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Abstract 

Investigating the impacts of per- and polyfluoroalkyl substances (PFAS) on 

biological systems by complementary in vivo, in vitro, and in silico approaches 

 

Manoochehr Khazaee, PhD 

 

University of Pittsburgh, 2022 

 

 

 

Per-and polyfluoroalkyl substances (PFAS) are synthetic industrial compounds that have 

been widely used in many commercial and consumer applications due to their unique 

physicochemical characteristics. Recent studies have identified more than 4700 PFAS that have 

been produced or registered since the late 1940s. The toxicity of many of these chemicals remain 

understudied despite their widespread use and detection in organisms and environmental media 

over the past several decades. Therefore, as part of efforts to fill such gaps and to tackle PFAS 

management issues, this work investigates the toxicokinetics and toxicodynamics of legacy and 

emerging PFAS at different levels of biological organization via complementary in vivo, in vitro, 

and in silico approaches. First, we present a validated in silico approach for the prediction of 

perfluorooctanoic acid toxicokinetics in zebrafish. Our results showed that parameters related to 

physiology, PFAS-protein interactions, and passive diffusion are largely missing for zebrafish and 

estimates need further refinement. Considering protein interactions, the structural similarity of 

most PFAS to lipids, particularly fatty acids, has raised concerns about links between PFAS 

exposure and lipid dysfunction. For example, both PFAS and fatty acids bind to peroxisome 

proliferator-activated nuclear receptors (PPARs). We therefore next evaluated the binding affinity 

of several PFAS of different chain lengths to fatty acid binding proteins and PPAR-α, -δ, and -γ 

via complementary in silico and in vitro techniques. Results indicated strong binding between short 

chain PFAS (with 6 or fewer carbons) and PPAR-α and δ, which may have implications for the 

assumed safety of shorter-chain PFAS. Finally, the impacts of PFAS on gut microbiome 



 v 

composition and genes involved in fatty acid metabolism and the nervous system were investigated 

via in vivo experiments. Our findings highlighted that emerging PFAS adversely impacted murine 

gut taxa having important roles in short chain fatty acid production, including butyrate. In addition, 

perfluorooctane sulfonate exposure altered the expression of genes in zebrafish in ways that vary 

with both exposure concentration and sex. Overall, this work provided new insight into both the 

toxicokinetics and toxicodynamics of PFAS. 
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1.0 Introduction 

1.1 Motivation 

1.1.1 PFAS as Emerging Contaminants 

Per- and polyfluoroalkyl substances (PFAS) are a diverse group of chemicals that have 

been widely used in a variety of consumer and industrial products.1–3 The thermal stability, 

lipophobicity, and hydrophobicity of PFAS have contributed to the use of these chemicals as textile 

stain repellents, in food contact materials, coatings, cosmetics, aqueous film-foaming forms, soil 

repellents, adhesives, paints, and polishes.4,5 The Organization for Economic Cooperation and 

Development (OECD) has identified more than 4700 PFAS which have been produced or 

registered since the late 1940s.6 They can be broadly divided into perfluoroalkyl acids (PFAAs), 

(e.g., perfluoroalkyl carboxylic acids (PFCAs) and perfluoroalkyl sulfonic acids (PFSAs)), PFAA 

precursors (e.g., fluorotelomer- based substances, and perfluoroalkane sulfonyl fluorides 

(PASFs)), and others (e.g., fluoropolymers) (Figure 1).3 Due to the stable carbon-fluorine (C-F) 

bonds that make PFAS highly persistent, they are difficult to be transformed and degraded 

naturally, and some are also bioaccumulative.1,7,8 

Due to their persistence and widespread use, PFAS are abundant in the environment, and 

have been reported in the atmosphere,9 soils,10 wildlife,7 humans,11,12 groundwater and surface 

water,13 and in municipal wastewater14. The biological half-lives of long-chain PFAS (defined as 

PFCAs with ≥7 perfluorinated carbons and PFSAs with ≥6 perfluorinated carbons) like 

perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) were estimated to be 
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several years in animals and human.15 Persistence, bioaccumulation, and toxicity have led to a 

phase-out of the production of long-chain legacy PFAS and their precursors. This has also led to 

an increase in the production of emerging short-chain compounds, including perfluoroether 

carboxylic acids (PFECAs) and perfluoroether sulfonic acids (PFESAs).16 The intention behind 

the switch to short-chains is that these replacement PFAS (also called emerging PFAS) have 

shorter half-lives in the body and are not linked with adverse health effects.17,18 The toxicity of 

most emerging PFAS in biological systems is poorly understood and has not been thoroughly 

studied. However, some biomonitoring studies of short-chain PFAS have revealed widespread 

distribution in biotic and abiotic compartments even in remote regions.19 In addition, a few 

toxicological studies in animal models have shown that short-chain PFAS in high concentrations 

cause toxic effects on immune, endocrine, and nervous systems.19–21  

 

Figure 1. Example of PFAS structures. 
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A leading hypothesis for why PFAS are bioavailable and interact with many biological 

targets is that they mimic endogenous fatty acids and hence may interfere with their metabolism. 

The structural similarities between certain PFAS and fatty acids suggest that there may be 

competitive antagonism between these exogenous and endogenous compounds.22,23 

Epidemiological studies have shown connections between exposure to different PFAS, particularly 

legacy PFAS and various health effects, including dysregulation of lipid and cholesterol 

metabolism, liver and kidney disease, dysbiosis of the gut microbiome, altered immune and thyroid 

function, and reproductive, neurological, and developmental disorders.8,11,12,24,25 Moreover, prior 

in vitro and in vivo studies have reported that exposure to PFAS, particularly PFOS and PFOA 

may cause adverse health effects in animal models, including reproductive toxicity, pulmonary 

toxicity, hepatotoxicity, cardiovascular toxicity, neurotoxicity, renal toxicity, and 

immunotoxicity.8,26–28  

1.1.2 Toxicokinetics and Toxicodynamics of PFAS 

The presence of PFAS in the environment, especially in aquatic and terrestrial ecosystems, 

continues to be of concern for human and environmental health.11,12 Persistence, bioaccumulation, 

mobility, and toxicity of most PFAS, combined with a large number of individual PFAS, create 

numerous challenges for evaluating the biological impacts of PFAS exposure. Thus, uncovering 

mechanisms and modes of action by which PFAS induce toxicity through describing the 

toxicodynamics and toxicokinetics of PFAS will be necessary for making sound decisions about 

PFAS remediation and exposure mitigation. Toxicokinetic studies of PFAS provide information 

regarding absorption, distribution, metabolism, and excretion (ADME) of PFAS. The biological 

effects of PFAS are investigated through toxicodynamics. The impacts of xenobiotics (in my 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/neurotoxicity
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dissertation research PFAS specifically) on biological systems can be evaluated at varying levels 

of biologic organization, beginning with molecular interactions of xenobiotics with a biological 

target and proceeding through the cellular, tissue, and organ responses that impact the whole 

organism (Figure 2). Human and wildlife exposure to PFAS can happen during the life cycles of 

PFAS and the various products that contain.29 PFAS can be absorbed via the oral route through 

consuming food and drinking contaminated drinking water, as well as through skin contact with 

contaminated media, or inhalation of indoor air.11,12,30 Once PFAS enter the body, they may be 

strongly bound to plasma proteins like albumin, making blood an important accumulation 

medium.31 Through the blood circulatory system and enterohepatic circulation, PFAS are 

extensively distributed in the body, with the highest levels in the blood, kidneys, and liver.32 

Instead of passively accumulating in fat tissue, like well-studied organic contaminants such as 

polychlorinated biphenyls, certain organochlorine pesticides, and dioxins,33,34 PFAS transport into 

organism cells by a combination of passive diffusion and active transport facilitated by transporter 

proteins like organic anion transporter (OAT) proteins and the apical sodium-dependent bile salt 

transporter (ASBT).35,36 
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Figure 2. Evaluation of PFAS toxicokinetics and toxicodynamics at different levels of biological systems. 

 

Considering protein interactions, the structural similarity of most PFAS to lipids, 

particularly fatty acids, has raised concerns about links between PFAS exposure and lipid 

dysfunction. PFAS can be absorbed to fatty acid binding proteins (FABPs) within cells. FABPs 

are abundant in a certain tissues, including liver, kidney, and brain, and thus serve as an important 
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PFAS sink in these tissues.37 FABPs act as intracellular shuttles for PFAS to the nucleus, where 

these proteins are released to the peroxisome proliferator activated receptors (PPARs) that regulate 

multiple biological pathways, including lipid metabolism, cell proliferation, cell differentiation, 

and cell inflammation homeostasis.38,39 PPARs serve as main transcriptional sensors of fatty acids 

and can control the expression of fatty acid binding proteins. Activation of PPARs by PFAS cause 

the disruption of lipid homeostasis and signaling, which has often been associated with conditions 

such as dyslipidemia, followed by steatosis and nonalcoholic fatty liver disease (NAFLD).40 

Binding of some PFAS to human PPARs has been reported,41–43 with PPAR expression being 

significantly disrupted in humans, rodents and fish after exposure to both legacy and emerging 

PFAS.40,44–4748,48,49 In addition, it has been shown that the gut microbiome can regulate PPARs in 

key metabolic organs and regulate the homoeostasis of commensal gut microbes. Different SCFAs, 

such as butyrate, acetate, and propionate produced by the gut microbiome regulate genes involved 

in PPAR signalling pathways.50 A few studies have demonstrated that PFAS exposure, including 

emerging PFAS and legacy PFAS, alter the gut microbiome composition of different animal 

models.48,51–53 Therefore, PFAS may alter the gut microbiome, especially gut taxa that produce 

SCFA and affect PPAR signalling pathways and associated metabolism like lipid metabolism. 

Modifications in SCFA production followed by perturbations in PPAR regulation are linked with 

the accumulation of excess fat and consequently obesity.50 In summary, PFAS interactions with 

targets at the molecular level (e.g. PFAS-PPAR interactions) lead to responses at different 

biological levels, including cellular response (e.g. changes in gene expression related to fatty acids 

production, alterations in the production of short-chain fatty acids), tissue response (e.g. 

accumulation of lipids in hepatic tissues), and organ response (e.g. NAFLD).  
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1.2 Objective  

Given the large number of PFAS, their widespread applications, and lack of biological 

effects data for most of them (especially emerging PFAS), they are considered a potentially 

intractable, never-ending chemicals management issue that challenges society.3 Although there 

may be extensive information for the biological impacts of some legacy PFAS, including PFOS 

and PFOA, the picture for the great majority of PFAS currently present in or potentially entering 

the environment is still unclear. Different tools are available to investigate the biological impacts 

of PFAS on organisms, including in vivo and in vitro experiments, and in silico approaches. To 

aid in effectively developing in silico approaches, comprehensive in vivo and in vitro experiments 

are required to understand the mechanisms and modes of PFAS action, particularly for many 

untested emerging PFAS. Moreover, to validate in silico approaches, more high quality in vivo and 

in vitro toxicity data are needed for different PFAS, especially emerging PFAS. The relative lack 

of toxicological studies for most PFAS (mainly emerging PFAS) as a broad group of compounds 

demands more studies to determine the toxicity of these chemicals. In addition, there is an urgent 

need to assess the biological impacts of emerging PFAS to ensure that the replacement chemical 

is actually a safer choice. Therefore, as part of efforts to fill such gaps and to tackle PFAS 

management issues, this project will investigate the toxicokinetics and toxicodynamics of legacy 

and emerging PFAS at different levels of biological organization via complementary in vivo, in 

vitro, and in silico approaches. Incorporation of data from a wide range of approaches provides 

useful information and allows linking them to adverse outcomes. As shown in Figure 1, the 

purpose of this project is to investigate the toxicokinetics (Objective 1) and toxicodynamics 

(Objectives 2, 3, and 4) of PFAS by different complementary strategies. Thus, the specific research 

objectives are as follows: 
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Objective 1: Physiologically Based Pharmacokinetic (PBPK) Model Construction and 

Development 

Objective 2: Perfluoroalkyl Acid Binding with Peroxisome Proliferator Activated 

Receptors α, γ, and δ, and Fatty Acid Binding Proteins by Equilibrium Dialysis with a Comparison 

of Methods 

Objective 3: Impacts of Emerging PFAS on Murine Gut Microbiome Composition 

Objective 4:  Impacts of Sex and Exposure Duration on Gene Expression in Zebrafish 

Following Perfluorooctane Sulfonate Exposure 

1.3 Organization 

The dissertation is structured as follows: 

In Chapter 2.0, the toxicokinetics of PFOA in the body of the zebrafish were investigated 

through a PBPK model, an in-silico tool.  In spite of growing concerns about PFAS in the 

environment, there is no specific model for the pharmacokinetics of these contaminants in 

zebrafish, despite the common use of this organism as a model for toxicity in humans and 

wildlife.54–56 Our work considers how toxicokinetic models can be used as predictive tools for this 

important class of emerging contaminants and evaluates the critical data gaps that currently hinder 

our ability to realize the full potential of zebrafish as a model organism. For this purpose, the 

current state of knowledge for the parameters needed to construct such a model for zebrafish was 

evaluated. Then, a PBPK model for PFOA was developed by explicitly considering the unique 

properties of PFAS and their interactions with proteins in zebrafish.  
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In Chapter 3.0, PFAS-protein binding affinities were evaluated for C4-C9 PFCAs and 

C4, C6, and C8 PFSAs between liver and intestinal fatty acid binding proteins (L- and 

I-FABPs) and peroxisome proliferator activated nuclear receptors (PPAR-α, - δ and –γ) via 

molecular dynamics modeling and equilibrium dialysis, complementary in silico and in vitro 

techniques. Furthermore, a comparison was made between equilibrium dissociation constants 

derived from equilibrium dialysis, both in our project and in literature, and other in vitro 

approaches (e.g., fluorescence displacement) from literature. This is the first study to report strong 

binding between short chain PFAS (6 or less carbons) and PPAR-α and δ, raising the possibility 

that short-chain replacements for long-chain PFAS may still be bioactive, despite the assumed 

“safety” of short-chain PFAS on the basis of rapid serum clearance. 

In Chapter 4, we investigated the impacts of PFAS exposure on microbiome composition 

via a murine model. Gut microbiome dysbiosis has been linked with obesity, diabetes and disorders 

of the digestive tract, and the immune and nervous systems. The lack of research and documented 

evidence for the toxicological mechanisms and impacts of PFAS, particularly emerging PFAS, on 

the gut microbiome motivated us to evaluate the impacts of emerging PFAS on different gut taxa 

producing SCFAs. For this purpose, droplet digital PCR and 16S rRNA sequencing were used to 

investigate the variations of gut microbiome composition in cecum and feces samples from male 

and female C57BL/6 mice after exposure to emerging PFAS. 

In Chapter 5, we evaluated the impacts a legacy PFAS (PFOS) on several genes via an in 

vivo exposure study using adult zebrafish. PFOS is one of the most commonly found PFAS in the 

environment and is extremely persistent. We investigated whether PFOS exposure affects the 

expression of genes associated with fatty acid metabolism (fabp1a, fabp2, and fabp10a) in liver, 

intestine, heart, and ovary, and of genes involved in the nervous system (acetylcholinesterase, 
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brain‐derived neurotrophic factor, choline acetyltransferase, histone deacetylase 6, and nerve 

growth factor) in brain and muscle of male and female zebrafish. In addition, by considering both 

sexes, different exposure durations (after 1, 7, 14, and 30 days of PFOS exposure), and two doses 

(0.1 and 1 mg/L), the roles of sex, exposure concentration, and exposure duration were also 

evaluated on the expression of these different genes. 

Lastly, chapter 6 summarizes the key points of the thesis, explains the significance of the 

work, and provides some recommendations for future study. 
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2.0 Evaluating Parameter Availability and Development of a Physiologically 

Based Pharmacokinetic (PBPK) Model for Perfluorooctanoic Acid (PFOA) In 

Zebrafish 

This chapter has been published as:  

Khazaee, M., and Ng, C. A. (2018). Evaluating parameter availability for physiologically 

based pharmacokinetic (PBPK) modeling of perfluorooctanoic acid (PFOA) in 

zebrafish. Environmental Science: Processes & Impacts, 20(1), 105-119.57 

 DOI: 10.1039/C7EM00474E. (Copyright Royal Society of Chemistry 2021 

https://www.rsc.org/journals-books-databases/author-and-reviewer-hub/authors 

information/licences-copyright-permissions/) 

           (PBPK) models are considered useful tools to describe the absorption, distribution, 

metabolism and excretion of xenobiotics. For accurate predictions, PBPK models require species-

specific and compound-specific parameters. Zebrafish are considered an appropriate vertebrate 

model for investigating the toxicity of a wide variety of compounds. However, no specific 

mechanistic model exists for the pharmacokinetics of perfluoroalkyl acids (PFAAs) in zebrafish, 

despite growing concern about this class of ubiquitous environmental contaminants. The purpose 

of this study was to evaluate the current state of knowledge for the parameters that would be needed 

to construct such a model for zebrafish. We chose perfluorooctanoic acid (PFOA) as a model 

PFAA with greater data availability. We have updated a previous PBPK model for rainbow trout 

to simulate PFOA fate in zebrafish following waterborne exposure. For the first time, the model 

considers hepatobiliary circulation. In order to evaluate the availability of parameters to implement 

this model, we performed an extensive literature review to find zebrafish-specific parameters. As 

https://doi.org/10.1039/C7EM00474E
https://www.rsc.org/journals-books-databases/author-and-reviewer-hub/authors%20information/licences-copyright-permissions/
https://www.rsc.org/journals-books-databases/author-and-reviewer-hub/authors%20information/licences-copyright-permissions/
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in previous approaches, we broadened our search to include mammalian and other fish studies 

when zebrafish-specific data were lacking. Based on the method used to measure or estimate 

parameters, or based on their species-specific origin, we scored and ranked the quality of available 

parameters. These scores were then used in Monte Carlo and partial rank correlation analyses to 

identify the most critical data gaps. The liver, where fatty acid binding proteins (FABPs) and 

plasma proteins are considered, represented the best model-data agreement. Lack of agreement in 

other tissues suggest better parameters are needed. The results of our study highlight the lack of 

zebrafish-specific parameters. Based on sensitivity and uncertainty analysis, parameters associated 

with PFAA–protein interactions and passive diffusion need further refinement to enable 

development of predictive models for these emerging chemicals in zebrafish. 

2.1 Introduction 

An organism is a complex and integrated system with many interdependent characteristics. 

The whole body of an organism is an interconnected system of various compartments and fluids 

(blood, bile, lymph, etc.). The circulating blood system has the substantial role to distribute 

different compounds through vessels to various tissues. In different compartments, compounds 

may bind to receptors, be transformed by enzymes, passively accumulate, or be eliminated without 

metabolism. A physiologically based pharmacokinetic (PBPK) model describes the absorption, 

distribution, metabolism, and excretion of chemicals in the body of an organism based on the 

specific physiology of an organism and on the physicochemical properties of a substance. A PBPK 

model thus connects the concepts of anatomy, physiology, and biochemistry to understand the fate 

and transport of xenobiotics in the body of organisms. Through the development of PBPK models, 
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many researchers have tried to describe the behavior of drugs and other chemical substances in 

humans, mammals, birds, and fish, using actual physiological parameters such as body weight, 

blood flow rates, cardiac output, tissue volumes and surface area, breathing rates, etc.58–64 PBPK 

models can help predict the concentrations of different xenobiotics in inaccessible organs and 

simulate the concentration – time profiles of various compartments with minimal data.65 Moreover, 

PBPK models aid researchers to obtain mechanistic insight into toxic characteristics and also 

reduce the time, cost and needs of animal in laboratory experiments.58,66 

Perfluorinated alkyl acids (PFAAs) are man-made industrial chemicals that have been in 

use since the 1940s. They have wide commercial and consumer applications due to their unique 

physicochemical characteristics such as thermal stability and amphiphilic properties.67,68 Many 

investigations have shown that the accumulation propensity of PFAAs increase with increasing 

length of the carbon chain.69–71 In addition, PFAAs have been observed in both aquatic and 

terrestrial food chains and are bioavailable in plants and animals.72 Physiological disturbances 

(impaired organ function, effects on reproductive hormones, and mortality) and developmental 

malformations in mammals and fish due to exposure to PFAAs have been detected in different 

studies.62,72–78 Moreover, previous studies have shown that some PFAAs, such as 

perfluorooctanoic acid (PFOA), undergo enterohepatic circulation in both mammals and fish, and 

accumulate to different degrees and have different half-lives in males and females.70,79–81 

Some PFAAs, such as PFOS, have been classified as persistent organic pollutants (POPs) 

due to their bioaccumulation potential, toxicity, and extreme persistence.75 However, PFAAs are 

quite different in their toxicokinetics from traditional POPs, and as such typical models that rely 

on partitioning do not apply. Toxicokinetic models that explicitly incorporate protein interactions 

and active transport produce much better predictions of tissue distribution and bioaccumulation 
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potential.61 Cheng and Ng (2017) and Ng and Hungerbühler (2013) showed that PBPK modeling 

could be particularly useful to understand and simulate the toxicokinetics and tissue distribution 

of perfluorinated alkyl acids (PFAAs), an important class of emerging chemicals, in rats and 

fish.60,61 They constructed and developed PBPK models that explicitly considers cellular 

membrane permeability of PFAAs through various compartments as well as molecular 

mechanisms for PFAAs toxicokinetics (i.e., protein binding and active transport process).60,61,82 

The zebrafish (Danio rerio), a cyprinid teleost, is a small freshwater fish and has been 

considered as an appropriate vertebrate model for investigating toxicity of compounds.54,64,83,84 

There are several advantages for the use of zebrafish as a toxicological model species such as their 

size, easy husbandry, early morphology, high fecundity, short generation time, transparency of 

their embryos, and fully sequenced genome.84 The analogous functions and structures of zebrafish 

compartments such as liver, kidney, muscle, brain, pancreas, intestinal tract, and heart to those 

found in humans encourage researchers to use them in studies.83 

A review of previous work that applied PBPK models for bioconcentration of different 

chemicals revealed that mammals were more frequently studied than fish.58 Zaharko et al. (1972) 

proposed the first PBPK model for fish (sting rays, Dasyatidae sabina), which was adapted from 

rodent models.85 Subsequently, other studies have developed PBPK models for different fish such 

as trout,61,64,66,86–88 roach (Rutilus rutilus),64 fathead minnow,66,89 Japanese medaka,89 , catfish,90 

and dogfish shark,91 among others. PBPK models are rather scarce for zebrafish in comparison 

with other fish, particularly trout, for which there are many studies that investigate and measure 

various physiological parameters via different techniques.88,92–94 However, to date, no 

comprehensive study has been performed to determine different physiological parameters in 

zebrafish.  
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 A challenge in the prediction of fate and distribution of contaminants in organisms is the 

availability and the quality of physiological parameters. Many studies that have applied PBPK 

models to simulate the behavior of different chemicals in the body of fish used  physiological 

parameters associated with either mammals or other species of fish.61,95 The ability of PBPK 

models to accurately simulate chemical fate and distribution in an organism can depend strongly 

on the quality of the physiological information used. In order to prioritize and highlight the 

availability and quality of physiological parameters for zebrafish, we assess our ability to 

parameterize a PBPK model for zebrafish. Our assessment is based on the framework of a previous 

model for the bioconcentration of PFOA in rainbow trout that explicitly considers both passive 

diffusion and protein interactions.61 

Rather than present a working model for prediction of PFOA toxicokinetics in zebrafish, 

the main purpose of this work is to investigate the current state of knowledge for the parameters 

that would be needed to construct such a model in a mechanistic way. In order to construct the 

model, extensive bibliographic research was performed to find all available parameters. After 

compiling the parameters, the model was assessed using two experimental datasets for 

zebrafish.76,96 Next, we scored the quality of available parameters based on the way that they were 

measured or estimated and based on the species for which the parameter was available (with 

parameters specifically measured in zebrafish receiving the best score). These scores were then 

incorporated into an uncertainty and sensitivity analysis. In this way, we used the model as a 

framework to identify critical parameters and ranked their importance through sensitivity analysis. 
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2.2 Materials and Methods 

2.2.1 Model Structure 

The model consists of 10 compartments: blood (B), adipose interstitial fluid (AF), adipose 

tissue (AT), muscle interstitial fluid (MF), muscle tissue (MT), liver interstitial fluid (LF), liver 

tissue (LT), kidney interstitial fluid (KF), kidney tissue (KT), and bile (Bi). The extracellular 

component of each tissue (interstitial fluid compartments) and the blood contain proteins, to which 

PFOA can bind.97 These compartments were identified as important components in an earlier 

model for PFAA bioconcentration in rainbow trout.61 The PFOA-protein exchanges and transfers 

between water, blood, and other compartments of the model are shown in Figure 3. 
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Figure 3. PFOA transfer and interaction with proteins in different compartments of the zebrafish PBPK model. 

 

In mammals, PFOA is known to bind to albumin.98 In zebrafish, which lack albumin, this 

role is likely fulfilled by apolipoprotein in plasma.97 The PFOA in plasma then enters different 

tissues via passive diffusion or facilitated transport. We assume liver contains fatty acid binding 

proteins (FABPs) to which PFOA can bind to and dissociate from. Newly included in this model 

is hepatobiliary circulation, which is considered important in mammals79,99–101 but has not been 

fully explored for PFAA toxicokinetics in fish. Additionally, we consider facilitated transport of 

PFOA from blood to liver and liver to bile by membrane transporters. Lack of data restricts our 

consideration of membrane transporters to the liver, but we acknowledge that they might have a 

significant role in other tissues. 

In contrast with the model for the rainbow trout, a freshwater fish, the volume of urine 

excretion in zebrafish is extremely small.102,103 We therefore excluded urinary excretion as an 

Passive diffusion 

Active transport 

Outflow with bile 
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elimination route and assumed that the role of transporters in eliminating PFAAs is negligible in 

the kidney. However, FABPs are known to be expressed in kidney tissues of other species, so that 

kidney tissue could still serve as a potential sink for PFAAs. In addition, since the kidney plays a 

central role in PFAA disposition in other species, we retain the kidney compartment in the current 

model to evaluate the availability of physiological parameters and as a placeholder for when 

additional protein interaction data becomes available. 

2.2.2 PFOA Mass Balance Equations and Mass Transfer Coefficients 

The physiological and protein-related parameters we collected were implemented in the 

zebrafish toxicokinetic model using the same mass balance approach originally established in Ng 

and Hungerbühler (2013).61 The mass balance equations used in our model are as follows. We 

calculated the rate constant for gill uptake (kW-B) by using the following equation:61  

 kW−B = (
1

𝑄𝑊
+  

1

P
effAB−W

)-1 (2-1)                                               

As noted above, AB-W is equal to gill surface area of zebrafish representing the area for 

blood-water exchange. To calculate rate constant for diffusion from blood back to water (kB−W ), 

we employed proposed equation from Ng et al. (2013) as below:61  

 kB−W =  
kW−B

CRSS
C−W (2-2)                                               

The exchange and interactions between protein and PFOA are listed in Appendix Table 

A1. Mass transfer coefficients were extracted from the Ng et al. (2013).61 Uptake and loss rate 

constants from water to blood and from blood to water were calculated as follows: 

 bW−B = kW−B (2-3) 
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 BB-W = 
KB−W

VB
 (2-4) 

In order to find the rate constant of internal transfer among compartments, we employed 

the mass transfer coefficient as below:  

 kB−iF = (
1

QB
i +  

1

P
effAB−iF

)-1 (2-5) 

Similar overall resistance is assumed (kiF-B= kB-iF) for diffusion from the interstitial fluid 

back to blood. The rate constant determined by dividing the value of 𝑘𝐵−𝑖𝐹 over the volume 

respective compartment: 

 bB−iF =  
KB−iF

VB
  (2-6) 

 biF−B =  
KB−iF

ViF   (2-7) 

For transport from fluid parts to tissues sub-compartments, only the membrane 

permeability provides a resistance to transport. Therefore, the mass transfer coefficient is: 

 KiF−iT = PeffA
iF−iT (2-8) 

Finally, the rate constant for diffusion from interstitial fluid to tissues sub-compartments 

and from tissues sub-compartments to interstitial fluid were easily calculated as below: 

  biF−iT =
KiF_LT

ViF
 (2-9) 

 biT−iF =
KiT_LF

ViT  (2-10) 

The sum of transport with NTCP and OST𝛼/𝛽 mediated proteins is considered for for 

uptake. 

 buptake=bOSTα/β+bNTCP
 (2-11) 

Moreover, for clearance, the value of ASBT transporter protein is used. 

 bclear = 𝑏ASBT (2-12) 
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By dividing the biliary flow rate over the volume of biliary system, the rate constant for 

biliary removal was calculated: 

  
BBi =

Qbi

VG

 (2-13) 

Furthermore, the PFOA mass balance equations for compartments involved in the model 

depicted in Appendix Table A1. 

2.2.3 Model parameterization  

Constructing a model in a mechanistic way requires collecting a large amount of data. In 

order to find the needed parameter values, we performed a review of scientific literature. Our 

search mainly focused on papers dealing with zebrafish characteristics. In the case of lack of 

zebrafish-specific data, we also reviewed studies associated with other fish or with mammals. 

JSTOR, ISI Web of Science, and Google Scholar were used as search engines to find related 

papers. Based on this search, we reviewed 96 papers published between 1956 and 2017, which 

included parameter descriptions for more than 8 species. 35 of the 96 papers were specifically for 

zebrafish. The following keywords were used in our parameter search: “Zebrafish, PBPK models, 

volume, surface area, kidney, liver, adipose, muscle, biliary system, blood, blood flow rate, cardiac 

output, fluid volume, concentration of proteins [in different compartments], FABPs, membrane 

transport protein, active transport, passive diffusion, blood perfusion rate.” 

Physiological parameters (tissue volumes and surface areas, volume of interstitial fluid in 

different compartments, blood perfusion rate and water, blood, and biliary flow rates), protein-

related parameters (tissue-specific protein, concentrations equilibrium association constants, and 

protein-mediated hepatobiliary circulation), and passive diffusion parameters were extracted or 
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estimated from the literature. Detailed descriptions of parameter derivation and final values used 

in the model are provided in the Appendix A.1. Table 1 summarizes all available parameters 

compiled or estimated for zebrafish and their sources. In Table 2, we also provide a comparison of 

availability of species-specific physiological parameters for the rat (most parameters available), 

rainbow trout (many parameters available), and zebrafish (few parameters available). 
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Table 1. The compiled parameters for zebrafish 

Parameter  Abb Male Female Adult Reference value or method 

of estimating 

Fish 

studi

es  

Mamma

lian 

studies 

Body weight BW# 0.41 

g 

0.82 g 0.6 g Male = 0.41 g 

Female = 0.82 g 

104 (z) 

 

------ 

Liver weight LW 8 × 

10-3 g 

0.036 g 0.019 g Males ∼2.10% and Females 

∼4.51% body weight 

105 (z) ------ 

Liver weight LW 7 × 

10-3g 

0.015 g 

 

0.01 g 1.83% body weight 106 (z) ------ 

Muscle 

weight 

MW 0.24 

g 

0.49 g 0.36 g 60% body weight 107 (z) ------ 

Liver volume VL# 5.53 

× 10-

4ml 

5.53 × 

10-4ml 

5.53 × 10-

4ml 

0.535mm3 for adult 105  

(z) 

------ 

Liver volume VL 8 × 

10-

3ml 

0.036 

ml 

0.019 ml Assuming the density of fish 

1 g/ml 

------  

Liver volume VL 7 × 

10-

3ml 

0.015 

ml 

0.01 ml Assuming the density of fish 

1 g/ml 

------  

Muscle 

volume 

VM# 0.24 

ml 

0.49 ml 0.36 ml Assuming the density of fish 

1 g/ml 

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

Kidney 

volume 

VK# 1.46 

× 10-

4ml 

1.46 × 

10-4ml 

1.46 × 10-

4ml 

Estimation based on two 

studies  

108 (z) 
109 (z) 

------ 

Adipose 

volume 

VA# 1.02 

× 10-

3ml 

6.32 × 

10-3ml 

3.67 × 10-

3ml 

Extracted from graphs 

(control group) 

110(z) ------ 

Blood 

volume 

VB# 9 × 

10-

3ml 

17 × 10-

3ml 

13 × 10-3 

ml 

Male = 9 µl 

Female = 17 µl 

104 (z) ------ 

Bile volume VG# 9.95 

× 10-

5ml 

9.95 × 

10-5ml 

9.95 × 10-

5ml 

18% of liver volume 105  

(z) 

------ 

Fluid liver 

volume 

VLF
# 

1.7 × 

10-

3ml 

4.24 × 

10-3ml 

2.83 × 10-

3ml 

Based on VF/WT ratio 94 ------ 

Fluid kidney 

volume  

VKF
# 

1.38 

× 10-

3ml 

2.39 × 

10-3 ml 

1.81 × 10-

3ml 

Based on VF/WT ratio 94 ------ 

Fluid muscle 

volume 

VM

F# 

0.013 

ml 

0.026 

ml 

0.019 ml Based on VF/WT ratio 94 ------ 

Fluid adipose 

volume 

VAF 1.77 

× 10-

4ml 

1.09 × 

10-3ml 

6.38 × 10-

4ml 

Based on VF/WT ratio 94 ------ 

Liver surface 

area 

AL# 1.9 

cm2 

1.9 cm2 1.9 cm2 Based on spherical shape of 

hepatocyte and its diameter 

105  

(z) 

------ 

Liver surface 

area 

AL 2.26 

cm2 

3.18 

cm2 

2.72 cm2 

 

Using trout data and Ng & 

Hungerbühler approach 

61,111 ------ 
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Kidney 

surface area 

AK# 0.103 

cm2 

0.103 

cm2 

0.103 cm2 Based on spherical shape of 

glomerulus and its diameter 

108,109,

112 (z) 

------ 

Muscle 

surface area 

AM# 720 

cm2 

1440 

cm2 

1080 cm2 Based on spherical shape of 

fiber and its diameter 

113 (z) ------ 

Adipose 

surface area 

AA# 0.17 

cm2 

10.82 

cm2 

6.28 cm2 Based on spherical shape of 

adipocyte and its diameter 

114 (z) ------ 

Gallbladder 

surface area 

AB# 4.51 

× 10-

3cm2 

9.02 × 

10-3cm2 

6.6 × 10-

3cm2 

11 cm2/kg (trout) 115 ------ 

Gill surface 

area  

AG# 8.59 

cm2 

8.59 

cm2 

8.59 cm2 Based on ration of gill to 

liver surface area 

61 ------ 

Biliary flow 

rate 

QBi# 9.84 

× 10-

4ml/d

ay  

1.96 × 

10-

3ml/day 

1.44 × 10-

3ml/day  

0.1 ml/kg.hr for trout 116 ------ 

Gill 

ventilation 

rate  

QW# 811.8   

ml/da

y 

1623.6 

ml/day 

1188   

ml/day 

0.55 ml/min for 0.4 g 

cyprinid fish 

95(z) ------ 

Blood flow 

rate 

QB# 13.1   

ml/da

y 

26.21 

ml/day 

19.18 

ml/day 

11.1 µl/min for 0.5 g 

zebrafish 

95(z) ------ 

Liver Blood 

perfusion rate  

QBL
# 

0.38 

ml/da

y 

0.65   

ml/day 

0.55 

ml/day 

2.9 % cardiac output  93 ------ 

Kidney Blood 

perfusion rate  

QB

K# 

0.73 

ml/da

y 

1.46 

ml/day 

1.07 

ml/day 

5.6 % cardiac output  88  ------ 

Muscle Blood 

perfusion rate  

QB

M# 

3.30 

ml/da

y 

6.60 

ml/day 

4.83 

ml/day 

25.2 % cardiac output  88  ------ 

Adipose 

Blood 

perfusion rate  

QB

A# 

1.07 

ml/da

y 

2.14 

ml/day 

1.57 

ml/day 

8.2 % cardiac output  88  ------ 

Plasma 

protein 

concentration

s 

CPB
# 

0.57 

mmol

/L 

0.8 

mmol/L 

0.62 

mmol/L 

Male = 37.7 mg/ml 

Female = 53.1 mg/ml 

97 (z) ------ 

FABP 

concentration

s in liver 

CFA

BPL

T# 

0.05 

mmol

/L 

0.05 

mmol/L 

0.05 

mmol/L 

0.05 mol/m3 117 ------ 

Liver fluid 

protein 

concentration

s 

CPL
# 

0.29 

mmol

/L 

0.4 

mmol/L 

0.31 

mmol/L 

0.1 mmol/L ------ 118,119 

Kidney fluid 

protein 

concentration

s 

CPK
# 

0.29 

mmol

/L 

0.4 

mmol/L 

0.31 

mmol/L 

Assuming the same liver 

protein concentration 

------ 118,119 

Muscle fluid 

protein 

concentration

s 

CP

M# 

0.17 

mmol

/L 

0.24 

mmol/L 

0.19 

mmol/L 

Albumin in human adipose 

interstitial fluid /human 

serum = 0.3 

------ 120 

Adipose fluid 

protein Conc. 

CPA
# 

0.08 

mmol

/L 

0.12 

mmol/L 

0.09 

mmol/L 

Albumin in human adipose 

interstitial fluid /human 

serum = 0.15 

------ 120 

Table 1 (continued) 
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Uptake rate buptak

e
# 

2.75 

× 10-

5s-1 

 

3.17 × 

10-5s-1 

 

2.95 × 10-

5 s-1 

 

Based on the flux measured 

for NTCP and OST𝛼/𝛽 

------ 121 

Clearance 

rate  

bclear
# 

2.31 

× 10-

6s-1 

 

2.76 × 

10-6s-1 

 

2.49 × 10-

6s-1 

 

 

Based on the flux measured 

for ASBT 

------ 121 

Protein 

Association 

Constants  

KP
# 55 × 

103 

M-1 

55 × 103 

M-1 

55 × 103 

M-1 

Based on the geometric 

mean of the values reported 

in different studies  

------ 98,122–124 

FABP 

Association 

Constants  

KFAB

P
# 

5.6×1

04 M-

1 

5.6×104 

M-1 

5.6×104 

M-1 

Based on extrapolation from 

the values provided for 

C5−C9 PFCAs 

------ 125,126 

Effective 

membrane 

permeability 

Peff
# 1.13 

× 10-

9m/s 

1.13 × 

10-9m/s 

1.13 × 10-

9m/s 

------ ------ 81 

 

Steady-state 

cell-water 

concentration 

ratio 

CRSS
C−w

# 

1.62 1.62 1.62 ------ ------ 

 

81 

 

Water to 

blood uptake 

rate constant  

kW-

B# 

 

9.7 × 

10-

13m3/

s 

9.7 × 

10-

13m3/s 

9.7 × 10-

13m3/s 

1.23 L/kg/day 61 ------ 

 

Rate constant 

for diffusion 

from blood 

back to water, 

kB-

W# 

 

5.99 

× 10-

13 

m3/s 

5.99 × 

10-13 

m3/s 

5.99 × 10-

13m3/s 

0.59 L/kg/day 61 ------ 

 

a (z) indicates the study is specific to zebrafish. # Indicates the parameter is used in the model. 

 

Table 1 (continued) 
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Since gender differences have been reported in the toxicokinetics of PFOA in different fish 

species, we consider parameter availability for both genders.67,76,80,127 The weight of adult 

zebrafish was reported between 0.2 to 0.9 g.104,106,128–130 Zang et al. (2013) indicated that the 

average weight of male and female adult zebrafish is 0.41 and 0.82 g, respectively.104 Accordingly, 

we considered a 0.41 g adult male, 0.82 g adult female, and a 0.6 g adult zebrafish (average of 

male and female) for our model-based parameter evaluation. 

Table 2. Comparing the availability of physiological parameters in zebrafish, trout, and rat 

Parameters Organism Reference 

Blood volume of different Tissues Zebrafish ------- 

Trout 92,93 

Rat 131–134 

Blood flow rate  Zebrafish 95 

Trout 92 

Rat 131,133,134 

Fluid volume of different tissues Zebrafish ------- 

Trout 94 

Rat 135–137 

Concentration of different proteins in both tissue compartment and interstitial fluid Zebrafish ------- 

Trout ------- 

Rat 98,120,138–140 

Volume of different tissues Zebrafish --------------- 

Trout --------------- 

Rat 137,141–146 

Surface area of different tissues Zebrafish --------------- 

Trout --------------- 

Rat --------------- 

Gill (lung) ventilation rate  Zebrafish --------------- 

Trout 147 

Rat 148 

Biliary flow rate  Zebrafish --------------- 

Trout 116 

Rat 134 

Concentration of different proteins in Blood Zebrafish 97 

Trout 149 

Rat 134,150 

 

 

 



 26 

2.2.4 Parameter Assessment  

Here we present the system of ranking and scoring to evaluate the quality of compiled 

parameters. The collected parameters used in the model were scored and then ranked based on the 

method used to measure or estimate them, or based on the species-specific origin. Further, we 

distinguished between direct experimental measurement versus estimation (e.g. based on 

allometry), and whether estimation methods were direct or indirect. We also scored parameters 

based on species of origin: zebrafish (most reliable), other fish, or mammals (least reliable). In our 

ranking, the most reliable score is 1, indicating that the parameter is extracted from an experimental 

method specifically for zebrafish, and the least reliable score is 4.5, indicating that the parameter 

is derived from indirect estimation associated with mammalian species.   

2.2.5 Uncertainty and Sensitivity Analysis  

We use our PBPK model as a framework through which we evaluate the relative 

importance of the parameters we have collected and assessed above. Our model, similar to other 

PBPK models, contains a large number of parameters, many of which are interdependent. These 

parameters were generated using assumptions (e.g., relating different species or sizes), 

approximations, and unit conversions that involve uncertainty, as well as variability and 

uncertainty related with experimental measurements. 

Monte Carlo uncertainty and sensitivity analysis was conducted to quantify the relative 

importance of parameters. Monte Carlo analysis has been widely applied to determine the 

propagation of uncertainty through a model and provide feedback on parameter sensitivity, 

including for PBPK models.60,63,151–154 Moreover, by calculating the contribution of each parameter 
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distribution to the variance in the model output distributions using correlation coefficients, the 

Monte Carlo analysis simultaneously provides information on uncertainty and sensitivity.155 We 

assumed parameters were independent and log-normally distributed, following previous 

analyses,60,154,156,157 with geometric means derived from the literature-based estimates or 

measurements. The confidence factors describing the level of uncertainty associated with each 

parameter was based on the scoring procedure described in section 2.4, with a range of 1 (least 

uncertain) to 4.5 (most uncertain). Random sampling of parameters from their lognormal 

distributions was performed for 1000 runs.154 Next, the sensitivity of the model for all 35 input 

parameters was quantified from the outputs of the Monte Carlo sampling using partial rank 

correlation coefficient analysis between the model’s output and the sampled parameters.  

2.2.6  Experimental Datasets Used for Comparison 

Two experimental datasets were used to evaluate the model predictions in relation to the 

quality (uncertainty) of collected parameters and the model sensitivity. Ulhaq et al. (2015) exposed 

male and female zebrafish (Danio rerio) to 10 µg/l of radiolabeled perfluorooctanoic acid (14C-

PFOA) for 40 days.76 Chen et al. (2016) conducted a 48-day bioconcentration study (24-day 

uptake, 24-day depuration) in which female zebrafish were exposed to PFOA.96 In both studies, 

zebrafish absorbed PFOA via gills from water. 

The size of the fish used in the Chen et al. (2016) study (mean initial fish mass) was 0.8g, 

which was used for simulation in the model. Based on this study, fish were exposed to PFOA 

including a low dose and a high dose exposure group.96 We used the high dose exposure group in 

the model, for which the average exposure concentration of PFOA in water was 6.64 µg/l. The 

uncertainty and sensitivity analysis was performed based on simulating the PFOA waterborne 
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exposure experiment described in Chen et al. (2016).96 Although Chen et al. (2016) used only 

female zebrafish in their study, we simulate the exposure experiment for both genders and the 

average adult zebrafish for comparison. 

2.3 Results and Discussion  

2.3.1 Parameter Evaluation Through PBPK Modeling 

There are different ways to evaluate the level of confidence in a toxicokinetic model, 

including comparing the results with other experimental studies, performing uncertainty and 

sensitivity analysis, or evaluating model robustness, and plausibility.158 To evaluate model 

performance, we first compare model predictions to the concentration of PFOA in the liver tissue 

from Ulhaq et al. (2015) and in the liver, muscle, bile, and blood compartments from Chen et al. 

(2016), extracted at the end of uptake phase (Table 3).76,96 Model-based simulations of the Chen 

et al. study (2016) indicated that the prediction of the model in the compartments follows this 

pattern: liver > kidney > blood > adipose ≈ muscle > bile,96 while the distribution pattern in Chen 

et al. (2016) study is bile > liver ≈ blood > muscle (no data were available for the kidney). 

According to the model predictions, the concentration of PFOA in the liver of females is 

substantially higher than in males. In contrast, the concentration of PFOA is higher in other 

compartments for male than female.  In Chen et al. (2016), the data were available only for female 

zebrafish, thus we could not compare the predicted concentration of PFOA in both genders with 

observations.96 In comparison with Ulhaq et al. (2015), the model-predicted geometric mean 

PFOA concentration in the liver of female zebrafish is overestimated by a factor of 3.75, while it 
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falls within the range of measured concentrations for the liver of male zebrafish.76  Based on the 

Chen et al. (2016) dataset, our model underestimates the levels of PFOA to a smaller extent (by a 

factor of 1.4) in liver tissue. Generally, the liver tissue, where FABPs and plasma proteins are 

considered, represent the best model- data agreement among other compartments. However, the 

model is unable to predict PFOA distribution and concentration in blood, muscle and bile 

compartments. Our model predictions differ from the results of Chen et al. (2016) by a factor of 7 

in blood and a factor of 20 in muscle, indicating lack of appropriate parameterization.96 In bile the 

model underestimates PFOA concentration by a factor of more than 500. Bile is clearly an 

important sink for PFOA in zebrafish in a way that is not captured by our current parameterization 

of the biliary system.  

Comparing the predicted values of PFOA in bile with the results of the Chen et al. (2016) 

study is particularly illustrative of the lack of agreement and issues with parameterization.96 To 

our knowledge, no other PBPK model considers hepatobiliary circulation of PFAAs in fish. Our 

model includes hepatobiliary circulation facilitated by membrane transporters. Lack of data 

compelled us to derive PFOA uptake rates by NTCP, OST𝛼/𝛽 and, ASBT transporters from 

mammalian studies, which may be responsible for low predicted levels of PFOA in bile relative to 

measured values (by a factor of 1192). In contrast to the model prediction and in agreement with 

Chen et al. (2016) observations of high bile accumulation, Ulhaq et al. (2015) reported the highest 

labeling of 14C-PFOA in bile and intestines of zebrafish, indicating substantial enterohepatic 

circulation of PFOA. Previous studies reported the presence of many proteins in human,159 

rat,160,161 and fish,162,163 bile. Indeed, proteins are the third most abundant solids in human bile.164 

Therefore, it is possible that bile, similar to plasma, could be considered as an important sink for 
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PFAAs. Thus, lack of considering biliary proteins could result in the differences between predicted 

and experimental PFOA concentrations in zebrafish bile. 

Table 3. Comparison between the predicted results and measured experimental data (ng g-1) 

Tissue Prediction 

based on 

Ulhaq et al. 

(2015)  

Prediction 

based on Chen 

et al. (2016)  

Results of 

Ulhaq et al. 

(2015) 

Results of Chen 

et al. (2016) 

Liver Male 1030 587.83 918  ------ 

Female 2893.1 1291.7 770 1769 

Adult 1787.7 912.45 844*   ------ 

Blood Male 480.6 279.88  ------  ------ 

Female 484.85 239.9  ------ 1730 

Adult 463.98 248.03  ------  ------ 

Adipose Male 30 17.13  ------  ------ 

Female 24.86 12.24  ------  ------ 

Adult 26.89 14.33  ------  ------ 

Muscle Male 24.07 13.98  ------  ------ 

Female 18.85 9.28  ------ 191 

Adult 21.36 11.38  ------  ------ 

Kidney Male 1595.4 638.26  ------  ------ 

Female 1397.4 431.49  ------  ------ 

Adult 1561.4 544.28  ------  ------ 

Bile Male 11.41 6.48  ------  ------ 

Female 8.76 3.88  ------ 4627 

Adult 10.06 5.39  ------  ------ 

*It was assumed based on the average concentration of PFOA in the liver of both genders.  

We further assess model-data agreement in the time-course data collected by Chen et al. 

(2016) and predicted by our model. The concentrations of PFOA in different compartments in both 

uptake and depuration phases (days: 1, 5, 10, 15, 20, 22, 24, 25, 32, 40, and 48) of the Chen et al. 

(2016) study96 were extracted and together with the 95% confidence intervals of simulations for 

female zebrafish (Figure 4).  
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Figure 4. Comparison between predicted PFOA concentrations and measurements from Chen et al. (2016) in 

(A) liver, (B) blood, and (C) muscle of female zebrafish. The star symbols are measured concentrations. The 

upper, middle, and lower dotted lines are the 97.5th geometric mean, and 2.5th percentile of predicted results, 

respectively. 

 

For liver (throughout the experiment) and blood (during the depuration phase) the 

experimental data fall approximately within the 95% confidence interval. For the muscle 

compartment and during the uptake phase for the blood compartment, predictions fall outside of 

95% confidence intervals, which are around two orders of magnitude lower than experimental 

data.96 It is likely that considering FABPs and plasma proteins interaction with PFOA in the liver 

is account for the best model- data agreement among other compartments. However, based on 

concentration-time profile figures, the model is unable to predict PFOA distribution and 

concentration in blood and muscle. In comparison with the experimental dataset, the predicted 

PFOA concentration-time profile in blood is higher by about 1 to 1.5 order of magnitude in the 

uptake phase. Moreover, in the muscle compartments, the profile differs by about two orders of 

magnitude in the uptake phase and around one order of magnitude in the depuration phase.  



 32 

2.3.2 Parameter Assessment 

Table 4 illustrates our system of ranking parameters employed in the study. Note that the 

minimum score is for the ideal condition of a zebrafish experimental study, which will have a score 

of 1. Any deviation from this will add to the score, as indicated in Table 4 (e.g., +1 for studies for 

other fish species). 

There are different values available for the liver volume of zebrafish, two based on 

assuming fish density equal to 1 g/ml and another based on the ultrastructural mapping technique 

that Cheng et al. (2016) applied in their experiment.105 They used a combined biomolecular 

imaging technique to explore the gastrointestinal system, biliary system, liver and other 

compartments in zebrafish. Due to the novelty of the approach and the quality of their study, we 

used their biliary system and liver volume values in our model. Thus, the score of liver and biliary 

system volumes is 1 in our ranking. The volume of blood (score 1) was extracted from Zang et al. 

(2013), who applied a novel technique to collect the maximum blood from adult zebrafish.104 

Since the muscle volume was extracted by considering fish density equal to 1 g/ml and 

then converting the muscle weight (60% of body weight of zebrafish) to volume, it was categorized 

as a direct estimation (score of 2). Moreover, Hasumura et al. (2012) developed an experiment to 

investigate the effects of green tea extract on adiposity in diet-induced obese zebrafish.110 The 

volume of adipose was extracted from the control group of this study and given a score of 1 in our 

ranking. By considering the number of nephrons, glomerulus, and podocytes in the kidney of 

zebrafish, we estimated their kidney volume. Since the volume of the kidney was estimated based 

on the collection of basic data from different studies, it was considered an indirect estimation (score 

of 2.5).       
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Table 4. Parameter assessment 

Num. Abb. References Species Method Score 

Zebrafis

h 

 

Other 

Fish 

(+1) 

 

Mammalia

n 

(+2) 

 

Estimation 

 

Experimenta

l 

Direct 

(+1) 

 

Indirect 

(+1.5) 

1 VL 105 * ---- ---- ---- ---- * 1 

2 VM 107  * ---- ---- * ---- ---- 2 

3 VK 108,109  * ---- ---- ---- * ---- 2.5 

4 VA 110  * ---- ---- ---- ---- * 1 

5 VB 104 * ---- ---- ---- ---- * 1 

6 VG 105 * ---- ---- * ---- ---- 2 

7 VLF 94 ---- * ---- * ---- ---- 3 

8 VKF 94 ---- * ---- * ---- ---- 3 

9 VAF 94 ---- * ---- * ---- ---- 3 

10 VMF 94 ---- * ---- * ---- ---- 3 

11 AL 105 * ---- ---- ---- * ---- 2.5 

12 AK 108,109,112  * ---- ---- ---- * ---- 2.5 

13 AM 113 * ---- ---- ---- * ---- 2.5 

14 AA 114 * ---- ---- ---- * ---- 2.5 

15 AB 115 ---- * ---- ---- ---- * 2 

16 AG 61 ---- * ---- ---- * ---- 3.5 

17 QBi 116 ---- * ---- ---- ---- * 2 

18 QW 95,165,166  * ---- ---- * ---- ---- 2 

19 QB 95 * ---- ---- * ---- ---- 2 

20 QBL 88,93  ---- * ---- ---- ---- * 2 

21 QBK 88,93  ---- * ---- ---- ---- * 2 

22 QBM 88,93  ---- * ---- ---- ---- * 2 

23 QBA 88,93  ---- * ---- ---- ---- * 2 

24 CPB 97 * ---- ---- ---- ---- * 1 

25 CFABP 117 ---- * ---- ---- ---- * 2 

26 CPL 118,167 ---- ---- * ---- ---- * 3 

27 CPK ---- ---- ---- * ---- * ---- 4.5 

28 CPM 120 ---- ---- * ---- ---- * 3 

29 CPA 120 ---- ---- * ---- ---- * 3 

30 KP 98,122–124 ---- ---- * ---- * ---- 4.5 

31 KFABP 
125 ---- ---- * ---- ---- * 3 

32 Peff 81 ---- ---- * ---- ---- * 3 

33 CRSS
C−w 81 ---- ---- * ---- ---- * 3 

34 bclear 121 ---- ---- * ---- ---- * 3 

35 buptake 121 ---- ---- * ---- ---- * 3 
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The direct estimation of interstitial fluid sub-compartment volumes was derived from 

Buschnell et al. (1998).94 They measured the interstitial fluid volumes of different compartments 

in trout by using EDTA ([58Co] EDTA) to explore extracellular compartment. Because these were 

direct estimates, but for fish species other than zebrafish, interstitial fluid volumes all received a 

score of 3.  

Despite our extensive literature review, we could not find any zebrafish-specific values for 

surface area of different compartments. As described before, we make some substantial 

simplifications to estimate indirectly the surface area of liver, kidney, adipose, and muscle by using 

the diameter of the hepatocyte, glomerulus, adipocyte, and fiber, respectively.105,108,109,112–114 

Moreover, in accordance with the proposed simplification by Ng and Hungerbühler (2013), we 

estimated the surface area of liver.61 This method requires the volume of blood in each tissue 

compartment, which was not available in literature except for liver. Thus, we chose to not use the 

surface area of liver estimated by this method. Accordingly, we give a score 2.5 to the surface area 

of liver, muscle, kidney and adipose, since they were estimated indirectly, and the diameter of cells 

were compiled from studies of zebrafish. It should be noted, however, that comparison of the two 

methods for deriving the surface area of the liver resulted in estimates that differ by less than a 

factor of 2 (see Table 4). 

Grosel et al. (2000) developed a technique to collect the hepatic bile continuously for days 

in rainbow trout by employing starvation.115 For this purpose, they measured the surface area of 

gallbladder by using graph paper. Based on the results for trout, we calculated the gallbladder 

surface area for zebrafish and gave it a score of 2 in the ranking. In addition, we used the proposed 

surface area of gill for trout in Ng and Hungerbühler (2013), due to lack of data.61 By using a 

number of allometric relationships, they calculated the area of gill for trout from different literature 
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sources.147,168,169 Our score 3.5 for the gill surface area indicates that it was estimated indirectly 

and derived from studies not associated with zebrafish.     

Péry et al. (2013) estimated the cardiac output for 0.5 g zebrafish at 26 °C by using the 

number of beats per minute in adult zebrafish and the ratio between stroke volume and weight for 

trout.95 Moreover, they extrapolated the gill ventilation rate for 0.4 g for adult zebrafish by using 

the proposed relationship from Yamamoto (1991) (under normal oxygenation conditions in the 

fish) at 25 °C, the volume of the gill = 1.035 BW0.771) and the oxygen uptake rate data from 

Vergauwen et al. (2013) for zebrafish.165,166 Thus, the blood flow rate and gill ventilation rate were 

estimated directly by considering the body weight of zebrafish in our model. The blood perfusion 

rates for liver, adipose, kidney, and muscle were reported from experiments. Barron et al. (1987) 

employed an experimental approach by using the indicator dilution and microsphere methods to 

measure the blood perfusion rates in internal organs of rainbow trout.93 Later, Nichols et al. (1990) 

proposed scaling factors based on highly and poorly perfused compartments for trout in their 

experiments.88 As described previously, the biliary flow rate for zebrafish was derived from Schmit 

and Weber (1973).116 They used the organic anion sulfobromophthalein (BSP) to study the general 

processes of biliary excretion in trout.  

Except for the concentration of total protein in plasma and the concentration of FABPs in 

liver, other levels of proteins in interstitial fluid of adipose, kidney, liver, and muscle were 

extracted from literature for mammals. Li et al. (2016) conducted an experiment to examine and 

analyze the proteomic profiles of zebrafish plasma.97 They employed conventional shotgun LC-

MS/MS to detect the proteomic profile of plasma followed by the Sequential Window Acquisition 

of all Theoretical (SWATH) fragment-ion spectra approach to determine the levels and differences 

of plasma proteins in male and female zebrafish. Hence, the score for this parameter is 1 (zebrafish, 



 36 

direct estimation). The level of FABPs in the liver compartment receive a score of 2, as it was 

derived directly from a different fish species using the study of Londraville et al. (1996).117 In their 

experiment, they use a combination of bicinchoninic acid and scanning densitometry to quantify 

the level of FABPs in striped bass (Morone saxatilis). Based on our scoring system, the 

concentrations of proteins in interstitial fluid of the kidney get a score of 4.5, the least reliable 

score, because of indirect estimation from the interstitial fluid of liver from mammals. Since the 

interstitial fluid of adipose and muscle in the model were derived from Ellmerer et al. (2000), a 

combined experimental approach using open-flow microperfusion and the no-net-flux calibration 

method (based on determining the transport of analyte mass across a dialysis membrane as a 

function of the perfusate concentration),170 the score for these parameters is 3.120 

To consider the hepatobiliary circulation in the model, we used mammalian studies to 

determine the active transport of PFOA.121 Zhao et al. (2015) conducted an experiment to identify 

the role of active transporters in hepatobiliary circulation and in disposition of PFAAs.121 They 

investigated the uptake of PFAAs in rat and human hepatocytes in the absence or presence of 

sodium.  Since they used an experimental method on mammals, both the buptake and bclear parameters 

receive a score of 3. 

In the model, the plasma protein association constant (KP) and fatty acid binding protein 

association constant (KFABP) describe the equilibrium binding of PFOA to proteins in plasma and 

FABPs in the liver, respectively. As outlined earlier, the total protein concentration in the plasma 

of zebrafish was considered in the model as available for PFOA binding. We also assumed that 

these proteins would behave similarly to albumin. Hence, we calculated the geometric mean of 

reported Kalb values and used them as an estimate of KP in the model. Since there are no 

experimental methods to determine KP in either mammalian or fish studies (“P” consisting 
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primarily of apolipoprotein), the indirect estimation of KP from described studies results in a low 

reliability score of 4.5 for KP. Thus, KP and the concentration of proteins in the interstitial fluid of 

kidney have the least reliable scores based on our ranking scheme.  

KFABP was extrapolated directly based on Woodcroft et al. (2010) and Zhang et al. (2013) 

experiments on rat and human cells, respectively.125,126 Woodcroft et al. (2010) determined binding 

affinities of liver FABPs and their interactions with C5-C9 PFCAs fluorimetrically, followed by 

isothermal titration calorimetry and electrospray ionization combined with tandem mass 

spectrometry techniques. Accordingly, it was categorized as a parameter derived from 

experimental techniques from mammalian studies. Also, Zhang et al. (2013) investigated the 

binding affinity and interactions of 17 perfluorinated compounds with human liver-FABPs by 

using a direct ligand binding assay, a ligand displacement assay, molecular docking analysis, and 

circular dichroism spectroscopic measurements.126 The value of KFA KFABP BP therefore received 

a score of 3 (mammalian, experimental). 

As in the previous rainbow trout PBPK model, Peff and 𝐶𝑅𝑆𝑆
𝐶−𝑤 were estimated directly from 

Weaver et al. (2010).81 They developed an experiment to determine the role of organic anion 

transporters by exposing cells expressing rat renal transporters to various perfluorinated 

carboxylates (PFCAs). They used four PFCAs with different chain lengths to inhibit the organic 

anion transporters, followed by kinetic analysis to elucidate the role of transporters in renal 

elimination of PFCAs. Accordingly, the score of 3 for Peff and 𝐶𝑅𝑆𝑆
𝐶−𝑤 indicates that they are 

estimated directly from experimental studies for mammalian transporters.    
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2.3.3  Uncertainty and Sensitivity Analysis 

The comparison of model predictions to experimental data is not the only—or necessarily 

best—means to judge the performance of a model.171 In mass balance models, such as the proposed 

model, representing the uncertainties of parameters is also very important. Identifying influential 

parameters with the highest uncertainties helps to focus future studies. We therefore used our 

scoring system with Monte Carlo analysis to identify those parameters that considerably affect the 

model outputs and require more attention. The model comprises 23 physiological parameters (10 

related to tissue and fluid volumes, 6 related to surface areas, and 7 related to flow and perfusion 

rates), 2 for passive diffusion, and 10 protein interaction parameters (2 for active transport, 2 

equilibrium association constants for binding to PFOA, and finally 6 related to protein 

concentrations). As described earlier, Monte Carlo and partial rank correlation coefficient analyses 

were employed to identify the uncertainties and sensitivity in the model by considering all 

parameters used to simulate the PFOA bioconcentration experiment for female zebrafish by Chen 

et al. (2016).96 In our simulations, a confidence factor (Cf) (in some studies called dispersion factor 

or operational uncertainty factor) was used to represent the variance in the log-normal distributions 

for each parameter.172 We assumed the Cf for all 35 parameters based on their scores in the ranking 

described above. For example, the score of Kp is 4.5; we assumed this value as the Cf. The results 

of the Monte Carlo-based PBPK model simulations are shown in SI section Khazaee and Ng 

(2018),57 illustrating the 95% confidence intervals of predicted concentration-time profiles of 

PFOA in blood, liver, and muscle (Appendix Figures A1-A9). 

Next, partial rank correlation coefficient analysis was performed to determine the 

sensitivity of the model output to each parameter. The five most significant parameters for each 

compartment in male, female and adult zebrafish are shown in Figure 4. 



 39 

For the blood, Kp, 𝐶𝑅𝑆𝑆
𝐶−𝑤, AG, and Peff are the most important parameters for both genders 

and for the average adult zebrafish (Figure 5a). In liver, we find the most important parameters to 

be VLF, CPL, Kp, and AG, which are observed in male, female and adult zebrafish. Moreover, in 

contrast to female, VLF is observed in top uncertain parameters of adult and male.  In adipose and 

muscle compartments (Figure 5b), parameters playing a significant role in passive diffusion, 

𝐶𝑅𝑆𝑆
𝐶−𝑤, AG, and Peff are the most important parameters, as well as VM in muscle and VLF in 

adipose of zebrafish. Furthermore, Kp is also one of the most uncertain parameters in these two 

compartments. Peff is the most important parameter in the kidney compartment of both sexes and 

adult zebrafish (Figure 5c). Two parameters associated with kidney physiology, VK and AK, come 

into play in the kidney compartment. Moreover, AG, Peff, and CRSS
C−win the kidney of male female, 

and adult of zebrafish show high uncertainties. Like other compartments, Peff, Kp, AG, and 

𝐶𝑅𝑆𝑆
𝐶−𝑤are the top important parameters in bile compartment, as well as QBi.  
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Figure 5. The five most important parameters in the different compartments. 
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AG, Peff, 𝐶𝑅𝑆𝑆
𝐶−𝑤, and Kp appear more often than other parameters (Figure 5). In fact, two 

major categories of parameters—those associated with PFOA-protein interactions and with 

passive diffusion show higher overall sensitivity and uncertainty than others. Three important 

parameters, AG (AB-W), Peff, and 𝐶𝑅𝑆𝑆
𝐶−𝑤control uptake via passive diffusion in the gills. In addition, 

protein binding parameters, including the protein association constant (KP), the concentrations of 

FABPs in liver, and the concentration of proteins in interstitial fluid of different compartments 

have a significant effect on the output of the model. In comparison with these two categories, 

physiological parameters were less important. Moreover, AG, Peff, 𝐶𝑅𝑆𝑆
𝐶−𝑤, and Kp parameters were 

derived from other fish or mammalian studies.   Our results are in accordance with the original Ng 

and Hungerbühler (2013) model, which was most sensitive to parameters describing the albumin 

binding and passive diffusion.61 This is not surprising as our model uses the same general structure 

as a foundation. 

2.4  Conclusion 

Zebrafish are widely considered an important experimental animal model in different 

research fields. As we have outlined, they possess a variety of features that make them very 

attractive for research. Despite the high application of zebrafish in investigations, no detailed 

survey has been conducted to critically assess the availability of physiological parameters for 

zebrafish. Moreover, in contrast to adult zebrafish, embryos are more often used in experimental 

studies. In this study, an extensive literature review was performed to compile various parameters 

for constructing a PBPK model to predict the distribution of PFOA in different compartments of 

male, female, and average adult zebrafish. To collect the parameters, our priority was to compile 
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data that were specific to zebrafish physiology. In the case of lacking data, other studies focused 

on mammals or other fish species were reviewed. 

Predictions from a PBPK model, parameterized with the resulting values, fail to capture 

the observed toxicokinetics, except for the concentration of PFOA in the liver of male zebrafish, 

which are in good agreement with Ulhaq et al. (2015).76 This indicates the model predictions in 

the liver, where the protein binding is described in greatest detail, are closest to the experimental 

data. In contrast, in the muscle compartment where protein binding was not considered important, 

the predictions were not good. Consideration of protein interactions with PFAAs in other tissues 

may help improve the prediction of the model. This appears to be particularly relevant for bile. 

Moreover, the lack of zebrafish-specific parameters very likely affects the model’s predictive 

power. Based on the systematic parameter assessment we have presented here, those parameters 

that showed highest sensitivities and uncertainties (derived mainly from mammalian studies), 

should be considered as priorities for further research.  

To overcome these limitations, we suggest more research focus, including both in-vitro 

and in vivo information, in highlighted areas. One important subject requiring more attention is to 

determine which proteins in zebrafish plasma interact with PFAAs, like the albumin identified as 

an important PFOA sink in mammals and other fish. Quantitative estimates of equilibrium 

association constants are needed for these proteins.  

Altogether, the results of our study highlight the lack of zebrafish-specific parameters and 

identify the most important parameters affecting our ability to predict PFOA distribution in 

different tissues of zebrafish. Accordingly, further efforts are necessary to provide more zebrafish-

specific parameters. The frequent use of zebrafish in research experiments, and the need to better 
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understand and predict the fate of emerging contaminants like PFAAs in organisms, further 

underline the implications of this study. 

2.5 Future Work 

 Since there are only limited data for model parameterization, the PBBK model developed 

here was only tested for the toxicokinetics of PFOA in zebrafish.  The results of our first study 

highlight the lack of zebrafish-specific parameters and helped identify the most important 

parameters affecting our ability to predict PFOA distribution in different tissues of zebrafish. The 

four most influential and uncertain parameters for each compartment are shown in Table 1. Due 

to lack of zebrafish-specific parameters, these parameters were collected mostly from mammalian 

studies, requiring substantial simplifications and estimations. Lack of zebrafish-specific 

parameters affects the model's predictive power. To overcome these limitations, more zebrafish-

specific research, especially for parameters listed in Table 5, are needed. As part of an ongoing 

EPA project, experimental research at the Oregon State University aims to find more zebrafish-

specific parameters to update and develop our model while evaluating the toxicity of untested 

PFAS. The uncertain parameters in the first model will be replaced with new (zebrafish-specific) 

parameters, and the performance of the optimized model will be assessed with experimental data.     
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Table 5. The four most influential model parameters in different compartments of adult 

 

Abbreviations: Plasma protein association constants – KP; Steady-state cell-water concentration ratio – 

CRSS; Gill surface area – AG; Effective membrane permeability – Peff; Liver interstitial fluid volume – VLF; Liver 

interstitial fluid protein concentrations – CPL; Volume of kidney – VK; Kidney surface area – AK; Biliary flow rate 

- QBi 

 

Compartments The four most influential model parameters in adult zebrafish 

Blood KP CRSS AG Peff 

Liver VLF CPL KP AG 

Muscle AG CRSS Peff KP 

Kidney Peff VK AK AG 

Adipose AG CRSS Peff KP 

Bile QBi AG KP CRSS 
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3.0 Perfluoroalkyl Acid Binding with Peroxisome Proliferator-Activated Receptors , , 

and , and Fatty Acid Binding Proteins by Equilibrium Dialysis with A Comparison of 

Methods 

This chapter has been published as:  

Khazaee, M.,# Christie, E.,# Cheng, W., Michalsen, M., Field, J., & Ng, C. (2021). 

Perfluoroalkyl Acid Binding with Peroxisome Proliferator-Activated Receptors α, γ, and δ, and 

Fatty Acid Binding Proteins by Equilibrium Dialysis with a Comparison of Methods. Toxics, 9(3), 

4541. DOI: 10.3390/toxics9030045. (Copyright MDPI, 

https://www.mdpi.com/openaccess#:~:text=No%20special%20permission%20is%20required,ori

ginal%20article%20is%20clearly%20cited). 

# Co-first Author  

The biological impacts of per- and polyfluorinated alkyl substances (PFAS) are linked to 

their protein interactions. Existing research has largely focused on serum albumin and liver fatty 

acid binding protein, and binding affinities determined with a variety of methods show high 

variability. Moreover, few data exist for short-chain PFAS, though their prevalence in the 

environment is increasing. We used molecular dynamics (MD) to screen PFAS binding to liver 

and intestinal fatty acid binding proteins (L- and I-FABPs) and peroxisome proliferator activated 

nuclear receptors (PPAR-α, - δ and - γ) with six perfluoroalkyl carboxylates (PFCAs) and three 

perfluoroalkyl sulfonates (PFSAs). Equilibrium dissociation constants, KDs, were experimentally 

determined via equilibrium dialysis (EqD) with liquid chromatography tandem mass spectrometry 

for protein-PFAS pairs. A comparison was made between KDs derived from EqD, both here and 

in literature, and other in vitro approaches (e.g. fluorescence) from literature. EqD indicated strong 

https://www.mdpi.com/openaccess#:~:text=No%20special%20permission%20is%20required,original%20article%20is%20clearly%20cited
https://www.mdpi.com/openaccess#:~:text=No%20special%20permission%20is%20required,original%20article%20is%20clearly%20cited
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binding between PPAR-δ and perfluorobutanoate (0.044 ± 0.013 µM) and perfluorohexane 

sulfonate (0.035 ± 0.0020 µM), and between PPAR-α and perfluorohexanoate (0.097 ± 0.070 µM). 

Unlike binding affinities for L-FABP, which increase with chain length, KDs for PPARs showed 

little chain length dependence by either MD simulation or EqD. Compared with other in vitro 

approaches, EqD-based KDs consistently indicated higher affinity across different proteins. This 

is the first study to report PPARs binding with short-chain PFAS with KDs in the sub-micromolar 

range.  

3.1 Introduction 

Per- and polyfluoroalkyl substances (PFAS) are widely used in a variety of industrial and 

consumer applications as stain and water repellents, processing fluids, building blocks for 

fluoropolymers, and aqueous film-forming foams (AFFF).173,174 Various formulations of AFFFs 

containing short-chain PFAS continue to be used at military sites and airports to combat 

hydrocarbon-fueled fires, and their usage has resulted in persistent and widespread groundwater 

contamination.175–177 AFFFs are complex mixtures containing high concentrations (g/L) of 

PFAS.178,179 Polyfluorinated precursors in AFFF can degrade to form PFOS, perfluorooctanoic 

acid (PFOA) and shorter-chain PFCAs180,181 and PFSAs.182,183 It is now recognized that many of 

the anionic forms (e.g., perfluroalkane sulfonates or PFSAs and perfluoroalkyl carboxylates or 

PFCAs) are highly persistent and mobile in the environment.184–187  

Biomonitoring has indicated these perfluorinated acids are generally found in highest 

concentrations in the blood plasma and liver,188–190 and are bound to proteins, as evidenced by both 

tissue distributions observed in laboratory and field studies and by targeted in vitro studies with 
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isolated proteins or serum.191–195 Relevant to these compartments are liver- and intestinal- fatty 

acid binding proteins (L-FABP and I-FABP), lipid-binding proteins highly expressed in the liver 

and intestine that play critical roles in binding, uptake, and transport of fatty acids;196 and several 

subtypes (, , and ) of peroxisome proliferator-activated receptors (PPARs), which serve as main 

transcriptional sensors of fatty acids and can control the expression of FABPs involved in fatty 

acid metabolism.197,198 

To date, only PPAR- and - have been tested for binding with PFAS, and studies with 

FABPs have focused solely on the liver type.191,199,200 Binding affinities for PFCAs (C4-C18) and 

PFSAs (C4-C8) were previously determined by fluorescence displacement methods with L-

FABP195,201,202 and PPAR-α203 There are no previously reported experimental data for PFAS 

binding to I-FABP or PPAR-δ and only one for the ligand-binding domain (not the entire protein) 

of PPAR-γ.204 Such studies show that long-chain PFAS, such as perfluorooctane sulfonate (PFOS) 

and PFCAs with chain lengths between 9 and 12, bioaccumulate and bind with high affinity to 

serum proteins and liver fatty acid binding proteins (L-FABP). Less is known about PFAS binding 

to PPARs and how shorter-chain PFAS interact with biologically relevant proteins. 

Because of the growing interest in the biological fate and effects of PFAS, experimental 

and modeling studies of PFAS-protein binding have proliferated. Yet large differences persist 

across studies and across in vitro methods to assess binding, as well as between in vitro and 

modeling results. To date, the majority of PFAS-protein binding studies have focused on serum 

proteins, particularly human and bovine serum albumin.194 In vitro studies with albumin205 used a 

variety of methods including equilibrium dialysis,194,206–209 circular dichroism,210 NMR 

spectroscopy194,204, ultrafiltration,211 surface tension,212 and electrophoresis.213 Each technique has 

advantages and limitations, and lead to substantial differences in the binding affinities estimated. 
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While ranking PFAS by chain length for relative protein binding affinity is well supported by both 

in vitro and in silico approaches for proteins such as serum albumin and L-FABP, there is little 

guidance on how to interpret the actual values obtained from the different approaches, which can 

differ by orders of magnitude.190,214,215 It is, therefore, challenging to compare existing data for 

PFAS-protein binding or place modeling predictions into the context of experimental data.  

Here, we employed a model-guided framework as an initial screen for potentially strong 

interactions between previously studied and relevant but untested proteins (L-FABP, I-FABP, and 

PPARs , , and ) for their potential to bind with PFAS, followed by in vitro evaluation of 

predicted high-affinity PFAS-protein pairs. Model simulations, using molecular docking followed 

by molecular dynamics (hereafter referred to as MD), predicted the free energies of binding. The 

approach was based on our previous study, which demonstrated that MD can successfully predict 

relative protein binding affinity for L-FABP and PFCAs (C4-C9) and PFSAs (C4, C6, and C8).214 

Here, our MD framework was used with new proteins to target potential high affinity binding to 

short-chain PFAS. Selected MD predictions were experimentally evaluated using equilibrium 

dialysis (EqD), which has been used previously to evaluate PFAS interactions with serum 

albumin194,206, and is considered the gold standard for quantifying binding affinities.216 Our EqD 

results were then compared with both MD predictions and with other available experimental data 

for protein binding with short-chain PFAS. We discuss similarities and differences among the 

different approaches for quantifying protein binding affinity, how results might be interpreted, and 

needs for further cross-validation.  
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3.2 Materials and methods 

3.2.1 Model-based PFAS-protein affinity screening 

Molecular simulations (docking and dynamics) were performed by Dr. Weixiao Cheng, 

then a graduate student at the University of Pittsburgh. Initial selection of proteins for model-based 

screening was based on their known interactions with lipids and/or fatty acids, given the similarity 

between PFAS and these endogenous ligands.217–219 The binding affinities between selected 

proteins and a total of five short-chain PFAS including perfluorobutanoic acid (PFBA), 

perfluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid 

(PFHpA), and perfluorobutane sulfonate (PFBS) as well as four long-chain PFAS including 

PFOA, perfluorononanoic acid (PFNA), perfluorohexane sulfonate (PFHxS), and PFOS were 

estimated using the MD workflow developed by Cheng and Ng214 with a goal to identify proteins 

that could have substantial binding affinity with short-chain PFAS. Briefly, three-dimensional 

(3D) structures were obtained from the Protein Data Bank (PDB, http://www.rcsb.org) for L-FABP 

(PDB code: 3STM),218 I-FABP (PDB code: 3AKM),217 PPAR-α (PDB code: 4CI4),220 PPAR-𝛾 

(PDB code: 3U9Q),219 and PPAR-δ (PDB code: 3TKM).221 These proteins and nuclear receptors 

(Table 6) were selected because of their high structural resolution (<3Å) and their completeness, 

which is indicated by the inclusion of all amino acid residues that could be important to the protein 

binding sites in the structural model. The 3D structures for the PFCAs and PFSAs were either 

extracted from PDB (if available) or constructed from scratch using the Avogadro molecular 

editor222, as previously described.214  
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Table 6. Summary of 3-dimensional structure information for selected proteins. 

 

 

 

 

 

 

3.2.2 Experimental Assessment of Binding Affinity 

3.2.2.1  Materials  

Linear PFBS, PFHxS, PFOS, PFBA, PFHpA, PFHxA, PFOA, and PFNA (all > 98% 

purity) were purchased from Wellington Laboratories (Guelph, Ontario, Canada). Purified human 

proteins L-FABP, I-FABP, PPAR-α, PPAR-𝛾, and PPAR-δ were obtained from Novus Biologicals 

(Littleton, CO, USA). Slide-A-Lyzer mini dialysis devices (10K MWCO, 0.1 mL) were purchased 

from Thermo Scientific. Solvents and other reagents were of analytical grade. All buffers were 

prepared from 10X phosphate-buffered saline from GIBCO Invitrogen (Grand Island, USA). 

Dialysis materials were screened for PFCA and PFSA background and sorption prior to the onset 

of dialysis experiments. Material extraction analyses gave no concentrations of PFAS above the 

LOD (Appendix Table B1) within the dialysis cups or the dialysis tubes. Additionally, spiked 

water and equilibration experiments (24-hour shake test) resulted in the recovery (75-235%) of 

PFAS analytes within the water, which indicated there was no level of detectable sorption of PFAS 

Protein PDB Code Resolution Chain 

Length 

Known 

Ligands 

L-FABP 3STM 2.22 Å 132 palmitic acid 

I-FABP 3AKM 1.9 Å 131 11-

(Dansylamino) 

undecanoic acid 

PPAR-α 4CI4 2.3 Å 274 propanoic acid 

PPAR-𝛄 3U9Q 1.5 Å 269 decanoic acid 

PPAR-δ 3TKM 1.95 Å 275 GW0742 
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onto the dialysis cups or tubes. All other materials used in the processes were previously verified 

to have PFAS levels <LOD. 

3.2.2.2  Equilibrium Dialysis (EqD) 

PFAS-protein binding affinities were evaluated by EqD. Experiments were conducted over 

a range of ligand: protein mole ratios (0.05, 0.1, 0.5, 1, and 5). These mole ratios represent 

concentrations ranging from 0.33 – 153.5 ng/mL depending on the PFAS. In general, the averages 

of PFSA and PFCA in plasma levels of people living in urban areas are 19.56 ng/ml and 10.23 

ng/ml, respectively, which were calculated from 39 studies published between 2004-2018 (e.g., 

223–230). It should be mentioned some studies reported high concentrations of PFAS (between ~ 60-

100 ng/ml) in the plasma of people living near fluorochemical plants, airport, and/or military 

sites.231,232 For all PFAS, 10 µM stock solutions were prepared by dissolving each chemical in 18.1 

mS/cm phosphate-buffered saline, which was achieved by diluting the stock buffer tenfold with 

deionized water to give a solution that was pH 7.4. Stock solutions of different proteins were 

prepared fresh daily in phosphate buffered saline. Specific PFAS and protein concentrations were 

selected to achieve a 1:1 PFAS to protein molar ratio at the midpoint of the range of selected PFAS 

concentrations. Protein concentrations in prepared solutions were verified using the Qubit Protein 

assay kit (Thermo Fisher, Waltham, MA, USA).  

EqD experiments were performed at room temperature by first adding 1.2 mL of the 18.1 

mS/cm phosphate buffered saline (pH 7.4) spiked with PFAS to a 1.5 ml polypropylene 

microcentrifuge tube (Appendix Figure B1). A Slide-a-Lyzer mini dialysis cup containing a semi-

permeable membrane (molecular weight cutoff: 10kDa) was then inserted into the tube, through 

which PFAS could freely pass but which was impermeable to the proteins used (MW range 15.1 

– 54.1 kDa). A known volume of protein in buffer (20 to 50 μL) was added to reach a 1 μM 
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concentration for L-FABP, I-FABP, and PPAR-𝛾, and 0.48 μM for PPAR-δ and PPAR-α. The 

lower concentration of PPAR-δ and PPAR-α was necessary due to the larger size of these proteins. 

Finally, the total volume in the dialysis cup was brought to 100 μL by adding the buffer spiked 

with PFAS. Blanks were prepared using a protein solution with no PFAS. Non-binding controls 

(containing PFAS but no protein) were prepared with the buffer spiked with different 

concentrations of PFAS. Finally, samples were placed on a rocker (Open-Air Rocker, Fisher 

Scientific, Waltham, MA, USA) for 36 h to reach equilibrium at room temperature. All dialysis 

tests were performed in duplicate.  

3.2.3 Analysis by LC-MS/MS.  

Samples were analyzed for PFAS by Emerson Christie in Dr. Jennifer Field's lab at Oregon 

State University, using LC-MS/MS. All dialysate samples were analyzed without dilution or first 

diluted into water to reach concentrations of 100–2,000 ng/L prior to analysis. Final sample 

volumes (1.5 mL) were spiked with 24 μL of isotopically labeled internal standards for 

quantification prior to injection. A modified Agilent 1100 series HPLC (Santa Clara, CA) was 

used for large volume (900 μL) injection of aqueous samples. A C18 (4.6x 50mm x 5μm Zorbax 

Eclipse) delay column was used between the LC pump and autosampler to separate out 

instrumental background. Retention of analytes was achieved with a C18 analytical column 

(Eclipse 4.6 x 100mm x 3.5μm) and mobile phases were 20 mM ammonium acetate in HPLC-

grade water (A) and HPLC-grade methanol (B). A ten min LC gradient was used as follows: 

mobile phase A at 0.5 mL/min for 3.5 min, mobile phase B at 1 mL/min for 1.5 min, and mobile 

phase A at 1.0 mL/min for 4.5 min reduced to 0.5 mL/min for the remaining 0.5 min. 
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Identification and quantification of analytes were previously described in Allred et al.233 

The analytical sequence consisted of a minimum 5-point calibration curve over the range of 20 -

10,000 ng/L for all analytes. Accuracy was determined from the analysis of a second source of 

standards and were required to be 70–130% of the target value. Whole method precision, as 

indicated by relative standard deviation, was calculated from four replicate samples and ranged 

from 4-18%. The limit of detection (LOD, 6 ng/L) was calculated by normalized-weighted 

regression (1/X), from which the limit of quantification (LOQ) (20 ng/L) was calculated as 3.3 x 

the LOD.179 Each analytical sequence consisted of solvent blanks that were spiked with 24 μL of 

isotopically labeled standards; all blanks gave responses that fell below the LOQ. 

Binding coefficients for protein-PFAS pairs were calculated from the difference in PFAS 

concentrations (mole ratio) between the non-binding control and equilibrium dialysates. Data for 

all dialysis experiments were analyzed by nonlinear regression, assuming a single-site binding 

model using GraphPad Prism V8.1.2 (GraphPad software, San Diego, CA, USA) to determine 

KD.
234–237

 Some EqD concentrations, when subtracted from the non-binding control, produced a 

negative binding coefficient indicating a final equilibrated concentration greater than the initial 

dialysate concentration. As both the EqD experiment and non-binding control come from the same 

stock, the EqD concentration should, at most, equal that of the non-binding control. This may have 

been an artifact of dilution, at high initial concentrations, 15 to 3000-fold dilutions were required 

to bring PFAS on-scale for detection. In cases where large dilution factors were required, 

uncertainty about the calculated final concentrations in the dialysate may be magnified. In order 

to better address this, a decision tree was created to determine the handling of these incidents 

(Appendix Figure B2). 

 



 54 

3.2.4 Comparison to Existing PFAS-protein KDs and Methods.  

In order to place our results in context with existing literature and provide insight into in 

vitro and modeling choices, we conducted a literature search for all available PFAS-protein 

binding data that used the same proteins as investigated here. In addition, we screened existing 

serum albumin studies that used equilibrium dialysis, where the results could be compared across 

different methods as done here for FABPs and PPARs. The search spanned publication years 

between 1954 and 2020, and resulted in 37 studies used for comparison of methods 

3.3 Results and discussion 

3.3.1 Screening protein-PFAS pairs by molecular dynamics 

Molecular dynamics modeling predicted free energies of binding which, when converted 

to equilibrium dissociation constants (KD values), ranged between approximately 10-5 to 106 μM 

and correspond to femtomolar to molar dissociation constants. Relevant interactions with and 

between biomolecules occur at a range of dissociation constants from low millimolar (the weakest) 

to femtomolar (the strongest).238 It is generally accepted that the most biologically relevant 

(moderate to strong) interactions correspond to KD values at micromolar levels and lower.239 This 

suggests that predicted binding affinities, if assumed to be similar to in vivo binding affinities, are 

unlikely to be biologically relevant if they are substantially larger than 103 μM. 

Based on the MD predictions, we selected fifteen PFAS-protein pairs for experimentally 

determine KD values using equilibrium dialysis (Appendix Table B2). We selected the short-chain 
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PFCA PFBA for EqD testing with PPAR-α because of its strong predicted affinity (Figure 6A); 

PFHxA, PFHpA, and the long-chain PFNA were selected for EqD testing with PPAR-α as well. 

This range allowed us to evaluate both the surprising prediction of strong affinity for PFBA and 

the lack of chain length dependence for the PFCAs experimentally, particularly given the lack of 

other experimental data. For PPAR-𝛾, since no short-chain PFAS were predicted to bind strongly, 

we selected only PFOA and PFOS for EqD testing. For PPAR-δ/β, we selected the three sulfonates, 

PFBS, PFHxS, and PFOS. This allowed us to verify, first, the strong predicted binding with PFBS 

and, second, the counterintuitive chain length dependence predicted by MD for the sulfonates.  
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Figure 6. Predicted dissociation constant (KD) values (geometric mean ± 1 standard error) for different 

PPAR-PFAS complexes. (A) PPAR-α and PFCAs (B) PPAR-α and PFSAs (C) PPAR-𝛾 and PFCAs (D) 

PPAR-𝛾 and PFSAs (E) PPAR-δ and PFCAs (F) PPAR-δ and PFSAs. Values of log KD >3 correspond to 

millimolar or weaker binding, between -3 and 3 are moderate (in the micromolar range) and < -3 correspond 

to strong, nanomolar or lower binding. 

 The relatively well studied L-FABP provides an opportunity to compare with multiple 

other studies, both modeling and in vitro. For L-FABP, PFOS was selected for EqD testing because 

it was predicted to have the strongest binding affinity (Figure 7B); PFOA and PFHxS were selected 

as well to compare the effect of the head group (carboxylate vs. sulfonate). For evaluating potential 

binding with short-chain PFAS, only PFBS has moderately strong predicted binding affinity 
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(compared to carboxylates). For I-FABP, PFHpA and PFNA showed the strongest binding and 

were therefore selected.  

Of the PFAS selected mean serum levels of PFBA, PFHxA, PFOA, PFNA, PFBS, and 

PFOS have been documented in humans living near industrial and urban areas at 0.9 ng/ml, 0.1 

ng/ml, 4.26 ng/ml, 0.81 ng/ml, 0.13 ng/ml, and 22.81 ng/ml, respectively (data were extracted from 

88 studies published between 2004-2018)(e.g.,240–245). 

 

Figure 7. Predicted dissociation constant (KD) values (geometric mean ± 1 standard error) for (A) L-FABP 

and PFCAs, (B) L-FABP and PFSAs, (C) I-FABP and PFCAs, and (D) I-FABP and PFSAs. Values of log KD 

> 3 correspond to millimolar or weaker binding, between -3 and 3 are moderate (in the micromolar range) 

and < -3 correspond to strong, nanomolar or lower binding. 

3.3.2 EqD-Based Dissociation Constant (KD) Estimates 

3.3.2.1 PPAR-α. 

Strong binding for PFHxA (Figure 8A) and PFNA (Figure 8B) and no binding for PFBA 

(Appendix Figure B3A) and PFHpA (Appendix Figure B3B) were observed via EqD experiments. 
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The lack of chain length dependence observed was in agreement with the MD predictions. 

However, MD simulations suggested only PFBA would have strong binding for PPAR-α, which 

was not borne out by dialysis. The relatively strong dissociation constant of 0.097 μM for PFHxA 

could have implications for short-chain PFAS safety. 

 

Figure 8. Specific binding (μmol PFAS/μmol protein) vs free concentration of PFAS (μmol/L), used for 

nonlinear fit of KD (in μM, ± S.E.) for (A) PFHxA and (B) PFNA with PPAR–α. 

3.3.2.2 PPAR– 𝛾. 

Strong binding was found between PFOA and PPAR-𝛾 (Appendix Figure B4) which agrees 

with previous experimental evidence that PFOA is a PPAR-𝛾 activator.246 Additionally, PFOS 

binds to PPAR-𝛾, albeit with substantially lower affinity. These EqD-derived KD values are the 

first reported for PPAR-𝛾 with PFOA and PFOS. MD binding predictions were in agreement with 

observed KD values for both PFOA and PFOS (Figure 6C and D). 

3.3.2.3 PPAR–δ.  

Strong binding to PFBA, PFHxS, and PFOS (Figure 9 and Appendix Figure B5) was 

observed for the first time with this protein. Like PPAR-α, PPAR-δ also had binding of a short 
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chain PFCA (PFBA) and did not adhere to the increased binding affinity with increasing chain 

length trend observed for L-FABP. Again this indicates that short-chain PFAS safety on the basis 

of body clearance time may not be that simple and more research into the interactions that may 

occur during clearance time is warranted. Additionally, chain length, while generally a good 

indicator of PFAS retention in a system may not be an indicator of binding affinity to any given 

protein. The detectable binding affinities for PPAR-δ were in the range of 10-2 to 10-1 μM. MD 

simulations were in agreement for PFHxS and PFOS, however, predicted binding to PFBS was 

not detected experimentally, whereas experimental binding to PFBA was observed but not 

predicted (Figure 6E and F). Overall, PPAR MD simulations were effective in identifying relative 

binding affinity and provided confidence in the selection of PFAS – protein combinations but are 

not currently able to predict absolute affinity. 

 

Figure 9. Specific binding (μmol PFAS/μmol protein) vs free concentration of PFAS (μmol/L), used for 

nonlinear fit of KD (in μM, ± S.E.) for binding affinity of (A) PFBA and (B) PFHxS with PPAR–δ. 

3.3.2.4 L-FABP 

 Our EqD results for L-FABP generally agreed with previous observations in terms of 

relative affinities. That is, binding was strongest for the long-chain PFAS tested, PFOA and PFOS 

(0.099 and 0.18 μM, respectively, see Figure 10A for PFOS and Appendix Figure B6A for PFOA), 
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weaker for PFHxS (1.7 μM, Appendix Figure B6D), and not detected for the shortest PFAS tested, 

PFHxA and PFBS. Experimentally derived KD values for PFOS, PFHxS, and PFOA fell within 

the range of model predictions (Figure 7A and B). 

3.3.2.5 I-FABP   

These are the first experimental data for PFCAs binding to I-FABP. Molecular dynamics 

results for I-FABP indicated PFHpA and PFNA should both demonstrate relatively strong binding 

(Figure 7C). However, no binding was detected by EqD for either PFHpA or PFNA (Figure 10B 

and Appendix Figure B7) and therefore no KD values could be determined (Table 7).  

 

 

Figure 10. Specific binding (μmol PFAS/μmol protein) vs free concentration of PFAS (μmol/L), used for 

nonlinear fit of dissociation constant KD (in μM, ± S.E.) for (A) PFOS with L-FABP and (B) PFNA with I-

FABP.  
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Table 7. Dissociation constant (KD) values ± SE measured by equilibrium dialysis. 

Protein PFAS KD (µM) 

L-FABP PFHxA ND* 

PFOA 0.099 ± 0.015 

PFBS ND 

PFHxS 1.7 ± 0.031 

PFOS 0.18 ± 0.032 

I-FABP PFHpA ND 

PFNA ND 

PPAR- α PFBA ND 

PFHxA 0.097 ± 0.070 

PFHpA ND 

PFNA 0.083 ± 0.028 

PPAR- γ  PFOA 0.057 ± 0.027 

PFOS 8.5 ± 0.46 

PPAR- δ PFBA 0.044 ± 0.013 

PFBS ND 

PFHxS 0.035 ± 0.0020 

PFOS 0.69 ± 0.33 

*“ND”: no dissociation constant could be determined, indicating low to no binding. 

 

Since these are the first experimentally determined KDs for I-FABP, there are no other 

studies to aid in evaluating whether the MD simulations or dialysis results are more problematic. 
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The MD results of PFSAs indicated very weak interactions for all chain lengths, which is more in 

line with the dialysis observations for the PFCAs tested. 

3.3.2.6 Comparison Across in Vitro Methods to Evaluate Binding 

Comparison of experimentally derived KD values from this and previous studies suggest 

that EqD consistently generates lower KD values (stronger binding affinities) than other 

approaches. Fluorescence displacement has recently emerged as a widely applied method to 

measure protein binding affinity.247 Fluorescence displacement is a convenient and relatively high-

throughput approach but, as shown here, will consistently indicate lower affinity binding that EqD 

(Figure 11 and Appendix Tables 4 and 5). For L-FABP, observed KD values from this study were 

substantially lower than previously published values (Figure 11A).195,248 Experimentally derived 

KD values for PFOA and PFOS with PPAR-𝛾 were lower than those reported by Zhang et al.,204 

three to four orders of magnitude in the case of PFOA and one order of magnitude for PFOS 

(Figure 11B). KD values for PFHxA and PFNA with PPAR-α measured by equilibrium dialysis 

are lower than those reported by Ishibashi et al.203 by several orders of magnitude (Figure 11C). 

Although Ishibashi et al.203 report 50% inhibitory concentrations (IC50) rather than KD, the 

magnitude of the differences between results is unlikely to be attributable to this. The IC50 in the 

case of the Ishibashi et al.203 study describes the concentration of the competitor (i.e., PFAS) at 

which 50% of the fluorescent molecule was displaced, and is thus an indirect measure of binding 

affinity. IC50 may vary according to the competition regime and experimental conditions, but for 

competitive inhibition (i.e., displacement by PFAS from the same binding site) should be of similar 

magnitude, as these values are linked by ligand and substrate concentrations. Similar to results for 

PPAR-α, Li et al.249 reported competitive binding based IC50 for PPAR-δ with PFBA, PFHxS, and 

PFOS, wherein only PFOS showed detectable binding (Figure 11D). EqD-determined binding 
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coefficients in this study for PFBA, PFHxS, and PFOS with PPAR-δ were lower than those 

reported IC50 values, with PFBA and PFHxS in particular showing strong binding. 

Similar observations have been made before, for example between EqD and 19F-NMR and 

micro-size exclusion chromatography for serum albumins.194 A literature search comparing 

methods to determine binding for human serum albumin (HSA) and bovine serum albumin (BSA) 

also showed EqD to consistently produce lower KD values than other methods (Appendix Figures 

15-16 and Appendix Table 4). This indicates that the low KD values measured here are not an 

artifact of this study but rather a consistent outcome of the EqD approach. 
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Figure 11. Comparison of KDs for PFAS with eight or fewer fluorinated carbons measured by equilibrium 

dialysis (EqD) in this study (red symbols) compared with (A) KD measured by fluorescence displacement (FD) 

and isothermal titration calorimetry (ITC) for L-FABP, (B) KD measured by FD for PPAR-γ, and (C) IC50 

(right axis) measured by FD for PPAR-α and (D) PPAR-δ. 

3.4 Conclusion 

This is the first study to report short chain PFAS – PPAR binding with KDs in the sub-

micromolar range, raising the possibility that short-chain replacements for long-chain PFAS may 
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still be bioactive, despite the assumed “safety” of short-chain PFAS on the basis of rapid serum 

clearance.239 PPARs are nuclear receptors that play critical roles in the regulation of many 

biological processes, including cell growth, lipid metabolism, differentiation, and inflammation.250 

Previous in vitro and in vivo studies have reported that both PFCAs and PFSAs can activate PPAR-

α and PPAR-𝛾,187,204,251 but have not found activation of PPAR-δ.200 This is the first study to report 

strong interactions with PPAR-δ and PFCAs having fewer than seven perfluorinated carbons. The 

lack of chain length dependence we observed with PPAR-α and PPAR-δ by both MD simulations 

and EqD indicates that PFAS binding affinity to proteins should not be inferred by PFAS carbon 

chain length for all proteins, but is rather specific to the protein being considered.  

Despite the accumulating data, there is a persistent lack of clarity on how either modeling 

or in vitro studies relate to the behavior of PFAS in vivo, within natural biological and 

environmental contexts—that is, in competition with native ligands and other environmental 

contaminants. EqD may indicate higher binding affinity because it measures binding in a highly 

controlled system independent of other factors. In vivo, competitive interactions are more likely to 

be the dominant mode. That being said, it is still unclear whether typically used fluorophores are 

at all representative of native ligands and other xenobiotics that make up the real-world 

competitors of PFAS for protein sites. Thus a competitor-agnostic approach, such as equilibrium 

dialysis, may still be preferable. Moreover, consistently lower KD values across many different 

proteins raises an important question that is yet to be answered and will be key for making reliable 

in vitro to in vivo extrapolations: do the lower KDs indicate the EqD approach is capable of quantify 

binding that other approaches do not? If so, this could suggest that binding affinities of PFAS to 

proteins considered here, and possibly other proteins, have been historically underestimated, and 
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subsequent research using data from different approaches should recognize that EqD generates 

lower KD values. 

In some cases, it is possible that MD simulations could be improved by longer simulation 

times. However, increasing the simulation time from 24 ns to 45 ns for all of the PPAR – PFAS 

combinations presented here would require months of additional computation time. Therefore, 

when undertaking and interpreting these modeling approaches it is important to acknowledge the 

time resource component. The comparison of modeled and experimentally determined values in 

this study further confirms our previous observation214 that MD simulations are best for predicting 

relative rather than absolute KD values. The extent of agreement between measured and modeled 

values varied substantially among proteins, but chain length dependencies or lack thereof were 

generally consistent. Additionally, MD simulations predict stronger binding than is experimentally 

observed through fluorescence displacement but weaker binding than may be observed via 

equilibrium dialysis. Future research is needed to understand how different binding values relate 

to in vivo consequences and if any particular method should be used for in vitro to in vivo 

extrapolation. 
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4.0 Impacts of Emerging PFAS on Mice Gut Microbiome Composition 

Portions of this chapter are reproduced from the following submitted paper:  

Kuhn, J.M#., Khazaee, M#., Wendell, S. G., DeWitt, J. C., Haig, S. J, and Ng, C. A. (2022). 

An Integrative Review to Evaluate the Potential for PFAS-Microbiome Interactions to Cause 

Biological Disruption. Critical Reviews in Toxicology. 

# Co-first Author  

The gut microbiome plays a vital role in the maintenance of health and is critical for 

intestinal homeostasis. Much remains to be discovered in how xenobiotic chemicals impact the gut 

microbiome and overall health. In particular, compared to many xenobiotics, little is known about 

the impacts of per- and polyfluoroalkyl substances (PFAS), a large group of environmentally 

persistent chemicals with many representative compounds found ubiquitously in human blood. 

Prior research has suggested PFAS may affect gut microbiome functions, yet how PFAS directly 

or indirectly impact the gut microbial community remains unclear. In this study, droplet digital 

PCR (ddPCR) and 16S rRNA amplicon sequencing were used to assess what impacts the emerging 

PFAS perfluoro-4-methoxybutanoic acid (PFMOBA) and nafion by-product 2 (NBP2) exposure 

had on the microbiome composition and structure in the cecum and feces of male and female 

C57BL/6 mice. Based on the ddPCR results, the absolute abundances of Eubacterium rectale and 

Bacteroidetes were mainly reduced in fecal samples after PFMOBA and NBP2 exposure in both 

sexes. In addition, 16S rRNA sequencing results revealed that the alpha diversity of the gut 

microbiome in both male and female mice were not significantly affected by PFMOBA exposure, 

however significant decreases in the relative abundance of important short-chain fatty acid (SCFA) 

producing gut taxa with -anti-inflammatory properties (e.g., Oscillibacter, Ruminiclostridium, 
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Roseburia, Anaerotruncus, Butyricicoccus, and Lachnoclostridiumin) were observed. Overall, our 

findings highlighted that short-chain PFAS, which have been assumed to be safer alternatives to 

long chain PFAS based on rapid serum clearance, may significantly change the gut microbiome 

composition and its metabolites, including SCFAs which are critical to energy production and gut 

health.   

 

4.1 Introduction  

The human gut microbiome encompasses a diverse community of bacterial taxa within the 

gastrointestinal (GI) tract, including the stomach, small intestine, and large bowel. The gut 

microbiome is introduced at birth and fluctuates in composition and abundance throughout the 

lifespan due to methods of postnatal feeding, dietary behaviors, antibiotic use, environmental 

factors, and stress.252 The gut microbiome is important for host health because it participates in the 

regulation of many physiological functions, including nutrient metabolism, energy production, the 

immune system, and interactions with xenobiotics.25,253,254 The impacts of many xenobiotics on 

the gut microbiome, including persistent organic pollutants,255 pesticides,256,257 antibiotics,258,259 

heavy metals,260,261 and microplastics262 have been extensively researched. Much less attention has 

been dedicated to per- and polyfluoroalkyl substances (PFAS), which are absorbed through the 

ingestion of contaminated food and/or drinking water and may affect the gut microbiome 

composition.37  

PFAS are a diverse group of substances that have been used in textiles, food contact 

materials, coatings, cosmetics, aqueous film-foaming foams, soil repellents, adhesives, paints, and 
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polishes.4,263 There are around 1400 active PFAS in the global market, many of which remain 

understudied despite their widespread use and discovery in environmental media over the past 

several decades. The effects PFAS on human and environmental health are the focus of great 

public, scientific, and regulatory concern. Many biological impacts of PFAS have clear 

connections to the function of the gut microbiome, including neural development, immunity, and 

lipid metabolism.12,25,253 Neuroprotection, immune response, and metabolic regulation are also 

linked to SCFAs like butyrate.264 The intestinal microbiome present in the colon and cecum affects 

energy metabolism through the production of SCFAs. One particular SCFA of interest is butyrate, 

formed as a metabolic end product in the degradation of dietary fibers.265 Humans cannot directly 

synthesize butyrate; thus, we rely on its production by different gut taxa, such as Butyricicoccus, 

Faecalibacterium, Eubacterium, Butyrivibrio, and Roseburia (Table 8). Butyrate has been shown 

to play a role in preserving colon health through maintaining the colonic mucosal barrier, 

preventing inflammation, minimizing oxidative stress on cells, and inhibiting carcinogenesis.266 
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Table 8. Overview of some representative butyrate producre gut taxa 

Phylum Class Family Genus Species SCFA Role Ref. 

Firmicutes Clostridia Clostridiaceae Butyricicoccus Butyricicoccus pullicaecorum Butyrate 

and acetate 

Using acetate to produce butyrate 267,268 

Firmicutes Clostridia Clostridiaceae Faecalibacterium  Faecalibacterium prausnitzii Butyrate, 

acetate, and 

formate 

Fermenting glucose into acetate, butyrate, 

and formate 

269 

Firmicutes Clostridia Clostridiaceae Anaerotruncus  Anaerotruncus colihominis Butyrate Providing 3-hydroxyacyl-CoA 

dehydrogenase and enoyl-CoA hydratase to 

produce butyrate 

270 

Firmicutes Clostridia Lachnospiraceae Butyrivibrio Butyrivibrio crossotus 

Butyrivibrio fibrisolvens 

Butyrate Fermenting pyruvate to produce butyrate  271 

Firmicutes Clostridia Lachnospiraceae Roseburia  Roseburia intestinalis Butyrate 

and 

propionate 

Utilizing fucose and degrades it to 

propionate and butyrate  

272 

Firmicutes Clostridia Lachnospiraceae Anaerostipes  Anaerostipes hadrus  

Anaerostipes caccae 

Butyrate Using lactate and acetate and to form 

butyrate 

273,274 

Firmicutes Clostridia Lachnospiraceae Coprococcus  Coprococcus comes 

Coprococcus eutactus 

Butyrate 

and 

propionate 

Converting butyryl-CoA into butyrate 

using butyrate kinase and 

phosphotransbutyrylase enzymes 

275,276 

Firmicutes Clostridia Lachnospiraceae Lachnoclostridium  Lachnoclostridium symbiosum  

Lachnoclostridium 

clostridioformei 

Butyrate Synthesizing butyrate through the 4-

aminobutyrate/succinate pathway 

277 

Firmicutes Clostridia Ruminococcaceae Ruminiclostridium   Butyrate Hydrolyzing starch and other sugars to 

produce butyrate 

278–280 

Firmicutes Clostridia Eubacteriaceae Eubacterium  Eubacterium rectale 

Eubacterium hallii 

Butyrate Producing butyrate from glucose and 

fermentation intermediates lactate and 

acetate  

273 

Firmicutes Clostridia Oscillospiraceae Oscillibacter  Oscillibacter valericigenes 

Oscillibacter ruminantium  

Butyrate 

and valeric 

acid 

Fermenting pyruvate to produce butyrate  

 

281,282 

Bacteroidot

a 

Bacteroidi

a 

Bacteroidaceae Bacteroides Bacteroides thetaiotaomicron Butyrate 

and 

propionate 

Using succinate pathway to prod 283,284 

https://en.wikipedia.org/wiki/Clostridia
https://en.wikipedia.org/wiki/Clostridia
https://en.wikipedia.org/wiki/Clostridia
https://en.wikipedia.org/wiki/Clostridia
https://en.wikipedia.org/wiki/Clostridia
https://en.wikipedia.org/wiki/Clostridia
https://en.wikipedia.org/wiki/Clostridia
https://en.wikipedia.org/wiki/Clostridia
https://en.wikipedia.org/wiki/Clostridia
https://en.wikipedia.org/wiki/Clostridia
https://en.wikipedia.org/wiki/Clostridia
https://en.wikipedia.org/wiki/Bacteroidota
https://en.wikipedia.org/wiki/Bacteroidota
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The chemical structure of some short-chain PFAS share remarkable similarities to that of 

SCFA metabolized and synthesized within the gut (Figure 12). This structural mimicry may disrupt 

lipid metabolism and synthesis that sustain the diversity and key functions of the gut microbiome 

via competitive antagonism.44,45 Recently, few studies have illustrated that exposure to both 

emerging PFAS (e.g. trifluoromethanesulfonic acid and perfluorobutane sulfonate)48,285 and legacy 

PFAS (perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA))51–53 alters the gut 

microbiome composition of different animal models. Inflammatory and metabolic diseases (e.g., 

inflammatory bowel diseases and obesity) have been linked with the dysbiosis of gut microbiota 

composition, which could disrupt production of SCFA.286 For example, increased proportions of 

the Lactobacillus genus, main lactic acid producer, and loss of SCFA-producing bacteria (e.g. 

Bacteroidetes) have been observed in patients suffering from irritable bowel syndrome287 or 

inflammatory bowel disease.288  It has been reported that the relative abundance of Eubacterium 

rectale and Faecalibacterium prausnitzii, most abundant butyrate producers in the human gut, are 

reduced in patients with Crohn's disease and ulcerative colitis.289,290 In addition, obese patients had 

higher abundance methanogenic Archaea (H2-utilizing bacteria of the group Archaea) and 

lactobacillus.291,292 
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Figure 12. Similarities between the chemical structure of PFEAs and fatty acids (C – number of carbons). 

 

The lack of research and documented evidence for the toxicological mechanisms and 

impacts of PFAS, particularly emerging PFAS, on the gut microbiome motivated us to evaluate the 

effects of emerging PFAS on the gut microbiome composition. The PFAS chosen for this study are 

PFEAs, PFMOBA and NBP2  (Figure 12). PFMOBA and NBP2 were recently detected in drinking 

water and in the blood of North Carolina residents in the vicinity of a fluoropolymer manufacturing 

facility, with unknown toxicological implications.293 The structures of PFMOBA and NBP2 suggest 

they may compete with or inhibit SCFAs like butyrate and caproic acid because they have structural 

homology with fatty acids.294 Therefore, biological samples including feces and tissues were 

collected from exposed adult male and female mice to detect and quantify changes in abundance 

and composition of the gut microbiome, particularly those having important functions in SCFA 

productions. 
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4.2 Materials and Methods  

4.2.1 In vivo PFAS exposure  

PFAS exposure experiments were performed at East Carolina University by our 

collaborator, Dr. Jamie DeWitt, under animal protocols approved by the Institutional Animal Care 

and Use Committee. For exposures, 6-8-week-old male and female C57BL/6 mice (n = 24/sex) 

were housed 3/cage. Each cage was randomly assigned to a dosing group. Mice were exposed for 

30 days via oral gavage at different concentrations (0.5 to 50 mg/kg) plus a control. Fecal pellets 

were collected from individual adult mice before exposure began and then at 24 hours, 5 days, and 

15 days of exposure. Finally, adult mice were euthanized at the end of exposure (Day 30), and liver 

and cecum were collected for further analysis. 

4.2.2 DNA/RNA extraction 

DNA from fecal samples were extracted using the method developed by the Human 

Microbiome Project295 which involved using the MoBio PowerSoil DNA isolation kit (MOBIO, 

Carlsbad, CA USA). RNA was extracted from cecum samples using PureLink® RNA Mini Kit   

(Invitrogen, Carlsbad, CA) following manufacturers conditions. Fecal samples (10-30 mg) or 

cecum tissues (around 150 mg) were added to 2 mL polypropylene screw cap tubes containing 

ceramic beads to properly homogenize the samples (Fisher). The tubes were then homogenized for 

5 minutes in a Bead Ruptor (Omni International) at 3.2 m/s. Concentrations of DNA and RNA were 

quantified using a Qubit® 2.0 Fluorometer (Life Technologies) following the manufacturer’s 

instructions. According to the manufacturer’s directions, 1 μg of RNA from each sample was added 
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to the proper volume of reverse transcriptase enzyme for the synthesis of first strand cDNA (iScript 

cDNA kit; Bio-Rad).  

4.2.3 ddPCR Experiment 

The absolute abundance of five different gut microbial taxa (Faecalibacterium prausnitzii, 

Eubacterium rectale, Bacteroidetes, Lactobacillus, and Methanogens) were quantified by QX100 

ddPCR (Bio-Rad). These taxa have important functions in the production and reduction of 

butyrate,22,264,296 which is a major fuel for gut epithelial cells and is recognized to strengthen 

mucosal immunity and the gut barrier function.22,266,297Unlike qPCR, ddPCR is more sensitive and 

requires no calibration curve, thus providing the most accurate and reliable quantification of the 

species and genera identified.298 Droplets were generated with a QX100 droplet generator (Bio-

Rad), then cycled with a C1000 thermal cycler (Bio-Rad). The ddPCR program includes an initial 

denaturation step at 95 °C for 5 min, followed by 95 °C for 30 s and annealing temperature of each 

primer (Table 8) for 1 min (40 cycles), and then 4 °C for 5 min and 90 °C for 5 min. All ramp rates 

were reduced to 2 °C per second, which ensures an even thermal transfer between all droplets.299 

The gBlockTM gene fragments were designed as positive controls for all five gut taxa. Both 

gBlockTM gene fragments and primers and were synthesized by Integrated DNA Technologies 

(IDT, Coralville, IA)(Table 9). 
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Table 9. Primer sequences and annealing temperatures used in ddPCR experiment for each gut taxa 

Bacterial assay (target gene) Direction Primer sequence (5´-3´) 

Annealing 

temp. 

Lactobacillus 
Forward AGCAGTAGGGAATCTTCCA 52.7 °C 

Reverse  CACCGCTACACATGGAG 52.8 °C 

Eubacterium rectale 
Forward AAGGGAAGCAAAGCTGTGAA 55 °C 

Reverse  TCGGTTAGGTCACTGGCTTC 56.7 °C 

 Methanogens 
Forward GGTGGTGTMGGDTTCACMCARTA 58.5 °C 

Reverse CGTTCATBGCGTAGTTVGGRTAGT 58.3 °C 

 Faecalibacterium 

prausnitzii 

Forward GGAGGATTGACCCCTTCAGT 56.4 °C 

Reverse CTGGTCCCGAAGAAACACAT 55 °C 

 Bacteroidetes 
Forward GTTAATTCGATGATACGCGAG 51.7 °C 

Reverse TTAASCCGACACCTCACGG 57.1 °C 

Following cycling, we used a QX100 droplet reader (Bio-Rad) to analyze the droplets and the 

resulting data were initially analyzed by utilizing the QuantaSoft software as recommended by 

manufacturer (Bio-Rad).  

4.2.4 16S rRNA gene sequencing 

Synthesized cDNA from cecum samples (46 samples, control and 50 mg/kg groups) and 

DNA from feces (42 samples, pre-exposure and 50 mg/kg groups) of mice exposed to PFMOBA 

were also sent to Argonne National Laboratory for 16S rRNA sequencing (Illumina HiSeq2000) to 

characterize the bacterial community composition. DNA sequence data was then generated using 

Illumina paired-end sequencing at the Environmental Sample Preparation and Sequencing Facility 

at Argonne National Laboratory. Specifically, the V4 region of the 16S rRNA gene (515F-806R) 
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was PCR amplified with region-specific primers that include sequencer adapter sequences used in 

the Illumina flowcell.300,301 Each 25 µL PCR reaction contains 9.5 µL of MO BIO PCR Water 

(Certified DNA-Free), 12.5 µL of QuantaBio’s AccuStart II PCR ToughMix (2x concentration, 1x 

final), 1 µL Golay barcode tagged Forward Primer (5 µM concentration, 200 pM final), 1 µL 

Reverse Primer (5 µM concentration, 200 pM final), and 1 µL of template DNA. The conditions 

for PCR are as follows: 94 °C for 3 minutes to denature the DNA, with 35 cycles at 94 °C for 45 s, 

50 °C for 60 s, and 72 °C for 90 s; with a final extension of 10 min at 72 °C to ensure complete 

amplification. Amplicons were then quantified using PicoGreen (Invitrogen) and a plate reader 

(Infinite 200 PRO, Tecan). Once quantified, volumes of each of the products were pooled into a 

single tube so that each amplicon was represented in equimolar amounts. This pool was then 

cleaned up using AMPure XP Beads (Beckman Coulter), and then quantified using a fluorometer 

(Qubit, Invitrogen). After quantification, the molarity of the pool was determined and diluted down 

to 2 nM, denatured, and then diluted to a final concentration of 6.75 pM with a 10% PhiX spike for 

sequencing on the Illumina MiSeq. Amplicons were sequenced on a 151bp x 12bp x 151bp MiSeq 

run using customized sequencing primers and procedures.301 

4.2.5 Bioinformatic analysis  

The raw fastq files were quality-filtered and analyzed utilizing the Quantitative Insights into 

Microbial Ecology (QIIME 2) program (version 2021.8; http://qiime2.org). Sequence denoising, 

dereplication, and chimera filtering were performed by using the DADA2 pipeline. Paired-end 

sequences imported into QIIME 2 were quality-controlled and combined using the DADA2 

pipeline. Next, the sequences were grouped into operational taxonomic units (OTUs) based on 

sequence similarity. SILVA 138 99% OTUs was used as the 16S rRNA gene database to determine 

http://qiime2.org/
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the identity and composition of organisms present (taxonomic classification). To train the 

taxonomic classifier, sequences between 515F and 806R regions were extracted from SILVA 

database (https://www.arb-silva.de). Next, chloroplast and mitochondria amplicon sequence 

variants were filtered from the dataset. Each representative 16S rRNA sequence for each OTU was 

allocated at various levels, including phylum, class, order, family and genus.  

4.2.6 Statistical analysis 

The differences among groups were evaluated by the Kruskal-Wallis test followed by 

Dunn's Multiple Comparison post-hoc test. Alpha-diversity was measured using the Shannon 

diversity index and Pielou’s evenness index, and statistical comparisons were calculated using the 

Kruskal-Wallis test. Non metric multi-dimensional scaling (NMDS) analysis was used to compare 

the gut microbiome profiles in cecum and feces samples, by investigating the beta diversity 

differences based on the Bray-Curtis dissimilarity matrix.302 Permutational multivariate analysis of 

variance (PERMANOVA) was applied to test the effects of treatment or sex in cecum and feces 

samples on the Bray-Curtis distance matrix with 999 permutations. The nonparametric Kendall 

procedure was used to examine the correlations between SCFA levels and the abundance of SCFA 

producers.  All statistical analyses and graphing were conducted in R (https://www.rproject.org/) 

and GraphPad Prism Software (version 8.1.1). Data are presented as means ± SEM (standard error 

of the mean). 

https://www.arb-silva.de/


 32 

4.3 Results and Discussion  

High-throughput community sequencing of the 16S rRNA gene and ddPCR were used to 

assess if alterations in the gut microbiome composition and structure occurred in mice after 

exposure to different concentrations of emerging PFAS. 

4.3.1 Effect of Emerging PFAS Exposure on Known Butyrate Producers 

Compared to the control group, exposure to 50 mg/kg PFMOBA did not significantly affect 

the absolute abundance of Bacteroidetes and E. rectale in female mice at different sampling days 

(Figure 13B and 13D). In contrast, the absolute abundance of Bacteroidetes and E. rectale was 

significantly increased in males on sampling days 5 and 15, respectively (P values, 0.013 and 0.028, 

respectively). (Figure 13A and 13C). Other gut microbiome taxa (Faecalibacterium prausnitzii, 

Lactobacillus, and Methanogens) were not detected in most feces samples of treated or control 

groups. Although Methanogens were not observed in every sample, we did detect them in some 

samples (both male and female) in different groups; it should be mentioned that this is the first 

report of the presence of Methanogens in mice. Therefore, we decided to analyze only the 

Bacteroidetes and E. rectale gut microbiome taxa in NBP2 treated mice.  
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Figure 13. Fold changes of fecal Bacteroidetes and E. rectale in male and female mice after exposure to 

PFMOBA. Error bars show standard error of the mean. Points having ‘A’ letter represent no significant 

difference between treated groups and control group. Means that do not share a letter are significantly 

different (p < 0.01, n= 5 or 6 mice per sex per control or treated group). 

 

After exposure to 7.5 mg/kg of NBP2, the absolute abundance of Bacteroidetes and E. 

rectale in females was significantly higher than in control groups at different sampling days (Figure 

14B and 14D). One explanation for this observation is that mice in the control groups received 

Tween 80 as an exposure vehicle which is an emulsifier previously regarded as safe for moderate 

consumption, but has been shown to alter the gut microbiome and lead to an increase in 

inflammatory bowel disease and other metabolic illnesses.303 In addition, the absolute abundance 
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of Bacteroidetes increased significantly by around 12-fold after 1 day of NBP2 exposure, but 

returned to levels not significantly different from controls on subsequent sampling days.  

 

Figure 14. Fold changes of fecal Bacteroidetes (A and B) and E. rectale (C and D) in male and female mice after 

exposure to NBP2. Error bars show standard error of the mean. Points having ‘A’ letter are not significantly 

different from the control group. Means that do not share a letter are significantly different (p < 0.01, n= 5 or 6 

mice per sex per control or treated groups). 

 

Our results show that emerging PFAS could significantly alter the abundance of two key 

gut microbiome taxa, Bacteroidetes and E. rectale, in some exposure groups, which may disrupt 

the provision of SCFAs. The Bacteroidetes phylum is critical for the host due to their involvement 
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and key metabolic functions within the lipid, energy, and glucose metabolism.253,296 For example, 

Bacteroidetes produces propionate in the human intestine,304 which is thought to lower serum 

cholesterol levels and lipogenesis, as well as carcinogenesis in other tissues.305 Mice exposed to 

higher concentrations of PFOA and PFOS showed higher abundance of Bacteroidetes.52,53 

Moreover, E. rectale has an important role in butyrate production.264 It has been reported that E. 

rectale was relatively abundant in patients with mild to moderate nonalcoholic fatty liver disease 

(NAFLD).306,307 In contrast, a decrease of  E. rectale has been observed in patients with advanced 

fibrosis.308 Although E. rectale is an important butyrate producer, alteration of its abundance in 

either direction has been observed in patients suffering from liver diseases.    

4.3.2 Impacts of PFMOBA on the Diversity of the Gut Microbiome  

The Shannon diversity index indicated that the bacterial diversity of the gut microbiome 

was not impacted by PFMOBA exposure in either cecum or fecal samples (Appendix Figure C1). 

Moreover, there was no difference in Pielou’s evenness index among different groups of cecum or 

feces samples (Appendix Figure C2). This results is in line with other similar studies of chronic 

PFOS exposure (at 0.3 and 3 μg/g body weight, for 49 days) and subchronic 6:2 chlorinated 

polyfluorinated ether sulfonate (F-53B) exposure (at 10 μg/L, for 10 weeks) in adult mice.30,51 

NMDS is an indirect ordination analysis which generates an ordination based on 

a dissimilarity matrix (also called distance matrix). The purpose of NMDS is to collapse data from 

multiple dimensions into a few that can be easily visualized and interpreted.309 NMDS with Bray–

Curtis dissimilarities is an effective tool for highlighting data patterns in compositional data sets in 

a reliable way.310 In this project, NMDS using the Bray-Curtis dissimilarity matrix was applied to 

investigate the overall pattern of gut microbiome community structure across all samples. Stress 
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values for each NMDS analysis were below 0.2, which are acceptable. NMDS revealed that the gut 

microbiome community structures were readily differentiated between cecum and feces samples 

(F= 29.66, R2 = 0.26, P = 0.001), with cecum data showing greater scatter than feces. 

PERMANOVA results showed no significant differences between sex clusters in either cecum  (F= 

0.09, R2 = 0.0019, P = 0.989), or feces samples (F= 1.29, R2 = 0.0309, P = 0.313),   (Table 10), 

indicating that alterations in the gut microbiome in response to PFMOBA exposure are unlikely to 

be sex dependent. In contrast to feces samples, the PERMANOVA test indicated significant 

differences among treatment groups of cecum samples (F = 6.176, R2 = 0.124, P = 0.003, 

specifically between control and 50 mg/kg groups as well as 5 and 50 mg/kg groups, Table 10). 

 

  

 

 

 

 

 

 

 

 

Table 10. The results of the PERMANOVA analysis by considering fecal and cecal samples separately and 

together 

 Fecal Samples Cecal samples 
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Variable R2 p-value R2 p-value 

Dose 0.00006 0.982 0.124 0.003 

Sex 0.0309 0.313 0.0019 0.989 

Sex × Dose 0.02 0.528 0.027 0.216 

Residuals  0.94904  0.846  

Total 1  1  

 

NMDS analysis showed that the gut microbiome composition in male mice was not clearly 

differentiated from that in female mice regardless of treatment groups in both cecum and feces 

samples. However, the relative abundance of a few taxa was significantly different between sexes 

in cecum and feces samples compared to the control group (Table 9). Therefore, we focus our 

discussion of the impacts of PFMOBA exposure on the murine gut microbiome composition 

without considering sex as a factor. 

4.3.3  Exposure to High Dose of PFMOBA Alters the Composition of the Gut Microbiome at 

Different Taxonomic Levels 

The Firmicutes, Bacteroidetes, Proteobacteria, Deferribacteres, and Actinobacteria were 

found to be the most abundant phyla in cecum samples (comprising more than > 2% of total 

microbiome relative abundance, Figure 15A). Taxa that were not identified are included under the 

category Unknown Bacteria. At the phylum level, members of the Proteobacteria were relatively 

more abundant in the 50 mg/kg group compared with other groups (Figure 15A). Alteration in the 

relative abundance of proteobacteria has been identified as a possible microbial signature of 

different disorders, such as asthma, chronic obstructive pulmonary disease, Crohn’s disease, 
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ulcerative colitis, cardiovascular diseases, and gastrointestinal inflammation.311–314During chronic 

GI inflammation, Proteobacteria become the most prevalent taxa in the gut.315 The most prevalent 

bacterial phyla in feces samples were Firmicutes, Bacteroidetes, Tenericutes, and Verrucomicrobia 

(Figure 15B). In general, Firmicutes and Bacteroidetes were the most abundant phyla in both cecum 

and feces samples. Our results showed that the composition of bacteria in murine cecum and feces 

samples varied widely across individuals in different treatment groups. Moreover, fecal samples 

could be effectively used to investigate temporal shifts of the cecal microbiome.316,317 However, in 

contrast with cecal samples, fecal samples do not represent the full diversity of the gut 

microbiome.317 
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Figure 15. Variation in composition of the cecal (A) and fecal (B) microbiome at the phylum level after 

exposure to PFMOBA. Phyla with abundance lower than 2% are in the “Others” group. 

 

Animal ID 

A) 

Animal ID 

B) 
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Bacteroidetes and Firmicutes, the two most dominant phyla in the gut of organisms, are 

critical for the host due to their involvement and key metabolic functions in lipid, energy, and 

glucose metabolism.286,318 Although higher Firmicutes/Bacteroidetes ratio were observed in the 0.5 

mg/kg and 50 mg/kg PFMOBA groups in cecal samples and 50 mg/kg of fecal samples, the ratio 

was not significantly different among various groups (Figure 16).  Alterations in the ratio of 

Firmicutes to Bacteroidetes affect nutrient metabolism and intestinal and energy homeostasis in the 

host and are linked to metabolic diseases, such as obesity,  inflammatory bowel diseases, and 

diabetes.319 For example, obesity and inflammatory bowel diseases are generally associated with a 

higher or lower ratio of Firmicutes to Bacteroidetes, respectively.320 Several studies indicated that 

there are positive associations between PFAS exposure and the development of diabetes, obesity, 

and NAFLD.321–323 Furthermore prior studies on PFAS exposure also showed alterations in body 

weight and body fat content.30,51,324 It should be mentioned that fluctuations in body weight have 

been also linked to alterations in the Firmicutes/Bacteroidetes ratio. To the best of our knowledge, 

there is only one study that has documented the effects of PFAS on the Firmicutes/Bacteroidetes 

ratio.325 Based on Wang et al. (2020) study, subchronic exposure to PFOA not only reduces the 

ratio of Firmicutes/Bacteroidetes but also decreases mice body weight.325 Although we observed 

fluctuation in the Firmicutes/Bacteroidetes ratio in cecal and fecal samples; more comprehensive 

studies are needed to explain the link between PFAS exposure (especially emerging PFAS) and the 

Firmicutes/Bacteroidetes ratio. 
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Figure 16. The Firmicutes/Bacteroidetes ratio of the murine microbiome after PFMOBA exposure. Data are 

shown as means ± SEM  (n = 10-12 each group). Means that do not share a letter are significantly different (p < 

0.05). 

  

Among 24 gut taxa identified at the phylum level, only the relative abundance of 

Protobacteria, signature of gut microbiome dysbiosis326 and epithelial dysfunction,327  significantly 

changed in both cecum and feces samples after exposure to high dose of PFMOBA (Table 11). The 

relative abundance of Protobacteria decreased substantially in the feces samples after exposure to 

the high dose of PFMOBA, while it significantly increased around 3.7-fold in cecum samples 

compared to the control group (Figure 17). This increase can be explained by the fact that 

Proteobacteria have a metabolic capacity to use inflammatory byproducts for their survival315 thus, 

during chronic inflammation Proteobacteria outcompete other gut taxa that lack this metabolic 

capability.328  In addition, increases in the relative abundance of Proteobacteria was reported as a 

marker of dysbiosis and risk of immune-mediated and metabolic diseases326,329 like NAFLD (Table 

11).330 For example, several studies reported increase in the relative abundance of Proteobacteria 

in  patients suffering from liver diseases compared to control subjects.331–333 In addition, prior 
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research has shown that exposure to PFAS could stimulate markers of chronic inflammation334–336  

and alter the gut microbiome.53,262 Therefore, alterations in the relative abundance of proteobacteria 

following PFOMOBA exposure may reflect inflammation in mice. 
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Table 11. Significantly atered taxa at phylum, class, and genus levels in cecum and feces samples ( p < 0.05) 

*
Results were presented only for the high dose group because we did not find significant differences between other 

doses and relative abundance of gut taxa. 

ALDs: alcohol-related liver diseases; HIV: human immunodeficiency virus; INS: idiopathic nephrotic syndrome, IBD: 

inflammatory bowel disease; MAFLD: metabolic associated fatty liver disease; NAFLD: nonalcoholic fatty liver 

disease; T2DM: type 2 diabetes mellitus; CIPO: chronic intestinal pseudo-obstruction. 

Level 

 

 

Gut taxa High Dose (50 mg/kg) * Disease/ (observed changes in 

patients) 

Ref. 

Cecal samples Fecal samples 

Phylum Proteobacteria ↑ ↓ NAFLD/ (↑) 

Liver fibrosis/ (↑) 

Asthma/ (↑) 

Crohn's disease/ (↑) 

IBD/ (↑) 

308,332,333,337 
306,307 

338 
339 
339 

Class Alphaproteobacteria ↑ -- Lung cancer/ (↑) 

Necrotizing enterocolitis / (↑) 

340 
341 

Negativicutes ↑ -- Crohn's disease/ (↑) 

Ulcerative colitis/ (↑) 

HIV/ (↑) 

342 
343 
339 

Gammaproteobacteria -- ↓ Necrotizing enterocolitis / (↓) 341 

Genus Anaerotruncus ↓ -- NAFLD/ (↓) 

Crohn's disease/ (↓) 

T2DM/ (↓) 

344 
345 
346 

Anaerovibrio ↑ -- HIV/ (↑) 347 

Butyricicoccus ↓ -- MAFLD/ (↓) 

IBD/ (↓) 

348 
349 

Lachnoclostridium ↓ -- Rheumatoid Arthritis/ (↓) 

Alcoholic cirrhosis/ (↓) 

350,351 
304 

Methylobacterium ↓ -- Breast cancer (↓) 352 

Oscillibacter ↓ -- NAFLD/ (↑↓) 

Obesity/ (↓) 

MAFLD/ (↓) 

333,353,354 
355 
348 

Ralstonia ↑ -- Obesity/ (↑) 356 

Roseburia ↓ -- NAFLD/ (↑↓) 

Rheumatoid Arthritis/ (↓) 

MAFLD/ (↓) 

ALDs/ (↓) 

IBD/ (↓) 

T2DM/ (↓) 

Ulcerative colitis/ (↓) 

337,344,353 
350,351 

348 
357 
345 
346 
357 

Ruminiclostridium ↓ -- Heart failure/ (↓) 

Alcoholic cirrhosis/ (↓) 

INS/ (↓) 

Crohn's disease/ (↓) 

358 
304 
359 
360 

Ruminiclostridium 5 ↓ -- Crohn's disease/ (↓) 360 

Ruminiclostridium 9 ↓ -- Heart failure/ (↓) 358 

Acetitomaculum -- ↑ Anxiety/ (↑) 

CIPO/ (↑) 

361 
362 
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Figure 17. Relative abundance of Proteobacteria in murine cecum (A) and feces (B) samples after exposure to 

PFMOBA. Data are shown as means ± SEM (n = 10-12 each group). Means that do not share a letter are 

significantly different (p < 0.05). 

At the class level, the relative abundance Negativicutes and Alphaproteobacteria were 

significantly increased in the PFMOBA high treatment group in the cecum samples (Figures 18A 

and 18B). In the feces samples, the high dose PFMOBA exposed mice showed a significant 

decrease (around 2.8-fold) in the relative abundance of Gammaproteobacteria (the most diverse 

class of gram-negative bacteria) in comparison to the control (pre-exposure) group (Figure 18C). 

Alphaproteobacteria and Gammaproteobacteria belong to the Proteobacteria phylum, which are 

often increased in gastrointestinal diseases, mainly those with an inflammatory phenotype.311  

Significant positive correlations have been reported between the relative abundances of 

Alphaproteobacteria and Gammaproteobacteria and the concentrations of PFOS and PFOA in sea-

surface microlayer samples.363 Moreover, a recent study showed that the relative abundance of 

Alphaproteobacteria in PFAS-contaminated soil had a direct relationship with PFAS 

concentrations, indicating that Alphaproteobacteria can proliferate in a PFAS-contaminated 

environment.364Negativicutes belong to the Firmicutes phylum and have been mostly detected in 

A) B) 
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anaerobic environments, such as lake, liver, industrial waste, and the vertebrate digestive tract.365  

Negativicutes produce propionate through either the acrylate pathway or the succinate pathway.284 

In contrast to most members of the Firmicutes, they have a peculiar cell wall with 

a lipopolysaccharide (LPS) outer membrane.365 LPS on the surface of gut taxa such as 

Bacteroidetes, Proteobacteria, and Negativicutes can activate macrophages towards pro-

inflammatory phenotypes 366. PFOA and PFOS have been known to increase pro-inflammatory 

cytokine levels, increase LPS in serum, and induce inflammatory responses in different organisms. 

367–369For instance, mice treated with PFOA showed an increase in the levels of LPS in serum and 

inflammatory markers in brain.53 In addition, PFOA increased the relative abundance of  

Bacteroidetes, major contributors to LPS biosynthesis in the gut,370 in mice.53 It should be also 

noted that, patients suffering from Crohn's disease, a lifelong form of inflammatory bowel disease, 

had a higher abundance of taxa belonging to Negativicutes (Table 11).342 Thus, based on supporting 

evidence from prior research and our results, exposure to PFMOBA cause fluctuations in the gut 

taxa associated with inflammatory diseases (e.g., Negativicutes, Alphaproteobacteria, and  

Gammaproteobacteria) and may perpetuate a damaging inflammatory response in the host. 

 

 

https://en.wikipedia.org/wiki/Firmicutes
https://en.wikipedia.org/wiki/Lipopolysaccharide
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Figure 18. Relative abundance of Negativicutes (A) and Alphaproteobacteria (B) in cecum samples and 

Gammaproteobacteria (C) in the feces samples of mice after PFMOBA exposure. Data are shown as means ± 

SEM (n = 10-12 each group). Means that do not share a letter are significantly different (p < 0.05). 

The relative abundance of 11 genera significantly changed (mostly decreased) in cecal 

samples after exposure to different levels of PFMOBA, compared to only one genus 

(Acetitomaculum) in feces samples (Figure 19 and Table 11). The relative abundance of 

Acetitomaculum, a SCFA producer with an important function in energy metabolism, increased 

significantly by around 3-fold in fecal samples compared to the control pre-exposure group 

(Appendix Figure C3).371 This genus is mainly found in ruminants fed with high-grain diet, and it 

can produce acetate from monosaccharides.371 In addition, a direct relationship between the 

abundance of Acetitomaculum and dietary energy has been reported.372  

A) B) 

C) 
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Figure 19. Relative abundance of Oscillibacter (A), Ruminiclostridium (B), Butyricicoccus (C),  Ruminiclostridium 

9 (D), Anaerotruncus (E), Ruminiclostridium 5 (F), Roseburia (G), and Lachnoclostridiumin (H) in the cecum of 

mice after exposure to 0.5 mg/kg, 5 mg/kg, and 50 mg/kg of PFMOBA for 30 days. Data are shown as means ± 

SEM (n = 10 each group). Means that do not share a letter are significantly different (p < 0.05). 

C) D

HG

FE

B) A) 
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The relative abundance Ralstonia 373,374 and Anaerovibrio,375 significantly increased at the 

high dose exposure compared to the control group in cecal samples (Appendix Figure C4). 

Ralstonia, a genus of gram-negative bacteria belongs to the Proteobacteria phylum, and have been 

observed in the feces376 and stroma vascular of patients with obesity.377 In addition, similar to 

Proteobacteria at the phylum level and Alphaproteobacteria and Gammaproteobacteria at the class 

level, Ralstonia could stimulate the metabolic inflammation and fat tissue expansion.356,378 The 

genus Anaerovibrio, a common lipolytic bacteria, synthesizes glycerol and fatty acids by 

hydrolyzing triglycerides. In addition, it has the ability to ferment glycerol to produce SCFA, such 

as propionic acids. 379,380 In contrast, the relative abundances of eight out of 11 affected taxa 

(Oscillibacter, Ruminiclostridium, Roseburia, Anaerotruncus, Butyricicoccus, and 

Lachnoclostridiumin), which are important SCFA producers, were significantly reduced in cecal 

samples after exposure to the high dose (50 mg/kg) of PFMOBA (Figure 19). These taxa play an 

important role in maintaining gut health and immune defense through the production of SCFA, 

especially butyrate (Table 8). Oscillibacter have been identified as a probiotic that produce anti-

inflammatory metabolite and butyrate.381 Similar to Oscillibacter, Roseburia, Ruminiclostridium,  

and Lachnoclostridiumin have anti-inflammatory properties,382,383 and are well-known butyrate 

producers. In addition, Roseburia, Ruminiclostridium, and Butyricicoccus maintain intestinal 

mucosa against the development of inflammation by SCFA production.383–385 Reducing mucosal 

thickness and decrease in mucus secretion have been observed in mice after treatment with PFOS 

and F-53B.30 Furthermore, few studies such as ours have shown that PFAS affect different gut taxa 

involved in the production of SCFAs.52,53,325 For example, the abundance of Blautia, another 

important butyrate producer, significantly decreased in C57BL/6J male mice after PFOS 

exposure.52 
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Since most of the affected taxa in our study possess anti-inflammatory properties and play 

a major role in SCFA production as well as gut barrier protection, their alterations have been 

associated with the development of autoimmune and inflammatory disorders, such as diabetes, 

inflammatory bowel disease, obesity, rheumatoid arthritis, and NAFLD (Table 11). Previous 

studies revealed that long-chain PFAS dysregulate hepatic lipid metabolism and induce obesity, 

diabetes, and liver diseases, such as NAFLD and metabolic associated fatty liver disease 

(MAFLD).321,386,387 Our results showed that the relative abundance of some NAFLD-associated gut 

taxa (Anaerotruncus, Oscillibacter, and Roseburia) significantly decreased in cecal samples after 

exposure to the high dose of PFMOBA. Lower levels of Roseburia were observed in patients with 

alcohol-related liver diseases (ALDs).357 In addition, the relative abundance of Oscillibacter and 

Roseburia decreased in obese and diabetes patients, respectively (Table 11).350,355 MAFLD patients 

have also lower abundance of Roseburia, Oscillibacter, and Butyricicoccus.348 Previous studies 

showed connections between PFAS exposure and the development of inflammatory 

diseases.28,388,389 We found that high dose of PFMOBA decreases the abundance of taxa with anti-

inflammatory properties (Oscillibacter, Ruminiclostridium, Roseburia, Anaerotruncus, 

Butyricicoccus, and Lachnoclostridiumin), while increases the abundance of taxa that induce the 

metabolic inflammation (Proteobacteria and Ralstonia). Patients with Crohn's disease, ulcerative 

colitis, and inflammatory bowel diseases had lower relative abundances of Roseburia 

Butyricicoccus and Ruminoclostridium, Anaerotruncus than healthy controls.290,304,357,360 This 

evidence indicates that PFMOBA exposure may not only affect gut taxa that play major roles in gut 

barrier integrity and SCFA production, but may also have an impact on the initiation, progression 

and development of liver and inflammatory diseases.  



 50 

4.3.4 Impact of High Dose PFMOBA on Fecal SCFA Levels 

Although the concentrations of SCFA (butyrate, acetate, propionate, and formate) decreased 

in fecal samples of both sexes after exposure to the high dose of PFMOBA, these decreases were 

not statistically different from controls (Figure 20). In addition, we did not find any significant 

linear correlations between the concentrations of SCFA and abundance of SCFA producers gut taxa 

(Figure 21). The concentrations of propionate and butyrate in the feces of mice were significantly 

reduced after exposure to 30 mg/kg of PFOA for 14 days.325 Furthermore, the level of SCFA were 

significantly decreased in mice exposed to medium (3 µg/g) and high (30 µg/g) doses of PFOS.52 In 

contrast to PFOA and PFOS, which are long-chain PFAS, PFMOBA is a short chain PFAS. In 

general, it was reported that short-chain PFAS have shorter half-lives in the body compare to long-

chain PFAS.17,18 This may explain why we did observe stronger effects of PFMOBA on SCFA 

concentrations as long-chain PFAS. The high dose in our study, 50 mg/kg, may not high enough to 

elucidate the identifiable impacts of PFMOBA on the concentrations SCFA. Furthermore, 16S 

rRNA gene sequencing (RNA-based) for microbial community analyses and concentrations of 

SCFA in the cecal samples may provide better insight into the relationships between SCFA levels 

and abundance of SCFA producers gut taxa.  
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Figure 20. Fecal levels of short-chain fatty acids following exposure to 50 mg/kg of PFMOBA. Data are shown 

as means ± SEM. 
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Figure 21.Correlation of the SCFA producer gut taxa with the levels of fecal SCFA. 
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4.4 Conclusion  

Our results showed that exposure to PFMOBA, especially at the high dose, could alter the 

abundance of gut taxa having essential functions in the production of SCFAs, particularly butyrate. 

In addition, the levels of SCFA decreased in fecal samples of males and females after exposure to 

the high dose of PFMOBA. Th relative abundance of some metabolic disease-associated gut 

microbiome taxa was significantly changed after exposure to PFMOBA. Our findings once again 

suggest that short-chain PFAS, which have been assumed to be safer alternatives to long chain 

PFAS due to their lower bioaccumulation potential, may significantly alter the gut microbiome 

composition and its metabolites, including SCFAs which are critical to energy production and gut 

health.  Based on evidence from this study and supporting prior PFAS research, exposure to both 

legacy and emerging PFAS may cause fluctuations in the gut microbiome composition that 

perpetuate a damaging inflammatory response in the host. However, further research is needed to 

uncover how certain gut bacterial taxa and their functions may be affected by PFAS, especially 

emerging PFAS, in humans. Although a few animal models have investigated the impact of PFAS 

on the gut microbiome,51,52,285 there are currently no representative studies that have evaluated the 

impacts of PFAS on the human gut microbiome and associated pathways like lipid metabolism.   
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4.5 Impacts of Sex and Exposure Duration on Gene Expression in Zebrafish Following 

Perfluorooctane Sulfonate Exposure 

This chapter has been published as:  

Khazaee, M., Guardian, M. G. E., Aga, D. S., and Ng, C. A. (2020). Impacts of sex and 

exposure duration on gene expression in zebrafish following perfluorooctane sulfonate 

exposure. Environmental toxicology and chemistry, 39(2), 437-449.390 DOI: 10.1002/etc.4628. 

Copyright 2020 by John Wiley and Sons, Inc (https://www.wiley.com/network/researchers/latest-

content/how-to-clear-permissions-for-a-thesis-or-dissertation). 

 

Perfluorooctane sulfonate (PFOS) is a member of the anthropogenic class of perfluorinated 

alkyl acids (PFAAs) and one of the most frequently detected PFAAs in water, humans, mammals, 

and fish around the world. The zebrafish (Danio rerio) is a small freshwater fish considered an 

appropriate vertebrate model for investigating the toxicity of compounds. Previous investigations 

showed tissue‐specific bioaccumulation and alterations in the expression of fatty acid–binding 

proteins (fabps) in male and female zebrafish, potentially due to interactions between PFAA and 

fatty acid transporters. In addition, a number of neurological impacts have been reported as a result 

of human and animal exposure to PFAAs. Therefore, the present comprehensive study was designed 

to investigate whether PFOS exposure affects the expression of genes associated with fatty acid 

metabolism (fabp1a, fabp2, and fabp10a) in zebrafish liver, intestine, heart, and ovary and genes 

involved in the nervous system (acetylcholinesterase, brain‐derived neurotrophic factor, choline 

acetyltransferase, histone deacetylase 6, and nerve growth factor) in brain and muscle. The results 

indicate alterations in expression of genes associated with fatty acid metabolism and neural function 

that vary with both exposure concentration and sex. In addition, our findings highlight that 
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expression of these genes differs according to exposure duration. The present results extend the 

knowledge base on PFOS effects to other tissues less often studied than the liver. The findings of 

the present investigation provide a basis for future studies on the potential risks of PFOS as one of 

the most abundant PFAAs in the environment. 

4.6 Introduction 

Perfluorinated alkyl acids (PFAAs), which are man-made industrial chemicals, have 

harmful impacts on the environment, including aquatic organisms.74,391 The thermal stability and 

amphiphobic properties of PFAAs led to extensive applications in different products, such as 

surfactants, lubricants, emulsifiers, fire-fighting foams, paper products, stain, dirt and oil-resistant 

coatings for carpets, leather, fabrics, food packaging, waxes, and car polishes.68,392 Perfluorooctane 

sulfonate (PFOS) is one of the most commonly found PFAAs in the environment and is extremely 

persistent. The global distribution, bioaccumulation, and harmful effects of PFOS in water, soil and 

various organisms have raised concerns around the world.74,75,98,392–394 The adverse effects of PFOS, 

including developmental malformations, neurotoxic effects, and endocrine disruption have been 

observed in mammals, humans, birds, and fish.75,98,134,395–399 Moreover, high levels of PFOS have 

been observed in fish living in natural habitats like smallmouth bass, tilapia, and eel,400,401 or fish 

used for laboratory experiments such as common carp, rainbow trout, and zebrafish.397,402,403 The 

effects of PFOS on zebrafish, as an appropriate vertebrate model for toxicological study, have been 

reported in various studies.404,405  

Zebrafish’s properties such as early morphology, similar genome to humans, short 

generation time, and fully sequenced genome make them an important and ideal experimental 
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animal model for investigating the toxicity of chemicals such as PFOS.54,84,102,394,406 Synthetic 

chemicals that bioaccumulate in zebrafish and interact with different systems, tissues, hormones, 

proteins, and genes, may differently affect male and female zebrafish.76,96,393,394,404 Developmental, 

behavioral, reproductive, and morphological effects, as well as genetic toxicities of PFOS have 

been reported in embryos and both sexes of zebrafish.407–409 These effects may be caused by 

inducing or repressing different genes involved in various metabolic processes. Experimental 

studies on mammals and fish support the hypothesis that PFOS could induce the expression of 

various genes having a role in both lipid metabolism and the neurological system.410–413 Therefore, 

in this work we selected a number of relevant genes in order to investigate the impacts of PFOS 

exposure on both lipid metabolism and neurotoxicity.  

Fatty acid binding proteins (FABPs), a group of low-molecular-weight proteins, are 

ubiquitous in tissues involved in active lipid metabolism such as liver, intestine, and heart.414 They 

play important roles in the absorption and transportation of long-chain fatty acids, regulation of 

gene transcription, fatty acid metabolism, and protection of cells in the body.415 FABPs are 

members of the intracellular lipid-binding proteins and have been detected in mammals 416, birds 

417,418 and fish, including zebrafish.419 To date, 12 fabp genes have been identified in zebrafish such 

as fabp1a and fabp1b (orthologs of mammalian fabp1), fabp2, or fabp10a 420. In zebrafish, fabp1a 

and fabp10a are abundant in liver tissue, while fabp2 is highly expressed in intestine. PFAAs, as 

fatty acid analogues, can interact with these proteins,126,421 as has been reported in humans,126,422 

rats,421 domestic chickens,423,424 and common carp.411 Although the interactions of other PFAAs 

such as perfluorononanoic acid (PFNA) and perfluorododecanoic acid (PFDoA) with FABPs have 

been studied in zebrafish,67,425 the effects of PFOS on expression of FABPs in different tissues of 

male and female zebrafish has received little attention.  
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PFAAs may also adversely impact the nervous system. Neurotransmitter toxicity, 

neurobehavioral and neuroendocrine effects, neurodevelopmental disorders, and neurogenetic 

deficiencies were reported in animals and humans chronically exposed to different PFAAs.399,426–

431 These impacts may reflect upregulation and downregulation of genes involved in the nervous 

system. Here, we have chosen four different genes to explore potential impacts of PFOS on the 

zebrafish neurological system: brain-derived neurotrophic factor (bdnf), choline acetyltransferase 

(ChAT), acetylcholinesterase (AChE), nerve growth factor (ngf) and histone deacetylase 6 (hdac6). 

Significant alteration of bdnf has been reported in male zebrafish exposed to PFOS and PFNA.404 

In addition, decreased activity of ChAT was observed in the prefrontal cortex of rats after PFOS 

exposure, 432 as was downregulation of AChE in the cerebral cortex of mice 24 hours after postnatal 

PFOS exposure. 433 Nerve growth factor (ngf) exerts a significant role in the maintenance, growth, 

and development of neurons.434 Finally, hdac6 is one of the 18 members of the HDAC family 

having critical functions in neuroprotection and neurodegeneration.435 To the best of our 

knowledge, there are no data on whether PFAA exposure influences the expression of the hdac6 

gene. The interactions of genes involving the nervous system and different PFAAs have been 

studied more in mammals than in fish; therefore, the effect of PFOS on these genes in zebrafish (as 

an important experimental fish model) is key to understanding their impacts on wildlife and 

humans.  

In order to determine the role of sex and exposure concentrations on the different genes 

considered, we included both male and female zebrafish exposed to low (0.1 mg/L) and high (1 

mg/L) doses of PFOS. We evaluated gene expression alterations after 1, 7, 14, and 30 days to 

evaluate how exposure duration may mediate these impacts. This is different from many studies 

that focus only on genes extracted from one or two tissues (usually liver or brain) at the end of a 
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single exposure period (only one time point). Finally, the PFOS accumulation in the adult zebrafish 

was assessed in a small subset of tissues to determine the extent of PFOS accumulation. 

4.7 Materials and Methods 

4.7.1  Exposure Chemicals 

Perfluorooctanesulfonic acid (PFOS, CAS number 1763-23-1, purity ≥ 98.0%) was 

purchased from Sigma-Aldrich. PFOS was dissolved in fish water by stirring to prepare stock 

solutions with nominal concentrations of 0.1 and 1 mg/L. These dosages were selected based on 

concentrations that were high enough to elucidate the identifiable effects of PFOS on the genes of 

interest based on previous studies. TRIZOL and tricaine were obtained from Fisher Scientific 

(Hanover Park, IL) and Syndel (Ferndale, WA), respectively. All chemicals applied in this 

experiment were of analytical grade. 

4.7.2 Zebrafish Maintenance and Exposure 

Care and use of experimental zebrafish were in accordance with the University of Pittsburgh 

guidelines and standards, and experiments were conducted under a protocol approved by the 

Institutional Animal Care and Use Committee. Zebrafish were raised at 28.5 °C, on a 14 h:10 h 

light-dark cycle, and pH 8-8.5 in a continuous flow-through system. To start the experiment, 142 

healthy zebrafish (6 months old) from both sexes were randomly selected and moved into 

quarantine. Fish were kept in a static system (5-L polypropylene tanks) and water was changed 
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daily in both acclimatization and exposure periods to prevent cross-contamination and remove 

debris. Maintenance conditions of fish in the quarantine room in terms of temperature, light-dark 

cycle, and other factors were similar to their initial care. Before starting the exposure experiment, 

fish were allowed to acclimatize for two weeks. Fish were fed with Ziegler feed (Aquatic Habitats, 

Apopka) two times a day during the experiment.  

After acclimatization, female and male zebrafish were randomly assigned to two nominal 

PFOS concentrations of 1 mg/L (high dose) and 0.1 mg/L (low dose), while control fish were placed 

in clean water. Each group had three replicates (9 tanks in total), and ~ 16 fish were housed in each 

tank (9 males and 6 to 7 females in each tank) (Appendix Table D1). During the experimental 

period, all tanks were kept under the same conditions, and fish were exposed to PFOS according to 

the different treatments for 30 days. The fish were monitored for signs of distress and physical 

changes multiple times per day during feedings and tank cleanings to be in an appropriate condition 

for sampling.  Mortality was recorded during both acclimatization and exposure periods. One 

mortality (female) was observed during acclimatization and one male mortality was recorded at the 

third day of the exposure experiment. On days 1, 7, 14, and 30 of exposure, 4 fish were randomly 

sampled from each tank on each day (except for the last day of sampling when we sampled 3 fish 

from the third replicate of high and low exposure groups and 3 fish from the second and third 

replicates of the control group) (Appendix Table D1). Fish were euthanized by immersion in 

tricaine (MS222; 200300 mg/L buffered to pH 7.07.5) until gill movements ceased. Next, the 

tissues of interest (liver, heart, brain, muscle, and ovary) were dissected, weighed, and stored in 1.5 

mL methanol-rinsed polypropylene tubes containing a sufficient level of RNAlater (Fisher) to 

preserve the RNA from degradation. Finally, collected samples were immediately moved to the 
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Environmental Engineering Laboratory at the University of Pittsburgh and stored at −80 °C for 

RNA extraction.   

4.7.3 Quantitative Real-Time PCR Assays 

To prevent exogenous contamination, all laboratory consumables, solvents, and dissection 

tools were decontaminated multiple times each day during the experiment.  

Total tissue RNA was extracted from frozen tissue samples (brain, muscle, intestine, liver, 

and ovary) from 5 to 7 fish of each sex for each exposure group (n= 5 to 7 fish/sex/time point/dose). 

The same tissues of each sex from 3 tank replicates at each sampling day (same dose) were pooled 

to yield enough RNA. To appropriately homogenize the samples, pooled tissues were added to 2 

ml polypropylene screw cap tubes containing 1.8 mm ceramic beads (Fisher). Then, tubes were 

placed in a Bead Ruptor (Omni International, Kennesaw, GA) and homogenized at 3.2 m/s for 10 

minutes. TRIZOL reagent was used to extract the total RNA of each sample as described by the 

manufacturer. Turbo DNA FREE kit (Fisher) was used to remove any DNA contamination from 

samples and obtain pure RNA. In the next step, the concentration of pure RNA was quantified by 

using a Qubit® 2.0 Fluorometer (Life Technologies). According to the manufacturer’s directions, 

1 μg of RNA from each sample was added to the proper volume of reverse transcriptase enzyme 

for the synthesis of first strand cDNA (iScript cDNA kit; Bio-Rad). The synthesized cDNA was 

purified by adding the samples to an AMPure XP (Fisher) solution based on the manufacturer’s 

protocols. To quantify gene expression, SYBR Green PCR Master Mix reagent kits (Bio-Rad) were 

used. Three biological replicates (each 20 μL) were considered for qPCR quantitation. Gene-

specific primers (fabp1a, fabp2, fabp10a, hdac6, ChAT, ngf, bdnf, AChE, and housekeeping genes 

b-actin1, b-actin2, mob4, tbp, ism12b, and eef1a1b) for qPCR were purchased from Bio-Rad 
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(Catalog # 10042976) (Appendix Table D2). For each treatment, the expression of individual gene 

targets was quantified using the CFX Connect (Bio-Rad Real-Time) PCR instrument. The qPCR 

protocol was as follows: enzyme activation step at 95°C (2 min) and 40 cycles of: 95 °C for 5 

seconds and 60 °C for 30 seconds. Reactions with all qPCR components except the cDNA template 

were considered as a negative control. To determine which housekeeping genes were stably 

expressed under our experimental conditions and thus appropriate as an internal reference for 

qPCR, the expression of six commonly used housekeeping genes (b-actin1, b-actin2, mob4, tbp, 

ism12b, and eef1a1b) in zebrafish were evaluated. The expression of target genes was quantified 

using the 2-Ct method.436 Two-fold serial dilutions of cDNA were used to calculate the PCR 

efficiency (Appendix Figures D1 and D2). The efficiency of reaction was calculated from the slope 

using the formula E = 10−1/slope. 437To confirm the amplification of a single PCR product, melt curve 

analyses were performed on all samples. In addition, log base 2-fold change was used for evaluating 

gene expression.  

4.7.4 PFOS analysis in water and fish tissues 

The concentration of PFOS in water and fish tissue samples were analyzed by Mary Grace 

Guardian (Dr. Diana Aga laboratory, State University of New York at Buffalo) using liquid 

chromatography tandem mass spectrometry (LC-MS/MS). While the main focus of this experiment 

was to assess PFOS impacts on gene expression in zebrafish, we collected additional water samples 

to confirm nominal exposure concentrations and utilized spare tissue samples (when sufficient 

tissue was available after RNA extraction) whenever possible to assess PFOS accumulation in the 

adult zebrafish. Concentrations of PFOS in water and in fish tissue samples were determined using 

LC-MS/MS. Briefly, PFOS in fish tissue samples (20 mg) were extracted with 1 ml of 0.01N KOH 
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in methanol (MeOH) in 15 mL polypropylene (PP) tubes. Isotopically labelled standard (M8PFOS 

- Perfluoro [13C8] octanesulfonate, Wellington Laboratories LLC) was used as internal standard. A 

4-μL aliquot of 5 mg/L M8PFOS solution was spiked to all samples prior to extraction. All tubes 

were placed in a mechanical shaker for 3 hours at 250 rpm followed by centrifugation at 3000g for 

5 minutes. The top layer was then transferred to 50 mL PP tubes and diluted to 20 mL volume with 

NanopureTM water. Solid phase extraction (SPE) was performed using Oasis® WAX cartridges (3 

cc, 60 mg, Waters). Cartridges were preconditioned by addition of 3 mL 0.1% ammonium 

hydroxide (NH4OH) in MeOH, followed by 3 mL MeOH, and 4 mL water at a rate of 1 drop/s. 

Samples (20 mL) were then passed through these cartridges. The cartridges were washed with 3 

mL of 25 mM acetate buffer solution (pH 4) and were then vacuum dried to remove traces of water. 

Analytes were eluted with 3 ml of 0.1 NH4OH in MeOH followed by concentration under a stream 

of nitrogen, and then reconstituted with 200 uL of 95:5 (water: acetonitrile) solution. Water samples 

(20 ml) were not pre-digested with KOH-MeOH and were directly loaded to preconditioned SPE 

cartridges. 

Quantitative analysis of PFOS was performed using an Agilent Technologies HPLC 1200 

Series with Thermo Scientific TSQ Quantum Ultra MS with electrospray ionization, operated in 

negative mode.  Chromatographic separation was obtained using a Waters X-BridgeTM C18 column 

(3.5µm, 150 x 2.1 mm) with a mobile phase consisting of water with 5 mM ammonium acetate 

(mobile phase A) and acetonitrile (mobile phase B) at a flow rate of 200µL/min using gradient 

elution. LC-MS/MS was operated under selected reaction monitoring (SRM) that monitors 

optimized precursor and product ions for both PFOS (m/z: 499-80 and 499-99) and M8PFOS (m/z: 

507-80 and 507-99). Quantification was performed using stable isotope dilution to account for any 
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matrix effects and auto-correct for losses during sample preparation. Limit of quantification (LOQ) 

of the method was established at 0.03ug/L for water samples and 0.0003ug/g for tissue samples.  

4.7.5 Statistical Analysis 

Raw gene expression data were analyzed using Minitab 18.1 software. A Levene's test was 

employed to check for homogeneity of variance. All data met the assumptions of equal variance 

and normal distribution required for the application of parametric tests. Thus, the differences 

between the expression of the target genes and control were analyzed by one-way analysis of 

variance (ANOVA) followed by Tukey’s multiple range tests. A p value of < 0.01 was set to 

statistically significant. All data were expressed as mean ± standard error of mean (mean ± SEM). 

4.8 Results 

4.8.1 PFOS Exposure Concentration 

The measured concentrations of PFOS in the exposure water during sampling days are 

shown in Table 8. There was no contamination of control tanks with PFOS, as confirmed by 

measurements that all fell below the quantification limit in control water samples. The actual 

concentrations of PFOS in water from the high and low treatments ranged from 66 to 91% and from 

75 to 97% of nominal, respectively. Values below nominal are to be expected to some extent as 

water was sampled at the same time fish were collected (at the end of an exposure day) before fresh 

exposure water was prepared, so some PFOS was lost to accumulation in tissues. In general, the 
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values were consistent and close to nominal throughout the exposure period for both high and low 

doses, confirming that exposures continued as expected through daily water changes.  

Although the goal of the present study was not to evaluate PFOS tissue distribution, there 

were sufficient tissues remaining after RNA extraction from the day 7 samples to perform PFOS 

quantification for the following tissues (Table 8): male liver and intestine (both high‐ and low‐dose 

exposures), male muscle (low exposure), male brain (high exposure), and female liver (high 

exposure only).  Statistically, it is not possible to identify significant differences within our results 

or with past studies since a limited number of tissues representing different sexes and dose levels 

was analyzed. Here, we simply describe qualitatively our results for different sexes and doses in 

the context of previous studies. The concentration of PFOS in the liver of males is markedly higher 

than in females, which is in accordance with the findings of previous studies that reported higher 

concentrations of PFOS and PFNA in the male liver of smallmouth bass and zebrafish, 

respectively.67,438 Moreover, in males, the levels of PFOS quantified in the liver, brain and intestine 

of the high dose group is significantly higher than the levels in the muscle and intestine of the low 

dose group after 7 days of exposure (Table 8). 

Table 12. Measured concentrations of PFOS in exposure water and different tissues 

Nominal 

Water 

 

Concentration 

(mg/L) 

Measured Water Concentration, 

mg/L 

(% nominal concentration) 

Tissue Concentration, 

ng/g dry weight (number of samples) 

Day 1 Day 7 Day 14 Day 30 Day 7 

Control  <LOQa <LOQ <LOQ <LOQ Male   Female 

Liver Muscle Intestine Brain   Liver 

0.1  0.066  

(66.3) 

0.067  

(67.1) 

0.089 

(89.5) 

0.091 

(91.2) 

9334 

(n=2) 

838 

(n=1) 

2153 

(n=2) 
-- b   -- b 

1 0.754 

 (75.4) 

0.896 

(89.6) 

0.839 

(83.9) 

0.97 

(97.0) 

84968 

(n=1) 
--b 12220 

(n=1) 

37515 

(n=1) 

  6674 

  (n=1) 
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4.8.2 FABP Expression  

Based on initial experiments, b-actin1 was selected as the  best housekeeping gene, as it was 

not affected by any PFOS treatments. The expression of fabp1a and fabp10a (both liver-type) and 

fabp2 (intestinal-type) was measured in the liver, heart, intestine, and ovary of male and female 

zebrafish (Figures 23, 24 and 25). Based on our analysis, fabp1a was only expressed in liver and 

intestine, while fabp10a was detected in all tissues. A similar pattern of fabp1a expression was 

observed in the liver and intestine of females in both exposure groups, initially showing lower 

expression relative to control, going through a maximum at day 14, and returning to below control 

exposure levels at day 30 (Figures 23A and 23D and Figures 24A and 24D). In addition, the pattern 

of fabp1a expression in the males was similar in the intestine of both exposure levels and in the 

liver of the high dose group.  In contrast, male and female fabp10a expression showed opposite 

patterns in liver at low and high doses; at high doses upregulation was highest at days 7 and 14 for 

females but it was consistently downregulated at low dose, whereas in male livers it was 

consistently downregulated at high dose but showed highest upregulation on days 7 and 14 at low 

dose (Figures 23B and 24B). This observation may be explained by females accumulating a similar 

amount of PFOS at high exposure levels by day 7 as males accumulated at the low exposure levels 

(see Table 8). This would suggest a similar effect of PFOS exposure on fabp10a expression in males 

and females at a similar internal liver concentration. 

A similar pattern of fabp2 expression was observed in both high and low PFOS exposure 

groups for both sexes in the intestine: fabp2 was significantly upregulated after the first day of 

exposure and significantly downregulated at the end of 30 days at similar levels for males and 

females (Figures 23F and 23F). This was also the pattern observed in the liver for fabp2, with the 
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exception of the female high dose group on the first sampling day when the expression was 

significantly down-regulated relative to control.  

Among all tissues analyzed, the heart was the most consistent: expression was always 

upregulated relative to the control for males and females for both fabp10a and fabp2 (Figures 23G, 

26H, 27G and 27H), and the up-regulation was statistically significant in all cases. In the intestine, 

expression of fabp10a was always upregulated relative to control for males and females, though not 

at high levels; the difference was statistically significant for at most half of the time points 

measured. 

 In the ovary tissues from female fish, the patterns for fabp10a and fabp2 expression were 

consistent across high and low doses: for fabp10a expression was most significantly upregulated 

on the 7th and 30th exposure days (Figure 25A). For fabp2, there was significant upregulation 

measured only on the 1st day, followed by significant downregulation through the 14th day and 

returning to no difference from control by day 30 (Figure 25B). 
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Figure 22. Differential transcriptional expression of fabp1a, fabp2, and fabp10a in the liver, intestine, and heart 

of males and females after high dose exposure. Error bars show standard error of the mean (SE). Points 

having ‘a’ letter represent no significant difference between treated PFOS groups and control group. Means 

that do not share a letter are significantly different (p < 0.01) (n= 5 to 7 fish/sex/time point/dose). 
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Figure 23. Differential transcriptional expression of fabp1a, fabp2, and fabp10a in the liver, intestine, and heart 

of males and females after low dose exposure. Error bars show standard error of the mean (SE). Points having 

‘a’ letter represent no significant difference between treated PFOS groups and control group. Means that do 

not share a letter are significantly different (p < 0.01) (n= 5 to 7 fish/sex/time point/dose). 
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Figure 24. Differential transcriptional expression of fabp2 and fabp10a in the ovary of females after high and 

low PFOS exposure. Error bars show standard error of the mean (SE). Points marked ‘a’ are not significantly 

different from the control group. Means that do not share a letter are significantly different (p < 0.01) (n= 5 

fish/time point/dose). 

4.8.3 Neurological gene expression 

The expression of 3 genes (ChAT, AChE, and hdac6) were quantified in the brain and muscle 

of males and females after exposure to the high and low doses of PFOS at four timepoints (Figures 

26 and 27). In addition, transcriptional levels of ngf and bndf were quantified after 14 and 30 days 

(Figure 28).  

Compared to the FABPs, expression of ChAT, AChE and hdac6 genes showed higher 

variability across both time and sex. Expression levels relative to control were as high as 6 log2-

fold change and as low as -4 log2-fold change. Yet despite these significantly different highs and 

lows, in 8/12 cases for male fish and in 10/12 cases for female fish expression levels had returned 

to no different from control by the 30th day of exposure (Figures 26 and 27). The only change in 
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expression persisting to the end of the exposure period that was both statistically significant and 

substantial (greater than 1 log2-fold difference) was the downregulation of ChAT expression in the 

muscle tissue of both male and female zebrafish at high exposure and also of females at low 

exposure. The greatest upregulation was also seen in the male and female muscle tissue for ChAT 

at low exposure (between 5 and 7 log2-fold difference, Figure 27D), measured on the 1st sampling 

day, and in the brain of female zebrafish for AChE at high exposure (Figure 26B), observed on day 

7. In the case of ChAT at low exposure, expression in muscle was significantly downregulated by 

for females by day 30, and only slightly upregulated in males, showing a large change over time. 

For AChE in the brain of females at high exposure the expression had returned to control levels by 

day 30.  

For bdnf and ngf, expression levels in the brain show similar dynamics in the sense that 

significant and substantial upregulation on day 14 are in all but one case returned to no different 

from control by day 30 for both sexes and dose levels (Figure 27, A and B). In contrast, bdnf in 

muscle of males at both high and low doses remains highly upregulated on days 14 and 30, whereas 

female muscle shows no difference from control. For ngf in muscle the picture is somewhat 

reversed: females show the largest changed in expression, with ngf being highly upregulated on day 

14 for both high and low dose, but these changes largely disappear by day 30. Thus, both bdnf and 

ngf in muscle tissue show clear sex-dependent expression patterns. 
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Figure 25. Differential transcriptional expression of ChAT, AChE, and hdac6 in the brain and muscle of male 

and females after high PFOS exposure. Error bars show standard error of the mean (SE). Points marked ‘a’ 

are not significantly different from the control group. Means that do not share a letter are significantly 

different (p < 0.01) (n= 5 to 7 fish/sex/time point/dose). 
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Figure 26. 

Differential transcriptional expression of ChAT, 

AChE, and hdac6 in the brain and muscle of male and females after low PFOS exposure. Error bars show 

standard error of the mean (SE). Points marked ‘a’ are not significantly different from the control group. 

Means that do not share a letter are significantly different (p < 0.01) (n= 5 to 7 fish/sex/time point/dose). 
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Figure 27. Differential transcriptional expression of ngf and bdnf in the brain and muscle of male and females 

after high and low PFOS exposure. Error bars show standard error of the mean (SE). Column marked ‘a’ are 

not significantly different from the control group. Means that do not share a letter are significantly different (p 

< 0.01) (n= 5 to 7 fish/sex/time point/dose). 
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4.9 Discussion  

4.9.1 Gene Function and Interactions with PFOS 

It is apparent from the results of the present study that, as expected, PFOS alters the 

expression of genes related to fatty acid metabolism and the neurological system.   

 Due to the similarity between PFAA and fatty acid structures, PFAAs can disrupt the 

binding of fatty acids to transporters and disrupt fatty acid metabolism.439 Peroxisome proliferator-

activated receptors (PPARs), ppar-α, ppar-δ and ppar-γ, control different FABPs involved in fatty 

acid metabolism. Several studies have reported that PFAAs are agonists of ppar-α and ppar-γ,440–

443 however, FABPs as an upstream pathway of PPARs have received little attention in fish species. 

In this study, we show that PFOS can alter the expression levels of different FABPs in male and 

female zebrafish. 

In zebrafish, fabp1a and fabp1b represent the highest sequence similarity to human protein 

fabp1 (commonly termed L-FABP) and is abundant in the liver.444 In this study, fabp1a was only 

expressed in the liver and intestine. Other studies previously detected a different liver-type protein, 

fabp10b, in a broad range of tissues in zebrafish such as liver, heart, ovary, and intestine,444,445 

which is also in agreement with our study. Compared with fabp1a and fabp1b, in which the toxicity 

of PFAAs are well studied in fish species,67,425,446 the expression of fabp2 and fabp10a have 

received little attention. The high expression of intestinal-type fabp2 was reported in the anterior 

intestine, followed by brain in zebrafish.447 Moreover, trace levels of fabp2 are also reported in 

other tissues like heart, liver, and ovary,447,448 which is similar to our findings. To the best of our 

knowledge, only one other study reported changes in the expression of several FABPs in zebrafish 

liver following PFAAs exposure, which focused on PFNA.67 Since many pathways are connected 
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to the functions of FABPS, downstream endpoints, including other genes involved in lipid 

metabolism should be considered in future studies.  

Our study also highlights the ability of PFOS to interact with genes involved in the nervous 

system. For example, bdnf is expressed throughout all life stages of the zebrafish and is involved in 

synaptic plasticity, memory, and neuron development.404,449,450 We found the expression of bdnf 

was upregulated in the brain and muscle of both sexes after high and low treatments, in accordance 

with  the findings of Jantzen et al. (2016) in the liver of male zebrafish embryonically exposed to 

PFOS.404  Different acute stressors substantially increased the expression of bdnf in rats 451,452 and 

zebrafish.453 Thus, exposure to PFOS may induce stress responses in zebrafish that enhance the 

expression of bdnf. It should be mentioned that there are many downstream pathways that interact 

with the expression of bdnf which need further investigation to determine the specific effects of 

PFAAs on these pathways.454 

Three genes investigated in the present study (AChE, ChAT and ngf) are interrelated through 

the cholinergic system.455–457 Previous studies on zebrafish embryos 431,455 and mammals 426,428,458 

showed that the cholinergic system was negatively affected after PFAA exposure. Our result 

suggests exposure to PFOS may impair the function of the cholinergic system in zebrafish by 

inducing different genes. For example, ngf can upregulate the expression of the ChAT gene, and 

consequently ChAT synthesizes acetylcholine (Ach). In the next step, the released ACh in the 

synaptic cleft is rapidly hydrolyzed by AChE. Our results suggest that PFOS exposure changes the 

level of ChAT, and that this results in changes to the expression of AChE. The dependence of this 

sequence is conserved in that when ChAT is unchanged, so is AChE. However, ngf expression levels 

did not track as expected with the expression of ChAT and AChE, except for day 30, for either dose 

or sex. We found that the expression of ChAT is different in muscle and brain, which may imply a 
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distinct function of ChAT in each tissue. The approximately similar transcription of AChE in the 

brain and muscle of zebrafish may suggest an analogous function of AChE in these tissues.   

 HDAC 6 is one member of the histone deacetylase family, key transcription regulators, that 

has critical roles in cell function and regulation.459–461 Overexpression of hdac 6 leads to 

neurodegenerative disorders like Alzheimer’s Disease,462 while specific suppression may provide 

protection.462,463 To the best of our knowledge, the current study is the first to report changes in 

gene transcription of hdac 6 in zebrafish following exposure to PFOS. Since the mechanisms of 

PFAAs impact on hdac 6 are largely unknown, further study may be warranted.  

4.9.2 The Effects of Sex and Dose  

Our results revealed that there are differences in expression of almost all genes between 

sexes at different sampling days. Previous studies have found that male zebrafish,464 smallmouth 

bass401, and rats465 accumulate higher levels of PFAAs than females. Moreover, differences in the 

endocrine system of male and female zebrafish could affect the fate and transport of PFOS and 

contribute to the different expression of genes between sexes.412 In zebrafish, lipid metabolism in 

males is more affected than females after PFOS exposure.405 Sex-specific expression of fabp2 and 

fabp10a similar to our study was observed after PFNA exposure.67 Furthermore, differences in body 

clearance rates of PFAAs reported between sexes of zebrafish,466, tilapia,467, and rat81 may be linked 

to the  different expression of genes observed between male and female zebrafish.  

Ovaries in females require significant lipid accumulation, especially fatty acids, during 

ovarian development and spawning.468 The expression of fabp10a was significantly downregulated 

in the liver but upregulated in the ovary after 7, 14, and 30 days of low exposure, and there were 

significant differences between sexes in the liver on these sampling days. Similar to our findings, 



 77 

previous studies reported that downregulation of different FABPs in female zebrafish following 

PFNA 67 and PFDoA 425 exposure may be associated with an increase in ovarian lipid deposition 

required for spawning. Thus,  liver-ovary interactions in terms of lipid transport may play an 

important role in PFAAs toxicity, however, the underlying mechanism requires further exploration. 

The low dose in our study was selected to approximate environmental exposures of species 

living in PFOS-contaminated areas,464,469–471 while the high dose was selected to elicit a toxic 

response.67,396  Compared to the control group, exposure to both high and low doses significantly 

affected the expression of studied genes at almost all time points (Appendix Tables D3 and D4). 

With regards to significant differences between sexes, there are some discrepancies in the 

expression of fabp10a and fabp2 as well as ChAT and ngf between high and low treatments, while 

other genes show a nearly similar trend (Tables 9 and 10, except for day 14). Most of the genes did 

not respond in a dose-dependent manner (Tables 11 and 12). Our results are in accordance with 

previous studies on zebrafish67 and zebrafish embryos,466 in which expression levels of various 

genes (e.g. FABP genes) showed no dose-dependent response to PFNA and PFOS exposures, 

respectively. One exception is the expression of l-fabp in male rare minnow (Gobiocypris rarus) 

which showed a clear dose-response but used substantially higher doses (10 and 30 mg/L of PFOA 

exposure).446  
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Table 13.  Difference between sexes in the expression of FABP genes 

a Significant difference compared to the control group (p < 0.01) 

 

Table 14. Difference between sexes in the expression of neurological genes 

 

Table 15. Average log 2-fold changes of FABP genes over 4 sampling days (mean ± SE) 
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 fabp1a fabp10a fabp2 

Liver Intestine Liver Intestine Heart Liver Intestine Heart 

High 

Dose  

Male  -1.39 ± 0.14 -0.2 ± 0.18 -2.48 ± 0.32 1.06 ± 0.13 1.82 ± 0.17 0.69 ± 0.23 0.03 ± 0.2 2.80 ± 0.14 

Female -0.24 ± 0.12 0.22 ± 0.18 0.95 ± 0.21 1.18 ± 0.16 1.55 ± 0.14 -1.1 ± 0.18 1.02 ± 0.21 2.87 ± 0.16 

Low 

Dose  

Male  -0.42 ± 0.23 -0.29 ± 0.18 2.09 ± 0.25 0.84 ± 0.16 2.08 ± 0.28 0.35 ± 0.15 0.19 ± 0.14 2.31 ± 0.13 

Female -0.52 ± 0.18 0.58 ± 0.16 -1.38 ± 0.31 0.84 ± 0.19 1.87 ± 0.3 0.28 ± 0.17 0.05 ± 0.18 2.63 ± 0.08 
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Table 16. Average log 2-fold changes of neurological genes over 4 sampling days (mean ± SE) 

 

4.9.3 Observations at Different Time-Points 

Our findings indicate that the studied genes do not show a consistent response to PFOS 

exposure over time. A few studies have reported alterations in mRNA expression in response to 

different time-points of exposure. The expression of several genes involved in lipid metabolism 

showed no consistent time-related response in fathead minnows 472 and thicklip grey mullet 473 after 

treatment with gemfibrozil and PFOS, respectively. This suggests that the results of such 

experiments may differ depending on the exposure duration chosen, and that single time-point 

studies may provide a non-representative snapshot of the system response.  

As Figure 29 illustrates, the expression of FABPs in other studies are in agreement with our 

results based on different exposure durations. For instance, Lui et al. (2008)425 reported that 

transcriptional levels of l-fabp are not significantly changed in the liver of female zebrafish after 7 

days of PFDoA exposure. This is in agreement with the expression of fabp1a in the liver of females 

after 7 days of high PFOS exposure in our study. However, this picture changes when we consider 

days 1, 14, or 30. Lipid metabolism is a dynamic process that depends on a balance among lipid 

synthesis, β-oxidation, and transport.405 In contrast with temporally resolved studies that allow 

 ChAT AChE hdac6 ngf bdnf 

Brain Muscle Brain Muscle Brain Muscle Brain Muscle Brain Muscle 

High Male  -0.41 ± 0.24 -2.62 ± 0.22  0.41 ± 0.22 0.3 ± 0.13 -0.28 ± 0.05 -1.11 ± 0.13 0.41 ± 0.06 0.76 ± 0.02 1.45 ± 0.07 3.45 ± 0.2 

Female -0.63 ± 0.33 2.08 ± 0.16 3.74 ± 0.33 2.61 ± 0.24 -1.16 ± 0.12 0.83 ± 0.04 1.2 ± 0.1 1.98 ± 0.07 1.75 ± 0.11 -0.5 ± 0.04 

Low Male  0.08 ± 0.16 3.92 ± 0.18 -1.31 ± 0.28 -1.19 ± 0.17 -0.94 ± 0.06 -0.89 ± 0.11 1.45 ± 0.11 0.99 ± 0.16 1.04 ± 0.01 4.2 ± 0.16 

Female -0.81 ± 0.23 2.42 ± 0.15 1.51 ± 0.29 1.39 ± 0.11 -1.03 ± 0.09 -1.09 ± 0.08 1.11 ± 0.9 1.84 ± 0.08 1.92 ± 0.06 -0.43 ± 0.07 
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researchers to investigate the relationship between these pathways over time, a single time-point 

study only determines the alterations at the end of the exposure period. 

 

 

Figure 28. Comparison of the results of three studies investigated the effect of PFAAs on expression of FABPs 

at different exposure endpoints 
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4.10 Conclusion  

In this study we took a comprehensive approach to track changes in the expression of 8 

genes over four time-points during a 30-day exposure in liver, intestine, heart, brain, muscle, and 

ovary of male and female zebrafish. We evaluated, for the first time, alterations in expression of 

hdac6, ngf, and bdnf in the brain and muscle of zebrafish following exposure to PFOS.  PFOS was 

detectable in all tissues analyzed after 7 days of exposure and showed differences in extent of 

accumulation between high and low doses, as well as between sexes (presumably this continues 

with exposure duration). These findings could to some extent explain the results of the gene 

expression experiments in which sex differences and exposure duration both significantly affect the 

expression of studied genes. Further investigation is clearly required to determine whether a key 

time-point exists for the evaluation of gene expression or whether a dynamic picture is most useful. 

Although liver tissue is one of the most important and often-studied organs for PFAA toxicity and 

bioaccumulation, our findings highlight that PFOS could significantly alter the expression of the 

genes in other tissues as well, providing a basis for future studies on the potential impacts of PFOS. 

Although our data show that PFOS affects neurological genes in the brain and muscle, the 

underlying mechanisms for neurotoxicity of PFOS in fish species are still debated and require 

further study. 
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5.0  Summary and Future Work 

5.1 Summary 

This work used complementary in vivo, in vitro, and in silico approaches to investigate the 

toxicokinetics (objective 1) and toxicodynamics (objectives 2,3, and 4) of legacy and emerging 

PFAS at different levels of biological organization.  

In the first study, we presented a in silico approach for the prediction of perfluorooctanoic 

acid (PFOA) toxicokinetics in zebrafish and also discussed the current state of knowledge for the 

parameters required to construct a physiologically based pharmacokinetic (PBPK) model 

mechanistically. For the first time, the model considers hepatobiliary circulation, which is 

considered important in mammals but has not been fully explored for PFAS toxicokinetics in fish. 

Additionally, we consider facilitated transport of PFOA from blood to liver and liver to bile by 

membrane transporters. The results of our study highlight the lack of zebrafish-specific parameters. 

Based on the sensitivity results, parameters associated with physiology (e.g., gill surface area, 

kidney volume), PFAS–protein interactions (e.g., concentration of protein in liver, plasma protein 

association constants) and passive diffusion (e.g., effective permeability of cell membranes) need 

further refinement.57 

In Chapter 3, PFAS-protein binding affinity (KD) was evaluated for six perfluoroalkyl 

carboxylates (PFCAs) and three perfluoroalkyl sulfonates (PFSAs) with peroxisome proliferator 

activated nuclear receptors (PPAR-α, - δ and – γ) and liver and intestinal fatty acid binding proteins 

(L- and I-FABPs) and via equilibrium dialysis (EqD). The equilibrium dialysis results were then 

compared to predictions from molecular dynamics modeling (performed by a collaborator) and 
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literature data for protein binding with PFAS. This is the first study to report strong binding to 

PPARs by short chain PFAS such as perfluorobutanoate and perfluorohexane sulfonate, which may 

have implications regarding short chain PFAS use and assumed safety. In comparison with other 

methods in the literature, EqD obtained KDs are consistently lower, as observed both here and in 

the literature.41 

In Chapter 4, by using droplet digital PCR and 16S rRNA sequencing, the variations of gut 

microbiome composition in cecum and feces samples of male and female C57BL/6 mice were 

evaluated after exposure to perfluoro-4-methoxybutanoic acid (PFMOBA) and Nafion by-product 

2 (NBP2), recently detected contaminants in drinking water and in the blood of North Carolina 

residents. Our analysis showed that the absolute and relative abundance of some important gut taxa 

involved in production of short chain fatty acids (SCFA), particularly butyrate, were significantly 

altered after exposure to high concentrations of PFMOBA. Our findings once again suggest that 

short-chain PFAS, which have been assumed to be safer alternatives to long chain PFAS due to 

their lower bioaccumulation potential, may significantly alter the gut microbiome composition and 

its metabolites, including SCFAs which are critical to energy production and gut health.   

In Chapter 5, we designed a study to evaluate whether perfluorooctane sulfonate (PFOS) 

exposure affects the expression of genes associated with fatty acid metabolism (fabp1a, fabp2, and 

fabp10a) in zebrafish liver, intestine, heart, and ovary, as well as genes involved in the nervous 

system (acetylcholinesterase, brain‐derived neurotrophic factor, choline acetyltransferase, histone 

deacetylase 6, and nerve growth factor) in brain and muscle over 4 time points during a 30-day 

exposure. Both exposure concentration and sex influence the expression of genes associated with 

fatty acid metabolism and neural function. These results extend the knowledge base on PFOS 

effects to other tissues less often studied than the liver. In addition, our findings show that 
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expression of these genes varies with exposure duration. Further studies are clearly needed to find 

whether a key time point exists for the evaluation of gene expression or whether a dynamic picture 

is most useful. 

Incorporation of data from a wide range of in vivo, in vitro, and in silico approaches, similar 

to what we did in these projects, provides useful information regarding PFAS toxicokinetics and 

toxicodynamics and allows linking them to adverse outcomes. Specifically: 

1) Our projects help improve understanding of the toxicokinetics and toxicodynamics of 

PFAS exposure on biological systems.  

2) Our PBPK model provides a quantitative simulation of the toxicokinetics of PFAS that 

can reduce time, cost and need for animals in laboratory experiments. 

3) Our experiments expand the state of knowledge regarding biological impacts of 

emerging PFAS that have unknown short and long-term toxicological effects. 

4)  Our experiments provide insights into potential mechanisms of toxicity of PFAS on the 

nervous system and gut microbiome. 

5) Our experiments provide insight into how different factors, including sex, dose, 

exposure duration, and life stage modulate the impacts of PFAS on biological systems. 
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5.2 Future Work 

The Organization for Economic Cooperation and Development (OECD) estimates as many 

as 5,000 different PFAS structures have been registered and/or produced.6 Furthermore, there are 

more than 600 PFAS currently used commercially, according to US Environmental Protection 

Agency.474 A majority of PFAS toxicity studies focus on a handful of chemicals, mainly legacy 

PFAS such as PFOS and PFOA, and little is known about the adverse impact of emerging PFAS 

such as poly- and perfluoroalkyl ethers on biological systems. To accelerate the development of 

toxicity information on legacy and emerging PFAS, complementary in vivo, in vitro, and in silico 

approaches, especially the development of in vitro assays and in silico methods, should be 

considered in future studies. This would be greatly helped by developing a better understanding 

about the modes of action and adverse outcome pathways for structurally diverse PFAS. These 

pathways could also help explain the ways in which PFAS affect multiple biological systems 

simultaneously. 

A relevant example that follows from this work is the impact of PFAS on the liver-gut-brain 

axis (Figure 29).  The functions of the liver, gut microbiome, and the nervous system are 

connected.475 The liver is exposed to a gut microbiome components and metabolites, mainly 

through the biliary tract and portal vein.476 The gut microbiome produces a variety of metabolites, 

including SCFA, that affect liver477 and brain functions directly or indirectly.478 Neuroprotection, 

immune response, and lipid metabolism regulation are linked to SCFA like butyrate.264 

Development and progression of different liver diseases such as non-alcoholic fatty liver disease 

(NAFLD) have been linked with imbalance cholinergic system and an altered gut microbiome and 

its metabolites, especially SCFAs.375,479 In addition, there is evidence that liver disease may affect 

the brain's cholinergic system, resulting in difficulties with learning and memory.480,481 For 
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example, patients with cirrhosis and animals with liver failure have been found to have altered 

levels of cholinergic enzymes in their brains.480,482 In addition, several studies reported cholinergic 

imbalance in the brain have been associated with liver diseses480,483–485 as well as gut microbiome 

dysbiosis.484,486–488 This evidence is important when linked to the finding of previous studies 

(including ours) that found PFAS have adverse impacts on gut microbiome composition,51–53,489 the 

nervous system,390,490–492 and liver function.493–496 
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Figure 29. A) PFAS toxicity on liver, nervous system, and gut microbiome as previous studies reported. B) 

Suggested plan to investigate PFAS toxicity thoroughly in the body organism. 
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       Considering the known toxicity of some legacy PFAS (e.g., PFOA and PFOS) on liver 

metabolism38,45,193,426 and the cholinergic system390,490–492 and the key role of the gut microbiome 

in maintaining liver and brain health, further studies are required to evaluate the impacts of PFAS, 

especially emerging PFAS, on the gut microbiome-liver-brain axis in a comprehensive study. A 

complementary experimental structure that integrates both exploratory and mechanistic analyses 

are needed to characterize the alterations in gut microbiome, liver metabolism, and the nervous 

system after PFAS exposure. A combination of immunohistochemistry, lipidomic, metabolomic, 

and histologic analyses, as well as molecular biology methods (e.g., digital droplet PCR (ddPCR) 

and 16S rRNA sequencing) will provide insights into the impacts of PFAS toxicity on the gut 

microbiome-liver-brain axis.  

      Liver, an essential organ for detoxification and lipid homeostasis, is a major site of 

bioaccumulation of PFAS.8,497 Exposure to long- chain PFAS leads to inflammation, 

hepatotoxicity, and hepatic steatosis in animal models, including mice,493,498 rats,493 and 

zebrafish319,499 because these chemicals disrupt the balance of fatty acid accumulation/synthesis and 

oxidation. In addition, disruption of lipid metabolism and lipid accumulation in serum and liver are 

consistently observed impacts of long-chain PFAS exposure in human populations.500 By disrupting 

hepatic lipid metabolism, long-chain PFAS cause initiation, progression, and development of 

multiple liver diseases, such as NAFLD and nonalcoholic steatohepatitis (NASH).496,500 Patients 

suffering from NAFLD had increased uptake of fatty acids into hepatocytes, increased de novo 

lipogenesis, and fat accumulation due to lack of compensation by fatty acid oxidation.332,501 

Although several studies have reported the adverse impacts of long-chain PFAS exposure on liver 

metabolism,67,334,500,502 the underlying mechanisms have not yet been fully elucidated for most 

PFAS, especially short-chain PFAS. Therefore, untargeted analyses using high-resolution mass 
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spectrometry can provide useful information related to metabolomics and lipidomics alterations 

related to changes in liver metabolism and lipid processing. Complementary to untargeted analyses, 

further immunohistochemistry studies can be used to characterize changes in key regulators of lipid 

metabolism, such as the expression of regulators of de novo lipogenesis, including ATP citrate lyase 

(ACLY), acetylCoA carboxylase (ACC) 1 and 2, and fatty acid synthase (FASN). The expression 

of genes involved in fatty acid utilization (e.g., PPARα and PPARγ) and fatty acid beta-oxidation 

pathways (e.g., fatty acyl-CoA synthase and carnitine translocase) should be further explored. In 

addition, the levels of inflammation biomarkers (e.g., factor-alpha (TNF- α), interferon-beta (IFN- 

β), interleukin-6 (IL-6), and IL-1β) and oxidative stress levels (e.g., catalase (CAT), 

malonyldialdehyde (MDA), superoxide (SOD), and glutathione (GSH)) should be determined.  

       As a consequence of liver failure, there is evidence of cholinergic imbalance in the brain 

which suggests a possible role for the cholinergic system in the pathogenesis of liver injury.480 For 

example, alterations in the level of the acetylcholine (ACh) neurotransmitter, involved in cognitive 

processes and specific behavioral responses, have been reported in cirrhotic patients.480 In addition, 

the release of different pro-inflammatory cytokines (e.g., IL-1β, IL-6, and IL-18), which are  

involved in the immunopathogenesis of NAFLD, can be inhibited by ACh.503,504 Choline 

acetyltransferase (ChAT) and acetylcholinesterase (AChE) continuously regulate the level of 

ACh.505 Furthermore, it was reported that  nerve growth factor (ngf) and brain-derived neurotrophic 

factor (bdnf)  increase the release of ACh in rat.506 It should also be mentioned that some gut taxa 

like Lactobacillus plantarum produce ACh.507Therefore, for the cholinergic system, the expression 

of bdnf, AChE, ngf, and ChAT, markers of all cholinergic neurons, as well as levels of ACh will 

provide important information to understand changes in the cholinergic system after PFAS 

exposure.  



 90 

      While 16S rRNA gene sequencing quantifies the relative abundances of gut taxa, ddPCR 

could directly quantify the absolute abundance of individual species and taxa of interest taxa (like 

SCFA-producing gut taxa in our study), in a sample. Compared to relative abundance, the absolute 

abundance provides more specific and accurate information about alterations in gut taxa between 

different treatments.508 However, using ddPCR to investigate all gut taxa present in a sample is not 

practical as it is both expensive and labor intensive.509 In contrast, 16S rRNA gene sequencing 

provides a detailed overview of alterations in gut microbiome composition by identification, 

classification, and quantitation of gut taxa.509 Therefore, a combination of ddPCR and16S rRNA 

sequencing techniques provides valuable information about changes in gut microbiome 

composition and diversity associated with PFAS exposure.  To further advance the preliminary 

work presented here on PFAS impacts on the gut microbiome, the absolute concentrations of short-

chain fatty acid producers (e.g., Butyricicoccus, Faecalibacterium, Anaerotruncus, Butyrivibrio, 

Roseburia, Anaerostipes, Coprococcus, Lachnoclostridium, Ruminiclostridium, Eubacterium, and 

Oscillibacter), taxa having important functions in the regulations of the nervous system 

(e.g.,  Akkermansia muciniphila, Faecalibacterium, Campylobacter jejuni, Lactobacillus johnsonii, 

Lactobacillus plantarum, Glutamicibacter, Facklamia, Aerocorrus, and Bifidobacteria),510–513 and 

other key groups identified through 16S rRNA sequencing should be quantified using ddPCR. 

Furthermore, histological analyses will also provide insight into colon and liver injuries as well as 

lipid accumulation in liver after PFAS exposure.  

 To the best of our knowledge, there have been no studies investigating the impact of PFAS 

toxicity on the gut microbiome-liver-brain axis in a comprehensive study. Although our projects 

provided some clues to this complex puzzle (e.g. the toxicity of some PFAS on gut microbiome, 

genes involved in fatty acid metabolism and the nervous system,390 PFAS binding affinities to 
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specific receptors),41 further immunohistochemical, lipidomic, metabolomic, and histologic 

analyses will aid in better elucidating PFAS metabolic toxicity and pathways associated with the 

gut microbiome, nervous system, and liver function/disorders (Figure 30B). 
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Appendix A Supporting Information for Chapter 2.0 

APPENDIX BAppendix Table A1. PFOA Mass Balance Equations. 

Liver Fluid (LF) 

dMfree
LF

dt
=  bUptake

B−LF Mfree
B +bB−LFMfree

B +  bLT−LFMfree
LT -   (bLF−BMfree

LT + bLF−LT) Mfree
LF - bon

LFMfree
LF + boff

LF Mbound
LF  

dMbound
LF

dt
 = bon

LFMfree
LF − boff

LF Mbound
LF  

Liver Tissue (LT) 

 
dMfree

LT

dt
=  bLF−LTMfree

LF + bBi−LTMfree
Bi  - ( bclear 

LT−Bi+bLT−Bi +  bLT−LF) Mfree
LT - bon

LTMfree
LT + boff

LTMbound
LT  

dMbound
LT

dt
 = bon

LTMfree
LT − boff

LTMbound
LT  

Blood (B) 

dMfree
B

dt
 = bW−BCfree

W - bB−WMfree
B  -∑ bB−iF Mfree

B  +∑ bLT−BMfree
LT - bon

B Mfree
B + boff

B Mbound
B  

dMbound
B

dt
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B Mfree
B − boff

B Mbound
B  

Bile (Bi) 

dMfree
Bi

dt
 = bclear 

LT−BiMfree
LT  – bBi−LTMfree

Bi + bLT−BiMfree
LT  - 

QBi

VBi
Mfree

Bi  

Muscle Fluid (MF) 

dMfree
MF

dt
= bB−MFMfree

B - bMT−MFMfree
MT -   (bMF−BMfree

B + bMF−MT) Mfree
MF - bon

MFMfree
MF + boff

MFMbound
MF  

Muscle Tissue (MT) 

 
dMfree

MT

dt
= bMF−MTMfree

MF - bMT−MFMfree
MT  

Adipose Fluid (AF) 

dMfree
AF

dt
= bB−AFMfree

B - bAT−AFMfree
AT -   (bAF−BMfree

B + bAF−AT) Mfree
AF - bon

AFMfree
AF + boff

AFMbound
AF  

Adipose Tissue (AT) 

 
dMfree

AT

dt
= bAF−ATMfree

AF - bAT−AFMfree
AT  

Kidney Fluid (KF) 

dMfree
KF

dt
=  bB−KFMfree

B - bKT−KFMfree
KT -   (bKF−BMfree

B + bKF−KT) Mfree
KF - bon

KFMfree
KF + boff

KFMbound
KF  

Kidney (KT) 

dMfree
KT

dt
=  bKF−KTMfree

KF - bKT−KFMfree
KT  
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Appendix Figure A1. Correlation analysis between each sampled model parameter and PFOA concentration 

in blood and liver compartments of female zebrafish after 24 days. 
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Appendix Figure A2. Correlation analysis between each sampled model parameter and PFOA concentration 

in kidney and bile compartments of female zebrafish after 24 days 
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Appendix Figure A3. Correlation analysis between each sampled model parameter and PFOA concentration 

in adipose and muscle compartments of female zebrafish after 24 days. 
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Appendix Figure A4. Correlation analysis between each sampled model parameter and PFOA concentration 

in blood and liver compartments of male zebrafish after 24 days.  
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Appendix Figure A5. Correlation analysis between each sampled model parameter and PFOA concentration 

in adipose and muscle compartments of male zebrafish after 24 days. 
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Appendix Figure A6. Correlation analysis between each sampled model parameter and PFOA concentration 

in kidney and bile compartments of adult zebrafish after 24 days. 
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Appendix Figure A7. Correlation analysis between each sampled model parameter and PFOA concentration 

in blood and liver compartments of adult zebrafish after 24 days.  
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Appendix Figure A8. Correlation analysis between each sampled model parameter and PFOA concentration 

in adipose and muscle compartments of adult zebrafish after 24 days. 
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Appendix Figure A9. Correlation analysis between each sampled model parameter and PFOA concentration 

in kidney and bile compartments of adult zebrafish after 24 days. 
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Appendix A.1 Supporting Information  

Appendix A.1.1  Parameter Glossary 

BW: Body weight 

LW: Liver weight 

MW: Muscle weight 

VL: Liver volume 

VM: Muscle volume 

VK: Kidney volume 

VA: Adipose volume 

VB: Blood volume 

VG: Bile volume 

VLF: Fluid liver volume 

VKF: Fluid kidney volume 

VMF:Fluid muscle volume 

VAF: Fluid adipose volume 

AL: Liver surface area 

AL: Liver surface area 

AK: Kidney surface area 

AM: Muscle surface area 

AA: Adipose surface area 

AB: Gallbladder surface area 

AG: Gill surface area 
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QBi: Biliary flow rate 

QW: Gill ventilation rate 

QB: Blood flow rate 

QBL: Liver blood perfusion rate 

QBK:Kidney blood perfusion rate 

QBM: Muscle blood perfusion rate 

QBA: Adipose blood perfusion rate 

CPB: Plasma protein concentrations 

CFABPLT: FABP concentrations in liver 

CPL: Liver fluid protein concentrations 

CPK: Kidney fluid protein concentrations 

CPM: Muscle fluid protein concentrations 

CPA: Adipose fluid protein concentrations 

buptake: Liver active uptake rate 

bclear: Liver active clearance rate 

KP: Plasma protein association constants 

KFABP: FABP association constants 

Peff: Effective membrane permeability 

CRSS
C−w: Steady-state cell-water concentration ratio 

kW-B: Water to blood uptake rate constant 

kB-W: Rate constant for diffusion from blood back to water 

r : Radius  
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Appendix A.1.2 Physiological Parameters  

Body Weight 

Since gender differences have been reported in the toxicokinetics of PFOA in different fish 

species, we consider parameter availability for both genders.67,76,80,127 The weight of adult zebrafish 

was reported between 0.2 to 0.9 g.104,106,128–130 Zang et al. (2013) indicated that the average weight 

of male and female adult zebrafish is 0.41 and 0.82 g, respectively.104 Accordingly, we considered 

a 0.41 g adult male, 0.82 g adult female, and a 0.6 g adult zebrafish (average of male and female) 

for our model-based parameter evaluation. 

Tissue Volumes 

Although the volume of a particular tissue is a relatively basic property, a wide variety of 

methods for estimating volume has been used in the literature, including planimetry, paper 

weighing, lineal analysis, random point analysis, biomolecular imaging, water displacement 

volumetry, tape measurements, and CT or MRI scans.105,514–517 Here we present available estimates 

for zebrafish tissues by different techniques, and summarize the collected values (including ranges, 

where appropriate) for our representative male, female, and average adult zebrafish in Table S2. 

For most of the tissues considered, no direct measurements were available, and values were 

estimated based on other properties, such as weight of tissues. Final values of all volumes used in 

the model are listed in Table S2. 

Liver 

Örn et al. (1998) measured the liver weight of adult female zebrafish as equal to 4.3 mg, which 

represents 1.83% of the total zebrafish body weight.106 More recently,105 indicated that liver weight 

is ∼2.10% and ∼4.51% of total male and female zebrafish body weights, respectively. Based on 

the Cheng et al. (2016) study, we calculated the liver weight as a fraction of body weight for male, 
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female, and adult zebrafish, as equal to approximately 0.008 g, 0.036 g, and 0.019 g, respectively.105 

If we instead use the Örn et al. (1998) estimate, the liver weight would be 0.007 g, 0.015 g, and 

0.01 g for male, female, and adult zebrafish, respectively. Based on this weight, we can either 

calculate the volume of the liver by assuming fish density equal to 1 g/ml. Cheng et al. (2016) also 

estimated directly the volume of adult zebrafish liver as 0.535mm3
.
105  

Biliary system  

For the bile volume, we found only an estimate of the zebrafish biliary system volume from 

the Cheng et al. (2016) study, which states that 18% of the zebrafish liver volume comprises the 

biliary system. In our model, we used the same value for both genders, based on this 18% value 

and on the directly estimated volume of adult zebrafish liver (Table S2). 105  

Muscle 

Johnston et al. (2011) reported that muscle tissue represents 60% of the total adult zebrafish 

body weight.107 Similar to the liver compartment (assuming fish density equal to 1 g/ml) the volume 

of the muscle compartment was estimated as 0.36 ml, 0.49 ml, and 0.24 ml for adult, female, and 

male, respectively.  

Kidney 

We estimated the volume of the kidney based on the volume of the glomerulus. According 

to McCampbell et al. (2015), adult zebrafish at 6 months have approximately 450 nephrons (each 

nephron has one glomerulus).108 Accordingly, there are 450 glomeruli in the kidney of adult 

zebrafish. Zhou and Hildebrandt (2012) determined that one glomerulus contained 42 podocytes 

and the volume of each podocyte is 7709 µm³.109 Consequently, we calculated the volume of kidney 

to be 1.46 × 10-4  ml for adult zebrafish.  

Adipose 
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 The volume of adipose was extracted from the control group of the Hasumura et al. (2012) 

experiment for male and female zebrafish.110 Based on their study, a male zebrafish with a weight 

of 342.5 mg has 0.81 mm3 adipose, and a female with the weight of 363.6 mg has 2.8 mm3 adipose. 

These values were converted based on the weight of male and female zebrafish used for our model-

based evaluation; the average of the values was considered for adult zebrafish.   

Blood 

The blood volume was extracted from Zang et al. (2013).104 Based on their results, the mean 

maximal blood volumes collected from male and female zebrafish were approximately 9 and 17 µl, 

respectively. We applied the data as a blood volume in our study for different genders and used 

their average for adult zebrafish in our model. 

Table S2. Volume of different compartments (ml) 

Compartment Male Female Adult 

Liver 5.53 × 10-4- 8 × 10-3 5.53 × 10-4 - 0.036 5.53 × 10-4- 0.019  

Muscle 0.24 0.49 0.36 

Kidney 1.46 × 10-4 1.46 × 10-4 1.46 × 10-4 

Adipose 1.02 × 10-3 6.32 × 10-3 3.67 × 10-3 

Blood 9 × 10-3 17 × 10-3 13 × 10-3 

Bile 9.95 × 10-5 9.95 × 10-5 9.95 × 10-5 

 

Appendix A.1.3 Volume of Interstitial Fluid Compartments 

We have not found any specific data for the interstitial fluid volumes of different zebrafish 

tissues. To estimate the volume of interstitial fluid sub-compartments, we applied the scaling factors 
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reported by Buschnell et al. (1988) for trout, converted to an estimate for zebrafish using the ratio 

of the zebrafish and trout body weights.94 They labeled and used EDTA ([58Co] EDTA) as an 

indicator of the extracellular compartment. Based on the Buschnell et al. (1988), volume of 

interstitial fluids relative to the weight of organ tissues were estimated for liver, kidney, muscle, 

and adipose of rainbow trout (VF/WT, ml/g) 0.283, 0.672, 0.054, and 0.174, respectively.94 

According to these scaling factor the interstitial fluid volumes of liver, muscle, kidney, and adipose 

were estimated for the model (Table S3).  

Table S3. Interstitial fluid volume of different compartments (ml) 

Compartment VF/WT based on 

Buschnell et al. (1988)94   

Male Female Adult 

Liver 0.283 1.7 × 10-3 4.24 × 10-3 2.83 × 10-3 

Muscle 0.054 0.013 0.026 0.019   

Kidney 0.672 1.38 × 10-3 2.39 × 10-3 1.81 × 10-3 

Adipose 0.174 1.77 × 10-4 1.09 × 10-3 6.38 × 10-4 

 

Appendix A.1.4  Surface Area of Compartments 

In addition to the interstitial fluid volume and tissue volume, the surface area of each 

compartment also plays a significant role in controlling the rate of inter-compartment chemical 

exchange.61Unfortunately, there are no available data in literature for zebrafish tissue surface areas. 

Therefore, we derived these estimates based on substantial simplifications. 

Liver 
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Based on the assumption that the important space to estimate blood-to-compartment 

exchange is the total surface area of the capillary bed, and also by considering the information 

described by Soldatov (2006), we calculated the liver surface area according to an estimate of 

capillary surface area.111 This estimate was based on the only available data for the dimensions of 

red muscle and white muscle capillaries used by Ng and Hungerbühler (2013), and described in 

detail in their paper.61,111 Soldatov (2006) indicated that in red muscles, capillaries are shorter and 

thinner (diameter of 9 – 13 µm, length of 470–770 µm), while in white muscles, on the contrary, 

they are longer and wider (diameter of 50–73 µm, length of 890–1300 µm).111 We used the average 

of these dimensions to calculate the area and volume of a single capillary, assuming cylindrical 

geometry. After that, we used the blood volume in liver of zebrafish to calculate the total number 

of capillaries. The surface area of liver for male, female, and adult zebrafish was then calculated 

based on the total number of capillaries and the surface areas of a single capillary (Table 7). 

We could not find the blood volume of other compartments. Consequently, we had to 

change the method for surface area estimation of other compartments. We found the diameter of 

one cell of each tissue (e.g. glomerulus, hepatocyte, adipocyte, and muscle fiber to estimate the 

surface area of kidney, liver, adipose, and muscle, respectively). The volume of each cell was then 

estimated by assuming a spherical shape for hepatocytes, glomeruli, and adipocytes, and a 

cylindrical shape for muscle fiber.518 In the next step, the number of cells in each tissue was 

estimated by dividing the volume of each tissue by the volume of the corresponding cell (e.g. 

volume of liver/volume of hepatocyte). Then, the surface area of each tissue was calculated by 

multiplying the surface area of one cell by the total number of cells in the tissue. These surface 

areas take into account the entire tissue, rather than only those in contact with blood vessels, and 

are therefore likely substantial overestimates of the surface areas for blood-tissue exchange. 
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Kidney 

As described, we calculated the volume of kidney based on the volume of glomerulus. This 

volume estimate corresponds to a glomerular diameter of 85 µm, which is close to the average 

estimation of other studies, 75 µm.112,519 Finally, the surface area of kidney was calculated as 

follows: 

450 (number of glomerulus) × 4𝜋r2 = 0.103 cm2 

The same value was considered for adult, male, and female of zebrafish. 

Muscle 

In order to estimate the surface area of the muscle compartment, it was assumed that muscle 

fiber has a spherical shape and the average diameter of one fiber is around 20 µm in zebrafish.113 

The number of fibers in muscle tissue was calculated by dividing the volume of muscle to the 

volume of one fiber. Then, we estimated the surface area of muscle by multiplying the total number 

of fibers by the surface area of one fiber.  

Adipose 

Moreover, similar to muscle and kidney, we found the average diameter of adipocytes and 

hepatocytes to be 35 and 17 µm in zebrafish, respectively.105,114 Next, the surface area of liver and 

adipose tissues was calculated by assuming the spherical shape of the cells.   

Gallbladder 

Grosel et al. (2000) found the surface area of the gallbladder in rainbow trout to be 11 

cm2/kg.115 Accordingly, we calculated the surface area of gallbladder for the zebrafish based on 

their relative weights. This surface area was used to model passive diffusion between liver and bile. 

Gill 
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We could find neither the surface area of zebrafish gills nor the diameter of the gill lamellae 

in literature. Therefore, we decided to estimate that by using the ratio of surface area of liver to the 

surface area of gill from61 study for trout.61 The liver was chosen as a comparison tissue because 

we had higher confidence in our value of liver surface area than other tissues for zebrafish. Ng and 

Hungerbühler estimated the surface area of liver and gill as 16 and 71 cm2, respectively. Therefore, 

we multiplied the estimated liver surface area for zebrafish by 4.43 (gill/liver surface area ratio) to 

obtain the gill surface area.  

The surface area of each compartment is presented in Table S4. 

Table S4. Surface area of different compartments (m2) 

Compartment Male Female Adult 

Liver 1.9 × 10-4 1.9 × 10-4 1.9 × 10-4 

Muscle 0.07 0.14 0.11  

Kidney 1.03 × 10-5 1.03 × 10-5 1.03 × 10-5 

Adipose 1.74 × 10-5 1.08 × 10-3 6.28 × 10-4 

Gill 8.59 × 10-4 8.59 × 10-4 8.59 × 10-4 

Gallbladder  4.51 × 10-3 9.02 × 10-7 6.6 × 10-7 

 

Appendix A.1.5 Blood Perfusion Rate and Water, Blood, and Biliary Flow Rates 

In order to estimate the blood perfusion rate in different compartments, we employed the 

results of the Barron et al. (1987) and Nichols et al. (1990) studies88,93 for rainbow trout. Barron et 

al. (1987) reported that total hepatic blood flow is equal to 2.9% cardiac output.93 Moreover, based 

on Nichols et al. (1990) the contribution of cardiac output to kidney, muscle and adipose blood flow 
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was assumed to be 5.6 %, 25.2 %, and 8.2 %, respectively.88 The calculated blood perfusion rates 

for each compartment are shown in Table S5. 

For the blood flow rate, we used the estimation of 11.1 μl/min from the Péry et al. (2013) 

study for 0.5 g zebrafish.95 Thus, the blood flow rate estimation in our model was 19.18, 26.21, and 

13.1 ml/day for adult, female, and male, respectively (see Table 1). Since we could not find a 

specific value for biliary flow rate, we employed the results of Schmit and Weber (1973) for trout 

(Table 1)116 The estimated value for adult, male, and female are 1.44 × 10-3, 1.96 × 10-3, and 9.84 

× 10-4 ml/day, respectively. Péry et al. (2013) estimated the gill ventilation rate for 0.4 g adult 

cyprinid to be 0.55 mL/min at 27 °C.95 We converted this value based on the weights of male, 

female, and adult zebrafish in our model. The final values used for blood perfusion rate of each 

tissue in our model are listed in Table S5.  

Table S5. The blood perfusion rate of compartments (ml/day) 

Compartment Male Female Adult 

Liver 0.38  0.65   0.55  

Kidney 0.73  1.46  1.07  

Muscle 3.30  6.60 4.83  

Adipose 1.07 2.14  1.57  

 

Appendix A.1.6 Protein-Related Parameters 

Tissue-Specific Protein Concentrations 

Zebrafish has no albumin, dissimilar to human plasma where the albumin is the most 

abundant protein.167 In the model, it was assumed that other proteins, probably apoliproproteins, 
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perform the same role as albumin.97 As an upper bound, we considered total protein concentrations 

in plasma, which was reported to be 37.7 mg/ml in males and 53.1 mg/ml in females.97 For adult 

zebrafish, we used the average protein concentration in plasma of both sexes. Because the value of 

total protein concentration in plasma was in the unit of mg/ml, it needs to be changed to mol/ml 

based on the model. Thus, based on the Li et al. (2016) study, we calculated the mean molecular 

weight of proteins in zebrafish plasma in order to convert protein concentrations to units of mol/ml 

for calculations of PFAA-protein binding97 According to Londraville and Sidell (1996), we 

estimated the concentration of FABPs in liver tissues as approximately 0.05 mmol/L 117. Due to 

lack of data, we reviewed both general mammalian and human-focused literature to find the 

concentrations of albumin in interstitial fluid of different compartments. It was shown that the 

concentrations of albumin in interstitial fluid of the liver is half of available albumin in plasma.118,167 

Thus, we assumed the same ratio in the model, and assume the same value for both liver and kidney. 

To estimate the concentrations of proteins in interstitial fluid of adipose and muscle, the 

concentration of total protein in the plasma of zebrafish was multiplied by the ratio of 

concentrations of albumin in human interstitial fluid (adipose and muscle) and human serum.120 

The concentrations of proteins in different compartment are shown in Table (2).   

Equilibrium Association Constants 

Equilibrium association constants 𝐾𝐴
𝑃 and 𝐾𝐴

𝐹𝐴𝐵𝑃are used in our model to describe binding 

of PFAAs to proteins in plasma and interstitial fluid and to FABPs in liver. Albumin constitutes at 

least half of the proteins in plasma in mammals and is considered an important sink for 

PFAAs.97,395,520  Although there is no albumin in zebrafish, probably the apoliproprotein A-Ib (about 

20% of total plasma proteins in both genders) and other proteins, including vitellogenins, egg yolk 

precursor proteins which are not observed in human plasma, and hemopexin, perform the same role 
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as albumin in plasma.97 FABPs are abundant in many tissues and have been detected in zebrafish 

and other fish.419,521–523 As we could not find fish-specific equilibrium association constants for 

plasma proteins, we used as a first estimate albumin binding constants for PFOA. 

However, reviewed papers related to mammals 98,122–124 proposed very different values for 

albumin association constants (from 102 to106 M-1), for a small number of binding sites, based on 

different methods (Table S7). The concentration of PFOA in plasma can explain some of this 

variability. Experiments have shown that the affinity of PFOA-albumin association can increase at 

lower concentrations of PFOA. On the other hand, the saturation of binding sites can occur when 

the concentration of PFOA in plasma exceeds the availability of specific binding sites, and 

consequently a larger number of low affinity binding sites will be occupied.524 Researchers have 

reported Kalb by using different methods, including electrospray ionization, fluorescence, nano-ESI-

MS, and equilibrium dialysis. The relative sensitivity of different methods can thus also contribute 

to observed variability in measured binding affinity. 
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Table S7. The summary of available methods and values for Kalb 

 

 

For PFOA binding to FABPs, we utilized the study by Woodcroft (2010) and Zhang et al. 

(2013) to estimate association constants (see Table 1 in main text).125,126 

Appendix A.1.7 Protein-Mediated Hepatobiliary Circulation 

Enterohepatic circulation of PFOA has been reported in zebrafish as an important excretory 

pathway.76 Thus, we consider the hepatobiliary circulation and its role in bioconcentration of PFOA 

in our model. The hepatobiliary transport of substances from blood to bile involves three steps 

(Figure S1). First, hepatocytes at the sinusoidal membrane take up various substances from blood. 

This is followed by intercellular transport and metabolism. Finally, transport of metabolized 

substances occurs across the apical membrane of hepatocytes into the biliary system.525. Moreover, 

the critical role of various membrane transporters has been identified in mammals.526,527 It has been 

suggested that PFAAs are reabsorbed from the bile back to blood in mammals. However, no data 

were available for zebrafish, thus we did not consider the reabsorption of PFOA, and assume PFOA 

Method Value for Kalb Reference 

Electrospray Ionization MS. 19F 

NMR 

3.7 × 10-M-1 98 

HSA, Fluorescence 3.7 × 103M-1 124 

HSA, Fluorescence Sudlow site ɪɪ, 40.7 × 103M-1 122 

BSA, Fluorescence 74 × 103 M-1 124 

SA, nano-ESI-MS 460 × 103M-1 123 

BSA, Equilibrium Dialysis 5500 × 103 M-1 123 
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is excreted from the bile with a rate that depends on the biliary flow rate and bile concentration of 

PFOA, QBiCBi. 

 

 

Figure S1. PFOA uptake and elimination in hepatocytes by active transport and passive diffusion 

 

To the best of our knowledge, there was no study conducted to measure the transport of 

PFAAs via enterohepatic circulation in fish. Therefore, we used the results of Zhao et al. (2015) for 

the rat.121 They investigated the role of transporters in enterohepatic circulation of perfluorooctane 

sulfonate (PFOS), perfluorohexane sulfonate (PFHxS), and perfluorobutane sulfonate (PFBS). 

Given the similarity in structure between PFOA and PFOS, the experimental data provided for 

PFOS were used for modeling PFOA. We consider both passive diffusion and active transport 

mechanisms in the hepatobiliary circulation of PFOA. Facilitated transport is considered in the 

liver, where we modeled three competing protein-mediated processes for facilitated transport from 

blood-liver-bile: PFOA is taken up from the blood to the liver with the help of Sodium/Taurocholate 

Co-transporting Polypeptide (NTCP) and Organic Solute Transporter 𝛼/𝛽 (OST𝛼/𝛽),121 and 

removed by the apical sodium-dependent bile salt transporter (ASBT) from the liver to bile (Figure 

S1). NTCP and OST𝛼/𝛽 are located in the sinusoidal membrane of hepatocytes and are known to 

have a direct role in transporting PFAAs from blood to liver. It is known that the bile efflux 
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transporters breast cancer resistance protein (BCRP) and multidrug resistance protein 2 (MRP2), 

located on the canalicular membrane, interact with PFAAs.528 These transporters facilitate the 

excretion of xenobiotics from liver into bile. However, we could not find any studies measuring the 

transport of PFAAs from liver to bile duct. In order to use the result of Zhao et al. (2015), we 

assumed that ASBT, located in the apical membrane of gut, has the similar role as BCRP and 

MRP2.121 We therefore estimated PFOA elimination kinetics by BCRP and MRP2 from liver to 

bile using ASBT data. 

PFOA is removed from the liver to bile (with rate constant bclear) and is transported from 

blood to liver (with rate constant buptake). The uptake rates for transporters were converted from 

mol/mg protein/min to first-order uptake and clearance rate constants, b clear and b uptake (Table S8). 

This conversion required the total protein concentration in liver of zebrafish, which we found to be 

11.65 µg/mg and 13.45 µg/mg in male and female zebrafish, respectively.529 The average value of 

protein concentration for the two genders was used as the adult protein concentration in liver. 

Transport kinetics for the uptake and clearance of PFOA in the liver are shown in Table S8.  
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Table S8. Flux (J) measured by Zhao et al. (2015) for protein-facilitated uptake and calculated rate 

constants (b) for clearance and uptake used in our model 

* ASBT is used as a surrogate for BCRP and MRP2 

Appendix A.1.8  Passive Diffusion 

Three important processes could control the gill uptake rates of neutral organic chemicals 

from water in fish: ventilation rate (water flow rate across the gills), diffusion (chemical transport 

across the gill membrane), and perfusion (blood flow rate across gills).61 Passive diffusion of 

PFAAs across membranes has been previously reported.81,530,531 In this model, we assume that 

passive diffusion of PFOA across cell membranes in the gill of zebrafish (where fatty acid 

metabolism is not important like other tissues such as gut and liver)532,533 is the main pathway for 

uptake of PFOA from water. In other compartments including liver, adipose, muscle, and kidney 

passive diffusion occurs between blood and interstitial fluid and between interstitial fluid and 

tissues. Moreover, we considered both passive diffusion and active transport between blood and 

liver and between liver and bile. In order to measure the passive diffusion, we employed the method 

applied by Ng and Hungerbühler (2013) based on the empirical study of Weaver et al. (2010) to 

determine the effective permeability of cell membranes (Peff) to PFOA.61,81 This results in an 

estimate of Peff of 1.13 × 10-9 m/s. For more information see Ng and Hungerbühler (2013).61  

 J (mol/mg protein/min) 𝑏Uptake (s-1) 𝑏Uptake (s-1) 𝑏clear (s-1) 

NTCP OST𝛼/𝛽 ASBT* 𝑏OST𝛼/𝛽(s-1) 𝑏NTCP(s-1) 𝑏ASBT(s-1) 

Male 0.1 × 10-9 0.25 × 10-9 0.03 × 10-9 5.5 × 10-6 2.14 × 10-6 7.64 × 10-6 6.42 × 10-7 

Female 0.1 × 10-9 0.25 × 10-9 0.03 × 10-9 6.3 × 10-6 2.47 × 10-6 8.77 × 10-6 7.42 × 10-7 

Adult 0.1 × 10-9 0.25 × 10-9 0.03 × 10-9 5.93 × 10-6 2.3 × 10-6 8.23 × 10-6 6.92 × 10-7 
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It is generally assumed that at steady state the concentration of organic chemicals in the 

body of fish relative to their concentration in water is the same as the ratio of their uptake and loss 

rate constants.61 We assumed this applies for the passive diffusion component of PFOA transfer. 

Thus, by considering the steady-state cell-water concentration ratio (𝐶𝑅𝑆𝑆
𝐶−𝑤) from the passive 

diffusion measurements of Weaver et al. (2010), we could estimate relative rates of uptake and loss 

via passive diffusion for each tissue, in the same manner as Ng and Hungerbuhler 2013.61,81 Table 

S8 lists the parameters associated with passive diffusion of PFOA. 

Table S9 lists the parameters associated with passive diffusion of PFOA in zebrafish. 

 
Table S9. Parameters associated with PFOA uptake and loss via the gills 

 

 

 

 

 

 Peff  (m/s) 𝑪𝑹𝑺𝑺
𝑪−𝒘 kW-B (m3/s) kB-W (m3/s) 

Model Male 1.13 × 10-9 1.62 9.7 × 10-13 5.99 × 10-13 

Female 1.13 × 10-9 1.62 9.7 × 10-13 5.99 × 10-13 

Adult 1.13 × 10-9 1.62 9.7 × 10-13 5.99 × 10-13 
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Appendix B Supporting Information for Chapter 3.0 

 

Appendix Table B1. Dialysis material extraction and sorption results. 

Material 

Extracts 

PFBA PFHxA PFHpA PFOA PFNA PFBS PFHxS PFOS Surrogate 

Recovery 

Collection 

tube 

<LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 89% 

Recover 

tube 

<LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 90% 

Dialysis 

membrane 

<LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 89% 

Dialysis cap <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 91% 

Sorption to 

Materials 

PFBA PFHxA PFHpA PFOA PFNA PFBS PFHxS PFOS 
 

2000 ng/L 
Spike 1 

5700 2700 3200 3300 2600 2600 2030 2700 
 

2000 ng/L 

Spike 2 

2500 1500 2100 2600 1900 1700 2600 2400 
 

          

% Recovery 
1 

285% 135% 160% 165% 130% 130% 101% 135% 
 

% Recovery 

2 

125% 75% 105% 130% 95% 85% 130% 120% 
 

 

 

Molecular dynamics method for PFAS-protein affinity screening 

   A previously developed molecular dynamics (MD) workflow214 was used to estimate protein 

binding affinities (free energy of binding, ΔGbind), which were subsequently translated to 

dissociation constants. Briefly, the workflow consists of three major steps: molecular docking, 

MD simulation, and molecular mechanics combined with Poisson-Boltzmann surface area 

(MM-PBSA) energy calculation.214 The MM-PBSA method534 was used to calculate ΔGbind as 

follows: 

ΔGbind = GComplex − GProtein −  GPFAS 
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where GComplex, GProtein, and GPFAS are the free energies of the protein-PFAS complex, the 

protein, and the PFAS ligand, respectively. The energy terms were calculated using the 

MMPBSA.py program in AMBER 14. The calculated ΔGbind values were then translated into 

equilibrium dissociation constants (KD, with units of μM) using the following equation: 535,536 

ΔGbind = RTln (KD / C0) 

where R is the gas constant (1.987 cal K-1 mol-1), T is temperature (which is assumed to 

be 300 K), and C0 is the standard state concentration (1 M). All simulations were carried out on an 

AMBER GPU Certified molecular dynamics workstation (Exxact Corporation, CA).  

Material Extractions for Sorption Quality Control  

Dialysis filters and vials (Appendix Figure B1) were extracted according to Robel et. al. 

(2020). Briefly, items were cut into 4.0 ± 0.5 cm2 pieces with methanol rinsed scissors. Materials 

were extracted by submerging with 3.3 mL of heated methanol (60−65°C), shaking on a wrist-

action shaker for 10 min, centrifuging at 2808 g for 10 min, and then collecting the supernatant a 

secondary centrifuge tube. This process was repeated two additional times with each round’s 

supernatant collected in the same secondary tube, yielding a 9.9 mL extract. Extracts were brought 

to a final volume of 10 mL with additional methanol. 

  

Appendix Figure B1. Equilibrium dialysis setup with materials used (dialysis filters and vials) shown. 

 



 121 

Material extracts were prepared for analysis as follows: 1) 60 μL aliquots of extract were 

placed in 1.5 mL HDPE autosampler vials, 2) each vial was spiked with 0.72 ng of isotopically 

labeled standards, 3) vials were diluted with methanol to a final volume of 1.2 mL. In order to assess 

sorption to the dialysis filters and vials, a spike and recovery experiment was performed. Filters and 

vials were equilibrated on a shaker for 24 h with 1.5 mL of 500 ng/L of native PFASs (Appendix 

Table B2) in water. The spiked water was removed and extracted utilizing the micro liquid-liquid 

extraction technique described by Backe et. al.179 and modified by Barzen-Hanson et al.537 

 

Appendix Table B2. Matrix of Selected Protein-PFAS combinations for batch analysis. 

PFAS L-FABP I-FABP PPAR-α PPAR- PPAR-δ 

PFBA     X   X 

PFHxA X   X     

PFHpA   X X     

PFOA X     X   

PFNA   X X     

PFBS X       X 

PFHxS X       X 

PFOS X     X X 

 

 

Molecular dynamics results for PFAS-protein affinity screening 

After the serum albumins, L-FABP is probably the most-studied protein for binding with 

After the serum albumins, L-FABP is probably the most-studied protein for binding with PFAS, 

both experimentally and using molecular modeling tools.191,195,202,538 The focus on this particular 

fatty acid binding protein is driven in large part by observations of high accumulation of long-chain 

PFAS in liver tissue.190 Existing literature shows a strong increase of binding affinity between PFAS 

and L-FABP up to a carbon chain length for PFCAs of 11, after which it levels off. In our previous 
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modeling study,214 which established the MD framework used here, PFHxA was the only short-

chain PFCA predicted to bind strongly with L-FABP, but was a clear outlier in the chain length 

relationship. Here we increased the simulation time in order to sample a greater number of 

conformations, thus improving our predictions. The updated predictions for all PFCAs now fall in 

line with the expected chain length trend (Figure 7). The strongest binding was predicted for PFOA, 

PFNA, and PFOS. Among the short-chain PFAS, binding was strongest for PFBS.  

There are no published experimental or modeling studies for PFAS binding with other fatty 

acid binding proteins, precluding comparisons with our evaluation of I-FABP. Our MD results 

indicated strongest I-FABP binding affinities for PFHpA and PFNA among the carboxylates 

(Figure 7C), while binding between I-FABP and all sulfonates was predicted to be weak, with no 

chain length trend and little difference in KD among them (Figure 7D). This emphasizes the point 

that PFAS-protein binding affinity is not determined exclusively by PFAS chain length; protein- 

and PFAS-specific attributes determine binding affinity and should be considered individually. 

The relationship between binding affinity predicted by MD and chain length is even weaker 

for the PPARs (Figure 6). In some cases, simulations predict similar or stronger binding for short-

chain PFAS than for long-chain PFAS. For example, among the PFCAs, PPAR-α (Figure 6A) is 

surprisingly predicted to bind most strongly with PFBA. For the remaining PFCAs all binding 

affinities are relatively weak and overlapping, with KD values higher than those considered 

biologically relevant. In comparison, binding with PFSAs is predicted to be relatively stronger, 

though without a chain length dependence; PPAR-α is predicted to bind equally well with PFBS 

and PFOS and less strongly with PFHxS (Figure 6B).  

Previous studies found mixed evidence of PPAR-𝛾 activation by PFOA and PFOS. Takacs 

and Abbott 539 found no evidence of PPAR-𝛾 activation by either PFOA or PFOS (in contrast with 
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PPAR- α), while Vanden Heuvel et al.540 found that PFOA and PFOS were at least partial activators 

of PPAR- 𝛾, but with lower activity than PPAR alpha. Finally, Buhrke et al.541 found PFOA 

activated PPAR- 𝛾 in primary human hepatocytes. The predicted binding affinities for PPAR-𝛾 with 

both PFCAs and PFSAs (Figure 6C and D) were all relatively weak and about the same except for 

PFNA and PFOS, which were the only ones predicted to have moderate to strong binding 

(geometric mean KD ≤ 1μM). Finally, the binding affinities predicted for PPAR-δ were strongest 

for PFPeA among the PFCAs, but all were in the micromolar and larger range (Figure 6E). For 

PFSAs, binding was predicted to be only slightly stronger, with essentially no difference in 

predicted binding affinities among PFSA chain lengths (Figure 6F). 

 

 

Appendix Figure B2. Decision tree for the inclusion of the equilibrium dialysate concentrations for the 

regression analysis. 
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Appendix Figure B3. Equilibrium dialysis results for binding affinity of PFBA (A) and PFHpA (B) with PPAR–

α at normal experiment with pH = 7.4 and ionic strength = 18.1 mS/cm. The negative result for PFHpA indicates 

no KD could be ascertained from these data. PFHpA may have been lost from the system due to non-specific 

interactions that were not due to the protein or there was a problem with the analysis of PFAS in the dialysate. 

 

Appendix Figure B4. Equilibrium dialysis results for binding affinity of PFOA (A) and PFOS (B) with PPAR– 

𝛾 at normal experiment with pH = 7.4 and ionic strength = 18.1 mS/cm. 
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Appendix Figure B5. Equilibrium dialysis results for binding affinity of PFOS (A) and PFBS (B) with PPAR–δ 

at normal experiment with pH = 7.4 and ionic strength = 18.1 mS/cm. 
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Appendix Figure B7. Equilibrium dialysis results for binding affinity of PFHpA with I-FABP at normal 

experiment with pH = 7.4 and ionic strength = 18.1 mS/cm. 
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Appendix Figure B8. Comparison of reported KD (± SE) values from literature for human serum 

albumin.47,192,194,208,210,211,215,542–544 
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Appendix Figure B9. Comparison of reported KD (± SE) values from literature for bovine serum albumin. 

194,205,210,215,545,546 
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Appendix Table B3. Comparison of methods HSA, BSA, RSA, and fish serum protein. 47,194,205,207–211,215,542–547 
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Appendix Table B4. Comparison of methods HSA, BSA, RSA, and fish serum protein.47,194,205,207–211,215,542–547 
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Appendix C Supporting Information for Chapter 4.0 

 

Appendix Figure C1. The Shannon diversity index for cecum and feces samples following PFMOBA exposure. 

CPEX0: pre-exposure group at day 0; CPEX1: pre-exposure group at day 15; CH: control for high dose group 

at day 0; HD: high dose group after 15 days of exposure. 
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Appendix Figure C2. The Pielou’s evenness index for cecum and feces samples following PFMOBA exposure. 

CPEX0: pre-exposure group at day 0; CPEX1: pre-exposure group at day 15; CH: control for high dose group 

at day 0; HD: high dose group after 15 days of exposure. 
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Appendix Figure C3. Relative abundance of Acetitomaculum in feces samples of mice after PFMOBA exposure. 

Data are shown as means ± SEM (n = 10-12 each group). Means that do not share a letter are significantly 

different (p < 0.05). 
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Appendix Figure C4. Relative abundance of Anaerovibrio (A), Methylobacterium (B), and Ralstonia (C) in 

cecum samples the feces of mice after PFMOBA exposure. Data are shown as means ± SEM (n = 10-12 each 

group). Means that do not share a letter are significantly different (p < 0.05). 
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Appendix D Supporting Information for Chapter 5.0 

Appendix Table D1. Details of sampling during the experiment. 

 Initial 

number 

of fish 

(M:F) 

First sampling: Day 1 Second sampling: Day 7 Third sampling: Day 14 Last sampling: 

Day 30 

Number of 

fish sampled 

(M:F) 

Remaining 

fish (M:F) 

Number of 

fish 

sampled 

(M:F) 

Remaining 

fish (M:F) 

Number of 

fish 

sampled 

(M:F) 

Remaining 

fish (M:F) 

Number of fish 

sampled (M:F) 

Tank A* 9:7 2:2 7:5 2:2 5:3 2:2 3:1 3:1 

Tank B 9:7 2:2 7:5 3:1 4:4 2:2 2:2 2:2 

Tank C 9:6 3:1 6:5 2:2 4:3 3:1 1:2 1:2 

Tank D 9:7 2:2 7:5 2:2 5:3 2:2 3:1 3:1 

Tank E 9:7 2:2 7:5 3:1 4:4 2:2 2:2 2:2 

Tank F 9:6 3:1 6:5 2:2 4:3 3:1 1:2 1:2 

Tank G 9:7 2:2 7:5 2:2 5:3 2:2 3:1 3:1 

Tank H 9:7 2:2 7:5 3:1 3#:4 2:2 1:2 1:2 

Tank I 9:6 3:1 6:5 2:2 4:3 3:1 1:2 1:2 

*
Tank A-C: High Dose; Tank D-F: Low Dose; Tank G-I: Control (fish from tanks receiving same treatments were pooled 

to obtain sufficient RNA). 
# One male mortality was recorded at the third day of experiment. 

 

 

Appendix Table D2. Details of sampling during the experiment. 

 

Target gene Accession no. Unique Assay ID (Bio-Rad) Primer efficiencies (%) 

Male Female 

b-actin1 AF057040 qDreCED0020462 98 103 

fabp1a NM_001044712.1 qDreCID0004971 91 90 

fabp2 NM_131431.1 qDreCID0012073 97 99 

fabp10a NM_152960.1 qDreCID0012041 104 95 

hdac6 XM_009303751.2 qDreCID0018604 98 104 

ChAT NM_001130719.1 qDreCED0019094 101 104 

ngf NM_199210.1 qDreCED0018983 106 102 

bdnf NM_001308649.1 qDreCED0019305 98 108 

AChE NM_131846.2 qDreCID0014386 97 92 
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Appendix Table D3. Difference in the expression of FABP genes compared to control. 

a
 a Asterisk indicates a significant difference compared to the control group (p < 0.01)  

 

Appendix Table D4. Difference in the expression of neurological genes compared to control. 

a Asterisk indicates a significant difference compared to the control group (p < 0.01)  

 

 

 

 

 

 

 

 

 

 

 fabp1a fabp10a fabp2 

Liver Intestine Liver Intestine Heart Liver Intestine Heart 
1 7 14 30 1 7 14 30 1 7 14 30 1 7 14 30 7 14 30 1 7 14 30 1 7 14 30 7 14 30 

High 
Dose 

Male  *a * * *  * *  * * * *   * * * * * * * * * * *  * * * * 

Female *  * *   * * * * * * * * *  * * * *   * *  * * * * * 

Low 
Dose 

Male  * * * *   * *  * * *  * *  * * * * *  * *   * * * * 

Female * * * *   * *  * * *   *  * * * * * * * *   * * * * 

 ChAT AChE hdac6 ngf bdnf 
Brain Muscle Brain Muscle Brain Muscle Brain Muscle Brain Muscle 

1 7 14 30 1 7 14 30 1 7 14 30 1 7 14 30 1 7 14 30 1 7 14 30 14 30 14 30 14 30 14 30 

High 

Dose 

Male  *a  *  * * * * *  *   * *      *  *      * * * * 

Female * * *  * * * * * * *  * * *  * *   * *   *  *  *    

Low 

Dose 

Male  *  *  * * * * *  *  *  *  * * * * *  * * *  *  * * * * 

Female * *   * * * * * *   * *   * * * * * * *  *  *      
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Appendix Figure D1. Determination of real-time PCR efficiencies of b-actin1, fabp1a, fabp2, fabp10a, hdac6, 

ChAT, ngf, bdnf, and AChE primers for male zebrafish (mean ± SE; n = 3 biological replicates). 
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Appendix Figure D2. Determination of real-time PCR efficiencies of b-actin1, fabp1a, fabp2, fabp10a, hdac6, 

ChAT, ngf, bdnf, and AChE primers for female zebrafish (mean ± SE; n = 3 biological replicates). 
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