA, PFBS or PFBA; Table 2.1). Each treatment group had n = 

20 and consisted of 4 replicate tanks. The purpose of conducting single compound exposures at 

non-environmentally relevant concentrations was to induce clear protein and metabolite responses 

for comparison between treatments.  

All of the PFAA chemicals were purchased from Sigma Aldrich except the C6 congeners (PFHxA 

and PFHxS) which were purchased from Toronto Research Chemicals Inc. PFAA compounds 

were purchased as either the purified anionic form for the PFCAs (97% PFNA; 95% PFOA, 99% 

PFHpA and 98% PFBA) or the potassium salt for the PFSAs (98% PFOS). All nominal 

concentrations represented the concentration of the free anion. A carrier was not used within the 
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study and all compounds were solubilized in distilled water with stirring and mild heating. Less 

soluble PFAAs (mainly PFOA and PFOS) had limits of solubility in the several hundreds of mg/L 

which were not required for conducting the current study. Bottles of stock solution (1 L) were 

replaced once a week, for a total of 3 times throughout the course of the experiment. Water samples 

were taken for later analysis of PFAAs at 3 timepoints throughout the experiment; always being 

24 hours following a change in the 1 L bottles of stock. Approximately 3 ml of water was taken 

from each tank and pooled by treatment. Water was stored in 15 ml, polypropylene falcon tubes 

and stored at room temperature, in the dark. 
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Table 2.1. Percent Composition and Concentrations of PFAAs Being Used in a 28-day, Aqueous 

Exposure of Rainbow Trout. The relative compositions of PFAAs within the mixture groups 

(MIXLOW, MIXMED and MIXHI) are based on the composition of PFAAs detected in Lake 

Ontario by De Silva et al., 2011 (1). 

Treatment 
Group 

PFNA 
(ng/L) 

PFOS 
(ng/L) 

PFOA 
(ng/L) 

PFHpA 
(ng/L) 

PFHxS 
(ng/L) 

PFHxA 
(ng/L) 

PFBS 
(ng/L) 

PFBA 
(ng/L) 

∑PFAAs 
(ng/L) 

Mixture 
composition 5% 35% 30% 10% 5% 5% 5% 5% 100% 

 
MIXLOW 

 

2.5 17.5 15 5 2.5 2.5 2.5 2.5 50 

 
MIXMED 

 

5 35 30 10 5 5 5 5 100 

 
MIXHI 

 

25 175 150 50 25 25 25 25 500 

Control 
 

-- -- -- -- -- -- -- -- -- 

PFOS -- 12,500 -- -- -- -- -- -- 
12,500 

 

PFOA -- -- 10,300 -- -- -- -- -- 10,300 

PFBS -- -- -- -- -- -- 7,500 -- 7,500 

PFBA -- -- -- -- -- -- -- 5,300 5,300 
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2.3 Takedown and Dissection 

Upon completion of the 23-day exposures, fish were anesthetized by immersion in 100 

mg/L tricaine methane sulfonate and fish weight and fork length were measured. Blood was drawn 

from the caudal vein (22 and ½ gauge needle, 1” length) and collected in 4 ml heparinized 

vacutainers and stored on ice. All fish were euthanized via exsanguination and the spinal cord was 

severed with a knife prior to dissection. Within 1-2 minutes of sampling, blood samples were 

transferred to 1.5 ml microcentrifuge tubes and stored on ice for a maximum of 20 minutes prior 

to centrifugation. Samples were centrifuged at 10,000 rpm for 4 minutes under refrigeration (4 C°) 

and the plasma was subsequently transferred to 1.5 ml cryovials and flash frozen in liquid nitrogen. 

Plasma samples were then transferred to a -80 C° freezer for long term storage.  

Liver and kidney samples were also collected by dissection. Liver masses were recorded for 

determination of hepatosomatic index and divided into two sections using a scalpel and stored 

separately for future analysis. In order to ensure consistency of protein and metabolite contents of 

liver cross sections amongst samples, cross sections were always made at the same anatomical 

division. Tissues were transferred to cryovials and flash frozen in liquid nitrogen for storage at  

– 80 C°.   

 

2.4 Condition Factor and Hepatosomatic Index 

Condition factor was measured based on the ratio of fork length to body weight and 

calculated according to a widely used mathematical formula: K = (10^5*W)/L^3 (W = body mass 

in g, L = fork length in cm) (143). Hepatosomatic index was simply calculated as the ratio of liver 

mass to body mass and multiplied by 100. 
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2.5 Preparation of plasma samples for Proteomics 

The method used has been described elsewhere (144) and will be summarized herein with 

some minor modifications. Plasma samples were thawed on ice (approximately 2 hrs) and 15 µl 

was transferred into low retention microcentrifuge tubes containing 50 mM tris-HCL. Samples 

were then reduced using tris(2-chloroethyl) phosphate (TECP) followed by an alkylation step 

using iodoacetamide for prevention of reformation of disulfide bonds. Proteins were then digested 

using formic acid at a temperature of 115 C°. Following digestion, samples were evaporated to 

near dryness using a Thermo Scientific Savant SpeedVac and then resuspended in 20 µl of 95% 

milli-q water and 5% acetonitrile and centrifuged for a final time (14,000 x g for 15 minutes). 20 

µl of supernatant was transferred to high performance liquid chromatography (HPLC) vials with 

200-µl polypropylene spring-bottom conical inserts for subsequent analysis using HPLC tandem 

mass spectrometry (HPLC-MS/MS). 

 

2.6 Preparation of Kidney samples for Proteomics 

Kidney samples were prepared in a similar manner to the plasma samples with some 

additional steps conducted prior to the previously described plasma proteomics workflow. Due to 

limitations in sample amount, a total of 10 kidney samples were prepared for each treatment by 

pooling 2 samples together out of a total of n=20. Samples were subsequently weighed for 50-100 

mg of tissue depending on the amount available and then added to 2 ml microcentrifuge tubes (on 

ice) along with an ammonium bicarbonate buffer equaling a mass to volume ratio of 1:2. Samples 

were homogenized using a ball mill homogenizer at 20 Hz for 2 minutes and centrifuged for 15 

minutes at 14000 x g. Following centrifugation, 50 µl of supernatant was transferred to low 
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retention microcentrifuge tubes and the remaining sample preparation was conducted using the 

exact same method as for the plasma proteomics workflow.  

 

2.7 Proteomics Instrumental Analysis 

Samples analysis was done on an Agilent 1260 Infinity Binary pump high performance 

liquid chromatography (HPLC) with a Quadrupole tandem Time of Flight mass spectrometer as 

the detector. The method for untargeted proteomic analysis has been previously published (144). 

In brief, peptides are separated using an Agilent 1260 Infinity Binary HPLC, with a C18 column 

at a controlled temperature of 40 C°. Solvent A consisted of 5% acetonitrile, 0.1% formic acid, 

and Solvent B consisted of 95% acetonitrile, and 0.1% formic acid. In order to ensure quality 

control, a blank, a peptide standard and Bovine Serum Albumin (BSA) digest standard was 

injected every 10 runs. 

 

2.8 Protein Identification and Relative Quantification 

Mass spectral data files were collected using Mass Hunter Data acquisition. Spectrum Mill 

Software (Version A.03.03 SR4) was used to extract good quality spectra. Peptide identifications 

were carried out using Spectrum Mill and searching against the UniProt Rainbow Trout reference 

proteome (UP000193380, downloaded 2019) using a custom formic acid digest enzyme script (C- 

and N- terminus at cleavage sites DSLP). Peptide identifications were validated if they had a score 

higher than 6, minimum of one peptide match with a %SPI greater than 70%. Spectral intensity 

values were calculated in Spectrum Mill using the mean intensity of all peptides assigned to a 
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given protein. Skyline was subsequently used for MS1 filtering (145) to find missing values. The 

chromatographic area of the precursor ion intensity was used for relative quantification.  

 

2.9 Analysis of Phosphorylated Metabolites 

In collaboration with Dr. Vasile Furdui and Vlastamil Packa at the Ontario Ministry of the 

Environment and Parks, the analysis of phosphate and phosphorylated carbohydrates was 

conducted on the plasma. A total of 20 plasma samples per treatment were analyzed for a suite of 

analytes including phosphate, fructose-phosphate, galactose-phosphate, ribulose-phosphate and 

glucose-6-phosphate and were quantified using isotopically labeled standards.  

A publication which describes the methods used for this procedure are described in detail 

elsewhere and will only be summarized herein (146). Sample preparation consisted of a 1:500 

dilution of 10 µl of plasma in HPLC grade water.  

Instrumental analysis was performed on an ICS 5000+ ion chromatograph, HESI-II electrospray 

ionization source (ESI), coupled to a QExactive Mass Spectrometer (MS). The MS was operated 

in negative mode, full scan (m/z 50-700) at 70 000 resolution. Ion chromatograph eluent was 

always combined with 0.2 ml/min acetonitrile prior to entering the ESI.  

 Chromatographic separation was achieved using method A (mentioned in the publication) at a 

flow rate of 0.3 ml/min, 100 μl injection volume, AG24 Dionex guard column and AS24 Dionex 

separation column. A 30-minute gradient was used beginning with 20 mM OH- increased 

incrementally to 60 mM for 24 minutes of runtime and then decreased back to 20 mM OH- for the 

final 5 minutes. Quantification of analytes was achieved by preparation of a set of calibration 
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standards comprised of each analyte at 0 nM,10 nM, 100 nM and 1000 nM followed by spiking 

samples with a cocktail of isotopically labeled standards.  

 

2.10 Analysis of PFAAs in Water and Plasma 

In collaboration with Dr. Amila De Silva at Environment and Climate Change Canada 

(ECCC), water and plasma samples were shipped to Dr. De Silva’s lab at ECCC Burlington to be 

analyzed for a suite of PFAAs using UHPLC (Ultra-high performance liquid chromatography) 

MS/MS (tandem mass spectrometry). Prior to shipping, water samples of the exposure water were 

taken at week 1 (50 ml), 2 (25 ml) and 3 (25 ml) and stored in polypropylene conical vials. Water 

samples taken at the respective timepoints were pooled evenly from each of the 4 tank replicates 

used for each treatment.  

Due to the extremely low concentrations of PFAAs present in the 3 PFAA mixtures, a larger 

volume of water was required which involved the pooling of water taken at week 2 and week 3 for 

analysis of the mixtures. Thus, the water used for analysis of PFAA mixtures involved 50 ml from 

week 1 and another 50 ml which was pooled from week 2 and 3. In contrast, samples taken at week 

1 and 3 were chosen for analysis of the single PFAA mixtures because sample volume was not 

limiting for analysis of PFAAs at these higher concentrations (µg/L range). With respect to the 

plasma samples, a total of five samples were analyzed from each treatment which were pooled 

evenly from the 18-20 samples available for each respective treatment. A total of 30 µl of plasma 

was weighed and shipped for analysis.  

A more detailed report on the methods and results of PFAA analysis is available in the 

supplementary materials but will be summarized herein. For individual PFAA exposure water, 0.5 
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ml of water was transferred to a pre-cleaned polypropylene conical tube and weighed (±0.0001 g). 

0.5 ml of methanol was added along with 30 µl of methanolic isotopically labeled surrogate 

standards (20 ng/L). Samples were then analyzed using HPLC MS/MS monitoring for a full suite 

of C4-C15 PFCAs and C4-C12 PFSAs. Chromatographic separation was achieved using a Waters 

Acquity UPLC chromatograph and a Waters BEH C18 column with a gradient of water and 

methanol solvents along with 2mM of ammonium acetate (full pump timetable available in 

supplementary). Method blanks consisted of 0.5 ml HPLC-grade water added to 0.5 ml methanol. 

Limit of detection was calculated based on a concentration of analyte which would yield an 

instrumental signal with a signal to noise ratio of 3. The method detection limit was a metric used 

to consider the limit of detection in combination with the % recovery found from extraction of 

each PFAA. Measurement of the PFAA mixture water was a little different due to the low 

concentration ranges used (2.5-175 ng/L for individuals in the mixture). Firstly, samples were 

concentrated using a weak anion exchange solid phase extraction where 10-25 ml of sample was 

concentrated to 1.0 ml. Analyte recovery of the extraction was accounted for by using 20 ml of 

HPLC-grade water spiked with a PFAA mixture which indicated good recovery at 93-95% for the 

PFAAs in the mixture. Extracts were analyzed using the same instrumental conditions as for the 

single compound PFAA exposure water. However, it was observed that a PFOS contamination 

issue occurred in the mixture water because of the low-level calibration standards having much 

higher levels of PFOS than expected. Additionally, there was a mixture of branched and linear 

isomers present in the contaminated samples which would not have been from the original PFOS 

used in the exposure water which was composed of only linear isomers.  

Analysis of the fish plasma involved spiking of 30 µl of plasma with 30 µl of methanolic 

isotopically labeled surrogate standards (1.0 ng/ml final concentration for each surrogate). 
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Following spiking, PFAAs were extracted using two sequential additions of 5 ml of acetonitrile 

followed by centrifugal evaporation of the extracts to a final concentration of 1.0 ml. A clean up 

step was used by adding 50 mg of graphitized carbon and further centrifugation which resulted in 

sample concentration to 0.5 ml. 0.5 ml of SPE-polished HPLC-grade water was then added and 

then analyzed on the instrument using the same method as for the water. Preliminary analysis 

indicated PFOS concentrations exceeded the calibration range and therefore, extracts were diluted 

using 1:1 methanol/water by a factor of 100. Further, PFOA exceeded the calibration curve and 

therefore these extracts were diluted further by a factor of 10. 

 

2.11 Statistical Analysis  

Statistical analysis on the phosphorylated metabolites and the hepatosomatic index (HSI) 

were conducted using GraphPad Prism 9. All checks for normality were done using the Shapiro-

Wilk test along with manual observation of histograms and QQ-plots. The assumption of equal 

variances was also assessed using Levene’s test. Due to all of the phosphorylated metabolites and 

HSI failing assumptions of normality, a Kruskal-Wallis test followed by a Dunn’s post hoc were 

employed at a p-value cutoff of <0.05.   

Plasma protein levels were represented by peak intensity values of each respective protein. The 

proteomics data were analyzed using an R software package known as Normalyzer DE which is 

designed for normalization and statistical analysis of large proteomics datasets (147, 148). 

Proteomics data were normalized using a logarithm base 2 transformation along with a median 

normalization of samples. Following normalization, a One-way ANOVA with Tukey’s HSD post 
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hoc test was conducted; the raw p-values were then corrected for a false discovery rate (Benjamini-

Hochberg method) (p-adj<0.1).  Significant proteins were not filtered by fold change.  

Biological pathway analysis was conducted using Gene Ontology Resource’s gene 

overrepresentation analysis (biological process selection) which employs an FDR corrected 

Fisher’s Exact Test comparing the number of gene’s which would be expected to be in a dataset 

of a given size to the actual number.  

Figures/graphs were generated using either Metaboanalyst 5.0, Graphpad Prism 9 or the Ggplot2 

package available in R statistical programming language (version 4.1.2). Namely, figure 3.2 and 

3.9 are heatmaps and figure 3.10 is a principal component analysis generated using Metaboanalyst 

5.0. Figure 3.7 is a boxplot generated in Graphpad Prism 9. The remaining figures were all 

generated using the Ggplot2 package in R; the scripts used are available in supplementary.  
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Chapter 3. Results 

3.1 Hepatosomatic Index 

Hepatosomatic index was a higher-level endpoint chosen due to its relative sensitivity in 

response to PFOA and PFOS exposure in the literature.  No significant differences (p-adj<0.05) 

were found in any of the treatment groups tested (Figure 3.1). 

 

 

 

Figure 3.1. Violin Plot of the Hepatosomatic index of rainbow trout exposed to PFAAs and PFAA Mixtures. 

Hepatosomatic index was compared using a Kruskal-Wallis test followed by a Dunn’s post-hoc.  
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3.2 Plasma Proteomics 

Exposure to the PFAA mixtures caused the greatest number of plasma proteins to be 

significantly altered (p-adj<0.1) at 1956, 1509 and 254 for the low, medium and high mixture 

exposures respectively. The single PFAA exposure regimes generally caused significant changes 

to a lower number of proteins being 483, 78, 190 and 1579 for the PFBA, PFBS, PFOA and PFOS 

exposures respectively. A heatmap of the top 800 plasma proteins (ranked by ANOVA) across all 

treatments, reveals the low mixture, medium mixtures and PFOS groups to cluster most closely 

together, sharing similar proteomic profiles (Ward’s method; figure 3.2). The PFBA, PFBS, PFOA 

and high mixture treatments clustered more closely with control and did not exhibit clear 

differences in proteomic profiles.  

Comparing the number of significant proteins altered in the same direction (p-adj<0.1) among the 

low mixture, medium mixture and PFOS exposures indicated that they shared a large number in 

common where 468 proteins (33%) are increased in abundance and 299 proteins (22%) are 

decreased (Figure 3.3 a, b). Plasma from the low and medium mixtures shared an additional 236 

proteins (17%) increased and 245 proteins (18%) decreased. However, the single PFAA exposure 

regimes exhibited a low proportion of proteins in common across all 4 groups with 99 proteins 

(11%) increased and 104 proteins (12%) decreased.  Plasma from the PFOS exposure regime 

contained the highest number of significantly altered proteins exclusive to its set compared to the 

other single PFAA exposures at 70% (646 proteins) increased and 65% (543 proteins) decreased 

(Figure 3.3, c and d).  
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Figure 3.2. Overview of Untargeted Proteomics Results from the Blood Plasma of Rainbow Trout Chronically 

Exposed to PFAAs and PFAA Mixtures. The heatmap illustrates the top 800 proteins ranked by significance using a 

One-way ANOVA in addition to hierarchical clustering using Ward’s method. Data is median normalized and log2 

transformed.  
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Figure 3.3. Venn Diagrams Illustrating the Commonality of Significant Plasma Proteins (p-adj<0.1) from Rainbow 

Trout Exposed to PFAAs and PFAA Mixtures. The top row (A, B) contains two charts comparing low and medium 

PFAA mixtures (MIXLOW and MIXMED) with PFOS; (A) includes only proteins with positive fold change 

(indicated by red) and (B) displays only those with negative fold change (blue).  The bottom row (C, D) are 

representing the single compound exposure regimes also grouped by fold change.  

 

Plasma from the high mixture exposure regime shared a relatively low number of significant 

proteins with the low and medium mixtures with 79 proteins (7%) increased and 93 proteins (8%) 

decreased whereas the low and medium mixtures shared an additional 625 proteins (54%) 

increased and 451 proteins (41%) decreased (Figure 3.4, a and b).  
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Figure 3.4. Venn Diagrams Illustrating the Commonality of Significant Plasma Proteins(p-adj<0.1) from Rainbow 

Trout Exposed to 3 Different Concentrations of a PFAA mixture. The top row (A, B) contains two charts comparing 

low, medium and high PFAA mixtures (MIXLOW, MIXMED and MIXHI) ;(A) includes only proteins with positive 

fold change (indicated by red) and (B) displays only those with negative fold change (blue).   

Gene Ontology Resource’s Overrepresentation Analysis revealed many biological processes to be 

significantly altered (p-adj<0.05) in the low mixture, medium mixture and PFOS exposures (291, 

251 and 284 respectively) whereas a relatively low number of biological processes were found to 

be significantly altered for the high mixture, PFBA, PFBS and PFOA exposures (6, 65, 0 and 0) 
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(full results available in supplementary). With many of the significant biological processes being 

redundant or too general, a summary of the biological pathway results from the low mixture, 

medium mixture and PFOS exposure are the only results addressed herein (Figure 3.5). Generally, 

the 3 exposure regimes elicited changes in many of the same biological processes which were 

primarily associated with the nervous system, circulatory and muscle systems, metabolism and 

pathways related to DNA repair mechanisms, apoptosis and cellular proliferation included (Figure 

3.5). One of the few distinctions in biological pathway results between the 2 mixture treatments 

and PFOS was the significant effect PFOS had on phosphatidyl 3-kinase signaling while the 

mixtures did not. Some other distinctions are that PFOS had a more significant effects on processes 

related to carbohydrate metabolism while the mixtures had a greater effect on glutamine family 

catabolism.  
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Figure 3.5. Biological Processes Found to be Significantly Overrepresented (p-adj<0.05) in the Plasma of Rainbow 

Trout Exposed to PFAAs and PFAA Mixtures. Biological pathway analysis was conducted using Gene Ontology’s 

overrepresentation analysis test which conducts a Fisher’s exact test followed by a Benjamini-Hochberg correction 

for false discovery. The heatmaps have related biological pathways grouped by biological system and only contain 
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noteworthy biological processes and only treatments with noteworthy significant results; numbers in the center of each 

panel represent FDR adjusted p-values. All the biological pathway results are available in supplementary.  

 

The low mixture, medium mixture and PFOS exposures caused significant increases (p-adj<0.1) 

in nuclear receptors known as peroxisome proliferator receptor delta and gamma (Ppard and Pparg) 

along with their heterodimerization partner, the retinoid-X-receptor b (Rxrb; Figure 3.6). All 3 

PFAA exposures caused changes in these receptors in addition to a number of markers of their 

activation including pyruvate dehydrogenase kinase 2 (Pdk2) and lipoprotein lipase (Lpl) while 

carnitine O-palmitoyl transferase (Cpt1a) is included in the heatmap due to its relevance but was 

not found to be significantly different in any of the treatments. Several markers of peroxisomal 

and mitochondrial fatty acid β-oxidation were found to be significantly altered including the 

significant increase in peroxisomal leader peptide-processing protease (Tysnd1), ATP binding 

cassette subfamily D member 1 and 2 (Abcd1 and Abcd2), trifunctional enzyme subunit alpha 

(Hadha) and StAR related lipid transfer domain containing 10 (Stard10) while a significant 

decrease was observed for the peroxisomal acyl-coenzyme A oxidase 3 (Acox3) and lon protease 

subunit 2 (Lonp2). Generally, all the proteins involved in fatty acid β-oxidation changed either 

dose dependently (MIXLOW<MIXMED<PFOS) or at a similar magnitude for the 3 exposure 

regimes except for Abcd1, Abcd2 and Hahda which appeared to be highest in the mixtures. It 

should also be noted that Tysnd1 and Stard10 exhibited the greatest magnitude of change relative 

to the others at a -log2 fold change of -2.3, -2.6 and -3.1 respectively for Tysnd1 and a -log2 fold 

change of -1.0, -1.5 and -1.48 respectively for Stard10. Several proteins involved in fatty acid 

synthesis were also significantly altered (p-adj<0.1) including increases in acetyl-CoA carboxylase 

2 (Acacb) and acyl-CoA synthetase long chain family member 4 (Acsl4) and a decrease in fatty 
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acid desaturase 2 (Fads2). Finally, several proteins involved in cholesterol metabolism were also 

altered which included sterol regulatory element binding transcription factor 2 (Srebf2), lanosterol 

synthase (Lss), 7-dehydrocholesterol reductase (Dhcr7), 3-Hydroxyl-3-methylglutaryl-CoA 

reductase (Hmgcr) and cytochrome P450 family 51 subfamily A member 1 (Cyp51a1). Cholesterol 

metabolism exhibited the clearest differences in protein level changes between the mixtures and 

PFOS exposures. Namely, the mixtures appeared to cause greater changes in Srebf2, Hmgcr and 

Cyp51a1 compared to the PFOS treatment.  

 

Figure 3.6. A heatmap Illustrating Significant Proteins (p-adj<0.1) from Rainbow Trout Plasma Belonging to Lipid 

Metabolic Processes. Protein levels are represented by the normalized average fold change of peak intensity.  
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3.3 Phosphorylated Metabolite Analysis 

Phosphorylated metabolite analysis conducted on the plasma revealed the PFOS exposure 

regime caused a significant increase (p-adj<0.05) in glucose-6-phosphate levels along with a 

coordinate significant decrease (p-adj<0.1) in the plasma protein levels of glucose-6-phosphate 

dehydrogenase (G6pd) (Figure 3.7). 

 

 

 

Figure 3.7. Box and Whisker of the Plasma Levels of Glucose-6-Phosphate Dehydrogenase (G6pd) and glucose-6-

phosphate (G6P) in rainbow trout exposed to PFAAs and PFAA Mixtures. Boxplot divisions represent the interquartile 

range; error bars represent standard deviation and dots represent outliers. Asterisks indicate significance (p-adj<0.05). 
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Analysis of inorganic phosphate levels in the plasma found a significant decrease in the PFOA 

exposure regime (Figure 3.8). 

 

Figure 3.8. Violin Plot Illustrating the Plasma Concentrations of Inorganic Phosphate of Rainbow Trout Exposed to 

PFAAs and PFAA Mixtures. The midline represents the median and asterisks represent significance (p-adj<0.05). 

Phosphate concentrations are log2 transformed and median normalized.  

 

3.4 Head Kidney Proteomics 

Statistical analysis of protein levels in the head kidney tissue of rainbow trout revealed 

only the high mixture and PFOA exposure regimes to have significant effects (p-adj<0.1) on 
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protein abundance (158 and 332 respectively). It is possible that PFOA as a PFAA has particularly 

high toxicity to the kidney of rainbow trout considering that the 2 treatments contain the highest 

levels of PFOA with the high mixture being 30% PFOA by composition.  

Hierarchical clustering (Ward’s method) of the top 400 kidney proteins ranked by significance 

(ANOVA raw-p-values) reveal high similarly between the proteomic profiles of the high mixture 

and PFOA treatments indicating the two likely caused similar biological effects on the head kidney 

of rainbow trout (Figure 3.9).  

Principal component analysis conducted on all PFAA treatments visually illustrates that PFOA 

and the high mixture were the most distinct from controls, changing primarily along principal 

component 1 (Figure 3.10). Unexpectedly, PFOA appears to have much lower variation when 

compared to the other treatments, even the controls. Another unexpected result is the grouping of 

most data points from the other treatments into two separate areas on the distal ends of the ellipses. 

Cross referencing the sample numbers with the batch in which they were run on the mass 

spectrometer indicates that this is likely due to a batch effect. Such an effect is not ideal because 

it decreased statistical power from increased statistical variation. However, the results are still 

valid because samples were randomly assigned from each treatment into the 2 batches prior to 

being run on the instrument which allowed for an even distribution of the batch effect across all 

treatment groups. The batch effect was likely due to differences in instrument sensitivity between 

the two runtimes because the average total ion intensity counts were observed to be lower in the 

first batch than in the second; as such we compensated for this by adjusting protein total intensity 

counts by the average difference in total ion intensities between bovine serum albumin standards 

run across the 2 batches. 
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Figure 3.9. Overview of Untargeted Proteomics Results from the Head Kidney of Rainbow Trout Exposed to PFAAs 

and PFAA Mixtures. The heatmap illustrates the top 400 proteins ranked by significance using a One-way ANOVA 

in addition to hierarchical clustering using Ward’s method. Data are median normalized and log2 transformed. 

A comparison of the proteins found to be significantly altered (p-adj<0.1), in the same direction 

between the high mixture and PFOA treatments found 32 (18%) proteins to be increased and 40 

(21%) proteins decreased (Figure 3.11 a, b). There was also some overlap between plasma and 
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kidney proteomics results for the respective treatments with MIXHI sharing 32 (18%) significant 

proteins and PFOA sharing 10 (2%) (Figure 3.11, c and d).  

 

Figure 3.10. A Principal Component Analysis of Untargeted Proteomics Conducted on the Head Kidney of Rainbow 

Trout Exposed to PFAAs and PFAA Mixtures for 22 Days. The shaded ellipses represent 95% confidence intervals 

and are colored by treatment. Data is median normalized and log2 transformed; axes titles indicate principle 

component number and proportion of raw data as a percentage.  
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Figure 3.11. Venn Diagrams Illustrating the Commonality of Significant Kidney Proteins (p-adj<0.1) from Rainbow 

Trout Exposed to PFAAs and PFAA Mixtures. The top row (A, B) contains two charts comparing the high PFAA 

mixture (MIXHI) with PFOA; (A) includes only proteins with positive fold change (indicated by red) and (B) displays 

only those with negative fold change (blue). The bottom row contains two charts (C, D) displaying significant proteins 

in common between plasma and kidney tissues by exposure regime (MIXHI and PFOA respectively). Figures (C, D) 

have no color because they include proteins having both positive and negative fold change.  

 

Biological pathway analysis of significant proteins (p-adj<0.1) from the head kidney for the high 

mixture and PFOA exposures found many significantly altered biological processes to be in 

common between the two treatments suggesting a similar biological effect. Biological processes 

were primarily related to lipid metabolism, reactive oxygen species metabolism and interferon-

alpha signaling (Figure 3.12). More specifically, several processes related to lipid metabolism were 

significantly altered for the high mixture treatment while PFOA did not affect as many lipid 



44 
 

metabolic processes (only fat pad development) but did cause significant changes (p-adj<0.05) in 

the regulation of interferon alpha (Ifna) production.  

 

 

Figure 3.12. Biological Pathways Found to be Significantly Overrepresented (p-adj<0.1) from the Head Kidney of 

Rainbow Trout Exposed to MIXHI and PFOA Exposure Regimes. Biological pathway analysis was conducted using 

Gene Ontology’s overrepresentation analysis test which conducts a Fisher’s exact test followed by a Benjamini-

Hochberg correction for false discovery. The heatmaps have related biological pathways grouped by biological system 

and only contain noteworthy pathways and only treatments with noteworthy significant results; numbers in the center 

of each panel represent FDR adjusted p-values. All the biological pathway results are available in supplementary. 
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A more specific examination of the proteins involved in lipid and ROS metabolism found both 

PFOA and the high mixture to significantly alter many of the same proteins (Figure 3.13). Those 

exclusively related to lipid metabolism included the significant (p-adj<0.1) increase in 

diacylglycerol O-acyltransferase 1 and 2 (Dgat1 and Dgat2), arrestin domain containing 3 

(Arrdc3), abhydrolase domain containing 12, lysophospholipase (Abhd12), Bardet-Biedel 

syndrome 4 (Bbs4), phospholipase A2 group IVA (Pla2g4a), acetyl-CoA carboxylase alpha 

(Acaca), hydroxysteroid 17-beta dehydrogenase 4 (Hsd17b4) and significant decrease in acyl-CoA 

thioesterase 2 (Acot2), fatty acyl-CoA reductase 1 (Far1), AT-rich interaction domain 5B (Arid5b) 

and hydroxysteroid 17-beta dehydrogenase 12 (Hsd17b12). Finally, there were several proteins 

exclusively related to reactive oxygen species metabolism including glutaminase (Gls), catalase 

(Cat), NADPH oxidase 5 (Nox5), aldehyde dehydrogenase 3 family member A2 (Aldh3a2) and 

nicotinamide nucleotide transhydrogenase (Nnt). Generally, Cat, Nox5 and Nnt were seen to 

decrease for both the high mixture and PFOA exposures except for Gls which significantly 

increased for both exposures and Aldh3a2 which was significantly higher for the high mixture but 

significantly lower for the PFOA exposure regime.  
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Figure 3.13. A heatmap Displaying Significant Proteins (p-adj<0.1) from Rainbow Trout Head Kidney Involved in 

Lipid and Reactive Oxygen Species Metabolism. Protein levels are represented by average fold change of peak 

intensity.  

 

3.5 Analysis of PFAA Water and Plasma Chemistry 

An analysis of the water concentrations of PFAAs from exposure water taken at week 1 

and a pooled sample from weeks 2 and 3 found water concentrations of the single compound 

exposure regimes to be 20-30% lower than nominal except for the PFOS treatment which was only 

34% of nominal (Table 3.1). Some possibilities for this difference could be loss from adsorption 

to surfaces during stock solution preparation and potential error from pipettes and analytical scales. 
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Analysis of the PFAA concentrations in the plasma reveals only the long chain PFAAs to 

bioaccumulate compared to their short chain congeners. Bioconcentration factors (BCFs) were 

calculated for each PFAA being 0.3 kg/L, 0.09 kg/L and 18 kg/L for PFBA, PFBS and PFOA 

respectively while PFOS was found to be the most bioaccumulative with a BCF of 1.8E+03 and 

2.3E+03 for total and linear PFOS respectively. 

 

Table 3.1. Aqueous and Plasma Concentrations of PFAAs for the Single Exposure Groups. Bioconcentration factors 

(BCF) are calculated by dividing the plasma concentration by its respective aqueous concentration. Note, plasma 

concentrations were measured in ng/g.  

 PFBA  PFBS  PFOA  Total 
PFOS 

Linear 
PFOS 

Week 1 4.2E+03 5.8E+03 7.9E+03 7.4E+03 4.6E+03 

Week 2-3 4.4E+03 5.6E+03 7.5E+03 5.3E+03 3.4E+03 

Percent of Nominal 81% 76% 75% 34% 32% 

Mean Water (ng/L) 4.3E+03 5.7E+03 7.7E+03 6.3E+03 4.0E+03 

Mean Plasma (ng/kg) 1.3E+03 5.1E+02 1.4E+05 1.1E+07 9.1E+06 

BCF (kg/L) 3.0E-01 9.0E-02 1.8E+01 1.8E+03 2.3E+03 

 

Instrumental analysis of the control water revealed unexpectedly high levels of PFAAs at a 

summative concentration of approximately 60 ng/L which inflated the concentrations of the 

mixture exposure regimes (Figure 3.14). Some of the burden of PFAAs in the control can be 

attributed to the contamination of water samples with additional PFOS during instrumental 

analysis, which makes the reporting of PFOS concentrations in these water samples inflated and 

only rough estimates (described in methods section 2.10).  
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Figure 3.14. Aqueous Concentrations of PFAAs for the Mixture Exposure Regimes. Stacked bar charts represent the 

concentration of each PFAA comprising the mixture exposure water taken at the final timepoint (week2-3 pooled). 
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The low and medium mixtures were found to be relatively close to nominal (89% and 86% 

respectively) while the high mixture was approximately half (48%) of the desired concentration 

when accounting for the baseline levels of PFAAs in the water (as determined in control samples). 

Otherwise when not accounting for the baseline levels of PFAAs in the system water, the 

summative concentrations of the mixtures were 2-fold higher than nominal for the low, 1.3-fold 

higher for the medium and 2/3-fold lower for the high mixture exposure regimes. Individual 

compositions of the PFAAs for the mixtures are summarized in Table 3.2. and varied depending 

on the PFAA being 62-73% for PFBA, 94-190% for PFHxA, 57-287% for PFHpA, 60-92% for 

PFOA, 58-118% for PFNA, 24-110% for PFOS, 0-84% for PFHxS and 42-53% for PFBS. It 

should be noted that although these percent differences appear high, they often represent 

differences in >2 ng/L.  

Table 3.2. PFAA Mixture Exposures Represented by Percent of Nominal Concentration. Percent of nominal was 

calculated by subtracting the actual concentration from control concentrations and then dividing by the nominal 

concentration.  

 PFBA PFHxA PFHpA PFOA PFNA PFOS PFHxS PFBS 

MIXLOW 62% 190% 287% 92% 118% 35% 0% 53% 

MIXMED 73% 94% 74% 72% 84% 110% 84% 42% 

MIXHI 65% 94% 57% 60% 58% 24% 49% 51% 

 

Bioconcentration factors were calculated for the CTL and 3 mixtures for several of the long chain 

PFAAs including PFOA, PFNA, total PFOS and PFHxS while the other short PFAAs (PFBA, 

PFHxA, PFHpA and PFBS) were not because they were not detected in the plasma (Table 3.3). 
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The BCF of PFOA appeared to decrease with increases in aqueous PFOA concentration being 

1.6E+02 for the control and 7.6 E+01 - 3.6 E+01 for the low to high mixture exposures. The BCF 

of PFNA was similar to PFOA being 3.1E+02 for the control and did not appear to change with 

concentration, being highest for the low mixture (5.0E+02) and lowest for the medium mixture 

(1.8E+02). PFOS was found to be the most bioaccumulative PFAA, having a BCF of 1.1E+02 for 

control and a BCF which increased with concentration being 1.7E+03 for the high mixture 

exposure. Finally, the BCF of PFHxS was similar in magnitude to that of PFOA at 4.9 E+01-

7.1E+01 for the low to high mixture exposures but did not appear to change with concentration.  
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Table 3.3. Aqueous and Plasma Concentrations of PFAAs for the Mixture Exposure Groups. Brackets represent 

percent composition. Bioconcentration factors (BCF) are calculated by dividing the plasma concentration by its 

respective aqueous concentration. 

Control (CTL) 

 PFBA PFHxA PFHpA PFOA PFNA Total 
PFOS PFHxS PFBS 

Week 1 2.2 4.9 1.9  
3.2  

0.7 53 9.1 2.4 

Week 
2-3 2.6 4.6 <LOD 1.9 0.3 25 8.6 7.5 

Mean 
Water 
(ng/L) 

2.4 4.7 1.9 2.5 0.4 39 8.8 4.9 

Mean 
Plasma 
(ng/kg) 

   4.1E+02 1.3E+02 4.3E+03   

BCF 
(kg/L) 

   1.6E+02 3.1E+02 1.1E+02   

Low Mixture (MIXLOW) 

Week 1 5.1 8.2  
15 
 17  4.3  35  6.6  3.8  

Week 
2-3 2.8  11 17  15  2.4  54  11  8.8  

Mean 
Water 
(ng/L) 

4.0  
9.5E 

  
16  16  3.4  45  8.7  6.3  

Mean 
Plasma 
(ng/kg) 

   1.2E+03 1.7E+03 4.3E+04 4.3E+02  
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BCF 
(kg/L) 

   7.6E+01 5.0E+02 9.6E+02 4.9E+01  

Medium Mixture (MIXMED) 

Week 1 6.6  8.7E  9.6  24  5.1  84  10  5.6  

Week 
2-3 5.5  10  9.0  24  4.1  71  16  8.4  

Mean 
Water 
(ng/L) 

6.1  9.4  9.3  24  4.6  77  13  7.0  

Mean 
Plasma 
(ng/kg) 

   9.9E+02 8.5E+02 2.9E+04 9.3E+01  

BCF 
(kg/L) 

   4.1E+01 1.8E+02 3.7E+02 7.1E+00  

High Mixture (MIXHI) 

Week 1 16  21  35  83  16  84  18  15  

Week 
2-3 21  35  27  100  14  77  24  20  

Mean 
Water 
(ng/L) 

19  28  31  92  15  80  21  18  

Mean 
Plasma 
(ng/kg) 

   3.4E+03 4.0E+03 1.4E+05 1.5E+03  

BCF 
(kg/L) 

   3.6E+01 2.7E+02 1.7E+03 7.1E+01  
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Chapter 4. Discussion 

The current study modeled the composition of linear PFAA species quantified in Lake 

Ontario after the year 2009 to study the effects of an environmentally relevant PFAA mixture on 

freshwater model organism Oncorhynchus mykiss (rainbow trout) using untargeted proteomics and 

Phospho-metabolomics (61). An additional set of single compound exposures were conducted at 

higher concentrations (25 nM PFBA, 25 nM PFBS, 25 nM PFOA or 25 nM PFOS) to gain insights 

on differences in biological response to PFAA congeners with different chain length and functional 

group. It was found that the PFAA mixtures and PFOS exposure caused the greatest change in the 

plasma proteome while PFOA and highest PFAA mixture caused the greatest change in the head 

kidney proteome. Single component exposures of rainbow trout to PFBA, PFBS and PFOA caused 

much lower changes to the plasma proteome while being at 125-50-fold higher concentrations than 

the PFAA mixtures (Table 2.1).  A comparison between the mixtures and single component 

exposures found PFOS shared similar plasma proteomic profiles to the low and medium PFAA 

mixtures which suggest a similar toxicological response (Figure 3.2). Biological pathway analysis 

revealed the 3 treatments affected many of the same biological processes, primarily: nervous 

system development, lipid metabolism, DNA repair mechanisms, and muscle and cardiac system 

related processes (Figure 3.5). Biological pathway analysis of the head kidney proteome found 

that proteins related to lipid metabolism and reactive oxygen species metabolism were 

significantly overrepresented from rainbow trout exposed to the highest mixture and PFOA 

treatments (Figure 3.12). Overall, the results of the present study emphasize the need for more 

investigation into the risks posed by PFAA mixtures considering environmental relevance and 

their complex toxicokinetics and toxicodynamics.  
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4.1 PFAA Mixtures 

The mixture exposures were 125-50-fold lower in total concentration than the single 

component exposures, thus it was unexpected that there were more significantly altered (p-

adj<0.1) plasma proteins in the low and medium mixtures compared to the single component 

exposures (except for PFOS) and the high mixture exposure regime. The PFAA mixtures also 

exhibited an atypical concentration response where there was a decrease in the number of 

significantly altered proteins in the plasma from the low to high mixture exposures. Atypical dose 

responses are more likely in mixture exposure regimes where an increase in the number of 

chemical components increases the potential for interaction effects across the dose response curve 

(149). There are many toxicological studies investigating PFAA dose responses which have 

reported atypical, or biphasic responses to single compound and mixture exposure regimes (150-

154). Cheng et al., reported an inverse U-shaped curve to describe vitellogenin 3 transcripts in 

response to zebrafish exposed to PFOS (0.1 – 100 μg/L) (154). Hu et al., 2014 consistently 

observed a stimulatory effect of PFAA exposures on the viability of human liver cells at low 

concentrations and an inhibitory one at higher concentrations (150). Additionally, longer chain 

lengths, or those with sulfonated functional groups were more potent (150). Binary, tertiary, and 

poly- PFAA mixtures caused complex toxico-dynamics with polyphasic dose response curves and 

strong synergism occurring in select mixtures at select concentration ranges; particularly those 

with higher proportions of sulfonated PFAAs (150). Rodriguez-Jorquera et al., 2019 exposed 

fathead minnow for 48 h to PFOS and found much higher numbers of transcripts to be altered in 

the blood and liver from the low PFOS treatment (0.5 ug/L; 137 and 1421) exposure relative to the 

high (25 ug/L; 99 and 557) (154). Additionally, a PFAS mixture exposure was found to elicit 

similar changes in the number of mRNA transcripts compared to the high PFOS exposure at 84 
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and 471 for the blood and liver respectively while being at a 25-fold lower concentration which is 

analogous to our own results when comparing proteomic responses between PFOS and the PFAA 

mixture exposures (155). Within our study, plasma proteomic responses for the PFAA mixtures 

suggest the components within the mixture are acting synergistically at low doses (i.e. low and 

medium mixtures) because the effect is greater than single compound exposures when comparing 

summative concentrations. However, as the mixture concentration increased from the low 

treatment, the synergism was abated.  

The molecular mechanisms behind toxicological interactions (i.e. synergism) of mixtures include 

induction or suppression of xenobiotic metabolizing enzymes, toxin removal mechanisms, and 

changes in blood-brain-barrier (BBB) permeability (156). The most plausible mechanism for 

marginal decreases in toxicity at higher concentrations of PFAAs is increased elimination 

considering they cannot be catabolized and are known to exhibit increased elimination from fish 

at higher aqueous concentrations (157, 158). Based upon the measured water and plasma 

concentrations, we calculated the bioconcentration factor (BCF) of each PFAA for each exposure 

regime by dividing the concentration in rainbow trout plasma with that of the exposure water 

(Table 3.3). The plasma BCF for total PFOS is seen to increase from the low to high mixture 

exposure (9.6E+02 kg/L - 1.7E+03 kg/L) whereas the BCF of PFOA and PFNA decreased (PFOA 

BCFs: 7.6E+02 kg/L - 3.6E+01 kg/L and PFNA BCFs: 5.0E+02 - 2.7E+02) which suggests these 

two-long chain PFCAs do exhibit increased elimination while PFOS exhibits the opposite trend. 

The bioconcentration factors calculated within our study are similar to those reported by Martin et 

al., 2003 exposing rainbow trout to waterborne PFAAs using flow through dosing of individual 

PFAAs (159).  Martin et al., reported the short chain congeners to not be bioaccumulative <C8 

PFCAs and <6 PFSAs while those for PFOA, PFNA, PFHxS and, PFOS exhibited BCFs of 27, 
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6.0E+02 and 4.3E+03 respectively (159). PFOA however, appeared to have a higher BCF in the 

mixtures being 76-36 for the low-high mixtures but not for the single component PFOA exposure 

being 18 which suggests PFOA which suggests elimination for PFOA occurs dose dependently.  

Thus, it is possible that the difference in toxicokinetics for the low PFOA exposure explains some 

of the synergism occurring in the low and medium mixture exposure regimes. It should also be 

noted that discrepancies between the BCFs reported by Martin et al., 2003 and our own study can 

be partially attributed to the differences in PFAA accumulation between whole blood and plasma. 

Additionally, under natural conditions the various PFAAs would have likely bioaccumulated to 

higher levels in the plasma, because BAFs are consistently higher than BCFs which is well 

reviewed by Burkhard, 2021 wherein whole body BAFS were 9.5, 6.3, 8.7, 1.8, 1.7 and, 3.5 fold 

higher than whole body BCFs of PFBA, PFBS, PFOA, PFNA, PFHxS and, PFOS respectively  

(158, 159). The trends in BCFs across the low-high mixture exposures are primarily considered to 

be due to renal elimination mediated by changes in levels of OATs and OATPs (55, 158, 160).  

Within our study, we observed significant changes to the plasma levels of several OAT proteins: 

Slc22a23, Slc22a18, Slc22a13 and 1 OATP protein: Slco5a; which may explain the differences in 

BCFs. It is however uncertain how these would affect elimination considering they can just as 

easily increase rates of renal resorption of PFAAs and were only detected in the plasma (161, 162). 

Thus, these uncertainties suggest that renal elimination could be a source of complexity within our 

study. 

Another potential mechanism by which the mixtures exert synergism is via potentiation of receptor 

activity. A potentiation effect in toxicology is described as when the presence of a chemical with 

a non-specific effect increases the toxicity of another (156). In this case, it is possible that some 

PFAAs within the mixture are potentiating the toxicity of others. The argument for this would be 
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that the low and medium mixture exposures share similar proteomic profiles and have significantly 

overrepresented biological pathways as the PFOS treatment but at much lower concentrations 

(Figure 3.4 and 3.7). An in vitro study investigating the activation of Atlantic Cod Ppars (Ppara1, 

Ppara2, Pparb and Pparg) by PFAAs and their mixtures provided good evidence for the ability of 

some PFAAs to act as potentiators in the activation of these receptors. Namely, it was found that 

co-incubation of a PFAA with a model agonist and some binary PFAA mixtures (i.e. PFOA and 

PFOS) caused synergistic activation of Ppara1 and Pparb (163). The strongest potentiation effect 

observed was a sevenfold increase in the activity of Pparb from a co-incubation of PFDA with 

PPARD model agonist GW501516. Molecular dynamics simulations offered a strong argument 

for the mechanism behind this synergism by modeling the interaction of Ppara1 co-incubated with 

PFOA and PFOS. It was found that PFOS favored an alternative binding site to the endogenous 

ligand binding pocket which acted to further stabilize the ligand binding pocket via a 

conformational change occurring in an omega loop proximal to the allosteric site. The results 

suggest that although many PFAAs are relatively weak PPAR activators, they may be able to 

increase the activation of PPARs via this allosteric mechanism. Additionally, the aforementioned 

omega loop is known to be substantially longer in orthologous Ppar isoforms from many teleost 

fish species which suggests teleosts could be more sensitive to Ppar-mediated toxicity of PFAAs 

when compared to mammals (164-167). Within the current study, only Pparg and Ppard were 

significantly increased within the plasma which contradicts much of the literature, where only 

PPARA is reported to be activated by PFAAs. However, there is evidence to support the activation 

of alternative PPAR isoforms following PFOS exposures in several species including: syrian 

hamster, japanese medaka, fathead minnow, atlantic cod and atlantic salmon (155, 163, 168-170).  
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4.2 Individual PFAAs 

In the present study, PFOS was 10-100-fold more bioaccumulative than PFOA while the 4 carbon 

PFAA congeners PFBA and PFBS did not bioaccumulate (Table 3.1). PFOA accumulated in the 

plasma to 1.4E+05 ng/kg and had a BCF of 1.8E+01 kg/L, while total PFOS accumulated 

approximately 100-fold higher levels with a plasma concentration of 9.1E+06 ng/L and a BCF of 

2.3E+03 kg/L. This would explain the large differences in significantly altered plasma proteins in 

PFOA compared to PFOS. The 4-carbon congeners (PFBA and PFBS) were expected to cause 

much weaker biological effects when compared to their 8-carbon counterparts (PFOA and PFOS) 

largely due to their low bioaccumulative potential and reported effect concentrations being orders 

of magnitude higher than any long chain PFAA (61, 101, 159, 171). Our results generally support 

this, as PFBS caused the lowest change in the plasma proteome and no significant changes to any 

biological pathways. PFBS had the lowest accumulation in plasma at 0.51 ng/g and with a BCF 

below 1 kg/L while PFBA had a plasma concentration of 1.29 ng/L which was more than double 

its 4-carbon sulfonate congener PFBS, but also had a BCF below 1. BCFs do not explain why 

PFBA caused a stronger response than its 8-carbon congener PFOA, with 484 compared to 191 

significantly altered plasma proteins, respectively. Additionally, PFBA was the only short chain 

congener to significantly increase Pparg, which has potential to lead to a number of changes in 

systemic lipid and carbohydrate metabolism. It was previously observed that the PFCAs have 

higher potential to activate PPARs in several studies. The mechanisms of PFBA induced toxicity 

are still understudied while much more is known about the effects of long chain PFAAs like PFOA 

and PFOS. PFBA does have either a difference in biological effect, dose response, or both when 

compared to PFOA. Although, it is known that PFBA causes similar effects as PFOA on thyroid 

hormone levels, hepatoxicity, and lipid metabolism albeit at higher doses (172, 173), there is 
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evidence to suggest they also have dissimilar effects. One study evaluating developmental 

neurotoxicity of PFBA and PFOA (4, 40 and 400 µg/L) on zebrafish embryos found PFBA to 

significantly alter a greater number of genes than PFOA but were associated with different 

biological processes (174). PFBA was found to significantly alter the expression of the farnesoid-

X-receptor (fxr) and liver-X-receptor (lxr) in a dose dependent manner which was not seen in the 

present study (174). Thus, it would be beneficial for future ‘Omics based studies to compare 

molecular changes in response to PFBA and PFOA across several concentrations.  

 

4.3 PPARs and Lipid Metabolism 

The effects of PFAAs on lipid metabolism are among the most well-established endpoints 

for PFAA toxicity, which is largely attributed to PFAA-induced activation of PPARA (175-178). 

Within the current study it was found that several PFAA treatments caused significant increases 

in levels of Ppard and Pparg but not Ppara (Figure 3.6). The PFAA mixtures and long chain PFAA 

treatments significantly increased Ppard levels while Pparg was increased in the PFBA, low 

mixture, medium mixture and PFOS treatments only. Activation of the two receptors is unexpected 

because PPARD is generally considered to not be activated by PFAAs in the literature while 

PPARG is known to only be weakly activated by some PFAAs (175-178). However, as discussed 

previously, it is likely that teleost Ppars are activated in a different way, considering the substantial 

differences in the omega-loop region of Ppars in teleost fish compared to mammalian PPARs 

(163).  

In addition to elevated Ppard and pparg, proteins that are known to be markers of PPAR activation 

were also significantly increased, including the PPAR heterodimerization partner Rxrb along with 



60 
 

Lpl and Pdk2 (Figure 3.6). Proteins involved in peroxisomal fatty acid β-oxidation were 

significantly altered including a large, dose-dependent increase in Tysnd1 which is a protease 

responsible for removal of the N-terminal peroxisomal targeting signal. Abcd1 and Abcd2 are 

proteins specifically located in the peroxisomes which are involved in peroxisomal import of fatty 

acids and fatty acyl-CoAs into the peroxisomal matrix. Several additional proteins involved in 

more general fatty acid β-oxidation as well as cholesterol synthesis provide strong indication that 

PPAR signaling is active in rainbow trout via PFAA induced dual activation of Ppard and Pparg. 

 

4.4 Oxidative Stress   

An analysis of phosphorylated metabolites in the plasma found a significant increase in 

plasma glucose-6-phosphate (G6P) as well as a significant decrease in glucose-6-phosphate 

dehydrogenase (G6pd) which is an enzyme responsible for the catabolism of G6P into D-ribulose-

5-phosphate and production of NADPH which is the rate limiting step in the pentose phosphate 

pathway (Figure 3.7). The pentose phosphate pathway is highly conserved and primarily involved 

in the biosynthesis of nucleotides, fatty acids and aromatic amino acids (179). Especially 

considering these observations are within the plasma, a relevant use of the pentose phosphate 

pathway is within erythrocytes which utilize the NADPH produced in the reduction of glutathione 

to combat oxidative stress. Glutathione is an important peptide involved in the breakdown of 

radicals like hydrogen peroxide via glutathione peroxidase (180). Thus, the PFOS induced PPAR 

signaling paired with a reduction in the capacity of erythrocytes to clear reactive oxygen species 

could explain some of the apoptotic and DNA damage pathways which are also being observed in 

the plasma proteome (Figure 3.5). Additionally, glutathione peroxidase subunit 4 (Gpx4), 
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glutathione S-transferase (Gstp1), glutathione synthase (Gss), and oxidative resistance 1 (Oxr1) 

were significantly increased in the PFOS exposure while all except Gstp1 were significantly 

increased in the low mixture and medium mixture exposures. Oxidative stress is a common 

outcome of PFAA toxicity and is likely attributed to multiple mechanisms including (1) PPAR 

activation and (2) mitochondrial uncoupling (181). Aptly named peroxisome proliferators, many 

drugs and xenobiotics which activate PPARs have been established to produce oxidative stress via 

the increased expression of acyl CoA oxidase enzymes. The acyl CoA oxidases (ACOX) are a 

family of peroxidases which catalyze the rate limiting step of peroxisomal fatty acid β-oxidation, 

directly produces hydrogen peroxide via the donation of electrons to molecular oxygen (182). 

Generally, the increased reactive oxygen species (ROS) production is managed by a concomitant 

increase in catalase production but there are some cases, particularly in rodents where PPAR 

activation leads to excessive oxidative stress and eventual tissue damage (12, 182). The second 

mechanism is via uncoupling of the mitochondria via induction of the mitochondrial permeability 

transition pore which leads to mitochondrial dysfunction and excessive ROS production (183). 

The results suggest that PFOS and the PFAA mixtures are causing excessive production of reactive 

oxygen species, resulting in proteins associated with DNA damage and apoptosis.  Many markers 

of DNA repair and apoptosis observed to be significantly altered in the plasma including 

significant increases to RAD52 homologue, DNA repair protein (Rad52) which is a key protein 

involved in DNA double strand break repair (184). Unlike mammalian erythrocytes, fish 

erythrocytes are nucleated and are known to undergo apoptosis from exposure to genotoxic 

xenobiotics (185). Such an effect could be further investigated by performing the micronucleus 

assay or comet assay on fish erythrocytes (186). Rodriguez-Jorquera et al., 2019 conducted a 48h 

exposure of fathead minnow to PFOS and found transcripts related to DNA repair mechanisms 



62 
 

upregulated in the liver and erythrocytes but the pentose-phosphate pathway was only significantly 

altered in the liver tissue (155).  

 

4.5 Nervous System  

Another biological process among the proteins that was overrepresented in all treatment 

groups was nervous system development (Figure 3.5). PFAA mediated activation of PPARs can 

also affect proteins related to nervous system function. PPARs play many important roles in the 

nervous system including the regulation of energy metabolism, inflammation and oxidative stress 

(137). Neurons and the nervous system in general are particularly sensitive to metabolic and 

mitochondrial disorders due to their high metabolic demand (187). Metabolic and mitochondrial 

dysfunction is implicated in the etiology of many neurodegenerative diseases including hypoxic-

ischemic brain injury, Alzheimer’s, cerebral palsy, and amyotrophic lateral sclerosis (187, 188). 

PPARs generally have a neuroprotective effect on the CNS via mechanisms of insulin 

sensitization, mitochondrial function, and reduction in neuroinflammation (189). However, 

PPARs can also cause increased inflammation in mesenchymal stromal cells treated with a PPARD 

agonist (190). Neuronal outgrowths, myelination, and neuron differentiation require either PPARG 

or PPARD activation in order to occur (188, 191, 192). Previous work has demonstrated that PFOS 

can cause differentiation of neural stem cells (NSCs) in a PPARG dependent manner at 

environmentally relevant concentrations of 25 nM and 50 nM, similar to the concentration ranges 

used in the present study (193). Specifically, in the aforementioned study, PFOS decreased NSC 

proliferation and spontaneous calcium activity, neurite outgrowths and induced differentiation of 

NSCs into neuronal, and oligodendrocyte cell types. The effects were abated following a co-
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incubation of PFOS with a PPARG antagonist (193). Although less understood, PPARD is another 

highly relevant target for PFAA induced neurotoxicity being relatively abundant in the vertebrate 

central nervous system from embryogenesis to adulthood (106, 191, 194, 195). PPARD induces 

differentiation of NCSs into oligodendrocytes and promotes myelination of the central nervous 

system (CNS) (196, 197). Thus, a pleiotropic effect from dual activation of Ppard and Pparg via 

PFOS and PFAA mixture exposures could be affecting the many neurological pathways observed 

in the present study (i.e. differentiation, neurite outgrowths and myelination).  

Within the current study, ATP-binding cassette transporter A1 (Abca1) and fatty acid binding 

protein 6 (Fabp6) are increased with both proteins being involved in lipid transport across the 

BBB. Activation of PPARD can also cause increased uptake of PFAAs into the CNS via increased 

expression of lipid transporters at the blood-brain-barrier (BBB) (198). The CNS is a very lipid 

rich organ and PPARD and PPARA are key regulators of lipid transport across the BBB via 

expression of many relevant lipid transporters on the surface of endotheliocytes such as the ATP-

binding cassette transporters (ABCs) and fatty acid binding proteins (FABPs) (198, 199). In fact, 

PFOS tends to be at highest concentrations in brain regions with the highest lipid content (200, 

201). Although, the mechanism by which PFAAs cross the BBB is not established, it is clear that 

PFAAs readily cross the BBB, consistently being detected in the CNS of humans and wildlife 

(201). A number of mechanisms by which PFAAs cross the BBB have been proposed, including 

passive transport via OATs and OATPs, as well as active transport via ABC proteins and receptor 

mediated endocytosis of fatty acid binding proteins (201). Fatty acid binding proteins are already 

established to bind PFAAs and supply the CNS with lipid substrates via active transport across the 

BBB (198, 202). Thus, the increased expression of both Abca1 and Fabp6 could be enhancing 

PFAA transport across the BBB.  
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Another mechanism proposed for PFAA induced neurotoxicity is via effects on calcium 

homeostasis in neurons. PFOA and PFOS are known to increase calcium ion levels in neurons 

both in vivo and in vitro which has been well reviewed by Starnes et al., 2022 (122, 124, 203-206). 

Liu et al., 2010 found exposure of PFOS to rats significantly increased markers of calcium 

homeostasis perturbation including calmodulin kinase II alpha (CAMK2A) and cAMP-response 

element binding protein (CREB) in the CNS, which agrees with our own findings in the plasma 

with significant changes to Creb and Camk2 and Camk4 subunits (207, 208). In the present study, 

the low mixture treatment caused increases in cAMP responsive element binding protein 1 (Creb1) 

while all 3 treatments caused significant decreases in cAMP-response element binding protein-

like 1 and 2 (Crebl1 and Crebl3) along with the low and medium mixtures causing significant 

decreases to Camk2a, Camk2b, Camk4 but an increase in Camk2g while PFOS increased Camkd 

and decreased Camk4 only. Thus, the associated changes in Creb proteins, Camk2 and Camk4 

subunits suggest neuronal calcium homeostasis is perturbed from PFOS and PFAA mixture 

exposure.  

Additionally, PFOA and PFOS have been found to cause neuronal apoptosis from intracellular 

calcium overload (122, 124, 204) and intracellular storage release from effects on  the 1,4,5 

triphosphate receptors (IP3R) and ryanodine receptors (RYR) (122). Liao et al., also demonstrated 

the L-type calcium channels (CACN) to be necessary for PFOS induced neuronal calcium influx 

and synaptogenesis (205). We observed significant changes in many L-type calcium channels 

including Cacnb2, Cacna1e, Cacna1i, Cacna1d and Cacna2d4 which were generally observed to 

decrease while ryanodine receptor 2 (Ryr2) increased in the plasma from all 3 exposure groups. 

Thus, the observed changes in plasma levels of these calcium ion transporters, particularly the L-
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type calcium channels further support the dysregulation of calcium homeostasis from PFOS and 

PFAA mixture exposure.  

Within the current study, several tight junction proteins (Tjps) were found to be significantly 

increased in the plasma including Tjp1, Tjp2 and Tjp3, Cingulin (Cgn), cingulin like 1 (Cgnl1), 

coxsackievirus and adenovirus receptor (Cxadr) along with several other proteins known to 

comprise adherens junctions of cerebral endotheliocytes including Laminins (Lama1, Lama2, 

Lama3 and Lama5) and Plectin (Plec). The BBB is comprised of a continuous network of 

endothelial cells joined via tight and adherens junctions which serve to dynamically regulate entry 

into the CNS (209, 210). It is well established that PFOS disrupts the BBB as part of its neurotoxic 

mechanism which is well reviewed by Cao and Ng, 2021 (201). Several studies have demonstrated 

that PFOS disrupts tight junction integrity, reduces expression of TJPs and increases the 

permeability of the blood-testis-barrier and BBB in mice (211-213). One study exposing adult rats 

to a dose as low as PFOS 0.25 mg/kg/day caused BBB integrity changes (211) while the 2.5 

mg/kg/day caused increases in proinflammatory cytokines in the cerebral cortex along with 

markers of tissue damage and astrocytic activation. The adverse effects on the BBB were further 

confirmed via transmission electron microscopy, revealing cerebral endothelial lesions, damaged 

tight junctions, enlarged mitochondria and swelling of myelin sheaths (211). Thus, disruption of 

BBB integrity could be another mode by which PFAAs affected proteins associated with nervous 

system related biological processes. 

As was found in pathway analysis (Figure 3.5), Phosphoinositide 3-kinase (PI3K) signaling could 

be involved in PFOS induced BBB disruption. Induction of PI3K/AKT signaling may be related 

to PPARD activation as they are known to exhibit positive crosstalk, occurring several times in 

vascular smooth muscle cells following treatment with PPARD agonists (214-217). In the present 
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study, PFOS significantly altered the PI3K signaling pathway along with Protein kinase B kinases 

1, 2 and 3 (Akt1, Akt2 and Akt3) within the plasma proteome. PI3k/AKT signaling in 

endotheliocytes is well established to increase the permeability of endothelial cells by promoting 

angiogenesis which involves endotheliocyte migration and reorganization of the inter and extra 

cellular matrices (218). An in vitro study examining the effect of PFOS on the tight junctions in 

human brain endothelial cells found PFOS to disrupt the BBB in a PI3K dependent manner through 

the use of inhibitors and a PI3K null mutant cell line (211). While the number of proteins in our 

study involved in PI3K/AKT signaling, DNA damage, and apoptosis were only significant in the 

PFOS exposure regimes, the PFAA mixtures still share many of the same protein markers 

occurring at environmentally realistic concentrations and compositions. Thus, the plasma results 

from the PFAA mixtures are most relevant because they demonstrate that neurotoxic effects of 

PFOS are occurring or are beginning to occur at 50 and 100 ng/L. Future work conducting brain 

proteomics on exposed fish could support the plasma markers of neurotoxicity observed in our 

study. Several techniques also exist which could be used to confirm any BBB disruption in the 

CNS such as the use of scanning electron microscopy on the cerebral endothelium or monitoring 

for methylene blue or labeled dextrans in the CNS following their intravenous injection.  

 

4.6 PFAAs and Muscular Related Processes 

In our study, the PFAA mixtures and PFOS were found to significantly alter pathways 

involved in heart and muscle system related processes (Figure 3.5). There are multiple 

epidemiology studies that associate cardiovascular diseases with PFAA levels in the blood (i.e. 

atherosclerosis and stroke (219)). The mechanisms by which PFAAs may exert their effects on the 
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muscle, heart and cardiovascular system include: metabolic changes, oxidative stress, and 

perturbation of calcium homeostasis (219). Just like in neurons, the changes observed in levels of 

plasma L-type calcium channels (Cacns) and ryanodine receptors (Ryrs) could be related to 

perturbed excitation contraction coupling in muscle tissue. (220, 221). L-type calcium channels 

have been found to be modulated by PFOS and PFOA (much lesser extent) in guinea pig 

ventricular myocytes, exhibiting an inhibitory effect on action potentials (222).  

The second relevant mechanism by which the effects on muscle tissue is via ROS production and 

inflammation. A review of the literature reveals only the toxicity of PFAAs on cardiac muscle and 

cardiac development have been investigated. Adult mice fed 0.5 and 5 mg/kg/day PFOS exhibited 

increases in cardiac somatic index and several markers of cardiac damage, inflammation and 

apoptosis (223). The 5 mg/kg/day dose in particular caused increased serum levels of creatine 

kinase-isozyme-MB and troponin-T which were not observed in the present study (223). 

Additionally, several studies conducting fish embryonic exposures to PFOA and PFOS find 

adverse effects on cardiogenesis, elevated ROS production and cardiac apoptosis (224, 225). 

Within the current study, it is unlikely that PFAAs are causing cardiomyocyte cell death 

considering the lack of markers for cardiac damage in the plasma and the high doses used to elicit 

these effects. Although many studies exist which find environmentally relevant effects of PFAAs 

on cardiac development during embryogenesis, it is unlikely for these to have relevance in adults 

considering they involved perturbations in morphogen signaling at critical stages of cardiogenesis.  

PPAR activation is another relevant mode by which PFAAs could be causing changes in mature 

muscle tissues of rainbow trout. PPARD in highly expressed in muscle and promotes the growth, 

angiogenesis, and oxidative capacity of both skeletal and cardiac muscle (226, 227). PPARG is 

known to improve insulin sensitization of skeletal muscle as well as fatty acid uptake and 
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intracellular transport (226). Within our study, the 3 exposure regimes caused significant increases 

in Nascent polypeptide-associated complex subunit alpha (Naca) an important transcriptional 

regulator of muscle-specific genes involved in growth and some myosin heavy chains (Myh11, 

Myh7) in the plasma (228). Thus, the significant number of proteins related to muscle tissue 

pathways following PFAA exposure in the present study could be related to Ppard and Pparg 

activation. Overall, the changes in plasma proteins related to muscle and angiogenesis may not be 

an adverse effect; considering the beneficial effect PPAR signaling has on metabolism in these 

tissues, additional molecular analysis of individual tissues would help elucidate the changes seen 

in the plasma. 

 

4.7 Head Kidney Proteomics 

The toxicology of PFAAs on the kidney is well reviewed by Stanifer et al., 2018 (229). 

Analysis of the US population found PFOA was associated with development of kidney cancer 

(230). The study was brought about by an increase in kidney cancer associated deaths occurring 

in residents living in the Ohio river valley, downstream from the Parkersburg Teflon-

manufacturing plant in West Virginia (231-233). Within our study, proteins from the head kidney 

tissue of rainbow trout were significantly altered in the PFOA and high mixture exposure regimes 

(Figure 3.8). The results suggest the rainbow trout head kidney is particularly sensitive to PFOA 

induced toxicity considering both the PFOA and high mixture treatments have the highest PFOA 

levels compared to the other exposure regimes. This theory is further supported by the significantly 

increased plasma phosphate levels caused by the PFOA treatment only (Figure 3.8). High blood 

phosphate is a biomarker for kidney damage in humans and there is evidence for PFOA and PFOS 
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to affect kidney function according to epidemiology studies (234-236). However, it was 

unexpected that PFOA, but not PFOS, caused changes in the kidney proteome considering both 

PFAAs are known to activate PPARs, produce reactive oxygen species, inflammation and tissue 

damage at high doses in the kidneys (229, 237, 238). There is no information on whether PFOS 

elicits nephrotoxicity at environmentally relevant doses while there are several lines of evidence 

for PFOA  (163, 229). Additionally, PFCAs like PFOA are known to bioaccumulate at higher 

levels in the kidneys compared to PFSAs which suggests they may be more toxic towards this 

organ (239).  

Within our study, the high mixture and PFOA exposures caused changes to proteins primarily 

involved in lipid metabolism, reactive oxygen species metabolism, and immune function in head 

kidney tissues. Biological pathway analysis suggested that the PFOA treatment in particular caused 

positive regulation of interferon alpha (IFNA) production. A study exposing zebrafish for 21 days 

to 50-100 μg/L of PFOA also found a proinflammatory response with increases in ifn and 

interleukin-1beta (il1b) expression (240). In that study, the proinflammatory response was deemed 

to be via ROS induced tissue damage which caused toll-like receptor activation and expression of 

proinflammatory cytokines  (240). Within our own study, increases in toll-like receptor 3 and 7 

(Tlr3 and Tlr7), along with a decrease in nuclear factor kappa B subunit B1 suggest a similar mode 

by which PFOA is causing ROS-mediated tissue damage and further tissue damage (241). TLR3 

and TLR7 are highly conserved innate immune receptors which bind double stranded RNA and 

double stranded DNA respectively. These two receptors could have been activated from aberrant 

release of oligonucleotides into the extracellular space from ROS induced tissue damage (241). 

This suggests that cellular damage was occurring in the head kidney tissues of rainbow trout 

exposed to PFOA in the present study, which was further supported by high phosphate levels in 
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the plasma.  

 

4.8. Summary 

Overall, the plasma protein profiles revealed the pleiotropic effects of PFAAs on many 

biological systems and molecular signaling pathways. The PFAA mixture exposures caused the 

greatest number of proteins to change, which occurred in an atypical, negative dose response. 

Single component exposures of 25 nM PFBA, PFBS and PFOA caused much lower effects on the 

plasma proteome relative to the PFAA mixtures and PFOS treatments. The PFAA mixtures and 

PFOS treatments shared strikingly similar effects in the plasma and appeared to activate both Ppard 

and Pparg while no changes in Ppara were observed. Such a difference is likely due to the 

differences in structure of teleost Ppar orthologs exhibiting enhanced activation by PFOS via an 

allosteric mechanism. A number of different biological pathways were significantly 

overrepresented in the low mixture, medium mixture and PFOS, associated with PPAR mediated 

changes in lipid metabolism, nervous system effects, PI3K/AKT signaling, oxidative stress, DNA 

damage and apoptosis. PFOS has been previously implicated to disrupt the BBB via a PI3K 

dependent mechanism which largely agrees with the changes observed in plasma endothelial 

junctional proteins, oxidative stress and actin filament remodeling.  

In contrast, PFOA and the high mixture exposure regimes caused a number of changes to the head 

kidney of rainbow trout suggesting the kidney to be a particularly sensitive organ to PFOA 

mediated toxicity. These observations are also supported by the literature, where markers of 

oxidative stress and inflammation are present from PFOA exposure. Overall, the results suggest 

that long chain PFCAs may be more nephrotoxic while long chain PFSAs may be more neurotoxic 
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which offers clues into target organ systems depending on relative composition of PFCA: PFSA 

for environmental mixtures.  
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Chapter 5. Conclusions 

The current study conducted an exposure of rainbow trout to PFAAs at the composition 

and concentrations observed in the environment, which to our knowledge has not been done is 

such a way before. PFAA mixtures likely cause additive and even synergistic negative effects 

raising serious concern as to the risks posed by these chemicals. The current study has identified 

the need to establish the potential hazard posed by aberrant PPARD in vertebrate taxa other than 

humans and rodents. A clear relationship has been established between all structurally similar 

PFAAs in terms of effects on common biological pathways including nervous system 

development, lipid metabolism, and muscle system related processes. All of these biological 

systems may be connected in the pathology of PFAA toxicity. 
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