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Abstract

Na+/taurocholate cotransporting polypeptide (NTCP) is important for the enterohepatic circulation 

of bile acids, which has been suggested to contribute to the long serum elimination half-lives of 

perfluoroalkyl substances in humans. We demonstrated that some perfluoroalkyl sulfonates are 

transported by NTCP; however, little was known about carboxylates. The purpose of this study 

was to determine if perfluoroalkyl carboxylates would interact with NTCP and potentially act as 

substrates. Sodium-dependent transport of [3H]-taurocholate was measured in human embryonic 

kidney cells (HEK293) stably expressing NTCP in the absence or presence of perfluoroalkyl 

carboxylates with varying chain lengths. PFCAs with 8 (PFOA), 9 (PFNA), and 10 (PFDA) 

carbons were the strongest inhibitors. Inhibition kinetics demonstrated competitive inhibition 

and indicated that PFNA was the strongest inhibitor followed by PFDA and PFOA. All three 

compounds are transported by NTCP, and kinetics experiments revealed that PFOA had the 

highest affinity for NTCP with a Km value of 1.8 ± 0.4 mM. The Km value PFNA was estimated 

to be 5.3 ± 3.5 mM and the value for PFDA could not be determined due to limited solubility. 

In conclusion, our results suggest that, in addition to sulfonates, perfluorinated carboxylates are 

substrates of NTCP and have the potential to interact with NTCP-mediated transport.
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1. Introduction

Perfluoroalkyl and polyfluoroalkyl substances (PFASs) are fluorinated fatty acid-like 

molecules that have been used in a variety of industrial applications [1]. Among them, 

perfluoroalkyl carboxylates (PFCAs) are a subset of PFAS compounds that do not undergo 

further degradation, hence they are often considered as the end-stage metabolites of the 

related precursor chemistries [2]. PFCAs are persistent due to chemical stability [3-5] and 

some of them can be detected in humans at low parts per billion levels [6-8]. Although the 

exact exposure routes have not been identified in the general population, dietary ingestion 

(food or water) has been suggested as the primary source of exposure to certain PFAS 

compounds [9].

Depending on the perfluoroalkyl chain length, once absorbed, some of the longer-chain 

PFCAs, such as perfluorooctanoic acid (perfluorooctanoate, PFOA), are slowly excreted in 

urine and/or feces in most of the species evaluated. Consequently, the serum elimination 

half-lives for PFOA can range from days to weeks in laboratory mice and non-human 

primates, or, several years in humans [7]. In contrast, shorter chain PFCAs, such as 

perfluorobutanoic acid (perfluorobutyrate, PFBA), can be rapidly eliminated via urine 

and the corresponding serum elimination half-lives range from a few hours in laboratory 

rodents to a few days in humans [7,10]. For these observed toxicokinetic differences among 

various PFCA molecules (chain length and species dependency), one proposed underlying 

mechanism is that some of the PFCAs, such as PFOA, can be trapped in the enterohepatic 

circulation, meaning that PFOA along with bile and bile salts, can be secreted into the 

small intestine and subsequently reabsorbed and transported back to the liver [11-14]. This 

proposed mechanism of PFOA accumulation in the liver is further supported by reports of 

PFOA being preferential partitioned into serum and liver in laboratory animals [7,15].

The enterohepatic circulation of bile acids has been well characterized and it is known 

that several transport proteins in hepatocytes and enterocytes are crucial for this process. 

In human hepatocytes, the Na+/taurocholate cotransporting polypeptide (NTCP) mainly 

mediates the sodium-dependent uptake of conjugated bile acids into hepatocytes [16], while 

the unconjugated bile acids are mainly transported by several organic anion transporting 

polypeptides (OATPs) [17]. We previously demonstrated that OATP1B1, OATP1B3, and 

OAP2B1 can transport selected PFAS compounds, including perfluorobutane sulfonate 

(PFBS), perfluorohexane sulfonate (PFHxS), perfluorooctane sulfonate (PFOS), as well 

as perfluorooctanoic acid (PFOA, C8) and perfluorononanoic acid (PFNA, C9) [18]. In 

addition, we have also reported that human NTCP can transport the perfluoroalkyl sulfonates 

PFBS, PFHxS, and PFOS [19]. However, it is largely unknown whether any of the 

PFCAs are actively transported by NTCP and to what extent PFCAs with different chain 

lengths would interact with human NTCP. In the present study, we investigated chain length

dependent inhibition of NTCP-mediated taurocholate uptake, performed inhibition kinetics, 

and measured direct uptake of inhibiting PFCAs by NTCP.
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2. Materials and Methods

2.1. Materials

Radiolabeled [3H]-taurocholate was purchased from PerkinElmer (Boston, MA, USA). 

Perfluoroalkyl carboxylates (C3–C18) were obtained from Sigma-Aldrich (St. Louis, MO, 

USA).

2.2. Cell Culture and Uptake Experiments

Flp-In™-293 (HEK293) cells were purchased from Thermo Fisher Scientific (Waltham, 

MA, USA) and grown at 37 °C in a humidified 5% CO2 atmosphere in Dulbecco’s 

Modified Eagle’s Medium (DMEM) obtained from the American Type Culture Collection 

(ATCC, Manassas, VA, USA: 30-2002). The medium was supplemented with 10% fetal 

bovine serum (FBS) (Hyclone, Logan, UT, USA), and 100 U/mL penicillin, 100 μg/mL 

streptomycin (Thermo fisher Scientific). The pcDNA5/FRT plasmid containing the human 

NTCP open reading frame with a C-terminal 6-His tag [19] was used to generate a stable 

NTCP-expressing cell line using hygromycin selection. A single clone was isolated using 

a cloning cylinder and cultivated in the above DMEM with the addition of 500 μg/mL 

hygromycin (Thermo Fisher Scientific). For transport experiments, cells were plated on 

poly-D-lysine-coated 24-well plates at 300,000 cells per well for uptake experiments after 

48 h or at 200,000 cells per well for uptake experiments after 72 h. Uptake experiments and 

LC-MS/MS analysis were performed at the time points indicated in the figure legends as 

previously described [19,20].

2.3. Statistical Analysis

Data were analyzed for significant differences using one-way ANOVA followed by 

“Dunnett’s multiple comparisons test” using Prism 9 (GraphPad Software Inc., San Diego, 

CA, USA). A p-value smaller than 0.05 was considered significant.

3. Results

3.1. PFCAs Can Inhibit Taurocholate Uptake Mediated by the Human Na+/Taurocholate 
Cotransporting Polypeptide (NTCP)

To investigate whether PFCAs would interact with the human Na+/taurocholate 

cotransporting polypeptide (NTCP), we determined to what extent perfluorinated carboxylic 

acids with chain lengths from 3 to 18 carbon atoms (C3 to C18) would inhibit NTCP

mediated taurocholate uptake. For these experiments, we measured the uptake of 1 μM 

taurocholate in the presence and absence of 10 or 100 μM of each of the PFCAs. As 

demonstrated in Figure 1, there is a chain length-dependent inhibition of sodium-dependent 

taurocholate (1 μM) uptake in HEK293 cells stably expressing NTCP Perfluorodecanoic 

acid (C10; PFDA) and perfluorononanoic acid (C9; PFNA) had the strongest effect 

and inhibited NTCP-mediated uptake by 60–70% at the 10 μM concentration (Figure 

1A). Perfluorooctanoic acid (C8; PFOA) and perfluoroundecanoic acid (C11) were also 

statistically significant inhibitors at 10 μM, but to a lesser extent. At a concentration of 

100 μM, all the tested PFCAs, with the exception of perfluorobutanoic acid (C4), inhibited 

NTCP-mediated uptake of taurocholate (Figure 1B).
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3.2. Determination of Half-Maximal Inhibitory Concentrations for PFOA, PFNA, and PFDA

We next wanted to quantify the inhibitory potency of the three strongest inhibitors: PFOA, 

PFNA, and PFDA, by determining their IC50 values. For these experiments, NTCP-mediated 

uptake of 1 μM taurocholate was measured in the absence and presence of increasing 

concentrations of perfluorinated compounds. For PFOA and PFNA, the concentrations 

ranged from 0.1 to 1000 μM, while the concentrations for PFDA were between 0.1 and 100 

μM, due to solubility limitations. The results shown in Figure 2 demonstrate that all three 

compounds inhibited NTCP-mediated uptake, with IC50 values in the lower micromolar 

range. The strongest inhibitors were PFNA and PFDA, with IC50 values of 7.5 and 9.5 μM, 

respectively. Mirroring the results in Figure 1A, PFOA was the weakest inhibitor, with an 

IC50 of 28 μM.

3.3. Inhibition Kinetics of NTCP-Mediated Taurocholate Transport for PFOA, PFNA, and 
PFDA

To determine the type of inhibition demonstrated in Figures 1 and 2, we performed 

inhibition kinetics by measuring the transport of increasing concentrations of taurocholate 

inhibited by 0, 10, and 100 μM of either PFOA, PFNA, or PFDA. As shown in Figure 3 

and summarized in Table 1, inhibition of NTCP-mediated taurocholate uptake by the three 

PFCAs was competitive. The calculated Ki values showed the same order as the IC50 values, 

with PFDA having the lowest Ki (8.3 ± 0.8 μM), followed by PFNA (12.3 ± 1.4 μM) and 

PFOA (17 ± 1.9 μM). This competitive inhibition suggested that the three PFCAs could be 

transported by NTCP.

3.4. Time Dependency of NTCP-Mediated PFOA, PFNA, and PFDA Uptake

To resolve whether PFOA, PFNA, and PFDA were substrates of NTCP, we measured the 

transport of these compounds. Preliminary results performed at 10 μM demonstrated that 

all three PFCAs were actively transported by NTCP. To better characterize this transport, 

we wanted to perform kinetics experiments and determine the Km and Vmax values for the 

three compounds. Therefore, in Figure 4, we determined the initial linear rate conditions 

in which to perform the kinetics experiments. We evaluated the time-dependent uptake 

of PFOA, PFNA, and PFDA at 10 and 300 μM in NTCP-expressing HEK293 cells in 

sodium-containing and sodium-free buffer. While there is a time-dependent uptake of all 

three PFCAs, most likely due to organic anion transporters expressed in HEK293 cells, 

NTCP only transports its substrates in the presence of sodium. Therefore, we calculated 

the net sodium-dependent uptake. Based on the time-dependent sodium-dependent uptake 

results shown in Figure 4, we used 20 s for PFOA (Figure 4A), 30 s for PFNA (Figure 4B), 

and 1 min for PFDA (Figure 4C) to perform the concentration-dependent uptake kinetics.

3.5. Kinetics of NTCP-Mediated PFOA and PFNA Uptake

Uptake of sodium-dependent NTCP-mediated PFOA was saturable, with a Km value of 1.8 ± 

0.4 mM and a Vmax value of 128 ± 14 nmol/mg/min (Figure 5A), clearly demonstrating that 

PFOA is asubstrate of human NTCP. For the concentration-dependent uptake of PFNA, we 

were limited by solubility and could only determine uptake up to a concentration of 1 mM. 

As shown in Figure 5B, sodium-dependent PFNA uptake did not reach saturation but could 
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be fitted to the Michaelis–Menten equation, thus a Km value of 5.3 ± 3.5 mM as well as a 

Vmax value of 670 ± 391 nmol/mg/min could be calculated. Uptake of sodium-dependent 

PFDA did not reach saturation within the concentration range that we could test (up to 300 

mM). Therefore, no kinetic constants could be calculated for PFDA.

4. Discussion

We have previously determined that certain perfluoroalkyl acids are transported by hepatic 

transporters. This includes the uptake of three perfluoroalkyl sulfonates (PFBS, PFHxS, 

and PFOS) by human NTCP [19] as well as by OATP1B1, OATP1B3, and OAP2B1 

[18]. However, the transport of perfluorinated carboxylates by human NTCP had yet to be 

evaluated. We undertook this study to address (1) whether or not perfluoroalkyl carboxylates 

interacted with human NTCP or whether NTCP’s interaction and transport of perfluoroalkyl 

acids would be limited to perfluoroakyl sulfonates, and (2) if NTCP and PFCAs did interact, 

to what extent would this interaction occurred and whether any of these compounds also 

served as substrates of NTCP.

Within the limit of the current study design where NTCP was stably expressed in HEK293 

cells, we observed that perfluoroalkyl carboxylates indeed inhibit taurocholate uptake 

mediated by NTCP, and some are transported substrates. Initial experiments demonstrated a 

chain length-dependent inhibition of NTCP-mediated uptake of taurocholate (Figure 1). The 

strongest inhibitors were PFOA, PFNA, and PFDA and the degree of inhibition increased 

with chain lengths. This chain length-dependent inhibition was previously seen for the 

perfluoroalkyl sulfonates, with PFOS (an eight-carbon perfluoroalkyl sulfonate) being the 

strongest inhibitor and PFBS (a four-carbon perfluoroalkyl sulfonate) being the weakest 

inhibitor of the compounds tested [19].

A simple explanation for this repeated chain length-dependent inhibition might be 

similarities between the molecular mass of these compounds and the model NTCP substrate, 

taurocholate. Stronger inhibitors like PFNA, PFDA, and PFOS have anionic molecular 

weights of 463.06, 513.08, and 499.13 g/mol, respectively, all of which are close to the 

molecular weight of taurocholate, 515.7 g/mol, potentially leading to competitive binding 

within the taurocholate docking site within NTCP. Another explanation is that although 

structurally different, the hydrophobic PFCAs might align in the substrate binding pocket 

or translocation pathway of NTCP, where the hydrophobic moiety of the amphipathic 

taurocholate would interact. However, the potential interaction between these PFCAs and 

NTCP can be further explored via 3-D docking modelling once the NTCP crystal structure 

becomes available in the future.

All three compounds (PFOA, PFNA, and PFDA) are competitive inhibitors of NTCP

mediated taurocholate uptake (Figure 3). As expected, the order of their Ki values was the 

same as their IC50 values, given that all three compounds are competitive inhibitors. These 

results also suggested that the three perfluoroalkyl carboxylates would likely be transported 

by NTCP. As mentioned, we confirmed that all three are substrates of NTCP and we could 

determine apparent affinity constants for PFOA and PFNA. However, the latter results are a 

rough estimate given kinetics saturation could not be reached due to solubility limitations. In 
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addition, we were unable to determine a Km value for PFDA again due to limited substrate 

solubility. Interestingly, the Ki value of PFOA is about 100-fold lower than its Km value. We 

are not aware of other competitive NTCP inhibitors with similar differences in their Ki and 

Km values, but a potential explanation would be that while PFOA binds with high affinity to 

the transporter, its translocation is not very efficient, resulting in a much higher Km value.

Comparison of the perfluoroalkyl carboxylates Km values to the Km values previously 

obtained with perfluoroalkyl sulfonates (39.6 μM for PFBS, 112 μM for PFHxS, and 130 

μM for PFOS [19]) clearly demonstrates that NTCP has a much higher affinity for the 

sulfonates than the carboxylates. We speculate that this increased affinity could be due 

to the presence of similar sulfur-containing groups in PFASs, in part, when considering 

the presence of the sulfate group in several known NTCP substrates: estrone-3-sulfate, 

dehydroepiandrosterone sulfate (DHEAS), pregnenolone sulfate, T3 sulfate, T4 sulfate 

as well as bromosulfophthalein [21-23]. Therefore, it is likely that additional sulfonated 

compounds are also transported by NTCP.

What do these results mean with respect to the disposition of perfluoroalkyl carboxylates 

and their impact on the function of NTCP in humans? The estimated mean serum PFOA 

level in occupational workers was 4.3 μM (1.78 ppm) [24]. In community residents whose 

drinking water contained higher levels of PFOA (and prior to granulated activated carbon 

filter installation), the estimated mean serum PFOA concentration was 0.9 μM (0.374 ppm) 

[25]. Compared to the IC50 and Ki values, it seems that PFOA levels in these subjects should 

not affect NTCP-mediated bile acid uptake into hepatocytes. Therefore, it seems unlikely 

that NTCP-mediated uptake of PFCAs plays a major role in the mechanisms that lead to the 

long elimination half-lives of these carboxylates in humans [26-28].

In summary, this study has shown that human NTCP can transport PFOA, PFNA, and 

PFDA and that all three perfluoroalkyl carboxylates are competitive inhibitors of NTCP

mediated uptake of taurocholate, with Ki values in the lower micromolar range. These 

results demonstrate that NTCP has a wider substrate specificity than previously observed: 

in addition to several perfluoroalkyl sulfonates, this study has demonstrated that NTCP also 

transports perfluoroalkyl carboxylates. Based on the low affinities, we conclude that it is 

unlikely that these compounds will affect NTCP-mediated bile acid or drug uptake, even at 

the concentrations documented in occupational workers.

Funding:

This research was funded by National Institute of Health grants P20 GM103549 and R01 GM077336, and by an 
unrestricted research grant from the 3M Company.

Data Availability Statement:

All data are contained within the article.

References

1. Kissa E Fluorinated Surfactants and Repellents, 2nd ed.; rev. and expanded ed.; Marcel Dekker: 
New York, NY, USA, 2001; Volume 97.

Ruggiero et al. Page 6

Livers. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Prevedouros K; Cousins IT; Buck RC; Korzeniowski SH Sources, fate and transport of 
perfluorocarboxylates. Environ. Sci. Technol 2006, 40, 32–44. [PubMed: 16433330] 

3. Fromme H; Tittlemier SA; Volkel W; Wilhelm M; Twardella D Perfluorinated compounds—
Exposure assessment for the general population in Western countries. Int. J. Hyg. Environ. Health 
2009, 212, 239–270. [PubMed: 18565792] 

4. Lau C; Anitole K; Hodes C; Lai D; Pfahles-Hutchens A; Seed J Perfluoroalkyl acids: A review of 
monitoring and toxicological findings. Toxicol. Sci 2007, 99, 366–394. [PubMed: 17519394] 

5. Death C; Bell C; Champness D; Milne C; Reichman S; Hagen T Per- and polyfluoroalkyl substances 
(PFAS) in livestock and game species: A review. Sci. Total Environ 2021, 774, 144795. [PubMed: 
33609849] 

6. Sunderland EM; Hu XC; Dassuncao C; Tokranov AK; Wagner CC; Allen JG A review of 
the pathways of human exposure to poly- and perfluoroalkyl substances (PFASs) and present 
understanding of health effects. J. Expo. Sci. Environ. Epidemiol 2019, 29, 131–147. [PubMed: 
30470793] 

7. De Silva AO; Armitage JM; Bruton TA; Dassuncao C; Heiger-Bernays W; Hu XC; Karrman A; 
Kelly B; Ng C; Robuck A; et al. PFAS Exposure Pathways for Humans and Wildlife: A Synthesis 
of Current Knowledge and Key Gaps in Understanding. Environ. Toxicol. Chem 2021, 40, 631–657. 
[PubMed: 33201517] 

8. CDC. National Report on Human Exposure to Environmental Chemicals. Available online: https://
www.cdc.gov/exposurereport/index.html (accessed on 8 August 2021).

9. Knutsen HK; Alexander J; Barregard L; Bignami M; Bruschweiler B; Ceccatelli S; Cottrill B; 
Dinovi M; Edler L; Grasl-Kraupp B; et al. Risk to human health related to the presence of 
perfluorooctane sulfonic acid and perfluorooctanoic acid in food. EFSA J. 2018, 16, e05194. 
[PubMed: 32625773] 

10. Chang SC; Das K; Ehresman DJ; Ellefson ME; Gorman GS; Hart JA; Noker PE; Tan YM; Lieder 
PH; Lau C; et al. Comparative pharmacokinetics of perfluorobutyrate in rats, mice, monkeys, 
and humans and relevance to human exposure via drinking water. Toxicol. Sci 2008, 104, 40–53. 
[PubMed: 18353799] 

11. Johnson JD; Gibson SJ; Ober RE Cholestyramine-enhanced fecal elimination of 
carbon-14 in rats after administration of ammonium [14C]perfluorooctanoate or potassium 
[14C]perfluorooctanesulfonate. Fundam. Appl. Toxicol 1984, 4, 972–976. [PubMed: 6519377] 

12. Andersen ME; Butenhoff JL; Chang SC; Farrar DG; Kennedy GL Jr.; Lau C; Olsen GW; Seed 
J; Wallace KB Perfluoroalkyl acids and related chemistries—Toxicokinetics and modes of action. 
Toxicol. Sci 2008, 102, 3–14. [PubMed: 18003598] 

13. Genuis SJ; Birkholz D; Ralitsch M; Thibault N Human detoxification of perfluorinated 
compounds. Public Health 2010, 124, 367–375. [PubMed: 20621793] 

14. Genuis SJ; Curtis L; Birkholz D Gastrointestinal Elimination of Perfluorinated Compounds 
Using Cholestyramine and Chlorella pyrenoidosa. ISRN Toxicol. 2013, 2013, 657849. [PubMed: 
24106616] 

15. Kennedy GL Jr.; Butenhoff JL; Olsen GW; O’Connor JC; Seacat AM; Perkins RG; Biegel LB; 
Murphy SR; Farrar DG The toxicology of perfluorooctanoate. Crit. Rev. Toxicol 2004, 34, 351–
384. [PubMed: 15328768] 

16. Claro da Silva T; Polli JE; Swaan PW The solute carrier family 10 (SLC10): Beyond bile acid 
transport. Mol. Asp. Med 2013, 34, 252–269.

17. Hagenbuch B; Stieger B The SLCO (former SLC21) superfamily of transporters. Mol. Asp. Med 
2013, 34, 396–412.

18. Zhao W; Zitzow JD; Weaver Y; Ehresman DJ; Chang SC; Butenhoff JL; Hagenbuch B Organic 
Anion Transporting Polypeptides Contribute to the Disposition of Perfluoroalkyl Acids in Humans 
and Rats. Toxicol. Sci 2017, 156, 84–95. [PubMed: 28013215] 

19. Zhao W; Zitzow JD; Ehresman DJ; Chang SC; Butenhoff JL; Forster J; Hagenbuch B Na+/
Taurocholate Cotransporting Polypeptide and Apical Sodium-Dependent Bile Acid Transporter 
Are Involved in the Disposition of Perfluoroalkyl Sulfonates in Humans and Rats. Toxicol. Sci 
2015, 146, 363–373. [PubMed: 26001962] 

Ruggiero et al. Page 7

Livers. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.cdc.gov/exposurereport/index.html
https://www.cdc.gov/exposurereport/index.html


20. Weaver YM; Ehresman DJ; Butenhoff JL; Hagenbuch B Roles of rat renal organic anion 
transporters in transporting perfluorinated carboxylates with different chain lengths. Toxicol. Sci 
2010, 113, 305–314. [PubMed: 19915082] 

21. Grosser G; Muller SF; Kirstgen M; Doring B; Geyer J Substrate Specificities and Inhibition Pattern 
of the Solute Carrier Family 10 Members NTCP, ASBT and SOAT. Front. Mol. Biosci 2021, 8, 
689757. [PubMed: 34079822] 

22. Meier PJ; Eckhardt U; Schroeder A; Hagenbuch B; Stieger B Substrate specificity of sinusoidal 
bile acid and organic anion uptake systems in rat and human liver. Hepatology 1997, 26, 1667–
1677. [PubMed: 9398014] 

23. Friesema EC; Docter R; Moerings EP; Stieger B; Hagenbuch B; Meier PJ; Krenning EP; 
Hennemann G; Visser TJ Identification of thyroid hormone transporters. Biochem. Biophys. Res. 
Commun 1999, 254, 497–501. [PubMed: 9918867] 

24. Olsen GW; Burris JM; Burlew MM; Mandel JH Epidemiologic assessment of worker serum 
perfluorooctanesulfonate (PFOS) and perfluorooctanoate (PFOA) concentrations and medical 
surveillance examinations. J. Occup. Environ. Med 2003, 45, 260–270. [PubMed: 12661183] 

25. Emmett EA; Shofer FS; Zhang H; Freeman D; Desai C; Shaw LM Community exposure to 
perfluorooctanoate: Relationships between serum concentrations and exposure sources. J. Occup. 
Environ. Med 2006, 48, 759–770. [PubMed: 16902368] 

26. Li Y; Fletcher T; Mucs D; Scott K; Lindh CH; Tallving P; Jakobsson K Half-lives of PFOS, PFHxS 
and PFOA after end of exposure to contaminated drinking water. Occup. Environ. Med 2018, 75, 
46–51. [PubMed: 29133598] 

27. Fenton SE; Ducatman A; Boobis A; DeWitt JC; Lau C; Ng C; Smith JS; Roberts SM Per- and 
Polyfluoroalkyl Substance Toxicity and Human Health Review: Current State of Knowledge and 
Strategies for Informing Future Research. Environ. Toxicol. Chem 2021, 40, 606–630. [PubMed: 
33017053] 

28. Zhang Y; Beesoon S; Zhu L; Martin JW Biomonitoring of perfluoroalkyl acids in human urine 
and estimates of biological half-life. Environ. Sci. Technol 2013, 47, 10619–10627. [PubMed: 
23980546] 

Ruggiero et al. Page 8

Livers. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Chain length-dependent inhibition of NTCP-mediated taurocholate uptake by different 

PFCAs. Uptake of 1 μM [3H]-taurocholate into NTCP-expressing HEK293 cells was 

inhibited by 10 (A) or 100 μM (B) PFCAs with increasing chain lengths of 3 (C3) to 

18 (C18) carbon atoms. Uptake was measured in sodium-containing (NaCl) or sodium-free 

(ChCl) buffer for 1 min at 37 °C and corrected for protein. Uptake then was normalized 

to control (NaCl) and individual values of 1 or 2 experiments performed in triplicates are 

presented. Bars represent the mean ± SD, asterisks indicate significant differences to the 

control (NaCl) at p < 0.05.
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Figure 2. 
Concentration-dependent inhibition of NTCP-mediated taurocholate uptake by PFOA, 

PFNA, and PFDA. Uptake of 1 μM [3H]-taurocholate was measured into NTCP

expressing HEK293 cells in the absence or presence of increasing concentrations 

of (A) perfluorooctanoic acid (PFOA), (B) perfluorononanoic acid (PFNA), or (C) 

perfluorodecanoic acid (PFDA). Uptake was measured for 1 min at 37 °C in a sodium

containing buffer and corrected for protein. After conversion of the data to percent of 

control, IC50 values were calculated using GraphPad Prism V9 using the “One site-Fit 

logIC50” equation from 3 independent experiments performed in triplicates. The 95% 

confidence intervals are given in parentheses.
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Figure 3. 
Kinetics of taurocholate uptake in the absence and presence of PFOA, PFNA, and PFDA. 

Uptake of increasing concentrations of [3H]-taurocholate into NTCP-expressing HEK293 

cells was measured for 15 s (within the initial linear rate) at 37 °C in a sodium-containing 

buffer in the absence or presence of 10 and 100 μM of (A) PFOA, (B) PFDA, or (C) PFNA. 

After correction for protein, the results were analyzed using GraphPad Prism V9 using the 

“Enzyme kinetics–Inhibition” equations. Analysis for competitive inhibition resulted in the 

best fit. Mean ± SD values of two independent experiments performed in triplicate are 

shown.
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Figure 4. 
Time dependency of NTCP-mediated PFOA, PFNA, and PFDA uptake. Uptake of 

(A) perfluorooctanoic acid (PFOA), (B) perfluorononanoic acid (PFNA), or (C) 

perfluorodecanoic acid (PFDA) was measured in NTCP-expressing HEK293 cells in 

sodium-containing (NaCl; solid lines) or sodium-free (ChCl; dotted lines) buffer at the 

indicated times at 37 °C and corrected for protein. The net sodium-dependent uptake (net; 

dashed lines) is also shown. The results are presented as means ± SD of two combined 

independent experiments performed in triplicates.
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Figure 5. 
Kinetics of NTCP-mediated PFOA and PFNA uptake. Uptake of increasing concentrations 

of (A) perfluorooctanoic acid (PFOA) or (B) perfluorononanoic acid (PFNA) was measured 

at 37 °C for 20 (PFOA) or 30 s (PFNA) in NTCP-expressing HEK293 cells in sodium

containing or sodium-free buffer and corrected for protein. Net uptake was calculated 

by subtracting uptake in the sodium-free medium from uptake in the sodium-containing 

medium. Values are mean ± SD of three independent experiments parformed in triplicates. 

Curves were fit using the Michaelis–Menten equation in GraphPad Prism V9.
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Table 1.

Kinetic parameters of NTCP-mediated taurocholate uptake and inhibition by PFOA, PFNA, and PFDA.

Concentration of PFCA Km (μM) Vmax (nmol/mg·min) Ki (μM)

PFOA

0 12 (8.7–16) 2.9 (2.7–3.2)

17 (14–21)10 μM 20 (16–25) 3.0 (2.8–3.2)

100 μM 73 (60–92) 2.8 (2.6–3.1)

PFDA

0 12 (9.4–15) 3.2 (2.9–3.4)

8.3 (6.9–10)10 μM 29 (23–36) 3.2 (3.0–3.4)

100 μM 99 (73–139) 2.5 (2.2–3.0)

PFNA

0 16 (12–22) 3.5 (3.2–3.8)

12 (10–15)10 μM 24 (19–30) 3.5 (3.2–3.7)

100 μM 118 (78–192) 3.1 (2.5–4.1)

Kinetic parameters were calculated using the Michaelis–Menten equation in GraphPad Prism V9 based on competitive inhibition by the PFCAs. 
Values in parenthesis show the 95% confidence intervals.
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