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Abstract 

Perfluoroalkyl substances (PFAS) have received a great deal of attention due to the ubiquitous 

occurrence and persistence in the environment, resistance to degradation, and biological 

accumulation in wildlife and humans. PFAS are being detected around the globe, raising 

concerns regarding the toxicity and health risks to humans. Studies have shown that 

environmental toxicants, including PFAS, can interact with transporter proteins involved in 

the absorption and distribution, as well as detoxification, of drugs, xenobiotics and other 

toxicants. In this study, the effects of PFAS of different carbon chain lengths, perfluorooctane 

sulfonic acid (PFOS), perfluorohexane sulfonic acid (PFHxS) and perfluorobutane sulfonic 

acid (PFBS), on the activity of P-glycoprotein (P-gp) were investigated using the Caco-2 cell 

line model. Additionally, it was investigated whether PFOS, PFHxS and PFBS cross the 

Caco-2 cell monolayer. Two known P-gp substrates, quinidine and verapamil, were used to 

inhibit P-gp in Caco-2 cells, to examine whether PFOS, PFHxS and PFBS might be substrates 

of P-gp. No interaction between the tested compounds and digoxin were observed, suggesting 

that these individual PFAS did not modulate the activity of P-gp. Nevertheless, it was 

observed that PFOS, PFHxS and PFBS crossed the Caco-2 monolayer. Inhibition of P-gp by 

known inhibitors caused a slight decrease in the rate of PFOS and PFHxS, but not PFBS, in 

the apical to basolateral direction and in the basolateral to apical direction, suggesting that 

active uptake and efflux might be involved in the transport of PFOS, PFHxS, but not PFBS, 

across the Caco-2 monolayer.   
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PFAS  Per- and polyfluoroalkyl substances 

PFCAs  Perfluorocarboxylic acids  

PFSAs  Perfluorosulfonic acids 

PFOS  Perfluorooctane sulfonic acid 

PFOA   Perfluorooctane carboxylic acid 

PFHxS  Perfluorohexane sulfonic acid 

PFBS  Perfluorobutane sulfonic acid 

PFNA  Perfluorononane carboxylic acid 

PFDA  Perfluorodecane carboxylic acid 

PFUdA  Perfluoroundecane carboxylic acid 

ABC  ATP-binding cassette  

ATP  Adenosine 5’-triphosphate 

TMD  Transmembrane domain 

NBD   Nucleotide binding domain 

POP   Persistant organic pollutant 

P-gp  P-glycoprotein 

MDR   Multidrug resistance 

OATP  Organic anion transporting polypeptide 

AB   Apical to basolateral 

BA   Basolateral to apical 

ER   Efflux ratio 

SEM   Scanning electron microscopy 

TEM   Transmission electron microscopy 

TEER  Transepithelial electrical resistance 
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1 Introduction 

The last decade, per- and polyfluoroalkyl substances (PFAS) have received great amount of 

attention due to their ubiquitous occurrence, persistence in the environment and resistance to 

biological degradation. Some of the analogues have been detected in wildlife and humans 

around the globe and demonstrated toxic properties (1). 

1.1 Per- and polyfluoroalkyl substances 

PFAS have been in production since the 1940s and utilized during manufacture of a wide 

range of products. It is a class of more than 4000 synthetic fluorinated chemicals that consist 

of a hydrophobic carbon chain of varying length with at least one fully fluorinated carbon 

atom and a hydrophilic functional group (1). PFAS have the general chemical structure: 

CnF2n+1-R, and based on the functional group, these can be divided into different groups (2, 

3). The groups perfluorocarboxylic acids (PFCAs) and perfluorosulfonic acids (PFSAs) have 

received most attention, with perfluorooctane carboxylic acid (PFOA) (Figure 1A) and 

perfluorooctane sulfonic acid (PFOS) (Figure 1B) being the most studied compounds. PFAS 

can be both linear and branched in their molecular structure (4). Because of the strong 

covalent bond between carbon and fluorine, PFAS are highly stable – both chemically and 

thermally (5, 6).  

 

Figure 1: Chemical structure of PFOA (A) and PFOS (B). Constructed in Marvin JS. 

A 

B 
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1.1.1 Applications and uses 

Due to the unique physicochemical properties, PFAS are ideal as surfactants and have been 

widely used in commercial products such as non-stick cookware, food packaging, stain- and 

water-proof coating for clothing, furniture and carpets, in cosmetics and hygiene products, as 

well as in fire-fighting foams and in other industrial applications (1, 5, 7-15).  

1.1.2 Concerns regarding environmental distribution 

The extensive use of PFAS and their emission have led to a wide distribution in the 

environment. This wide distribution has been attributed to bioaccumulation and resistance to 

degradation in ecosystems, as the chemical stability makes many PFAS highly persistent in 

the environment (16-20).  

Although the manufacture of fluoropolymers is one of the main sources of environmental 

emission in the northern hemisphere, PFAS are mobile in the environment, and can be 

transported through air and water to remote places, and additionally through animals and 

humans (21). PFAS are lifestyle-related chemicals, and are more present levels in 

industrialized rather than in less-developed areas (1). In countries with no fluoropolymer 

industries, the occurance of PFAS is still common, because of the extensive use of products 

containing these substances, in addition to industrial use of for instance fire-fighting foams 

(22). This results in point sources in populated areas. Thus, there are multiple pathways of 

exposure to PFAS, as depicted in Figure 2. 
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Figure 2: Different pathways of exposure to PFAS. Humans are mostly exposed to PFAS through consumer 

products, dust, ingestion of contaminated food and water, and through the environment. However, it is all 

interrelated with the industry or production site, and waste infrastructure. Figure by Roy Lyså. 

 

Since the early 2000s, many studies have been conducted to measure and understand PFAS, 

especially focusing on single compounds as PFOA and PFOS in the beginning, and later also 

including long-chain PFAS (23-26). Long-chain PFAS refer to perfluoroalkyl carboxylic 

acids with 7 or more perfluorinated carbon atoms and perfluoroalkyl sulfonic acids with 6 or 

more perflouorinated carbons atoms (27). 

The most studied compounds, PFOA and PFOS have been detected globally, even in the 

Arctic (28). In addition to being widely detected in the environment and wildlife, these 

compounds have been detected in human serum from the general population (16, 19, 21, 29-
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35). PFOA and PFOS are however not the only PFASs detected in human serum, other long-

chain PFAS like perfluorohexane sulfonic acid (PFHxS), perfluorononane carboxylic acid 

(PFNA), perfluorodecane carboxylic acid (PFDA), and perfluoroundecane carboxylic acid 

(PFUdA) are also present, and have even been detected in human breast milk (35-37). Higher 

serum concentrations of PFAS are common in individuals involved in PFAS manufacturing 

and individuals living in high proximity to production areas and contaminated areas compared 

to individuals without occupational exposure (38, 39).  

1.1.3 Phaseout 

Long-chain PFAS have been recognised as highly persistent, bioacciumulative, and toxic 

global contaminants of high concern (1, 40). The concerns about persistence in the 

environment and accumulation in organisms has resulted in PFOS and PFOA being phased 

out in many developed countries in the beginning of 2000s, and replaced with shorter chain 

PFAS, which have been shown to be less bioaccumulative (41, 42). PFOA and PFOS were 

added to Stockholm Convention’s list of restricted Persistent Organic Pollutants (POP) in 

2009 and 2019 respectively, while PFHxS is proposed for listing under the Convention (30, 

43). However, little knowledge is available concerning potential health effects of lower 

concentrations of the longer chain PFAS, as well as the potential health effects of the shorter 

chain PFAS in general.  

1.1.4 PFAS and health concerns 

Bioaccumulation and biomagnification in mammals and other top predators, including 

humans, as well as the long half-lives, have raised concerns about the toxicity of PFAS and 

health risks to humans (1). In humans, the half-life of PFOS is several years, but in animals it 

is considerably shorter (37, 44-47). PFAS have been shown to bind to serum proteins, with 

albumin being the major carrier protein (34). Nevertheless, the occurrence of PFAS have been 

confirmed in many tissues of the human organism, such as the brain, liver, lung, bone, and 

kidney (48, 49). In addition to serum, the liver has been shown to be the major target for 

bioaccumulation of PFOS (50-52).  

Although the health effects of PFAS on the general population are little studied, the exposure 

to these has been related to a range of health concerns. Adverse outcomes include disruption 

in the endocrine system where higher serum concentrations of PFNA have been associated 



 

13 

 

with elevated free thyroxine in adolescent and young adults, and exposure to PFOS and 

PFOA has been associated with delay in age of menarche, increased total serum cholesterol 

levels and low-density lipoprotein cholesterol, reduced testosterone levels in men, and 

reduced birth weight when exposed to PFOA utero (5, 19, 34, 53-61). Moreover, several 

animal studies, both in vivo and in vitro studies, have suggested that PFAS exposure may lead 

to adverse health effects in humans, including hepatoxicity, neurotoxicity, reproductive 

toxicity, immunotoxicity, thyroid disruption, cardiovascular toxicity, pulmonary toxicity and 

renal toxicity (48, 50, 62-67). However, the toxic effects and mechanisms are not fully 

understood due to the complexity of the human organism and elimination kinetics of PFAS 

(48). 

The knowledge about the pharmacokinetics and pharmacodynamics of PFAS in general and 

how individual single substances as well as PFAS-mixtures may affect the absorption of 

nutrients or drugs and their transport across biological membranes, is however, limited. 

1.2 Intestinal absorption and transport of molecules across 

biological barriers  

There are multiple pathways of exposure to PFAS, including ingestion of contaminated food 

and drinking water (19). The small intestine is the principle site of absorption of ingested 

compounds, whether they are dietary, therapeutic, or toxic (68). Its surface contains circular 

folds covered with projections known as villi (Figure 3). These villi are covered in intestinal 

epithelial cells whose surface membranes form microvilli, also known as the brush border. 

The presence of these projections significantly increases the surface area of the small intestine 

and thus maximizes its absorptive capacity (69). 
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Figure 3: Structure of the small intestine showing the invaginations covered in villi and intestinal enterocytes with 

microvilli, and transport across intestinal enterocyte, including paracellular passive transport (a), transcellular 

passive transport (b) facilitated or active transport through membrane transporters (c, d, e, f) as well as 

endocytosis (g, h). Figure by Roy Lyså. 

 

Intestinal enterocytes, which are the major cell type in the intestinal epithelium, play an 

important role in the absorption of nutrients and solutes from the intestinal lumen (68, 70, 71). 

The general routes by which orally ingested compounds may be absorbed, are the paracellular 

and the transcellular routes (Figure 3). However, for a compound to be absorbed, it must cross 

biological barriers, including the cell membrane. The cell membrane is a selectively 

permeable barrier and consists of an amphipathic phospholipid bilayer. Whether a compound 

is able to cross the cell membrane depends largely on its molecular size, charge, and lipid 

solubility (72). While water and small nonpolar, molecules can readily diffuse across the 

membrane due to their lipophilic character, polar molecules, ions, macromolecules, and 
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solutes require specialized membrane transporters to facilitate their cellular uptake or 

transport (73). Thus, the selectivity and flexibility of the cell membrane to control the flux of 

substances in and out of the cell, can be attributed to transporter proteins (72). 

There are several ways the absorption of compounds can occur, including passive diffusion, 

carrier-mediated transport, and vesicular transport (Figure 3) (71). Passive diffusion can be 

divided into paracellular and transcellular passive diffusion (Figure 3, a and b) (71). Some 

small hydrophilic ionized compounds may be absorbed by the paracellular route, however, the 

absorption by this pathway is rather low because the tight junctions restrict free movement 

between epithelial cells (68). Lipophilic substances and xenobiotics, on the other hand, might 

undergo passive transcellular absorption or be facilitated by special transporters involved in 

the absorption of nutrients and micronutrients (71).  

 

Transporters are proteins that are embedded in the membrane and may be divided into 

following classes based on their function and phylogeny: Channels and pores, electrochemical 

potential-driven transporters, primary active transporters, group translocators, transport 

electron carriers, accessory factors involved in transport, as well as incompletely 

characterized transport systems (74).  

 

These transporter proteins can be active or passive. The passive transport of substrates occurs 

by facilitated diffusion, where the interaction of the solute with a binding site of the 

membrane transporter moves the solute across the biological membrane. This process does 

not require energy and is driven by the concentration gradient of the solute, however, the rate 

of transport is dependent on the availability of the binding site on the transporter and binding 

capacity of the solute to the transporter (72). Active transporters, on the other hand, utilize 

cellular energy to transport solutes across a biological barrier against the concentration 

gradient, from lower solute concentration to higher solute concentration. Symporters move 

molecules in the same direction, while antiporters transport substrates in opposite directions 

of each other. While primary active transport is dependent on a primary source of chemical 

energy, such as ATP-hydrolysis, to move substrates across a biological membrane, secondary 

active transporters are driven by the electrochemical gradients of the transported molecules, to 

transport these against their concentration gradient (74).  
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The intestinal mucosa contains different transporter proteins like transporters of di- or 

tripeptides, large neutral amino acids, bile acids, nucleosides and monocarboxylic acids, and 

some of these might play a role in the absorption of xenobiotics. Consequently, enterocytes 

also form a selective barrier to xenobiotics (68, 70, 71). Some transporters are influx 

transporters, which bind the molecule from the intestinal fluid on the apical side and 

transports it to the basolateral side of the enterocyte. The H+/oligopeptide cotransporter 

(PEPT1) is an example of an influx transporter and functions as an uptake transporter for 

peptidomimetic drugs (71). Other transporters transport molecules from the cell cytoplasm 

and into the intestinal lumen, which reduces the absorption of the compound. Substances that 

cross the apical membrane might thus be substrates for apical efflux transporters, and be 

extruded back into the lumen (68). P-glycoprotein (P-gp), which is a member of the ATP-

binding cassette transporters (ABC transporters), is known for decreasing the absorption of 

many drugs as it is responsible for the efflux of drugs or xenobiotics out of the cell (71, 75).  

 

Transporters might thus greatly influence the absorption, distribution, metabolism and 

excretion of a number of chemical compounds. Moreover, the specific transport systems that 

are present are important in determining the overall bioavailability and potential toxicity of 

ingested chemicals (68).  

1.3 Efflux mechanisms as barriers to intestinal absorption 

Organisms have several ways of handling with xenobiotics and toxic compounds. The general 

mechanisms of detoxification involve enzymatic modification or cleavage, alteration of 

accessibility to targets, decreased membrane permeability and active efflux by membrane 

transporters (76). The latter system includes P-gp (ABCB1), as well as other proteins of the 

ABC-transporter family. Increased excretion can result in multidrug resistance, which is a 

limitation to cancer chemotherapy, treatment with antibiotics and HIV medication. P-gp, and 

transporters in the subfamilies ABCA, ABCB, ABCC and ABCG, are known to be involved 

in multidrug resistance (77).  

 

ABC transporters proteins belong to the class of primary active transporters. They are 

transmembrane transporters and are a part of the ABC superfamily, which consists of 

structurally related members that have a common intracellular motif that exhibit ATPase 
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activity (78, 79). ABC transporters utilize a primary source of energy, in form of ATP 

hydrolysis, to actively transport a broad variety of substrates against their concentration 

gradient (Figure 4).  

 

 

Figure 4: Cycle of transport for ABCC5. a) The transporter recognizes the substrate. b) Substrate binds to the 

binding site of the transporter and causes conformational change of the transporter. c) Stimulation of ATPases 

results in ATP hydrolysis, where the hydrolysis of the energy-rich phosphate bond releases energy. 

Conformational change of the transporter and opening on the extracellular side is caused by energy release and 

releases the substrate into the extracellular space out from the cell. d) Transporter returns to native state. Figure 

by Roy Lyså. 

 

More than 40 ABC transporters are encoded in the human genome, and these have been 

divided into five different subfamilies based on phylogenetic analysis: ABCA, ABCB, 

ABCC, ABCD and ABCG (80). Members of ABC transporters are involved in a range of 

different functions, among these are uptake of nutrients, transports of ions and peptides, cell 

signaling and the extrusion of xenobiotics and toxic compounds (81). Though every 

transporter has its own substrate specificity, ABC transporters transport a wide range of 

substrates, such as small inorganic and organic molecules, ions, sterol, sugars, amino acids, 

vitamins, lipids, xenobiotics and larger molecules (77, 82). 

 

The functional unit of ABC transporters consists of two ATP-binding domains (nucleotide-

binding domains, NBDs) and two transmembrane domains (TMDs) (Figure 5). 
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Figure 5: General structure of the ABCC-transporter, showing the extracellular transmembrane domains and 

intracellular nucleotide binding domains consisting of walker motifs. Figure by Roy Lyså. 

1.3.1 P-glycoprotein 

P-gp was identified in 1976, and initially described as a 170-kDa surface glycoprotein present 

in ovary cells of Chinese hamster, resistant to colchicine, a natural drug compound (83). P-gp 

was the first characterized human ABC transporter and belongs to the subfamily ABCB. It is 

encoded by the multidrug resistance gene (MDR1), and classified as multidrug resistance-

associated protein 1, or ABCB1 (84). Structurally, P-gp is composed of two ATP-binding 

domains that are located on the intracellular side of the protein. The overall topology is 

divided into transmembrane domain 1 (TMD1) – nucleotide-binding domain 1 (NBD1) – 

transmembrane domain 2 (TMD2) – nucleotide-binding domain 2, as shown in Figure 5. The 

Walker A or phosphate binding loop, and Walker B motifs, are located in the nucleotide-

binding domains, while the transmembrane domains contribute to the translocation events of 

the substrate, including recognition, translocation and release (79). 
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P-gp has a broad substrate specificity and mediates the active transport of a variety of 

unrelated lipophilic and amphiphilic substrates, and often chemotherapeutic drugs (77, 79). 

The overexpression of P-gp in tumor cells can lead to multidrug resistance, which is a major 

obstacle in cancer therapies (85). Modulators of P-gp, which are known to inhibit active drug 

efflux and restore drug sensitivity in multidrug resistant cells are, amongst others, verapamil 

and quinidine (75). P-gp is ubiquitously expressed at lower levels, however, in epithelia in 

several organs and organ systems such as intestinal enterocytes in the gastrointestinal tract, 

hepatocytes in the liver, pancreas, proximal renal tubule in the kidney, in addition to 

endothelial cells of the brain, testes, and adrenal glands, it is expressed at higher levels (75, 

86). Thus, P-gp can effect oral bioavailability, renal clearance, and brain penetration of 

chemicals that are substrates for this transporter (75). 

 

In the gastrointestinal tract, P-gp is located in the apical, or luminal, membrane of the 

intestinal enterocyte, and induces basolateral to apical efflux of xenobiotics. The 

physiological role of P-gp as a detoxifying system has been suggested as it is perfectly 

situated to secrete foreign and potentially toxic compounds and xenobiotics that enter the 

body through ingestion and thereby limit their absorption (44, 75, 87, 88). Compounds 

already in the blood might undergo blood-to-intestinal lumen secretion that is facilitated by 

transporters (68). 

 

Previous studies have suggested that environmental toxicants can interact with transporter 

proteins, such as P-gp (76, 89-95). Toxicants have been shown to be poorly transported, but 

the interaction has led to inhibition of the transporter function. Of concern is that this 

inhibition reduces the efficacy of the transport, sensitizing animals and humans to toxic 

chemicals that would otherwise be subjects for efflux (91). Experimental studies determining 

the effects of environmental toxins on human transporter function is therefore of high 

importance.  

1.4 Cell culture and the Caco-2 cell line  

Human cell cultures are an extensively used technique, which enables studying cellular and 

molecular processes in vitro (96). The initial culture derived from in vivo material is known as 

primary culture (96). Although primary cultures are preferred when studying normal 
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physiology, as they are more similar to the original tissue, their lifespan is rather limited. 

When the growth of the culture progresses beyond the primary culture, it results in a cell line, 

which can provide a renewable source of material for a study (96). Established cell lines are 

widely used in research because of several advantages, such as cost-effectiveness, easy use, 

unlimited supply of material, and pure population of cells which gives reproducible results. 

Cell lines used should thus display and maintain functional features as close to primary cells 

as possible (97). 

The Caco-2 cell line is derived from human epithelial colorectal adenocarcinoma cells and is 

the most common and extensively characterized in vitro model utilized for investigation and 

prediction of intestinal drug absorption (88, 98, 99). Although the cell line has cancerous 

origin as the cells are derived from colon adenocarcinoma, Caco-2 cells have the ability to 

imitate normal physiology and are similar to enterocytes in the small intestine (100).  

Caco-2 cells have the intrinsic ability to undergo spontaneous enterocytic differentiation when 

grown to confluence under appropriate culture conditions. This involves processes like cell 

polarization, formation of tight junctions that separate the apical and basolateral surfaces of 

the plasma membrane, as well as progressive maturation leading to morphological changes 

like the development of the brush-border (100-102). After 21 days in culture, the Caco-2 

monolayer is considered fully differentiated and polarized and portrays functional and 

morphological similarities to normal intestinal enterocytes, with well-developed tight 

junctions and brush border (100-102).  

The Caco-2 cell model is a complex biological model and encompasses the pathways that are 

involved in intestinal absorption, i.e. paracellular and transcellular passive diffusion, carrier-

mediated transport and vesicular transport. This allows the study of absorption mechanisms of 

drugs in controlled conditions (102, 103).  

Fully differentiated Caco-2 cells express brush border enzymes, such as some cytochrome 

isoenzymes and phase II enzymes, and several active transport systems located both at the 

apical and the basolateral compartments, as in the walls of the intestine (86, 102). The active 

transport systems include a range of uptake (PepT1, HPT1, OATP2B1, OCTN2 and OCT1-3) 

and efflux (P-gp, MRP2 and BCRP) transporters (75). Other transport systems expressed in 

the Caco-2 cell line model include MDRP1-6, MCT1 and PepT1 (88).  
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The apparent permeability coefficients determined by the Caco-2 cell line model has shown 

good correlation with the in vivo absorption of orally administered drugs in humans, thus, the 

model has become a gold standard for intestinal permeability research (98). The model is 

widely accepted by both the pharmaceutical industry and by regulatory authorities, and is also 

used to assess the transport of drug candidates and lead compounds (75, 98). Moreover, the 

Caco-2 cell model is also valuable in the identification of substrates or inhibitors of drug 

transporters and can be used to screen conventional drugs and new chemicals for potential 

drug-drug interactions (88, 104). Digoxin is a well-known substrate of P-gp and is often used 

to assess transporter-mediated transport and inhibition of the Caco-2 permeability assay (104, 

105).  
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2 Background for the project 

PFAS have received great amount of attention due to their ubiquitous occurrence, persistence 

in the environment and resistance to biological degradation. PFAS are used in a wide range of 

consumer products surrounding us in our daily lives, and some of the analogues have been 

detected in wildlife and humans around the globe. Questions have been raised concerning 

toxicity to humans, as PFAS have been associated with a range of adverse effects in humans 

and animal models. PFOS and PFOA are the most studied PFAS, however, less attention has 

been given to the shorter chain PFAS, such as PFBS. Previously published studies have 

shown that PFAS can interact with and alter the activity of P-gp in different model organisms, 

however, few studies are published on the effects of PFAS on human P-gp. Potential 

interactions or inhibition of P-gp by PFAS could reduce the efficacy of the transport, 

sensitizing animals and humans to toxic chemicals that would otherwise be subjects for 

efflux. Experimental studies determining the effects of PFAS on human P-gp function is 

therefore of high importance. 

There is little knowledge available on how and whether PFAS, upon entering the body by 

ingestion, are transported across the human intestinal enterocytes, and whether these are 

substrates for active efflux by P-gp. It is thus of importance to establish whether P-gp might 

be involved in the active efflux of certain PFAS, thereby protecting the body from the 

potential toxicity of PFAS. The Caco-2 cell line model has been widely used to study drug-

drug interactions and identification of substrates or inhibitors of transporters, and in this 

study, the model will be used to investigate the effects of PFOS, PFHxS and PFBS, on P-gp. 

In addition, it will be used to examine if these PFSAs might be substrates for P-gp 

themselves.  
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3 Aims of the study 

 Identify whether PFOS, PFHxS or PFBS are inhibitors/modulators of P-glycoprotein 

 Examine whether the carbon chain length of the individual PFAS affect their potential 

to inhibit or P-gp  

 Identify whether PFOS, PFHxS or PFBS cross the monolayer of Caco-2 cells 

 Examine whether PFOS, PFHxS and PFBS themselves are substrates of active efflux 

by P-gp 
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4 Materials and methods 

4.1 Reagents and solutions  

4.1.1 Reagents 

Table 1. Reagents 

Reagent Manufacturer  Catalogue number 

Dulbecco’s Modified Eagle’s Medium – 

high glucose 

Sigma-Aldrich D5796 

Trypsin-EDTA solution 0.25 % Sigma-Aldrich  T4049 

MEM Non-essential Amino Acid 

Solution (100x) 

Sigma-Aldrich M7145 

Fetal Bovine Serum Sigma-Aldrich F7524 

Penicillin-Streptomycin Sigma-Aldrich P0781 

Dulbecco’s Phosphate Buffered Saline  Sigma-Aldrich D8537 

Hank’s Balanced Salt Solution  Sigma-Aldrich H8264 

HEPES  Sigma-Aldrich H4034 

HEPES potassium salt  Sigma-Aldrich H0527 

Digoxin Sigma-Aldrich D6003 

D3-Digoxin  Toronto Research 

Chemicals 

D446577 

Mannitol Sigma-Aldrich M4125 
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D-Mannitol-d8  Toronto Research 

Chemicals INC 

M165002 

Perfluorooctane sulfonic acid, 

potassium salt (PFOS), 97 % purity 

ABCR AB120443 

Tridecafluorohexane-1-sulfonic acid 

potassium salt (PFHxS), >89 % purity 

Merck/Sigma-Aldrich 50929-10G-F 

Potassium nonafluoro-1-

butanesulfonate (PFBS), 98 % purity 

Merck/Sigma-Aldrich 294209-10G 

PFAS ISTD, 99 % purity 

L-PFBS 

L-PFHxS 

L-PFOS 

Wellington Laboratories In-house mixture 

PFAS RSTD,  

Perfluoro-3,7-dimethyloctanoic acid; 

97%  

Perfluoro-3,7-dimethyloctanoic acid; 

97%  

Perfluoro-3,7-dimethyloctanoic acid; 

97% 

Perfluoro-3,7-dimethyloctanoic acid; 

97% 

ABCR AB134739 
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4.1.2 Solutions  

Preparations for electron microscopy 

 4X PHEM Buffer:  

36,28 g PIPES buffer, 13 g HEPES buffer, 7,6 g EGTA, 1,98g MgSO4, pH to 7.0 with 

10 M KOH 

 Malachite green fixative: 

1 % malachite green, 25 % glutaraldehyde, 2x PHEM buffer, 16 % formaldehyde, 

ddH2O 

 1x Fixative:  

0.5 % glutaraldehyde, 4 % formaldehyde, 0.05 % malachite green, 0.1 M PHEM 

buffer 

 4 % Potassium ferricyanide (K3Fe(CN)6)  

 4 % Osmium tetroxide solution ((OsO4 (aq)) 

 1 % Tannic acid solution  

 1 % Uranyl acetate 

 EPON resin 

Preparations for transport studies 

 Stock solutions of PFAS test substances were prepared in 96% ethanol and Milli-Q 

water (1:1) at following concentrations:  

PFOS 52,88 mM 

PFHxS 40,24 mM  

PFBS 40,18 mM  

 Digoxin 150 μM stock solution dissolved in 96 % ethanol 

PFAS stock solutions were diluted with HBSS to following concentrations, where the 

percentage of ethanol did not exceed 0.2 %  

 PFOS 1 mM 

 PFHxS 1 mM 

 PFBS 1 mM 
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Preparation of donor solutions for transport studies with PFAS and digoxin 

 HBSS with 20 mM HEPES, 1 μM digoxin, PFOS (0,001 μM, 0,01 μM, 0,1 μM, 1 μM 

and 10 μM) 

 HBSS with 20 mM HEPES, 1 μM digoxin, PFHxS (0,001 μM, 0,01 μM, 0,1 μM, 1 

μM and 10 μM) 

 HBSS with 20 mM HEPES, 1 μM digoxin, PFBS (0,001 μM, 0,01 μM, 0,1 μM, 1 μM 

and 10 μM) 

Solvents for digoxin extraction procedure for LC-MS  

 50 mmol/L ammonium formate, adjusted to pH 3.1 with formic acid 

 0.2 mol/L ammonium carbonate buffer, adjusted to pH 9.3 with ammonia 

 Ethylacetate/heptane/dichloromethane (3:1:1) 

Solvents for analytical procedures on LC-MS 

 Methanol, MS grade 

 Acetonitrile, MS grade 

Preparation of donor solutions for PFAS transport across Caco-2 monolayer 

 HBSS with 20 mM HEPES, 1 μM of PFOS  

 HBSS with 20 mM HEPES, 1 μM of PFHxS 

 HBSS with 20 mM HEPES, 1 μM of PFBS 

Preparation of donor solutions for PFAS transport across Caco-2 monolayer with 

inhibitors 

 HBSS with 20 mM HEPES, 1 μM PFOS and verapamil (0,01, 0,1, 1, 10 and 100 μM) 

 HBSS with 20 mM HEPES, 1 μM PFHxS and verapamil (0,01, 0,1, 1, 10 and 100 

μM) 

 HBSS with 20 mM HEPES, 1 μM PFBS and verapamil (0,01, 0,1, 1, 10 and 100 μM)  

 HBSS with 20 mM HEPES, 1 μM PFOS and quinidine (0,01, 0,1, 1, 10 and 100 μM) 

 HBSS with 20 mM HEPES, 1 μM PFHxS and quinidine (0,01, 0,1, 1, 10 and 100 μM) 
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 HBSS with 20 mM HEPES, 1 μM PFBS and quinidine (0,01, 0,1, 1, 10 and 100 μM) 

4.1.3 Other equipment  

 Microbiological safety cabinet Class II, Thermo Electron Industries 

 Transwell® Polycarbonate Membrane Insert, 3413 Corning Life Sciences 

 Tissue culture plate, 6 well, 353046 Falcon 

 MilliCell®-ERS, Millipore  

 Contess™ - automated cell counter, Invitrogen 

 In-Vitrocell CO2 Incubator, CuVerro Nu-5810, NuAire 

 Fume hood   

 Centrifuge Kubota 5100, swinging bucket 

 Centrifuge Minor, MSE 

 RK 20 RKS Refrigerating circulating bath chiller, Lauda Brinkmann 

 Specially constructed CO2 incubator for use inside the fume hood 

 Specially constructed nitrogen evaporator 

 Waters Xevo TQ-S UPLC tandem mass spectrometry system 

 Waters UPLC-tandem mass spectrometry system 

 Transmission electron microscope, Hitachi HT7800 

 Scanning electron microscope, ZEISS ZIGMA 

 Ultra microtome Leica EM UC6  

 Gold/palladium-sputter coater, Leica EM ACE600 

 Laboratory microwave oven, Pelco BioWave Pro 36500 

 Critical point dryer, Leica EM CPD300 

 IncuCyte S3, Sartorius 
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4.2 Experimental procedure 

4.2.1 Cell culture  

Human intestinal Caco-2 cell line was previously obtained from American Type Culture 

Collection (ATCC) and stored in liquid nitrogen. The cells were maintained in DMEM 

supplemented with 10 % fetal bovine serum, 1 % non-essential amino acids and 1 % 

penicillin-streptomycin and incubated in CuVerro Nu-5810 CO2 incubator at 37 °C in a 

humidified atmosphere with 5 % CO2. The cells in this study were used within 10 passages. 

All cell work was performed aseptically and under sterile conditions in a laminar flow hood to 

avoid any infection and contamination of the culture. To exclude infection of the cell culture, 

microscopic monitoring was performed frequently where the cell density and morphology 

was examined. The batches of cells used in the study were tested for mycoplasma beforehand 

and were free of mycoplasma contamination. 

Expansion of the cell culture 

The cells were frozen and thawed according to established procedures. The ampullas 

containing Caco-2 cells were removed from the liquid nitrogen tank and thawed at room 

temperature. Each ampulla was transferred to their corresponding centrifuge tube. 10 mL of 

preheated medium was added dropwise while carefully stirring the tube to prevent osmotic 

shock. The tubes were centrifuged at 700 rpm for 5 minutes using a MSE Minor centrifuge. 

The supernatant was removed by aspiration and the cells were then resuspended in fresh 

media. This is done to remove DMSO prior to seeding the cells in culture flasks, as DMSO 

might inhibit the proliferation of some cell lines. DMSO is a cryoprotectant added to cells 

prior to freezing, which reduces ice crystal formation within the cells that would otherwise 

puncture the cell membrane. The cells were then transferred to their corresponding culture 

flasks, stirred to prevent clustering and placed in the incubator for culturing. The cell line was 

expanded for a couple of weeks after thawing, while monitoring the growth rate to ensure 

optimal health before proceeding with further experiments.  

The media was changed every second or third day to assure that it was not depleted of 

nutrients, and to remove any byproducts of cellular metabolism that may be toxic to the 
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culture as they accumulate. The media was removed by aspiration, and carefully replaced 

with new, preheated media, without disturbing the cell layer.  

When a culture fills the available substrate area, it has reached confluency and requires 

subculture to maintain a healthy growth. Caco-2 cell culture was subcultured when it reached 

70-90 % confluency and split in a ratio that would keep the culture in a logarithmic growth 

phase. The medium was removed by aspiration, and the cells were washed carefully with 

preheated phosphate buffered saline (PBS) to ensure removal of remaining media, without 

disturbing the cell layer. Media is supplemented with serum that contains plasma proteins that 

act as protease inhibitors, thus, surplus of media could neutralize trypsin, which is a 

proteolytic enzyme that breaks the cell-cell and cell-substrate attachment, producing a single 

cell suspension. Trypsin was then added to the cell layer, just enough to cover the surface and 

incubated at 37 °C for 5 minutes or until the cells dissociated from the surface. Fresh, 

preheated media was added to the culture to neutralize the action of trypsin and resuspended 

to prevent cell clustering. The suspension was split at a suitable ratio.  

4.2.1.1 Proliferation assay 

The growth characteristics of the cell line were to be determined to ensure a healthy 

proliferation pattern of the culture prior to conducting any experiments. Two different batches 

of caco-2 cells were seeded in a 6 well plate at a density of 1x104 cells/mL and cultured for 7 

days. 

Contess™ Automated Cell Counter 

The cells were counted using Contess Automated Cell Counter, which performs cells count 

and viability measurements using trypan blue method of dead-cell staining and advanced 

image analysis. The culture was brought into a suspension and an aliquot was taken for cell 

count. The cell suspension was mixed with trypan blue in 1:1 ratio and pipetted onto counting 

chamber slides which were inserted into Contess.  

IncuCyte® S3 Live-Cell Analysis System 

The proliferation assay was conducted using IncuCyte® Live-Cell Analysis system. This 

system enables to conduct real-time, non-invasive, quantitative cell assays and gives a 
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measure of proliferation in a non-invasive manner, by taking images of the cell culture at a 

user-defined time schedule. The number of images taken per well is defined by the user. For 

the proliferation assay, the software automatically acquires and analyzes real-time images of 

the cells and performs a cell count based on phase area confluence. As a result, a growth 

curve could be generated. Figure 6 figure shows the user-defined plate, with the black dots 

representing images taken by IncuCyte of each well. 

 

Figure 6: The figure is scan pattern taken from the IncuCyte software during the schedule of a new assay and 

shows the setup of a 6 wells plate used for the proliferation assay in the IncuCyte. The placement and number of 

the black dots in each well represent the images taken by IncuCyte. 

4.2.2 Caco-2 transport studies – methodological considerations 

Caco-2 cells are cultured on inserts with a semi-permeable membrane, thus, establishing an 

apical and a basolateral side, resembling the normal physiology of the intestinal lumen and 

the blood side of the small intestine. The two chambers are connected only by the monolayer 

of cells growing on the membrane.  

During Caco-2 transport experiments, the compounds of interest are added to either the apical 

or the basolateral chamber, while the complementary chamber is left with fresh transport 

buffer, to stimulate the influx or efflux of the compounds across the monolayer. In a 

bidirectional transport study, the transport of compounds of interest is studied both in the 

apical to the basolateral direction, and in the basolateral to the apical direction. 

The quantification of compounds in Caco-2 permeability assays has been considerably 

improved by the implementation of liquid chromatography mass spectrometry (LC-MS) and 
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LC-tandem mass spectrometry (LC-MS/MS) an by its higher sensitivity compared to the use 

of radioactive labelling and quantification by scintillation.  

4.2.3 Mass spectrometry – methodological considerations  

Mass spectrometry (MS) is a powerful analytical tool used in various disciplines and sub-

disciplines within chemistry, biochemistry, physics, and pharmacy, and is used to identify, 

quantify, and characterize, both endogenous and exogenous compounds (106). The 

specificity, dynamic range, and sensitivity of the instrument to distinguish between closely 

related metabolites in a complex matrix, and by these means identify and quantify these 

metabolites, has made MS an important tool in drug discovery and development. However, 

MS has a broad application range, and is also of great importance in environmental research, 

where it can be used to analyze pesticides and a broad range of other environmental toxicants 

both in environmental and human samples. 

The most common separation and sample delivery methods include gas chromatography (GC) 

and liquid chromatography (LC). The choice of the separation and sample delivery methods 

depend on the physiochemical properties of the targeted analyte. LC or GC separates the 

sample components and introduces them to an ionization source coupled to the mass 

spectrometer. A mass spectrometer can only analyze a molecule after converting the molecule 

to a gas-phase ion. These ions are then separated in the mass spectrometer, and detected and 

measured according to their mass-to-charge ratio (m/z) For this to happen, an electrical charge 

is applied to the molecules, and the resultant flux of electrically charged ions can be converted 

into a proportional electrical current that can be read by a data system, converted to digital 

information, and be displayed as a signa (e.g. mass spectrum, transition, peak, etc.) The data 

may be used to provide information about the molecular weight of the analyte, identity and 

quantity of specific target components in the sample.   

4.2.4 Culture of Caco-2 cells on permeable membrane inserts 

The cells were seeded into 6.5 mm Costar Transwell 24-well cluster plate with 0.4 μm pore 

polycarbonate membrane inserts, at a density of 1x105 cells/mL and cultured for 21-28 days. 

To improve cell attachment to the membrane, the plates with membrane inserts were 

incubated with the recommended volume of medium at 37 °C for at least 1 hour prior to 
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seeding. The medium was first added to the plate well, followed by the inside of the insert. 

The inserts have three openings for standard pipette tips that allow for easy access to the 

lower compartment, as seen in Figure 7. 

 

Figure 7: Costar Transwell 24-well cluster plate with 0.4 μm pore polycarbonate membrane insert without and with 

media, showing the membrane inserts and the openings in the insert for easy access to the lower compartment. 

After the initial equilibrium period, the medium inside the insert was replaced with fresh 

medium containing cell suspension of desired concentration and the plate was returned to the 

incubator. The media was changed every other or third day. It was removed by aspiration and 

exchanged with new, with great caution, to not disturb the cell layer or puncture the 

membrane.  

4.2.4.1 Transepithelial electrical resistance (TEER) 

The cell layer growing on polycarbonate membrane inserts is not visible in light microscope. 

Thus, Millipore Millicell®-ERS was used to examine the transepithelial electrical resistance 

(TEER) across the monolayer, which is a measure of cell monolayer health and cell 

confluence. The Millicell®-ERS (Electrical Resistance System) uses alternating current to 

measure the membrane potential and resistance of epithelial cells in culture. The Millicell-

ERS is equipped with small chopstick electrodes (Figure 8), and TEER is measured by 

immersing the longer electrode in the basolateral chamber and the shorter electrode inside the 

insert. The measurements were done carefully, without touching the cell layer.  



 

34 

 

 

Figure 8: The Millicell®-ERS with connected electrodes used for measurements of the transepithelial electrical 

resistance (TEER). 

Before using the Millicell®-ERS, the system was tested, and the electrodes were equilibrated 

according to the user guide. Before each use, the electrodes were sterilized according to 

manufacturer’s manual in order to avoid contamination of the cell culture.  

The resistance was first measured in two inserts without cells, which served as blanks. The 

average value of the blanks was later subtracted from the sample-well resistance. Rsample-

Rblank=Rmonolayer. To correct for the area covered by the cell monolayer, the product of the area 

and the resistance was calculated.  

4.2.5 Quality control of Caco-2 cell morphology by electron microscopy 

Caco-2 cells undergo a spontaneous differentiation into enterocyte-like cells and obtain a 

distinct morphology with microvilli and tight junctions. Thus, prior to conducting transport 

experiments, a quality control of the cell monolayer was performed to assess whether the cells 

were fully differentiated after 21 days in culture. The morphology of Caco-2 cells was 

examined with help of scanning and transmission electron microscopy (SEM and TEM). 

TEM was also used to examine whether the cells grow in a monolayer.  
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Caco-2 cells were seeded into a 24 well Corning Transwell with 0.4 μm pore polycarbonate 

membrane insert, at densities of 1·105 cells/mL, 2·105 cells/mL and 3·105 cells/mL and 

cultured for 21 days. 

The entire fixation process was performed in Corning Transwell plates with inserts. The 

detailed fixation protocol is provided in Table 1 in the appendix. 

General principles of electron microscopy 

There are two basic types of electron microscopes, SEM (scanning electron microscopy) and 

TEM (transmission electron microscopy) and there are some fundamental differences in how 

these instruments work and images they produce. While the transmission electron microscope 

projects electrons through a very thin slice of specimen to produce a two-dimensional image, 

the scanning electron microscope uses a spot of electrons that scans the surface of a given 

specimen and generates secondary electrons that are detected by a sensor, to produce a three-

dimensional image of the surface of a given specimen.  

During preparation of specimen for electron microscopy, every step of the procedure is 

critical for the outcome, thus, the specimen must be processed according to prescribed 

methods and with understanding of the process.  

The preparation for electron microscopy can be divided into several major steps: primary 

fixation, washing, secondary fixation, dehydration, critical point drying or resin infiltration. 

There are, however, some differences regarding sample preparation for TEM and SEM that 

will be mentioned in more detail later.  

Fixation procedure 

The cells were fixated to preserve the structure of the living tissue and prevent alterations in 

the cell structure caused by cellular decomposition after tissue death. The fixative used 

combined glutaraldehyde with low concentrations of formaldehyde, and osmium tetroxide 

that is reduced with ferrocyanide. Formaldehyde penetrates the tissue more rapidly than 

glutaraldehyde, however, it does not form covalent bonds and can thus be reversible. 

Glutaraldehyde, on the other hand, penetrates the tissue slowly, but in contrast to 
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formaldehyde, it forms covalent bonds and fixates the tissue irreversibly. Glutaraldehyde 

cross-links proteins through amine groups. 

Osmium tetroxide works as a secondary fixative by reacting primarily with lipids moieties, 

such as the cell membrane. Osmium tetroxide is also involved in stabilization of many cell 

components. It is thought that osmium tetroxide oxidizes unsaturated fatty acids and is 

reduced to black metallic osmium. The reduced heavy metal adds density and contrast to the 

biological tissue. Because of the high molecular weight (254.2), it is effective in scattering 

electrons and is therefore an important stain that dyes tissues intensely black after exposure. 

The penetration rate of osmium tetroxide is slower than for glutaraldehyde, and compact 

tissues will not be penetrated more than 0.5 cm in an hour, and little additional penetration 

occurs afterwards. 

During fixation, it was important to keep the osmolarity within the physiological range, to 

prevent osmotic shock of the cells that could result in either swelling or shrinking of tissue. 

Without a buffering system, the pH would lower drastically during the fixation process, and 

could lead to formation of artifacts. PHEM buffer, containing the organic buffers PIPES and 

HEPES was used as buffer during the fixation process.  

To remove the remaining unreacted glutaraldehyde within the cells, the cells were washed 

with double-distilled water. Otherwise, remaining aldehydes would be oxidized by osmium 

tetroxide.  

Samples were prepared both for scanning and transmission electron microscopy. In the end of 

the fixation process, ethanol dehydration series were performed with 25%, 50%, 75%, 95% 

and 100% ethanol, thus, replacing the water in the cells with a fluid that can act as a solvent 

between the hydrophobic embedding media and the aqueous environment of the cell. For 

scanning electron microscopy, the subsequent step after the dehydration series was the critical 

point dryer. After the dehydration, the specimen intended for SEM were mounted on a metal 

stub, using silver-containing glue for increased conductivity. These were coated with a 

mixture of gold and palladium for enhanced conductivity.   

Specimen intended for transmission electron microscopy were infiltrated in resin. Resin 

infiltration involved gradual replacement of ethanol with resin. Excess resin was removed, 
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and the samples were put in the oven at 50 °C overnight for polymerization. Then, the 

specimen for TEM were cut into cross-sections using a ultramicrotome.  

The microscopy was performed by the Randi Olsen and Tom-Ivar Eilertsen at the Advanced 

Microscopy Core Facility at UiT The Arctic University of Norway. 

4.2.6 Quality control of the Caco-2 monolayer by confocal microscopy 

Additionally, a quality control of the Caco-2 cells was performed by confocal microscopy, to 

ensure that the cells were growing in a monolayer. The procedure was performed by Kenneth 

Bowitz Larsen at Advanced Microscopy Core Facility, UiT The Arctic University of Norway. 

4.2.7 PFAS background identification in equipment and solutions 

Since different per- and polyfluorinated compounds are often used in industry and 

manufacturing, all the equipment and solutions to be used in transport studies were analyzed 

for PFAS background. This was done to control the exposure of the cells to PFAS during the 

transport assays. In this manner, we could be certain that the PFAS detected by means of 

analysis of MS originate from cellular transport and not from plastic equipment used in the 

experiment or reagents contaminated during production processes.  

The solutions to be tested were transferred to vials using PFAS-free pipette tips and diluted 

with MS-grade methanol in a 1:1 ratio. The equipment was thoroughly rinsed with MS grade 

methanol, which then was transferred to vials for further LC-MS-analysis.  

4.2.8 Precautions and safety measures when working with PFAS 

Precautions were taken when handling PFOS, PFHxS and PFBS solutions in order to avoid 

contamination of laboratory areas and carry over from high to low exposure experiments. The 

stock and incubation solutions were prepared by senior scientist and special advisor Sandra 

Huber at the Environmental Pollutant Laboratory, University Hospital of Northern Norway. 

Glass vials containing these solutions were stored in a box wrapped in aluminum foil to 

prevent contamination of surfaces in the laboratory. Weight control was performed before and 

after handling of the solutions in order to control for possible evaporation during storage. 

Glass vials were opened only in the fume hood designated for work with environmental 

toxicants, and with great caution, to avoid spillage and contamination. The fume hood was 

covered with aluminum foil, which was exchanged after each transport experiment. Personal 
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protective equipment was used when handling PFOS, PFHxS and PFBS, and gloves were 

frequently changed. The waste bin was placed inside the fume hood to avoid contamination of 

the air and laboratory, as PFOS, PFHxS and PFBS are semi-volatile substances, but also due 

to personal safety reasons since especially PFOS is known to be toxic. 

4.2.9 Study of digoxin transport across the Caco-2 cell monolayer 

PFOS, PFHxS and PFBS were to be characterized as potential inhibitors of P-gp. Two 

different batches of Caco-2 cells were used, and five time-independent studies were 

conducted.  

Caco-2 cells were cultured on Transwell permeable membrane inserts and used for transport 

studies between 21 and 28 days of culture. The functionality of the monolayer was evaluated 

by the measurement of the transepithelial electrical resistance across the monolayer over a 7 

to 28 days period. The membrane integrity was in addition assessed prior to transport study, 

and the wells showing transepithelial electrical resistance (TEER) values above 250 Ω cm2 

were selected.   

Per- and polyfluorinated compounds are known to bind to albumin, which is the most 

abundant serum protein. Serum proteins present in medium could interact with the 

experimental compounds and reduce the free fraction of PFAS available in the donor solution. 

Thus, the inserts and the wells were washed with preheated Hank’s balanced salt solution 

(HBSS) three times prior to the transport experiment to remove residual medium and serum.  

All proceeding work was performed in a fume hood, to minimize PFAS contamination of the 

air, laboratories, and equipment, as these compounds are semi-volatile. As the volume of a 

solution increases with increased temperature, the glass vials containing the incubation 

solutions were room tempered to ensure that the correct volume and concentration was added 

to the cells. Moreover, the glass vials containing the PFOS, PFHxS and PFBS solutions were 

heavily vortexed before use, as these compounds tend to adsorb to surfaces. This step ensured 

that the desired concentration of the compounds was maintained in the solution.  

To determine the effect of increasing concentration of PFOS, PFHxS and PFBS on the 

transport of digoxin by P-gp, a bidirectional transport study was conducted. Caco-2 

monolayers cultured on Transwell permeable membrane inserts were incubated with 1 μM 



 

39 

 

digoxin and the desired concentration (0.001, 0.01, 0.1, 1 and 10 μM) of PFOS, PFHxS or 

PFBS, dissolved in HBSS supplemented with 20 mM HEPES buffer. The control group 

contained 1 μM digoxin dissolved in HBSS supplemented with 20 mM HEPES buffer. The 

concentration of 1 μM digoxin was chosen based on previous unpublished studies conducted 

in the group, which proved the linearity of the transport of 1 μM digoxin across the Caco-2 

monolayer over a period of 180 minutes, suggesting that P-gp is saturated by 1 μM over a 

period of 180 minutes. Each of the compounds, PFOS, PFHxS and PFBS, were incubated on 

their corresponding plate. The experimental setup is shown in Table 2 below.  

Table 2. Experimental setup. Transport study across Caco-2 cell monolayer.  

Transport 

direction 

PFAS1 concentrations (μM) 

1 μM digoxin 

AB Control  0.001 0.01 0.1 1 10 

BA Control  0.001 0.01 0.1 1 10 

      Blank2 

1) Separate plate was used for PFOS, PFHxS and PFBS. 

2) An insert without cells was used as a blank for TEER measurements  

Donor solutions containing digoxin and PFOS/PFHxS/PFBS were added to either the apical 

compartment (row AB in Table 2) or basolateral compartment (row BA in Table 2), 

while the complementary compartment was left with fresh HBSS. The plates were incubated 

for 90 minutes at 37 °C and 5 % CO2. The incubator was placed inside the fume hood and 

was constructed for this study specifically. It consisted of a Plexiglas cabinet with an attached 

lid. Three heating plates connected to a water bath were placed in the cabinet to maintain the 

desired temperature of 37 °C. Moreover, the cabined was connected to constant air flow and 

flow of CO2. The level of CO2 was adjusted automatically by the built-in CO2 sensor to 

maintain 5 %. To fulfil the requirements for the physical environment, the lid was tightly 

closed during incubation. After the incubation, aliquots were taken from the recipient 

compartments, proceeding with the extraction procedure for digoxin. 
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4.2.9.1 Digoxin extraction procedure 

50 μL of the sample was mixed with 50 μL of digoxin internal standard and 25 μL 0.2 M 

ammonium carbonate buffer in extraction tubes. The samples were extracted with 1 mL 

ethylacetate/heptane/dichloromethane (3:1:1) by rough shaking by hand for at least one 

minute. After centrifugation at 4640 g (Kubota 5100) the organic phase was transferred to a 

new extraction tube and evaporated to dryness under nitrogen. The residue was then dissolved 

in 100 uL cold acetonitrile/water (50:50) and mixed thoroughly using a vortex. After 

centrifugation at 4640 g (Kubota 5100), the solution was transferred to polypropylene vials 

for LC-MS analysis. 

Standard solutions of digoxin of 1024, 512, 256, 128, 64, 32, 16 and 8 nM were prepared 

simultaneously and extracted by the same method as described above. 

4.2.9.2 LC-MS analysis of digoxin 

Samples were analysed by LC-MS/MS using a Waters Acquity UPLC I-Class FTN system 

with an autosampler and a binary solvent delivery system interfaced to Waters Xevo TQ-XS 

benchtop tandem quadrupole mass spectrometer. The procedures for instrumental analysis 

have previously been described in detail (107). The mass spectrometer was operated in 

positive electrospray ion mode (ES+). The system was controlled by MassLynx version 4.2 

software. The analysis was performed by associate professor Ole-Martin Fuskevåg.  

4.2.10 Transport of PFOS, PFHxS and PFBS across the Caco-2 
monolayer  

During a pilot study, it was discovered that PFOS crossed the Caco-2 cell monolayer. It was 

thus of interest to investigate further whether PFOS, PFHxS and PFBS are substrates for P-gp 

and actively transported across Caco-2 monolayer. Three time-independent studies were 

performed. 

Prior to the study, TEER was assessed and the cells were washed with HBSS as described in 

chapter 4.2.9. Caco-2 cell monolayers were incubated with either PFOS, PFHxS or PFBS of 

the desired concentration (0.001, 0.01, 0.1, 1 and 10 μM) dissolved in HBSS supplemented 

with 20 mM HEPES buffer, as described above for the bidirectional transport study with 

digoxin across the Caco-2 monolayer. After 90 minutes of incubation, aliquots were taken 

from the recipient compartment and stored in vials at -20 °C for further analysis.  
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The samples were diluted prior to LC-MS analysis to avoid contamination of the extremely 

sensitive instrument. Too high PFAS concentrations could give a carry-over effect on 

subsequent samples and contaminate the instrument, making it unable to detect lower PFAS 

concentrations in the future. The samples were diluted with methanol and Milli-Q water, and 

internal standard (ISTD) and external standard (RSTD) were added. The exact dilution 

procedure is provided in Table 2 in the appendix.   

4.2.11 Transport of PFOS, PHFxS and PFBS across the Caco-2 
monolayer with P-glycoprotein inhibitors 

To investigate whether P-gp is involved in the active efflux of PFOS, PFHxS, and PFBS, a 

bidirectional transport study with known P-gp inhibitors, quinidine and verapamil, was 

conducted. Three time-independent experiments were performed. A pilot study was carried 

out with 1 μM PFOS, which showed that PFOS crossed the Caco-2 cell monolayer both in the 

apical to basolateral direction, and in the basolateral to apical direction. Thus, this 

concentration was chosen for the subsequent transport studies.  

Prior to the experiment, TEER was measured and the cells were washed with preheated 

HBSS. The transport study was carried out as described in chapter 4.2.9. Caco-2 cell 

monolayers were incubated with 1 μM of either PFOS, PFHxS or PFBS and the desired 

concentrations of verapamil and quinidine (0.01, 0,1, 1, 10 and 100 μM) dissolved in HBSS 

supplemented with HEPES. The control group contained 1 μM of either PFOS, PFHxS or 

PFBS dissolved in HBSS, supplemented with HEPES buffer, without the addition of P-gp 

inhibitors. Following the 90-minute-long incubation, aliquots were taken from the receiver 

chamber and stored in vials at -20 °C. Three time-independent studies were conducted. 

Prior to the LC-MS analysis, samples were diluted with methanol and Milli-Q water and 

ISTD and RSTD was added after the same principle as for experiments without the inhibitors. 

For details see Table 2 in the appendix.  

4.2.12 Time trend of PFAS across the Caco-2 cell monolayer 

To prove the linearity of the transport of 1 μM PFOS, PFHxS and PFBS across Caco-2 cell 

monolayer, a time trend was conducted. Prior to the transport study, TEER was measured and 

the cells were washed three times with prewarmed HBSS. The transport study was performed 

as described in chapter 4.2.9, except that the cells were incubated with 1 μM PFOS, PFHxS 
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and PFBS dissolved in HBSS supplemented with 20 mM HEPES, over a period of 150 

minutes at 37 °C. Aliquots were taken from the receiver chamber every 30 minutes, and 

immediately replaced with the same volume of fresh HBSS and placed back into the incubator 

for further incubation. The samples were stored in vials at -20 °C for further analysis.  

The study was run in parallels for each compound. Prior to LC-MS analysis, the samples were 

diluted with methanol and Milli-Q water and RSTD and ISTD were added. The dilution 

scheme is provided in Table 3 in the appendix.  

4.2.13 LC-MS analysis of PFAS 

PFAS were analyzed by ultrahigh pressure liquid chromatography tandem mass spectrometry 

(UHPLC-MS/MS). The procedures for instrumental analysis and quantification have 

previously been described in detail (1). Briefly, the analysis was performed on a Waters 

Acquity Ultra high pressure liquid chromatography (UHPLC) system, consisting of a binary 

LC-pump, an autosampler and a column oven, coupled to a Xevo TQ-S MS with an 

electrospray ionization unit. Electrospray ionization in the negative ion mode was applied for 

ionization of the analytes and multi-reaction monitoring mode for recording of the specific 

transitions.  

For the quantification of the results, Masslynx with Targetlynx version 4.1 (Waters) was used.  

The instrumental analysis and quantification of the results was done by senior scientist and 

special advisor Sandra Huber at the Environmental Pollutant Laboratory, University Hospital 

of Northern Norway.  

4.2.14 Evaluation of the membrane integrity by mannitol 

To investigate the integrity of the membrane after the exposure to PFOS, PFHxS and PFBS, a 

bidirectional transport study was conducted by the same principle as described in chapter 

4.2.8, followed by a transport study with mannitol, carried out in the same manner. Caco-2 

cell monolayers were incubated for 90 minutes with PFOS, PFHxS and PFBS of the desired 

concentrations (0.001-10 μM), dissolved in HBSS supplemented with 20 mM HEPES. The 

solutions were then discarded and replaced with 55 μM mannitol dissolved in HBSS 

supplemented by 20 mM HEPES in the donor chamber and fresh HBSS in the recipient 

chamber and incubated for 90 more minutes. Mannitol is a sugar molecule whose 
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permeability across the membrane is very low and is thus used as a membrane integrity 

marker. Aliquots were taken from the recipient chamber and diluted 1:10 with methanol. 

Mannitol internal standard of 5 μM was added. Standard solutions of following 

concentrations were prepared: 1024, 512, 256, 128, 64, 32, 16, and 8 nM and diluted similarly 

as the samples, with the addition of internal standard. The permeability was analyzed using 

LC-MS/MS.  

4.2.15 Statistics  

A Shapiro-Wilk test was used to evaluate normally distribution of the data set, and Brown-

Forsythe test was used to test equal variance. Comparison of the different groups of the 

transport study were analyzed by One-Way Analysis of Variance (ANOVA) test followed by 

a post-hoc Dunnett’s test for comparison against the control group. Rank-based ANOVA was 

used if the normality test failed. Dunn’s test was used for comparison against the control 

group following rank-based ANOVA if the sizes of the treatment groups were unequal. 

Differences were considered significant at p < 0.05. 

4.2.16 Data analysis 

The transport rate of the test compound is usually expressed as apparent permeability 

coefficient. The apparent permeability of digoxin, as well as PFOS, PFHxS and PFBS was 

calculated using the following equation: 

𝑃𝑎𝑝𝑝 = 𝑉𝑟 ∙
𝑑𝐶

𝑑𝑡
∙

1

𝐴 ∙ 𝐶0
 

where Vr is the volume in the recipient compartment, dC/dt is the slope of the cumulative 

concentration of the compound in the receiver compartment over time, A is the surface area of 

the membrane, and C0 is the initial concentration of the compound in the donor chamber.  

The efflux ratio (ER) was calculated by the formula: 

𝐸𝑅 = 𝑃𝑎𝑝𝑝 (𝐵𝐴) 𝑃𝑎𝑝𝑝 (𝐴𝐵)⁄  

where BA represents the apparent permeability of digoxin in the basolateral to apical 

direction, and AB represents the apparent permeability in the apical to basolateral direction. 

An efflux ratio above 2 is an indicator of active efflux. 
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5 Results 

In this study, three perfluoroalkyl sulfonic acids of different carbon chain length, PFOS, 

PFHxS and PFBS, were investigated for their effect on the transport of digoxin, a P-gp 

substrate. Additionally, the transport of these perfluoroalkyl sulfonic acids themselves, was 

studied across the Caco-2 cell monolayer. Moreover, it was investigated whether PFOS, 

PFHxS and PFBS are substrates for P-gp, and whether P-gp is involved in the active efflux of 

these substances. The transport of PFOS, PFHxS and PFBS was thus studied with and without 

well-known P-gp inhibitors, quinidine and verapamil. 

5.1 Quality control of cell growth 

5.1.1 Proliferation assay 

A proliferation assay was conducted using IncuCyte to ensure that the cell line had a healthy 

growth rate prior to conducting further experiments. The results of the proliferation assay are 

shown in the graphs below. The graphs are generated by the Incucyte software and show 

phase area confluence versus time in days, as seen in Figure 9 and 10.  

 

Figure 9: Growth curve of the Caco-2 cell line (batch 1) generated by IncuCyte. The proliferation of the cells is 

shown as phase area confluence versus time in days.  
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Figure 10: Growth curve of the Caco-2 cell line (batch 2) generated by IncuCyte. The proliferation of the cells is 

shown as phase area confluence versus time in days.  

 

5.2 Electron microscopy 

When grown in appropriate culture conditions, Caco-2 cells are known to differentiate and 

polarize to develop the morphology of enterocytes with tight junctions and microvilli. As a 

quality control, it was thus of interest to assess whether Caco-2 cells, cultured on permeable 

membrane inserts, are is fully differentiated with well-developed tight junctions and 

microvilli after 21 days in culture. For this purpose, SEM and TEM was applied.  

5.2.1 Scanning electron microscopy 

The images taken using SEM (Figure 11) show that the cells have differentiated and formed 

well-developed microvilli after 21 days in culture. The image shows the surface of the Caco-2 

monolayer covered in microvilli. 
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Figure 11: SEM (scanning electron microscopy) images of the Caco-2 cell monolayer after 21 days in culture, 

showing the surface of the cells covered microvilli. The cell density is 1·105 cells/mL. Image A covers a larger 

surface area, while image B is taken with increased magnification, giving a close-up image of the microvilli.   
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5.2.2 Transmission electron microscopy 

The images below are cross-sections of Caco-2 cells taken by TEM (Figure 12 A, B, C) The 

images of the cross-sections show that after 21 days of culture, Caco-2 cells are well 

differentiated, and have formed tight junctions that are connecting the cells at the apical 

surface, in addition to a well-developed brush border of microvilli. 
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Figure 12: TEM (transmission electron microscopy) images showing a cross section of a Caco-2 cell after 21 days 

in culture, with well-developed tight junctions (TJ) and the presence of microvilli (MV.). The cell density in these 

images is 1·105 cells/mL. 
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5.2.3 Confocal microscopy 

As a quality check of the Caco-2 monolayer, images were taken using the fluorescence 

microscope to ensure that the cells grow in a monolayer (Figure 13). The cell nucleus is dyed 

blue, and the cell membrane is dyed green. The red dots presumably represent the 

mitochondria. According to the images taken, the cells grow in a monolayer, because a single 

layer of cell nuclei is visible in the different planes of the cross-sections. 

 

Figure 13: Live fluorescence microscope image of the Caco-2 cell monolayer after 21 days in culture, showing the 

cell nucleus (blue) the plasma membrane (green.) and mitochondria (red). The cell nucleuses were positioned in 

one plane, indicating that the cells grow in a monolayer. 

5.3 PFAS background identification in equipment and 

solutions 

PFAS of different carbon chain lengths were detected in some equipment and solutions used 

initially. This equipment and the background contaminated solutions were eliminated from 

the study and replaced with equipment and solutions that were PFAS-free. The results of the 

equipment and solutions tested is provided in Table 4 in the appendix. 

5.4 The effect of PFAS on digoxin transport 

Caco-2 cells were cultured on Transwell permeable supports, and the effect of increasing 

concentrations of PFOS, PFHxS and PFBS on the transport of digoxin by P-gp was 
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determined by conducting a bidirectional transport study. The apparent permeability (Papp) of 

digoxin across the monolayer was calculated, and the efflux ratio (ER) was determined.  

The results are shown as a mean of five time-independent parallels, with standard deviations. 

One Way Analysis of Variance (ANOVA) on Ranks was performed due to failed normality 

test (Shapiro-Wilk). The transport of digoxin was compared in the apical to basolateral 

direction separately from the transport of digoxin in the basolateral to apical direction. There 

were no statistically significant differences between the groups exposed to PFOS, PFHxS and 

PFBS compared to the control group (n=5). The difference between the median values among 

the groups were not great enough to exclude the possibility that the difference is due to 

random sampling variability. 
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5.4.1 Digoxin and PFOS 

As the results show (Figure 14), PFOS did not affect the transport of digoxin across the Caco-

2 monolayer. Moreover, the apparent permeability of digoxin did not change with increased 

concentrations of PFOS.  
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Figure 14: Determined bi-directional apparent permeability of D3-digoxin across the Caco-2 cell monolayer 

exposed to PFOS (0.001-10 μM), showing the transport rate of digoxin in the apical to basolateral direction (AB) 

and in the basolateral to apical direction (BA). Efflux ratio (ER) is shown. Data is expressed as the mean with 

standard deviation (n=5).  
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5.4.2 Digoxin and PFHxS 

PFHxS did not affect the transport of digoxin across the monolayer (Figure 15), and there is 

no evidence that the apparent permeability of digoxin changed with increased concentrations 

of PFHxS.  
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Figure 15: Determined bi-directional apparent permeability of D3-digoxin across the Caco-2 cell monolayer 

exposed to PFHxS (0.001-10 μM), showing the transport rate of digoxin in the apical to basolateral direction (AB) 

and in the basolateral to apical direction (BA). Efflux ratio (ER) is shown. Data is expressed as the mean with 

standard deviation (n=5).  
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5.4.3 Digoxin and PFBS 

PFBS did not affect the transport of digoxin across the Caco-2 monolayer (Figure 16), and the 

increase in concentration of PFBS did not have any effect on the apparent permeability of 

digoxin.  
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Figure 16: Determined bi-directional apparent permeability of D3-digoxin across the Caco-2 cell monolayer 

exposed to PFBS (0.001-10 μM), showing the transport rate of digoxin in the apical to basolateral direction (AB) 

and in the basolateral to apical direction (BA). Efflux ratio (ER) is shown. Data is expressed as the mean with 

standard deviation (n=5).  

5.5 Transport of PFAS across the Caco-2 cell monolayer 

While examining the effects of PFOS, PFHxS and PFBS on the transport of digoxin across 

the Caco-2 monolayer, it was observed that PFOS crossed the monolayer. This was 

investigated further, to assess whether PFOS, PFHxS and PFBS are transported across the 

Caco-2 monolayer, and if there are any differences in the transport of perfluoroalkyl sulfonic 
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acids of different carbon chain lengths. The results show that PFOS, PFHxS and PFBS 

crossed the Caco-2 monolayer. One-way ANOVA, or one-way ANOVA on ranks, was 

performed, and there were no statistically significant differences between the transport rates 

of the groups with different concentrations of PFOS, PFHxS and PFBS. 

5.5.1 Transport of PFOS across the Caco-2 cell monolayer 

The results (Figure 17) demonstrated that PFOS crossed the Caco-2 cell monolayer both in 

the apical to basolateral direction and in the basolateral to apical direction. However, 0.001 

μM PFOS was not detected in the apical to basolateral direction by the LC-MS analysis. The 

results show no significant changes in transport with increased concentrations. The efflux 

ratio is below two for all the concentrations testes, which might suggest that there is no active 

efflux of PFOS by P-gp.  
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Figure 17: Determined bi-directional apparent permeability of PFOS 0.001-10 μM across the Caco-2 cell 

monolayer, showing the transport rate of PFOS in the apical to basolateral direction (AB) and in the basolateral to 

apical direction (BA). Efflux ratio (ER) is shown. Data is expressed as the mean with standard deviation (n=3). 
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5.5.2 Transport of PFHxS across the Caco-2 monolayer  

PFHxS stands out compared to PFOS, as the transport rate of PFHxS, in both the apical to 

basolateral direction and in the basolateral to apical direction, appears considerably higher 

than the transport rate of PFOS (Figure 18). Although efflux ratios higher than two might 

indicate active efflux, the transport of PFHxS appears to be mostly equal in both directions.  
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Figure 18: Determined bi-directional apparent permeability of PFOS 0.001-10 μM across the Caco-2 cell 

monolayer, showing the transport rate of PFOS in the apical to basolateral direction (AB) and in the basolateral to 

apical direction (BA). Efflux ratio (ER) is shown. Data is expressed as the mean with standard deviation (n=3). 
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5.5.3 Transport of PFBS across the Caco-2 monolayer 

The transport rate of PFBS is lower compared to PFHxS, but higher compared to PFOS. As 

the results show, the PFBS crosses the cell monolayer both in the apical to basolateral 

direction, and in the basolateral to apical direction. As seen in Figure 19, the transport of 

PFBS seem to cease with increased in the apical to basolateral direction. For the higher 

concentrations (1 μM and 10 μM), the efflux ratio of higher than two, which could indicate 

active efflux in the basolateral to apical direction.  
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Figure 19: Determined bi-directional apparent permeability of PFOS 0.001-10 μM across the Caco-2 cell 

monolayer, showing the transport rate of PFOS in the apical to basolateral direction (AB) and in the basolateral to 

apical direction (BA). Efflux ratio (ER) is shown. Data is expressed as the mean with standard deviation (n=3). 

 



 

57 

 

5.6 Time trend for transport of PFAS across the Caco-2 

monolayer 

The linearity of the transport of PFOS, PFHxS and PFBS across the cell monolayer was 

proved by conducting a time trend on 1 μM PFOS, PFHxS and PFBS over a time period of 

150 minutes. The results (Figure 20-22) show a rather linear transport of PFOS, PFHxS and 

PFBS across the Caco-2 monolayer, both for the apical to basolateral and basolateral to apical 

transport. Based on the results, 1 μM was chosen for further studies with P-gp inhibitors.  

 

5.6.1 Time trend for transport of PFOS across the Caco-2 monolayer 
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Figure 20: Time trend for transport of 1 μM PFOS across the Caco-2 monolayer, showing the transport in the 

apical to basolateral direction (AB) (R2=0.964) and the basolateral to apical direction (BA) (R2=0.88). The 

transport is expressed in concentration (nM) per time (min), and data is expressed as mean with standard 

deviation (n=2). 
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5.6.2 Time trend for transport of PFHxS across the Caco-2 monolayer 
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Figure 21: Time trend for transport of 1 μM PFHxS across the Caco-2 monolayer, showing the transport in the 

apical to basolateral direction (AB) (R2=0.96) and the basolateral to apical direction (BA) (R2=0.96). The transport 

is expressed in concentration (nM) per time (min), and data is expressed as mean with standard deviation (n=2). 
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5.6.3 Time trend for transport of PFBS across the Caco-2 monolayer 
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Figure 22: Time trend for transport of 1 μM PFBS across the Caco-2 monolayer, showing the transport in the 

apical to basolateral direction (AB) (R2=0.98) and the basolateral to apical direction (BA) (R2=0.97). The transport 

is expressed in concentration (nM) per time (min), and data is expressed as mean with standard deviation (n=2). 

 

5.7 Transport of PFAS across the Caco-2 monolayer with P-

glycoprotein inhibitors 

The involvement of P-gp in the active efflux of PFOS, PFHxS and PFBS was studied. A 

bidirectional transport study was conducted on 1 μM PFOS, PFHxS and PFBS with known P-

gp inhibitors – quinidine and verapamil of increasing concentrations (0.01, 0.1, 1, 10 and 100 

μM). Each transport study was conducted in three time-independent parallels. Both verapamil 

and quinidine are known inhibitors of P-gp, but verapamil is less selective than quinidine.  
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5.7.1 PFOS and quinidine 

Lower concentrations (0.01 and 0.1 μM) of quinidine seem to increase the transport rate of 

PFOS across Caco-2 monolayer in the basolateral to apical direction, as seen in Figure 23. 

However, higher concentrations (1 and 10 μM) appear to decrease the permeability both in 

the basolateral to apical direction and in the apical to basolateral direction. One-way Analysis 

of Variance (ANOVA) on Ranks was conducted due to fail test of equal variance. Dunn’s 

post hoc test revealed that there was no statistical difference between the groups compared 

with the control group for the transport in apical to basolateral direction. For the transport of 

PFOS in the basolateral apical direction, there was no statistically significant difference 

between the groups.  
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Figure 23: Determined bi-directional apparent permeability of 1 μM PFOS across the Caco-2 cell monolayer in the 

presence of 0.01-100 μM P-gp inhibitor quinidine. The transport rate of PFOS is shown in the apical to basolateral 

direction (AB) and in the basolateral to apical direction (BA). Efflux ratio (ER) is displayed. Data is expressed as 

the mean with standard deviation (n=3). 
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5.7.2 PFHxS and quinidine 

The transport rate of PFHxS appears to be considerably higher than that of PFOS. The results 

(Figure 24) show a minor decrease in the transport rate of PFHxS in the basolateral to apical 

direction with increased concentrations of quinidine. In the apical to basolateral direction, the 

permeability of PFHxS show a minor decrease with the highest concentration of quinidine 

(100 μM). There was no statistically significant differences between the groups. 
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Figure 24: Determined bi-directional apparent permeability of 1 μM PFHxS across the Caco-2 cell monolayer in 

the presence of 0.01-100 μM P-gp inhibitor quinidine. The transport rate of PFHxS is shown in the apical to 

basolateral direction (AB) and in the basolateral to apical direction (BA). Efflux ratio (ER) is displayed. Data is 

expressed as the mean with standard deviation (n=3). 

5.7.3 PFBS and quinidine 

According to the results shown in Figure 25, there is no evidence that transport of PFBS is 

inhibited by quinidine, as there is no decrease in the apparent permeability with increasing 
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concentrations of quinidine. Moreover, the transport of PFBS in both directions is seemingly 

equal.  

One-way ANOVA was performed on the apical to basolateral transport. Dunnett’s post hoc 

test revealed a statistically significant difference between the control group and the group 

with 0.1 μM quinidine (P=0.02). For the basolateral to apical transport, there was no 

statistically significant difference. 
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Figure 25: Determined bi-directional apparent permeability of 1 μM PFBS across the Caco-2 cell monolayer in the 

presence of 0.01-100 μM P-gp inhibitor quinidine. The transport rate of PFBS is shown in the apical to basolateral 

direction (AB) and in the basolateral to apical direction (BA). Efflux ratio (ER) is displayed. Data is expressed as 

the mean with standard deviation (n=3). 

5.7.4 PFOS and verapamil 

The results displayed in Figure 26 show a decrease in the permeability both in the basolateral 

to apical direction, and in the apical to basolateral direction, with increasing concentrations of 

verapamil. One-way ANOVA analysis was performed, followed by Dunnett’s post hoc test, 
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which revealed a statistically significant difference in the mean values of the groups with 1 

μM verapamil (p=<0.001), 10 μM verapamil (P=<0.001), and 100 μM verapamil (P=0.010) 

versus the control group, in the apical to basolateral direction. The mean values are greater 

than would be expected by chance, for the transport in the apical to basolateral direction.  

In the basolateral to apical direction, the difference in the mean values among the groups was 

not great enough to exclude the possibility that the difference is due to random sampling 

variability, and there is no statistically significant difference among the groups.  

Concentration (μM)

Control 0.01 0.1 1 10 100

P
a
p

p
 (

x
1
0

-6
 c

m
/s

)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

AB
BA

ER=0.7
ER=1.1

ER=1.2

ER=0.7 ER=1.3

ER=2.6

 *

*

*

 

Figure 26: Determined bi-directional apparent permeability of 1 μM PFOS across the Caco-2 cell monolayer in the 

presence of 0.01-100 μM P-gp inhibitor verapamil. The transport rate of PFOS is shown in the apical to 

basolateral direction (AB) and in the basolateral to apical direction (BA). Efflux ratio (ER) is displayed. Data is 

expressed as the mean with standard deviation (n=3). 
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5.7.5 PFHxS and verapamil 

It is evident that the transport rate of PFHxS is considerably higher than that of PFOS. The 

apparent transport rate in the basolateral to the apical direction seem to decrease with 

increased concentrations of verapamil, which is also true for the transport rate in the apical to 

basolateral direction (Figure 27). 

One-way ANOVA was performed, however, there is no statistically significant difference in 

the transport of PFHxS neither in the apical to basolateral direction among, nor in the 

basolateral to apical direction between the different groups. The difference in means between 

the groups is not great enough to exclude the possibility that the difference is due to random 

sampling. 

Concentration (μM)

Control 0.01 0.1 1 10 100

P
a
p

p
 (

x
1
0

-6
 c

m
/s

)

0

2

4

6

8

10

12

14

16

18

20

AB
BAER=0.4

ER=0.6
ER=0.6 ER=0.4

ER=0.5 ER=1

 

Figure 27: Determined bi-directional apparent permeability of 1 μM PFHxS across the Caco-2 cell monolayer in 

the presence of 0.01-100 μM P-gp inhibitor verapamil. The transport rate of PFHxS is shown in the apical to 

basolateral direction (AB) and in the basolateral to apical direction (BA). Efflux ratio (ER) is displayed. Data is 

expressed as the mean with standard deviation (n=3). 
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5.7.6 PFBS and verapamil 

According to the results shown in Figure 28, verapamil has no effect on the permeability of 

PFBS across Caco-2 monolayer. The transport rate is nearly equal in both directions. There is 

no statistically significant difference between the groups.  
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Figure 28: Determined bi-directional apparent permeability of 1 μM PFBS across the Caco-2 cell monolayer in the 

presence of 0.01-100 μM P-gp inhibitor quinidine. The transport rate of PFBS is shown in the apical to basolateral 

direction (AB) and in the basolateral to apical direction (BA). Efflux ratio (ER) is displayed. Data is expressed as 

the mean with standard deviation (n=3). 

5.8 Evaluation of membrane integrity 

Mannitol was used to evaluate the membrane integrity of Caco-2 cell monolayer after 

exposure to PFOS, PFHxS and PFBS, to ensure that the membrane complete. Apparent 

permeability was not calculated for mannitol, however, the results of the samples exposed to 

the individual PFSAs were compared to the control groups and showed that there was no 

difference between the groups.  
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6 Discussion  

In recent years, PFAS, and especially compounds within the groups perfluoroalkyl carboxylic 

acids (PFCA) and perfluoroalkyl sulfonic acids (PFSA), have received great amount of 

attention due to the concerns regarding resistance to degradation in ecosystems, 

bioaccumulation in organisms and the potential toxic effects on humans. However, the 

research on potential toxic effects in humans is limited, and little knowledge is available 

about effects of PFAS on the activity of transporter proteins, P-gp in particular, with only few 

articles published in this topic (76, 89, 91, 108). In the small intestine, P-gp plays an 

important role in the detoxification of the organism and protects the human body from 

xenobiotics and toxins that enters the organism through ingestion, by active efflux into the 

lumen of the intestine. Clinically, P-gp thus has a great impact on the absorption and 

distribution of drugs, by limiting the absorption of many drugs (108). However, P-gp also has 

a detoxifying and protective role in other tissues, such as the blood-brain-barrier, retina, 

testes, placenta, developing fetus, kidney and liver, where it contributes to the active efflux of 

toxicants and removal of harmful agents from the body (108). Potential interaction of PFAS 

with P-gp, could alter the absorption and distribution of drugs and other toxicants entering the 

organism. It was hypothesized that P-gp could be involved in active efflux of particular 

PFSAs, thereby protecting the body from the potential toxic effects of these substances. The 

Caco-2 cell line model is widely used to study the intestinal absorption of various compounds 

because of the morphological and functional resemblance of human intestinal epithelial cells 

(109). The Caco-2 cell line model is in addition used to screen new chemicals for potential 

drug-drug interactions. Therefore, this model was used in the present study to investigate the 

effect of PFOS, PFHxS and PFBS on the transport of digoxin by P-gp. Digoxin is a specific 

substrate of P-gp. PFOS, PFHxS and PFBS consists of carbon chains of eight, six and four 

carbon atoms, respectively. It was of interest to investigate whether the carbon chain length 

affected the potential of these substances to inhibit P-gp activity. It was also of interest to 

investigate whether PFOS, PFHxS and PFBS crossed the Caco-2 monolayer, and whether the 

difference in carbon chain length affected the rate of transport across the membrane. 

Transport experiments were in addition conducted with verapamil and quinidine, which are 

known modulators of P-gp, in order to identify whether PFOS, PFHxS and PFBS might be P-
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gp substrates and to evaluate if P-gp is involved in the possible detoxification mechanisms of 

PFSAs in the human body.  

6.1 The effect of PFOS, PFHxS and PFBS on the transport of 

digoxin by P-gp 

The results of the present study showed that neither PFOS, PFHxS nor PFBS affected the 

transport of digoxin by P-gp across the Caco-2 cell monolayer. There was no statistically 

significant difference in transport rate of digoxin among the groups exposed to increased 

concentrations of PFOS, PFHxS and PFBS and the control group. Moreover, it is evident that 

the difference in the carbon chain length between the individual compounds tested did not 

affect the flux of digoxin through P-gp in the Caco-2 cell line model. It can, thus, be argued 

that, in this in vitro model, PFOS, PFHxS and PFBS did not alter or modulate P-gp activity. 

Several previously published studies have, however, demonstrated the potential of 

environmental toxicants causing synergistic toxic effects when combined with other 

compounds in vivo and in vitro (95, 110, 111). One of the mechanisms that might be involved 

is the inhibition of transporter proteins responsible for the efflux of toxic compounds, so-

called chemosensitization. Chemosensitization might be a common effect of man-made 

environmental pollutants, including PFAS, and other compounds not considered harmful on 

their own (95). In zebrafish embryos, PFOS has been shown to enhance the accumulation and 

inhibited the clearance of rhodamine B, which is a chemical compound often used in 

biological research as a tracer dye. Moreover, the mortality by vinblastine, which is a 

substrate of multixenobiotic resistance transporters, increased when it was co-administrated 

with PFOS. This was seen upon as disrupted efflux activity of transporter proteins (95). These 

results might suggest that PFOS could interact with P-gp or other ABC-transporters 

responsible for the efflux of xenobiotics and modulate the transporter activity. However, the 

mechanisms of action are yet to be discovered. The same study conducted in addition an 

ATPase activity assay with recombinant zebrafish ABCB4, which confirmed the interference 

of ABCB4 function, as the transporter activity was reduced by PFOS (95).  

Although the study described above suggested that PFOS interacts with ABC transporters and 

inhibits the efflux of vinblastine, the involvement of P-gp is not known. In the present study, 

the effect of PFOS, PFHxS and PFBS on the transport rate of digoxin across the Caco-2 cell 
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monolayer was studied directly and showed that the individual PFSAs did not affect the 

efflux of digoxin by P-gp. Digoxin is a specific P-gp substrate, and the results might imply 

that the individual PFSAs tested in the present study do not alter the activity P-gp in Caco-2 

cells. Moreover, it could be suggested that they most likely are not competitive inhibitors of 

P-gp in the Caco-2 cell line model. Moreover, different model organisms were used in the 

present study and in the previously conducted study described above. In the present study, the 

Caco-2 cell line model was used, which is derived from human colorectal adenocarcinoma 

and is morphologically and functionally similar to human intestinal enterocytes. The model is 

widely used by pharmaceutical industries to predict drug-drug interactions, and intestinal 

absorption of different compounds, since the permeability coefficients obtained using the 

Caco-2 cell line model show a good correlation with in vivo permeability coefficients in 

human intestine (112). The U.S. Food and Drug Administration (FDA) therefore approves the 

Caco-2 model as one of the methods utilized to determine the permeability of a drug 

substance from the gastrointestinal tract (113). The Caco-2 cells are grown on a membrane 

insert, and as for intestinal enterocytes, the cells encompass several ways of transport across 

the membrane, such as passive paracellular and transcellular transport, facilitated transport 

and active transport. Thus, the model is a decent representation of the normal physiology of 

intestinal enterocytes. Although it has been shown that in zebrafish, PFOS interacts with ABC 

transporters and inhibits the efflux of a cytotoxic substrate, the results obtained in the present 

study might be more representative for the interactions of PFSAs with P-gp in humans (95).  

There might be significant differences in the physiological and cellular processes between 

humans and model organisms of other species. Although ABC-genes are conserved between 

species, it can be argued that the expression, activity, and substrate specificity of P-gp can 

vary between humans and model organisms of different species (114-116). It has been 

demonstrated that there are several differences in the elimination kinetics of different PFAS, 

depending on species, sex, as well as the functional group and the length of the carbon chain 

of PFAS (44). The elimination half-live varies between species and individuals and is 

generally much longer in humans (45). Membrane transporters have received much attention 

in the attempt of explaining these kinetic differences. This might support the possibility that 

the different findings in the present study compared to the findings in other published studies 

might be caused by biological variability between model organisms and cell lines used, and 

that other model organisms might potentially have more efficient detoxification mechanisms 
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in other species due to possibly distinct or wider substrate specificities of the involved 

transporter. 

Another previously conducted study showed that GenX (ammonium 2,3,3,3,3-tetrafluoro-2-

(heptafluoropropoxy) propanoate) reduces the activity of P-gp, breast cancer resistance 

protein, and multidrug resistance-associated protein 2 at the blood-brain barrier (108). GenX 

is a chemical precursor used in the production of polytetrafluoroethylene (Teflon), and has 

been used as a substitute for both PFOS and PFOA, as it has been shown to be less 

bioaccumulative (117). However, the observations regarding lower bioaccumulation of GenX 

could be explained by a shorter emission period compared to the now regulated PFOS and 

PFOA, in addition to few published studies including GenX in their research investigation. In 

the study on GenX, the transporter activity was measured in isolated rat brain capillaries by a 

confocal microscopy based method, and the results showed that exposure of rat brain 

capillaries to low nanomolar concentrations (0.1-100 nM) of GenX, significantly reduced the 

transport activity of P-gp after 1-2 hours (108). In that study, fluorescent cyclosporine A was 

used as substrate for P-gp. Reversibility assays was performed, which showed that after GenX 

removal, the P-gp transport activity returned to control levels after 1 hour in males and after 

two hours in females (108). The same study showed that GenX did not reduce P-gp-

associated ATPase activity in an in vitro transport assay system composed of vesical 

membranes and purified P-gp transporter proteins, thus, it was suggested that GenX did not 

inhibit P-gp transport by direct contact with the transporter (108). The study also suggested 

that GenX affected the transporter activity, but not its expression (108). The same study 

additionally performed growth inhibition assays on two human-derived P-gp overexpressing 

ovarian tumor and breast cancer cell lines (NCI/ADR-RES and MX-MCF-7), to determine if 

the effect of GenX observed in rats occurred in human cells (108). GenX as a single 

compound was not toxic to the cells, however, when co-administrated with Adriamycin, a 

cytotoxic P-gp substrate, the substrate toxicity increased, suggesting that GenX can inhibit the 

efflux of the cytotoxic agent in human cancer cell lines (108).  

These are interesting findings. However, the different methods applied in the present study 

and the published study described above, together with differences in model organisms and 

cell lines used, in addition to structural differences between GenX and the individual PFSAs 

tested in the present study, might have led to different findings. GenX is a branched 
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perfluoroalkyl substance with six carbon atoms, an oxygen-bridge bond that makes the 

molecule polar to some degree, and a carboxylic acid as the functional group. Structurally, 

GenX differs from PFOS, PFHxS and PFBS used in the present study, which are a technical 

mixture of linear and branched species, and have a functional group consisting of sulfonic 

acid. The functional group of a compound determines the reactivity, solubility and other 

physical properties of the compound that can affect its biological role in living organisms. 

Compounds with different functional groups can thus interact differently with their 

surroundings. The structural differences between GenX and the investigated compounds in 

the present study could possibly explain the difference in the results when it comes to the 

inhibition of P-gp. In the present study, individual PFSAs were chosen to examine whether 

the potential to inhibit P-gp is affected by the carbon chain length of the substance. However, 

it would be interesting to examine the effects of perfluoroalkyl carboxylic acid on P-gp 

activity in the Caco-2 cell line model with digoxin as the P-gp substrate.  

Moreover, in the study on the effects of GenX on P-gp, rat brain capillaries and P-gp 

overexpressing human ovarian tumor and breast cancer tumor cell lines were utilized, in 

comparison to Caco-2 cells used in the present study (108). In the present study, P-gp was not 

overexpressed, and it could be argued that the model is a more accurate representation of the 

normal physiology.   

It is evident from the results obtained in the present study, that in the Caco-2 cell line model, 

PFOS, PFHxS and PFBS did not reduce the activity of P-gp. In contrast, other studies have 

conducted growth inhibition assays, utilizing cytotoxic P-gp substrates to measure the effects 

of different PFAS on the cell viability, and thus estimating possible interactions of PFAS with 

P-gp or other efflux transporters in the efflux of PFAS. It could be assumed that GenX and 

Adriamycin might have synergistic effects on the toxicity of the cancer cell lines utilized. 

Although P-gp is an important transporter that is involved in the efflux of many cytotoxic 

drugs and xenobiotics, it cannot be excluded that several transporters might be involved in the 

efflux of PFAS, as different transporters may have overlapping substrate specificity.  

Another study showed that different environmental toxicants differentially target ABC-

transporters in the blood-testis barrier and affect Leydig cell testosterone secretion in vitro 

(89). The same study performed an uptake assay using membrane vesicles overexpressing 
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several ABC transporters, including P-gp, and showed that PFOA and PFOS had the strongest 

observable effect on P-gp activity, where 100 μM led to 71 % and 84 % inhibition by PFOA 

and PFOS respectively (89). In the same study, the accumulation of PFOA was studied in 

transporter-overexpressing Madin-Darby canine kidney (MDCK) cells and normal MDCK 

cells, with and without the P-gp inhibitor elacridar, and showed that there was no difference 

in PFOA accumulation between P-gp overexpressing MDCK cells compared to normal 

control MDCK cells (89). This indicated that P-gp, most likely, was not responsible for the 

transport of neither PFOA nor the other environmental toxicants tested. This might suggest 

that PFOA modulate the activity of P-gp not necessarily directly, but through other possible 

mechanisms of action. These findings support the hypothesis that more complex mechanisms 

of action might be involved in the potential of PFAS to inhibit efflux transporters.  

Although these interesting findings contradict with the findings in the present study, it can be 

argued that the differences in the results could be caused by the different methods applied to 

study the effects of PFAS on P-gp. In the published study described above, P-gp 

overexpressing membrane vesicles were used to study the interaction between PFOA, PFOS 

and P-gp (89). Moreover, the concentrations that caused the inhibitory effect were 

considerably higher (100 μM) than the highest concentrations used in the present study (10 

μM). It could be argued that many compounds in such high concentrations, would interact 

with and possibly inhibit the transporter molecule, however, not necessarily by the same 

mechanisms of action as lower concentrations of the same compound. The range in 

concentrations in the present study was based on the concentrations of PFOS and PFHxS 

detected in human serum, thus, it can be argued that these are more representative when it 

comes to potential physiological effects in humans.  

Although the findings in the present study showed that PFOS, PFHxS and PFBS did not 

affect the flux of digoxin by P-gp in the Caco-2 cell line model, it cannot be stated with 

certainty that the same will occur in vivo. It is uncertain whether these compounds will affect 

the absorption and distribution of drugs or toxicants entering the human body by ingestion. 

Moreover, PFOS, PFHxS and PFBS could possibly interact with P-gp or other ABC 

transporters involved in the absorption and distribution of drugs or toxicants in vivo, as they 

might be involved in more complex pathways that are difficult to study in the Caco-2 cell line 
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or other models. It is, nevertheless, an interesting and novel finding, that PFOS, PFHxS and 

PFBS did not interact with P-gp or modulate its activity in the Caco-2 cell line.  

It is possible that individual PFAS interact with P-gp or other ABC transporters by 

mechanisms of action that have not been described in literature yet. It has been shown that 

GenX did not inhibit transporter activity by direct contact with the transporter protein (108). 

The same study showed that GenX might potentially disrupt the biological signaling 

pathways known to regulate ABC transporters (108). Previously published studies have 

suggested that PFAS might interact with peroxisome proliferator-activated receptor alpha 

(PPAR-α), the activity of which has been related to the activity and expression of P-gp. 

Signaling pathways dynamically regulate the activity and expression of P-gp, amongst other 

ABC transporter proteins (108). PPARs are nuclear receptors that are activated by 

endogenous fatty acids and some lipid-like xenobiotics (18). The effect of GenX and PPAR-γ 

on P-gp activity has been studied, and it was shown that the transport by P-gp transport that 

was reduced by GenX, was restored when co-treating with PPAR-γ inhibitor, in male rat brain 

capillaries (108). Although it has been shown that PPAR-α regulates the expression of the 

blood-brain barrier efflux transporter, it might not necessarily be involved in the regulation of 

expression of efflux transporters in the small intestine (118). However, PPAR-γ and PPAR-α 

are expressed in Caco-2 cells, and it has been shown that the expression increases with 

gradual differentiation of the cells (119). Thus, it could be suggested that PFOS, PFHxS and 

PFBS do not interact with PPAR-γ and PPAR-α in Caco-2 cells, to alter the expression of P-

gp, or that expression of PPAR-γ and PPAR-α was not great enough to affect P-gp activity. 

Nevertheless, since the expression PPAR-γ and PPAR-α was not studied in in the Caco-2 cell 

line model in the present study, it is not certain whether an interaction between the individual 

PFSAs tested in the present study, and the PPAR receptors did occur. 

6.2 PFOS, PFHxS and PFBS are transported across the Caco-2 cell 

monolayer 

PFAS are bioaccumulating and biomagnifying in the food chain and are present in many 

consumer products that surrounds us in our daily lives, including in stain- and waterproof 

coatings for clothing and furniture, personal care products, and food packaging materials 

(120). PFAS are therefore known to be life-style related chemicals and are ubiquitously 
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distributed in the environment. It was thus of interest to determine whether PFOS, PFHxS and 

PFBS cross the Caco-2 cell monolayer and whether the individual PFSAs might be subjects 

for active efflux by P-gp as part of the detoxification process of toxicants entering the body by 

ingestion. The present study demonstrated that PFOS, PFHxS and PFBS crossed the Caco-2 

cell monolayer in all the concentrations tested (0.001-10 μM) both in the apical to basolateral 

direction, and in the basolateral to apical direction. An exception was 0.001 μM PFOS in the 

apical to basolateral direction, that was not detected during the analysis. The results are 

inconsistent, and it is challenging to conclude whether active efflux or uptake of PFOS, 

PFHxS and PFBS does occur. Compared to the previously described findings of the present 

study, in which the flux of digoxin across the Caco-2 membrane was studied, it might seem 

that active efflux is not necessarily involved in the transport of PFOS, PFHxS and PFBS out 

of the cells. This could possibly imply that there are no effective mechanisms of 

detoxification of PFOS, PFHxS and PFBS in the Caco-2 cells, and potentially also not in 

intestinal enterocytes either.  

Moreover, the transport rates of the compounds in both directions are mostly equal (Efflux 

ratio; ER=1), and the efflux ratio is below two for nearly all test compounds and 

concentrations tested. An efflux ratio greater than two might indicate that active efflux is 

involved. PFHxS 0.01 μM, as well as PFBS 1 and 10 μM, nevertheless, stand out with an 

efflux ratio higher than two. It was problematic to interpret the results and conclude whether 

active efflux might be involved for these specific concentrations, or whether reproducibility 

of the experiments due to challenges in handling cell experiments have had an impact on the 

results. Nevertheless, the results could indicate that the uptake in human intestinal enterocytes 

occurs at the same rate as the efflux of these individual PFSAs, suggesting that there are no 

protective mechanisms of action dealing with environmental toxicants like PFAS, when these 

enter the body by ingestion. 

PFBS stands out compared to the other two compounds tested. It appears that the transport 

rate of PFBS in the apical to basolateral direction decreases with increased concentration of 

the compound. It could be assumed that there is some sort of inhibition involved, and that 

PFBS alters or inhibits its own uptake into the cell. A possible mechanism could be by 

saturation of a transporter involved in the uptake of PFBS. Digoxin was present in the 

incubation solutions, as some of the transport studies with PFOS, PFHxS and PFBS and 
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digoxin were carried out in the same assay as transport studies to investigate the permeability 

of PFOS, PFHxS and PFBS across the Caco-2 monolayer. It could be considered, that if 

active uptake through P-gp is involved, that digoxin could compete with PFBS for the uptake 

through possible uptake transporters.  

Nevertheless, previously published studies have shown that long chain PFAS, like PFOS can 

be incorporated in biological membranes and thus affect the permeability of compounds (61, 

121-123). One study showed that exposure of human placental choriocarcinoma cell line 

JEG-3 to a mixture eight perfluoroalkyl substances of 0.6 μM, including PFOS, PFHxS and 

PFBS, led to a 3.4-fold increase of several lipid classes, including phosphatidylcholines, 

plasmalogen and lyso plasmalogen, indicating that the PFAS interfered with the membrane 

lipids (61). What is interesting, the strongest alteration in cell lipids was observed at the 

lowest concentrations tested (0.6 μM) (61). Another study has previously shown that PFOS 

may cause adverse biological effect by alteration of the fluidity of the lipid assemblies of the 

plasma membrane (124). In the present study, it could be observed that highest transport rate 

across the membrane was for the lower concentrations of PFHxS (0.001, 0.01 μM) in the 

basolateral to apical direction. Although the incorporation of the individual PFSAs in the cell 

membrane was not tested in the present study, it could be hypothesized that the higher rate in 

the lower concentrations could be caused by the incorporation of the PFSAs in the cell 

membrane and its altered fluidity, making the membrane more permeable. A different study 

showed that PFOS increased membrane fluidity in fish leukocytes in a dose-dependent 

manner (5-15 mg/L) (125). Moreover, the same study showed that the mitochondrial 

membrane potential was affected by the same concentration range, which suggested that 

PFOS effects membrane properties at lower concentrations than those associated with other 

adverse effects (125). Another study studied the interactions of PFAS with a phospholipid 

bilayer by neutron reflectometry, and showed that all PFAS tested did interact with the 

phospholipid bilayer by incorporation (123). Longer chain PFAS showed higher tendency to 

penetrate into the bilayer compared to the short chain PFAS (123). This could possibly 

explain the inconsistency of the results regarding PFOS. Moreover, the disorder of the bilayer 

was in that study observed to increase with increased concentrations of PFAS, especially of 

short chain substances such as PFBS, and it was suggested that it could be an indication of 

aggregation of PFAS in the phospholipid bilayer (123). This is an interesting finding. In the 

present study it was observed that the rate of PFBS decreases with increased concentrations of 
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PFBS, and it could be suggested that the rate decreased due to incorporation and aggregation 

in the phospholipid bilayer. However, the measured concentrations in that study were much 

higher than in the present study, 0-0.07, 0-5.2 and 0-88 mmol/L for PFOS, PFHxS and PFBS 

respectively, thus, the results do not necessarily reflection the effects of PFAS within the 

physiological range that is detected in human serum (123). Nevertheless, these findings are 

very intriguing, and it would be an interesting follow-up to study PFAS incorporation and 

accumulation in the Caco-2 cell line in future studies. 

In the present study, it was hypothesized that active transport was involved in the efflux of 

PFOS, PFHxS and PFBS. In the case of involvement of active transporters, the transport rate 

is dependent on the availability of the substrate to the transporter. In order to achieve a 

constant transport rate during incubation, the transporter needs to be saturated with its 

substrate, or the substrate need to be in excess. Only then, representative results of the 

transport rate can be obtained. A decrease in substrate concentration could significantly affect 

the transport activity. If the substrates, PFOS, PFHxS and PFBS were not in excess, the 

transporter activity could decrease with time due to decreased substrate availability in the 

donor chamber.  

Time trends were conducted for 1 μM of PFOS, PFHxS and PFBS, which showed linear 

transport. It was concluded that at 1μM of PFOS, PFHxS and PFBS, the transporter activity is 

constant. However, only one time-independent study was conducted, but then in parallels. 

Conducting a single time-independent study excludes biological variations. The standard 

deviation was, on the other hand, very small, and the parallels within the study were almost 

identical. In an optimal way, several time-independent time trends should have been 

conducted for all concentrations used, however, this would have been beyond the scope of the 

present master’s thesis.  

The incubation lasted for 90 minutes straight. It cannot be excluded that the transport of 

PFOS, PFHxS and PFBS was reversed to the opposite direction, when the substrate 

concentration reached sufficient levels in the recipient chamber, back to the donor chamber. 

Then, an equilibrium would have been established. To avoid this in subsequent studies, 

samples should be taken in shorter intervals, as for example every 30 or even 15 minutes and 
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at the same time replacing the volume that was sampled, with fresh HBSS buffer added to the 

recipient chamber. In that way it would be easier to control the flux of substances. 

Working with PFAS is challenging, as PFAS is known to adsorb to surfaces. The adsorption 

of PFOS, PFHxS and PFBS to the plate wells and inserts during the incubation cannot be 

excluded and could have led to the inconsistent results. PFAS with longer carbon chains tend 

to adsorb with a higher rate than PFAS with short carbon chains. 

It has previously been shown that the toxicity of PFAS is dependent of the functional group 

attached, and increases with increased carbon chain length (61, 126). It was shown that the 

toxicity was greater for PFAS with a sulfonic acid functional group compared to carboxyl 

group. This could be connected to the rate of transport of PFAS into the cell. It was thus also 

of interest to study whether the transport rate across the Caco-2 cell monolayer differs 

between PFAS of different carbon chain lengths. PFOS, PFHxS and PFBS have chains of 

eight, six and four carbon atoms respectively. In the present study, it was observed that 

PFHxS crosses the monolayer at a seemingly higher rate compared to PFOS and PFBS. The 

rate was higher both in the apical to basolateral direction and in the basolateral to apical 

direction. Thus, it could be suggested that the cell membrane of Caco-2 cells is more 

permeable for PFHxS.  

It is, however, rather difficult to conclude at this time how PFOS, PFHxS and PFBS cross the 

Caco-2 cell monolayer. A contribution of active transporters in addition to passive or 

facilitated diffusion could be involved.  

 

6.3 Quinidine and verapamil influenced the transport of PFOS, 

PFHxS and PFBS across the Caco-2 monolayer 

To study the involvement of P-gp in the active efflux and detoxification of PFOS, PFHxS and 

PFBS when entering body by ingestion, these substances were individually incubated with 

Caco-2 cell monolayers and known P-gp inhibitors. This was done in order to investigate 

whether PFOS, PFHxS and PFBS might be P-gp substrates. Verapamil and quinidine are 

known and widely used inhibitors of P-gp. Quinidine is more selective for P-gp than 

verapamil. It was hypothesized that if P-gp was involved in the active efflux of PFOS, PFHxS 
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and PFBS, efflux of these individual substances would decrease with increased concentrations 

of the inhibitors.  

Although the results were not statistically significant, it can appear that the transport rate of 

PFOS and PFHxS decreases both in the apical to basolateral and in the basolateral to apical 

direction with increased concentrations of inhibitors. In contrast, the transport rate of PFBS is 

constant both in the apical to basolateral direction and in the basolateral to apical direction 

and the transport does not seem to be affected by the increased concentrations of neither 

quinidine nor verapamil. 

The effect of quinidine on transport rate of PFOS is inconsistent, however, it shows a 

decrease in transport rate for the highest concentration of quinidine (100 μM) compared to the 

control group. The decrease is greater for the transport rate in the apical to basolateral 

direction than for the transport rate in the basolateral to apical direction. While it can appear 

that the control group has a higher flux of PFOS from the apical to basolateral chamber, than 

efflux from the basolateral to apical chamber (ER=0.6), the group exposed to 100 μM 

quinidine, shows a considerably lower rate of PFOS in the apical to basolateral direction than 

the efflux in the basolateral to apical direction (ER=1.4). It was hypothesized that quinidine 

would inhibit P-gp, and by these means decrease the transport rate of PFOS in the basolateral 

to apical direction, in case PFOS being a P-gp substrate. Although there is a small decrease in 

the transport rate in the basolateral to apical direction with increased concentrations of 

quinidine, it might appear that quinidine affected the influx of PFOS more than its efflux.  

Similar effect on the transport rate of PFOS is seen with verapamil. For the control group, the 

efflux rate is 0.7, suggesting that the influx of PFOS into the cell is higher than the efflux. 

However, it appears that the transport rate of PFOS decreases with increased concentrations 

of verapamil (1, 10 and 100 μM), both in the apical to basolateral direction, and in the 

basolateral to apical direction. Similar as observed with quinidine, it might appear that 

verapamil inhibits the influx of PFOS.  

Both inhibitors seem to decrease the transport rate of PFHxS to some degree, mostly in the 

basolateral to apical direction. However, the rate of PFHxS in the apical to basolateral 

direction decreased to some degree with increased concentrations of verapamil. This might 

imply that PFOS, PFHxS and PFBS cross the cell membrane in different ways with different 
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transport mechanisms involved. It could be hypothesized that PFBS, who’s chemical structure 

consists of four carbons, diffuses more easily across the membrane, while PFHxS and PFOS 

requires facilitated active transport to cross the membrane.  

A previously published study suggested that PFOA was not a substrate of P-gp, as the 

accumulation of PFOA in MDCK cells did not change when incubated with the P-gp inhibitor 

elacridar (89). In the present study, although the decrease of PFOS and PFHxS was not 

statistically significant, a trend could be observed, where flux of these substances decreased to 

some degree with increased concentrations of quinidine and verapamil. This might imply that 

active efflux might be involved, and that PFOS and PFHxS, but not PFBS could be substrates 

of P-gp. However, it is not excluded that PFOS, PFHxS and PFBS cross the Caco-2 

monolayer by simple diffusion in addition to being actively transported. The Caco-2 model 

encompasses all these routes of transport across the membrane, including transcellular and 

paracellular diffusion, facilitated diffusion and active transport. It is possible that PFOS, 

PFHxS and PFBS cross the cell membrane by different mechanisms, thus, it is challenging to 

differentiate between these ways of transport when using the Caco-2 cell line model. It could 

be suggested that the Caco-2 cell line model was not the ideal model to study the transport of 

the individual PFSAs across the monolayer. The model might not be sensitive enough to 

differentiate between the different ways of transport across the membrane, especially 

considering that PFAS are compounds that are difficult to study.  

However, in previously published studies it has been demonstrated that PFOS, PFHxS and 

PFBS are substrates of several human organic anion transporting polypeptides (OATP), 

including human OATP1B1, OATP1B3, OATP2B1, and rat OATP1A1, OATP1B2, 

OATP2B1, OATP1A5 (44). These transporters are involved in the uptake of different PFAS 

and are expressed in hepatocytes and enterocytes in humans and rats. OATPs are sodium-

independent transporters that mediate the uptake of different endogenous and exogenous 

compounds like taurocholate, estrone-3-sulfate, bilirubin and several drugs including statins 

(109). These experiments were conducted using Chinese hamster ovary cells and HEK-cells 

(44). Further it has been demonstrated that OATP1B2, as well as OATP1A2 are present in the 

human intestinal enterocytes and are known to be expressed in the Caco-2 cell line model 

(109). However, the expression levels of OATP1B2 are higher than for the other OATP 

isoforms in intestinal enterocytes and also in Caco-2 cells. It has been suggested that 
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OATP1A2 is not involved in the uptake of PFOA, thus, it was suggested that OATP2B1 

mediates the uptake of PFOA into Caco-2 cells (109). OATPs could therefore have 

contributed to the uptake of PFOS, PFHxS and PFBS into Caco-2 cells in the present study. It 

has also been shown that PFBS was transported with the lowest efficiency by all three human 

OATPs (44). However, the results of the present study showed that the transport rate of 

PFBS, in both directions, was higher than of PFOS.  

OATP1A2, which has been shown to be involved in transport of PFAS, is inhibited by 

verapamil (127). However, this transporter is not expressed in the Caco-2 cell line model. 

Nevertheless, it seems that verapamil and quinidine inhibit the transport rate in the apical to 

basolateral direction of both PFOS and PFHxS. This suggests that there might be other 

transporters, that are expressed in the Caco-2 cell line model, and which are involved in the 

uptake of these substances. Inhibition of these unknown/other transporters could be useful in 

order to limit the absorption of PFOS and PFHxS entering the body through ingestion. 

 

6.4 Limitations of the study and future aspects 

There are several limitations to the present study that could have affected the results. These 

should be improved and accounted for in follow-up and future studies.  

First, in the present study, the flux of substances across the membrane and back to the initial 

chamber was not controlled. Although the concentration gradient is presumably the driving 

force of the flux of substances, there is no guarantee that the concentrations measured are the 

actual concentrations transported of the substance in one direction. If the transport rate of a 

substance was fast, this could have led to an equilibrium being established after some time 

during the incubation. However, this was not investigated, and it cannot be stated with 

certainty that an equilibrium was established within the 90 minutes of incubation. However, 

to improve this, it could be suggested to take samples from the recipient chamber in shorter 

intervals, as for example every 15 or 30 minutes in comparison to incubating for 90 minutes 

straight. Moreover, samples could be taken in a way to reduce the volume of the recipient 

chamber in half, and after, replacing this volume with fresh HBSS. This way, the 

concentration of the substances in the recipient chamber would be reduced and thus 
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minimized the diffusion from the recipient to donor chamber across the monolayer. The flux 

of the substance would be limited to the transport from the donor chamber to the recipient 

chamber. 

It might be that calculation of apparent permeability for PFAS in Caco-2 cell line model was 

not the perfect way to measure the transport across the biological membranes. It was 

hypothesized that PFOS, PFHxS and PFBS are substrates for P-gp, however, it might be a 

better way of presenting the permeability of a compound, when other ways of transport are 

involved.  

Second, this study did not account for biological variation and the data was not normalized. 

Due to limitations in the number of inserts per plate, it was prioritized to test more 

concentrations, instead of including membrane integrity markers, such as mannitol and 

propranolol, with every transport study. The cell membranes could have been incubated with 

the integrity markers subsequent the incubation with the individual PFSAs, however, in this 

case, time was the limiting factor. The extraction of digoxin was supposed to occur as fast as 

possible to limit its degradation. However, it would be preferred to include inserts with 

integrity markers with every transport study, which could then be used for the normalization 

of data and correct for biological variations. The expression of P-gp might differ between 

cells of different passage number, and the number of transporters might differ between 21 and 

28 days of culture. Culture conditions also affect the differentiation and polarization of the 

cells, and thus, also the expression of P-gp. The expression of P-gp is closely related to the 

measured transport activity, as a greater number of transporters would result in a greater 

transport rate. With increased passage number of the cells, morphological and genetic changes 

might occur in the cells. These changes might affect the characteristics of the cells, including 

expression of transporter proteins, and it is thus recommended that the passage number of 

cells does not exceed 10. In this study, this was taken into account, thus, several batches of 

cells were used throughout the study. This could imply that there were biological differences 

among the different batches of cells used in the study, that could have affected and caused 

variations in the results. Thus, it is important to account for biological variation. 

The selection of the concentrations was based on the levels of PFOS and PFHxS detected in 

human serum. Higher concentrations could be applied to observe an effect, however, in that 
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case, it would be much more challenging to conduct the experiments because PFAS 

contamination issues caused for example by carry over, and the results would not necessarily 

reflect the real-life scenario.  

There are some limitations when it comes to the experimental setup of the transport studies, 

that could have affected the results. The size of the incubator used during the transport studies 

was too big to install it on a shaker, and too small to place the shaker inside. It is possible that 

the compounds were not evenly and properly mixed in the wells and inserts before taking an 

aliquot, although the plates were shaken by hand after ended incubation. PFAS readily adsorb 

to surfaces over time and are challenging substances to work with. Using a shaker during the 

incubation could have minimized the probability of an adsorption of PFAS to the plastic.  

Further, the aliquots of 50 μL were stored at -20 degrees for later LC-MS analysis. Although 

the vials were mixed using a vortex prior to sample dilution and preparation for analysis, 

there exists a possibility that the samples were not mixed thoroughly well enough, and what 

could have introduced random errors. More time-independent parallels should have been 

conducted, but due to time limitations and limitations in the capacity of the instrument, it was 

not possible to conduct more experiments. 

Some parallels had to be excluded as the amount of test substance detected was identical in 

both chambers, suggesting that the filter could have been punctured during washing or 

pipetting. To avoid using punctured filters, TEER could have been measured just beforehand 

the addition of incubation solutions. However, since TEER measurements were conducted 

every week during cell culture, to observe the growth and health of the cells, the Millipore 

was calibrated to be used in culture medium. Transport experiments were conducted in HBSS 

transport buffer, and in order to measure electrical resistance across the monolayer, the 

instrument had to be calibrated to this specific buffer. This was time consuming and 

inconvenient, however, for future studies, it could be suggested to obtain several electrodes 

that could be used to different purposes and buffers.  

In the present study, the effect of three PFSAs of different carbon chain lengths on the 

transport of digoxin, was investigated. Additionally, it would be interesting studying other 

PFAS with different chain length and functional groups, to investigate and compare the 

effects of carbon chain length and effects of different functional groups on the transport of 
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digoxin across the Caco-2 cell monolayer. Although the Caco-2 model is a widely used model 

to study drug-drug interactions, it would be interesting to utilize different human cell lines 

expressing ABC transporter proteins and possibly also tissues containing efflux transporters 

to investigate whether this would affect the results. It could additionally be considered using 

knockout models to study specific transporters of interest, instead of inhibitors. Moreover, it 

would be interesting to investigate the synergistic effects of PFAS and cytotoxic substrates in 

the Caco-2 cell line, in order to examine whether the results from other published studies 

could be reproduced in Caco-2 cell line and potentially other human cell lines. Moreover, it 

would be interesting to examine the potential mechanisms of action of the synergy between 

PFAS and other toxic agents. 

Aditionally, it would be of great interest to examine not only the transport of PFAS across the 

membrane, but also the accumulation of PFAS within the cells, as well as the incorporation of 

PFAS in the cell membrane in future studies.  
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7 Conclusion 

To conclude, the findings in the present study showed that PFOS, PFHxS and PFBS did not 

affect the flux of digoxin by P-gp in the Caco-2 cell line model. It is still uncertain whether 

PFOS, PFHxS and PFBS could possibly interact with P-gp or other ABC transporters 

involved in the absorption and distribution of drugs or toxicants in vivo, as they might be 

involved in more complex pathways that are difficult to study in the Caco-2 cell line or other 

models. It is, nevertheless, an interesting and novel finding, that PFOS, PFHxS and PFBS did 

not interact with P-gp or modulate its activity in the Caco-2 cell line. Further, it was shown 

that PFOS, PFHxS and PFBS were transported across the Caco-2 cell monolayer with 

approximately the same rate in both the apical to basolateral direction and in the basolateral to 

apical direction. When the transport rate was measured using known P-gp inhibitors, it was 

observed that the transport rate decreased to some degree for PFOS and PFHxS in both the 

apical to basolateral direction and in the basolateral to apical direction, but not for PFBS, 

suggesting that active uptake and efflux might be involved in the transport of these substances 

across the Caco-2 cell monolayer. However, it is possible that other ways of transport are 

involved. Further research in the fields of permeability of PFAS across biological barriers as 

well as mechanisms of action involved in inhibition of efflux transporters is needed to assess 

the potential toxicity of these environmental toxicants.  
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Appendix 

Table 1. Fixation procedure for SEM and TEM 

Step# Description 

User 

Prompt 

(on/off) 

Time 

(Hr:min:sec) 

Power 

(Watts) 

Temp 

(ºC) 

Load 

Cooler 

(off/auto/on) 

Vacuum/ 

Bubbler 

Pump (off/ 

bub/ vac 

cycle/ vac 

on/ vap) 

SteadyTemp 

pump 

(on/off) 

SteadyTemp 

temp (ºC) 

Protocol #9 Mal Green Fixation 
    

1 MalGreen GA fix Off  0: 2: 0 100 50 Off vacuum on On 23 

2 MalGreen GA fix Off  0: 2: 0 0 50 Off vacuum on On 23 

3 MalGreen GA fix Off  0: 2: 0 100 50 Off vacuum on On 23 

4 MalGreen GA fix Off  0: 2: 0 0 50 Off vacuum on On 23 

5 MalGreen GA fix Off  0: 2: 0 100 50 Off vacuum on On 23 

6 MalGreen GA fix Off  0: 2: 0 0 50 Off vacuum on On 23 

7 MalGreen GA fix Off  0: 2: 0 100 50 Off 

vacuum 

cycle On 23 

 
2 bench washes 

        
8 PHEM Buffer On  0: 0: 40 250 50 Off Off On 23 

9 PHEM Buffer On  0: 0: 40 250 50 Off Off On 23 

10 Osmium On  0: 2: 0 100 50 Off 

vacuum 

cycle On 23 

11 Osmium Off  0: 2: 0 0 50 Off vacuum on On 23 

12 Osmium Off  0: 2: 0 100 50 Off vacuum on On 23 

13 Osmium Off  0: 2: 0 0 50 Off vacuum on On 23 

14 Osmium Off  0: 2: 0 100 50 Off vacuum on On 23 

15 Osmium Off  0: 2: 0 0 50 Off vacuum on On 23 

16 Osmium Off  0: 2: 0 100 50 Off 

vacuum 

cycle On 23 

 
2 bench washes 

        
17 PHEM Buffer On  0: 0: 40 250 50 Off Off On 23 

18 PHEM Buffer On  0: 0: 40 250 50 Off Off On 23 

19 Tannic Acid On  0: 1: 0 150 50 Off 

vacuum 

cycle On 23 

20 Tannic Acid Off  0: 1: 0 0 50 Off vacuum on On 23 

21 Tannic Acid Off  0: 1: 0 150 50 Off vacuum on On 23 

22 Tannic Acid Off  0: 1: 0 0 50 Off vacuum on On 23 

23 Tannic Acid Off  0: 1: 0 150 50 Off vacuum on On 23 

24 Tannic Acid Off  0: 1: 0 0 50 Off vacuum on On 23 

25 Tannic Acid Off  0: 1: 0 150 50 Off 

vacuum 

cycle On 23 

 
2 bench washes 

        
26 PHEM Buffer On  0: 0: 40 250 50 Off Off On 23 

27 Water On  0: 0: 40 250 50 Off Off On 23 

28 Water On  0: 0: 40 250 50 Off Off On 23 



 

94 

 

 
2 bench washes 

        

29 UA On  0: 1: 0 150 50 Off 

vacuum 

cycle On 23 

30 UA Off  0: 1: 0 0 50 Off vacuum on On 23 

31 UA On  0: 1: 0 150 50 Off vacuum on On 23 

32 UA Off  0: 1: 0 0 50 Off vacuum on On 23 

33 UA Off  0: 1: 0 150 50 Off vacuum on On 23 

34 UA Off  0: 1: 0 0 50 Off vacuum on On 23 

35 UA Off  0: 1: 0 150 50 Off 

vacuum 

cycle On 23 

36 Water On  0: 0: 40 250 50 Off Off On 23 

37 Water On  0: 0: 40 250 50 Off Off On 23 

38 25% ETOH On  0: 0: 40 250 50 Off Off On 23 

39 50% ETOH On  0: 0: 40 250 50 Off Off On 23 

40 70% ETOH On  0: 0: 40 250 50 Off Off On 23 

41 90% ETOH On  0: 0: 40 250 50 Off Off On 23 

42 100% ETOH On  0: 0: 40 250 50 Off Off On 23 

43 100% ETOH On  0: 0: 40 250 50 Off Off On 23 

44 100% ETOH On  0: 0: 40 250 50 Off Off On 23 

Protocol #11 - Resin 

infiltration 
        

1 Resin 1:2 On  0: 3: 0 250 50 Off 

vacuum 

cycle On 23 

2 Resin 100 On  0: 3: 0 250 50 Off 

vacuum 

cycle On 23 

3 Resin 100 On  0: 3: 0 250 50 Off 

vacuum 

cycle On 23 
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Table 2. PFAS dilutions – transport studies with and without inhibitors 

 

Sample 

concentration 

(μM) 

Volume of 

sample 

(μL) 

ISTD (μL)  RSTD 

(μL) 

MeOH 

(μL) 

Milli-Q 

water (μL) 

Total 

volume 

(μL) 

Control  50 10 5 35 0 100 

0.001 50 10 5 35 0 100 

0.01 50 25 10 115 100 300 

0.1 10 25 10 115 140 300 

1 10 25 10 115 140 300 

10 10 25 10 115 145 300 

 

 

 

Table 3. PFAS dilutions – time trend 

Sample 

concentration 

(μM) 

Volume of 

sample 

(μL) 

ISTD (μL)  RSTD 

(μL) 

MeOH 

(μL) 

Milli-Q 

water (μL) 

Total 

volume 

(μL) 

1  50 25 10 115 100 300 
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Table 4. Test of PFAS presence in equipment and solutions used in the study. The tests 

were performed in parallels. 

 

Equipment/solution Comment 

Pipette tips 1-10 μL  Not detected 

Pipette tips 1-100 μL Not detected 

Pipette tips 1-1000 μL PFBS detected 

Culture medium DMEM Trace amount s of PFHpS. PFOS, PFNS 

detected, and maybe PFDS and 6:2 FTS 

PBS Not detected 

HBSS Not detected 

Trypsin 6:2 FTS, but another test is required to 

conclude with certainty  

Cell culture flask 25 cm3 Trace amounts of PFNA. PFDA, PFUnDA, 

PFDoDA, PFTrDA, PFTeDA detected 

Cell culture flask 75 cm3 PFBA, PFPeA, PFHxA, PFHpA detected. 

Trace amounts of PFHxS 

Transwell permeable membrane inserts and 

plate wells 

PFNA, PFDA, PFUnDA, PFDoA, PFTrDA, 

PFTeDA detected 

Serological pipettes 5 and 10 mL Not detected 

Water PCR-clean Not detected 

Milli-Q water Not detected 

Ethanol, MS grade Not detected 

Glass pipette Not detected 

Centrifuge tube 15, 50 mL Not detected 

Eppendorf tube Not detected 

MS grade methanol Not detected 
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