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A B S T R A C T   

Organophosphate flame retardants (OPFRs) are environmental pollutants of increasing interest, widely distrib
uted in the environment and exerting possible deleterious effects towards the human health. The present study 
investigates in vitro their possible interactions with human drug transporters, which are targets for environmental 
chemicals and actors of their toxicokinetics. Some OPFRs, i.e., tris(2-butoxyethyl) phosphate (TBOEP), tris(1,3- 
dichloroisopropyl) phosphate (TDCPP), tri-o-cresyl phosphate (TOCP) and triphenyl phosphate (TPHP), were 
found to inhibit activities of some transporters, such as organic anion transporter 3 (OAT3), organic anion 
transporting polypeptide (OATP) 1B1, OATP1B3, organic cation transporter 2 (OCT2) or breast cancer resistance 
protein (BCRP). These effects were concentration-dependent, with IC50 values ranging from 6.1 µM (for TDCPP- 
mediated inhibition of OCT2) to 51.4 µM (for TOCP-mediated inhibition of BCRP). OPFRs also blocked the 
transporter-dependent membrane passage of endogenous substrates, notably that of hormones. OAT3 however 
failed to transport TBOEP and TPHP. OPFRs additionally repressed mRNA expressions of some transporters in 
cultured human hepatic HepaRG cells, especially those of OAT2 and OCT1 in response to TOCP, with IC50 values 
of 2.3 µM and 2.5 µM, respectively. These data therefore add OPFRs to the expanding list of pollutants interacting 
with drug transporters, even if OPFR concentrations required to impact transporters, in the 2–50 µM range, are 
rather higher than those observed in humans environmentally or dietarily exposed to these chemicals.   

1. Introduction 

Flame retardants (FRs) constitute a diverse group of functional 
chemicals used in many materials in order to meet fire safety regulations 
and standards (Green, 1996). They decrease flammability and hinder the 
starting or spreading of fires when added to combustible materials, by 
creating a flame shielding layer of char on the product (Camino et al., 
1991). They are therefore widely used in various industries, notably as 
additives in plastics, furniture, textiles, printed circuit boards and 
building products like insulation material. FRs segregate into two main 
classes: the halogenated FRs, such as the polybrominated diphenyl 
ethers (PBDEs), and the organophosphate FRs (OPFRs) (Gill et al., 
2020). The OPFRs comprise three main categories of chemicals: (i) 
halogenated alkyl phosphate esters, (ii) alkyl phosphate esters and (iii) 
aryl phosphate esters (van der Veen and de Boer, 2012). Due to their 
persistence in the environment and their toxicity towards humans and 
animals, halogenated FRs are now either banned or highly restricted. 

The OPFRs are increasingly considered as alternatives to halogenated 
FR, even if this assertion is challenged (Blum et al., 2019). Indeed, 
OPFRs are thought to be less toxic and more suitable for use because of 
their moderate accumulation potential in the environment. Neverthe
less, there is now evidence that OPFRs can be widely released into the 
environment, notably through leaching and volatilization (Marklund 
et al., 2005; Salthammer et al., 2003; Wei et al., 2015). They are 
therefore detected in various media (Yao et al., 2021), including water 
(Fernández-Arribas et al., 2023; Huang et al., 2023), dust (Cao et al., 
2019), air (Li et al., 2022) and sediment (Liao et al., 2020). Humans can 
consequently be exposed to these emerging pollutants (Hou et al., 2021; 
Saillenfait et al., 2018), notably via inhalation or ingestion of household 
dusts or by dermal absorption via contact with furniture fabrics 
(Abou-Elwafa Abdallah and Harrad, 2022; Chen et al., 2020; Chupeau 
et al., 2020). In particular, fire fighters may represent a specific 
highly-exposed population (Gill et al., 2020). Although rapidly metab
olized in the human body and initially considered to be rather safe, 
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OPFRs are now suspected to cause toxic effects for humans, including 
carcinogenic effects, endocrine disruption and neurotoxicity (Dou and 
Wang, 2023; Hales and Robaire, 2020; Patisaul et al., 2021; Wei et al., 
2015; J.-Y. Zhao et al., 2022). In particular, OPFRs may favor the 
development of thyroid, renal or cervical cancers (Liu et al., 2022; Y. Liu 
et al., 2021; Zhou et al., 2022) and the progression of colorectal, bladder 
and hepatic cancers (Hong et al., 2022; Ye et al., 2022; Yu et al., 2022). 
The neurotoxicity of these chemicals is supported by in vitro, in vivo and 
epidemiological studies (Choi et al., 2021; Esplugas et al., 2023; W. Liu 
et al., 2021; Newell et al., 2023; Y. Zhao et al., 2022). In addition, 
endocrine disrupting effects of OPFRs are documented in cultured cells, 
animals and humans (Chen et al., 2015; Liu et al., 2023; Rosenmai et al., 
2021; Xiaotong Wang et al., 2023; Xu et al., 2017). Exposure to OPFRs is 
notably associated with type 2 diabetes (G. Zhang et al., 2023), thyroid 
dysfunction (Yan et al., 2022) and altered levels of reproductive hor
mones (Siddique et al., 2022). 

Drug transporters are plasma membrane proteins that consist of ATP- 
binding cassette (ABC) transporters, which behave as drug efflux pumps, 
and solute carriers (SLCs), which mediate a facilitated diffusion or a 
secondary active transport (Giacomini et al., 2010). SLCs are usually 
implicated in drug entry into cells, with the exception of multidrug and 
toxin extrusion proteins (MATEs/SLC47A), which are involved in drug 
secretion at the apical pole of hepatocytes and human proximal tubular 
cells, like ABC transporters (Liu, 2019; Nies et al., 2011; Roth et al., 
2012). ABC transporters additionally contribute to blood-tissue barriers 
and to intestinal efflux of xenobiotics, thereby restricting brain passage 
or intestinal absorption of drugs (Petzinger and Geyer, 2006). Besides 
drugs, various environmental chemicals interact with transporters 
(Clerbaux et al., 2018; Nicklisch and Hamdoun, 2020; Tastet et al., 
2023). Thus, pesticides, as well as the FR tetrabromobisphenol A and 
carcinogenic heterocyclic aromatic amines, can inhibit the activity of 
various drug transporters (Bain and LeBlanc, 1996; Bruyere et al., 2017; 
Guéniche et al., 2020a; Nie et al., 2023; Sayyed et al., 2019), whereas 
perfluoroalkyl substances as well as PBDEs can be either inhibitors or 
substrates for drug transporters (Pacyniak et al., 2010; Zhao et al., 
2017). Pollutants can additionally regulate transporter expression, as 
demonstrated by the repression of the ABC pump P-glycoprotein (P-gp), 
encoded by the multidrug resistance gene 1 (MDR1/ABCB1), at the 
blood-brain barrier level by the brominated FR 2,4,6-tribromophenol 
(Trexler et al., 2019). Such transporter-pollutant interactions may 
therefore contribute to pollutant toxicokinetics and/or toxicity or may 
cause pollutant-drug interactions (Fardel et al., 2012). Thus, it is 
important to identify and investigate these transporter-pollutant in
teractions (Clerbaux et al., 2019; Darney et al., 2020). In this context, 
putative interactions of OPFRs with transporters remain very poorly 
characterized (Hou et al., 2022). The present study aims at investigating 
in vitro putative interactions of seven common prototypical OPFRs with 
the activity and expression of main human ABC and SLC drug trans
porters involved in pharmacokinetics. Our data demonstrate that some 
of these OPFRs can regulate activity and/or expression of transporters, 
thus supporting the conclusion that human drug transporters may be 
targeted by these environmental pollutants. 

2. Materials and methods 

2.1. Chemicals 

Seven OPFRs, i.e., the chlorinated alkyl phosphates tris(1,3- 
dichloroisopropyl) phosphate (TDCPP, also known as TDCIPP), tris(2- 
chloroethyl) phosphate (TCEP) and tris(1-chloro-2-propyl) phosphate 
(TCPP, also known as tris(2-chloroisopropyl)phosphate/TCIPP), the 
alkyl phosphates tri-n-butyl phosphate (TNBP) and tris(2-butoxyethyl) 
phosphate (TBOEP, also known as TBEP) and the aryl phosphates tri
phenyl phosphate (TPHP) and tri-o-cresyl phosphate (TOCP), were 
provided by Sigma-Aldrich (Saint-Quentin-Fallavier, France). The 
chemical structures of these prototypical OPFRs, to which humans are 

exposed (Chupeau et al., 2020), are shown in Fig. S1. The suppliers of 
other used chemicals are indicated in Table S1. Stock solutions of 
chemicals were usually prepared in dimethyl sulfoxide, except those of 
probenecid and rhodamine 123, prepared in NaOH and ethanol, 
respectively. Concentrations of solvents in transport assay medium or 
culture medium were lower or equal to 0.2% (vol/vol); control cells 
received the same dose of solvent. 

2.2. Cell culture 

P-gp-positive MCF7R cells (Jouan et al., 2016b), hepatoma HuH-7 
cells, expressing human multidrug resistance-associated protein (MRP) 
2/ABCC2 and MRP4/ABCC4 (Jouan et al., 2016a) and human breast 
cancer resistance protein (BCRP/ABCG2)-transfected HEK-293 cells 
(HEK-BCRP cells) were cultured as already reported (Chedik et al., 
2017). Human HEK-293 cells expressing human SLC transporters, i.e., 
organic cation transporter (OCT) 1 (SLC22A1) (HEK-OCT1 cells), OCT2 
(SLC22A2) (HEK-OCT2 cells), MATE1 (SLC47A1) (HEK-MATE1 cells), 
MATE2-K (SLC47A2) (HEK-MATE2-K cells), organic anion transporter 
(OAT) 1 (SLC22A6) (HEK-OAT1 cells), OAT3 (SLC22A8) (HEK-OAT3 
cells), organic anion transporting polypeptide (OATP) 1B1 (SLCO1B1) 
(HEK-OATP1B1 cells) or OATP1B3 (SLCO1B3) (HEK-OATP1B3 cells), as 
well as control HEK-MOCK cells, human hepatoma HepaRG cells and 
fresh or cryopreserved primary human hepatocytes were maintained in 
culture as previously described (Chedik et al., 2017; Le Vee et al., 2015, 
2013; Sayyed et al., 2019). 

2.3. Drug transporter assays 

OPFR effects on the activity of ABC and SLC transporters were 
investigated through the measurement of cellular uptake or retention of 
reference substrates for transporters, in the presence or absence of 
reference inhibitors (Chedik et al., 2017; Guéniche et al., 2020b; Sayyed 
et al., 2019). The nature of reference substrates and inhibitors as well as 
the times of incubation, the used cell lines/clones and the analytical 
methods for measuring cellular levels of reference substrates have been 
characterized and validated (Bruyère et al., 2021; Guéniche et al., 
2020b; Jouan et al., 2016b, 2016a); they are summarized in Table S2. 

Data were expressed as percentages of substrate accumulation in 
control cells not exposed to reference inhibitors or OPFRs, arbitrarily set 
at 100%, or as transporter activity percentages, as described in the 
following equations (Guéniche et al., 2020b): 

For SLC transporters: 

Transporter activity(%) =
([SubstrateOPFR] −

[
SubstrateReference inhibitor

])
× 100

[SubstrateControl − SubstrateReference inhibitor
]

(A) 

For ABC transporters: 

Transporter activity(%) =
([SubstrateOPFR] − [SubstrateControl]) × 100
[
SubstrateReference inhibitor − SubstrateControl

] (B)  

with [SubstrateOPFR] = cellular concentration of the reference substrate 
incubated with one OPFR, 

[
SubstrateReference inhibitor

]
= cellular concen

tration of the reference substrate incubated with the reference inhibitor 
and [SubstrateControl] = cellular concentration of the reference substrate 
in control cells not incubated with OPFRs or the reference inhibitor. 

The percentage of inhibition of transporter activity by OPFRs was 
finally determined as following:  

Transporter activity inhibition (%) = 100% - transporter activity (%)        (C) 

with transporter activity (%) determined as described in Eq. (A) (for SLC 
transporters) or Eq. (B) (for ABC transporters). 
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2.4. OPFR accumulation assays 

HEK-MOCK and HEK-OAT3 cells were incubated for 5 min at 37 ◦C 
with 100 μM TBOEP, 100 µM TPHP or the reference OAT3 substrate 6- 
carboxyfluorescein (6-CF) in the assay medium previously described 
(Guéniche et al., 2020b), in the absence (control) or presence of 2 mM 
probenecid used as a reference OAT3 inhibitor. At the end of the incu
bation period with OPFRs, cells were washed twice with ice-cold phos
phate-buffered saline (PBS) and lysed in distilled water. Cellular 
proteins were next precipitated using 50% (vol/vol) acetonitrile. After 
centrifugation, supernatants were collected for OPFR measurements 
using a liquid chromatography-tandem mass spectroscopy (LC-MS/MS) 
system (Guéniche et al., 2020b). For TBOEP and TPHP, monitored ion 
transitions were at 399.3 > 199.1 m/z and at 327.2 > 215.1 m/z, 
respectively. Cellular accumulation of 6-CF was investigated by spec
trofluorimetry, as indicated in Table S2. Cellular accumulations of 
substrates were finally normalized to protein content. 

2.5. Cell viability assay 

Cellular viability was investigated with the colorimetric 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 
(Carmichael et al., 1987). Data were expressed as cell viability per
centages comparatively to control untreated cells. 

2.6. RNA isolation and analysis 

Total RNAs were prepared from cultured HepaRG cells or human 
hepatocytes either untreated or exposed to OPFRs, using the TRIzol re
agent (Invitrogen/Thermo Fisher Scientific, Waltham, MA, USA) pro
tocol. Reverse transcription-quantitative polymerase chain reaction (RT- 
qPCR) assays were next performed as already reported (Le Vee et al., 
2013). The sequences of gene primers are indicated in Table S3. Relative 
quantification of the steady-state target mRNA levels was performed 
after normalization to the 18 S rRNA endogenous reference, through the 
2(-ΔCt) method, knowing that the amount of 18 S rRNA was arbitrarily 
set to 106 arbitrary units. Data were commonly expressed as percentages 
of drug transporter mRNA levels detected in control OPFR-untreated 
cells. 

The percentage of inhibition of transporter mRNA expression by 
OPFR was determined as following:  

Transporter expression inhibition (%) = 100% - transporter expression (%)(D)  

2.7. Prediction of in vivo modulation of transporter activity or expression 
by OPFRs 

The in vivo inhibition of transport activities by OPFRs was predicted 
from in vitro generated data using the criteria defined by the Interna
tional Transporter Consortium (ITC) (Giacomini et al., 2010). Briefly, 
drug transporters present in the liver, kidney or blood-tissue barriers, 
can be inhibited in vivo by plasma concentrations of xenobiotics if the 
ratio half maximal inhibitory concentration (IC50) towards activity/
maximum unbound plasma concentration of chemicals (Imax,u) ≥ 0.1. 
Because data about human pharmacokinetics of OPFRs are rather scarce, 
Imax,u values for OPFRs were approximately and by default estimated to 
correspond to the product of human maximal blood OPFR measure
ments reported in the literature (Wang et al., 2021; Zhao et al., 2016) 
and the unbound plasma fractions of OPFRs, predicted in silico using the 
online tool Admetlab2.0 (https://admetmesh.scbdd.com/) (Xiong et al., 
2021). With respect to the P-gp and BCRP expressed at the brush-border 
membrane of enterocytes, it can be predicted that they are inhibited in 
vivo by luminal gut concentrations of xenobiotics if the ratio IC50/lu
minal gut concentration (Igut) ≥ 10 (Igut being defined by the ratio 

“orally ingested dose/250 mL”) (Giacomini et al., 2010). To define the 
orally ingested dose of OPFR, we considered the estimated daily intake 
via dust ingestion in highly exposed subjects, i.e., a value of 4.99 ng/kg 
for TOCP (Hoang et al., 2023). This value was normalized to a subject 
weighing 70 kg, corresponding to a standardized body weight in phar
macokinetic studies (Anderson et al., 2000), and arbitrarily considered 
to be ingested all at once. This resulted in the oral dose of 349.3 ng (0.95 
nmole) for TOCP, with which TOCP Igut value was calculated, as 
described above. 

In vivo predictions of hepatic transporter expression regulations by 
OPFRs were performed according to the correlation approach developed 
for drug metabolizing enzyme inductions (Fahmi and Ripp, 2010), 
whose criteria were extended to transporter expression repression. The 
ratio Imax,u versus IC50 towards transporter mRNA expression was 
calculated and considered for the prediction: ratio ≤ 0.001, 
0.001 < ratio ≤ 0.01 and ratio > 0.01 would predict an OPFR to be a 
weak, moderate and strong transporter repressor, respectively (Fahmi 
and Ripp, 2010). 

2.8. Data analysis 

Data are expressed as means ± SD of at least three independent as
says, which is common for in vitro transporter studies with cultured cells 
(Guéniche et al., 2020b; Louisse et al., 2023; Nicklisch et al., 2016); each 
independent assay was moreover usually performed in triplicate (for 
transporter activity assays) or in duplicate (for RT-qPCR assays). The 
analysis of variance (ANOVA) and Dunnett’s or Tukey’s post-hoc tests 
were performed with the Prism 8.3 software (GraphPad, San Diego, CA, 
USA). The significance criterion was p < 0.05. 

The IC50 values of OPFRs towards transporter activity or expression 
were calculated from nonlinear regression of concentration-response 
data, as previously described (Guéniche et al., 2020b). 

3. Results 

3.1. Effects of OPFRs on the activity of drug transporters 

The concentration of OPFRs initially tested towards transporter ac
tivities was 10 µM, in the range of those commonly used in in vitro OPFR 
studies (Li et al., 2014, 2020; Yuan et al., 2020; Z.-N. Zhang et al., 2023). 

With respect to SLC handling organic anions, none of the seven 
OPFRs used at 10 µM altered the OAT1 activity; on the other hand, the 
OAT3 activity was significantly decreased by TBOEP and TPHP, by 
44.0% and 41.1%, respectively (Fig. 1A). These two OPFRs were next 
found to block OAT3-mediated transport of 6-CF in a concentration- 
dependent manner, with IC50 values of 11.1 ± 2.1 and 19.6 ± 2.3 µM, 
for TBOEP and TPHP, respectively (Fig. 1B). Regarding other trans
porters of organic anions such as OATPs, 10 µM TPHP inhibited 
OATP1B1 activity (by 40.5%) and 10 µM TBOEP that of OATP1B3 (by 
29.9%); furthermore, 10 µM TDCPP decreased both OATP1B1 and 
OATP1B3 activities by 45.1% and 46.8%, respectively (Fig. 2A). Anal
ysis of the concentration-dependent effects of these OPFRs towards 
OATP activities indicated that TDCPP was a more potent OATP1B1 in
hibitor (IC50 = 23.4 ± 1.9 µM) than TPHP (IC50 = 44.1 ± 2.4 µM) 
(Fig. 2B). In the same way, TDCPP was a stronger inhibitor of OATP1B3 
activity (IC50 = 8.3 ± 1.8 µM) compared to TBOEP (IC50 = 43.2 
± 2.6 µM) (Fig. 2B). 

Concerning the organic cations-transporting SLCs, none of the OPFRs 
used at 10 µM impaired MATE1 or MATE2-K activities (Fig. 3A) or that 
of OCT1 (Fig. 3B), whereas OCT2 activity was found to be reduced only 
by 10 µM TDCPP (inhibition by 47.0%) (Fig. 3B). This inhibitory effect 
of TDCPP towards OCT2-mediated transport of 4-(4-(dimethylamino) 
styryl)-N-methylpyridinium iodide (4-Di-ASP) was concentration- 
dependent (IC50 = 6.1 ± 1.8 µM) (Fig. 3C). 

For ABC transporters, none of the OPFRs used at 10 µM were found to 
inhibit activities of P-gp or MRPs (Fig. 4A). TOCP was the only OPFR 
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which significantly reduced BCRP activity (inhibition by 25.6% for 
10 µM TOCP) (Fig. 4A), with an IC50 value of 51.4 ± 2.0 µM (Fig. 4B). 

3.2. Effects of OPFRs on membrane transport of endogenous compounds 

We next investigated whether the inhibition of transporters by 
OPFRs may have functional consequences for membrane transport of 
endogenous compounds handled by the targeted transporters. As shown 
in Fig. 5, OAT3-mediated transport of estrone-3-sulfate (E3S) was 
markedly blocked by TBOEP and TPHP in a concentration-dependent 
manner; in particular, the concentration of 3 µM significantly reduced 
the OAT3-mediated uptake of E3S by more than 20.0%. With respect to 
endogenous substrates of OATPs, the OATP1B3-mediated transport of 
cholecystokinin octapeptide (CCK-8) was reduced by TDCPP in a 
concentration-dependent manner (Fig. 5); treatment by 1 µM TDCPP 
was sufficient to significantly reduce CCK-8 uptake by 15.7%, whereas 
the higher concentration of 30 µM diminished it by 70.9% (Fig. 5). By 
contrast, a 100 µM concentration of TDCPP was required to inhibit 
significantly the OATP1B1-mediated transport of E3S by 31.6% (Fig. 5). 
Furthermore, TCDPP also decreased the OCT2-mediated accumulation 
of dopamine in HEK-OCT2 cells in a concentration-dependent manner 
(Fig. 5). 

3.3. Transport of OPFRs by SLCs 

To determine whether OPFRs may be substrates for transporters, we 
have studied the cellular uptake of TBOEP and TPHP in HEK-OAT3 cells 
and HEK-MOCK cells, in the presence or absence of the reference OAT3 
inhibitor probenecid. This experimental approach, based on the use of 
control and transporter-overexpressing cell clones associated with that 

of reference transporter inhibitors, is widely applied for identifying 
substrates of SLC transporters (Brouwer et al., 2013). TBOEP and TPHP 
were analyzed in these transport assays because (i) they interacted with 
OAT3 in a rather marked manner (IC50 values < 20 µM) (Fig. 1B) and (ii) 
their cellular accumulation could be detected with a rather notable 
sensitivity by our LC-MS/MS system, in contrast to other OPFRs, notably 
TDCPP (Tastet et al., unpublished results). As indicated in Fig. S2, 
HEK-OAT3 cells and HEK-MOCK cells similarly accumulated these two 
OPFRs, without any inhibitory effect of the reference OAT3 inhibitor 
probenecid. This likely discards any contribution of OAT3 activity to 
cellular accumulation of the two OPFRs. By contrast, the OAT3 substrate 
6-CF exhibited high uptake in HEK-OAT3 cells comparatively to 
HEK-MOCK cells; in addition, probenecid was able to strongly prevent 
this uptake of 6-CF in HEK-OAT3 cells (Fig. S2). Such data indicate that 
OAT3 was fully functional in these accumulation assays. 

3.4. Regulation of drug transporter mRNA expression by OPFRs 

To study the effects of OPFRs towards drug transporter expression, 
we used mainly human differentiated hepatoma HepaRG cells, which 
exhibit notable expression of main hepatic drug transporters (Le Vee 
et al., 2013), including sinusoidal transporters such as OATPs, OAT2 
(SLC22A7) and OCT1, and canalicular transporters such as P-gp, MRP2 
and BCRP. HepaRG cells are considered as a suitable alternative to 
human hepatocytes for drug detoxifying protein studies (Andersson 
et al., 2012; Tátrai et al., 2022). In the current study, HepaRG cells were 
treated by 10 µM OPFRs for 48 h before analysis of transporter mRNA 
levels. Such treatments were not found to cause cellular toxicity, as 
revealed by MTT assays (Fig. S3) and phase-contrast microscopic ex
amination of cells (data not shown). 

Fig. 1. OPFR effects towards activities of OATs. 
(A) The effects of OPFRs (each used at 10 µM) 
on OAT1- and OAT3-mediated transport of the 
fluorescent dye 6-CF in HEK-OAT1 and HEK- 
OAT3 cells. Data are expressed as percentages 
of OAT1 and OAT3 activities found in control 
untreated cells, set at 100% and visualized by 
the dashed line on the graph. Data correspond 
to means ± SD of independent experiments 
(n = 4 for OAT1; n = 4–7 for OAT3). *** , 
p < 0.001 comparatively to OAT activities in 
control cells. (B) The effects of various con
centrations of TBOEP and TPHP on OAT3 ac
tivity. Data are expressed as percentages of 
OAT3 activity found in control untreated cells 
and correspond to means ± SD of independent 
experiments (n = 4). The IC50 values for OPFRs 
are shown at the top of the graphs.   
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Treatment of HepaRG cells by OPFRs failed to alter mRNA expression 
of OATP1B3, P-gp/MDR1, MRP2, MRP3 or BCRP (Fig. 6A and Fig. S4). 
The mRNA levels of OATP1B1 and OATP2B1 (SLCO2B1) were repressed 
only by 10 µM TOCP, with inhibition percentages of 47.8% (for 
OATP1B1) or 62.5% (for OATP2B1). OAT2 and OCT1 mRNA levels 
decreased in response to five OPFRs, each used at 10 µM, i.e., TCPP, 
TDCPP, TNBP, TOCP and TPHP (Fig. 6A). TOCP exerted the greater 
inhibitory effect towards OAT2 and OCT1 mRNA expression, i.e., inhi
bition by 83.8% and 77.0%, whereas the range of OAT2 or OCT1 
repression by TCPP, TDCPP, TNBP and TPHP was approximately 
40–60%. TOCP effects towards OATP1B1, OATP2B1, OAT2 and OCT1 
mRNA expression in HepaRG cells were concentration-dependent 
(Fig. 6B); IC50 values were lower for repressions of OAT2 mRNAs (IC50 
= 2.3 ± 1.9 µM) and OCT1 mRNAs (IC50 = 2.5 ± 1.8 µM) than for those 
of OATP2B1 mRNAs (IC50 =5.6 ± 1.9 µM) or OATP1B1 mRNAs (IC50 =

12.1 ± 1.9 µM). In addition, TOCP used at 10 µM was found to 

significantly repress OAT2 and OCT1 expression in cultured human 
hepatocytes (Fig. S5). By contrast, it failed to reduce OATP1B1 and 
OATP2B1 mRNA levels in hepatocytes (Fig. S5), suggesting that a TOCP 
concentration higher than 10 µM may be required to repress OATP1B1 
and OATP2B1 mRNA expression in human hepatocytes. 

3.5. Prediction of in vivo modulation of drug transporter activity or 
expression by OPFRs 

In vivo inhibition of transporter activities by blood concentrations of 
OPFRs was predicted from the in vitro data described above, using (i) the 
criteria defined by the ITC (Giacomini et al., 2010) and (ii) the reported 
blood levels and predicted unbound plasma fraction of OPFRs in 
humans. As shown in Table 1, none of transporters whose in vitro activity 
is inhibited by OPFRs, i.e., OATP1B1, OATP1B3, OAT3, OCT2 and BCRP, 
were predicted to be inhibited in vivo by human plasma concentrations 

Fig. 2. OPFR effects towards activities of 
OATPs. (A) The effects of OPFRs (each used at 
10 µM) on OATP1B1- and OATP1B3-mediated 
transport of the fluorescent dyes 2′,7′-dichloro
fluorescein (DCF) and 8- (2- [fluoresceinyl] 
aminoethylthio) adenosine- 3′, 5′- cyclic mono
phosphate (8-FcA), respectively, in HEK- 
OATP1B1 and HEK-OATP1B3 cells. Data are 
expressed as percentages of OATP1B1 and 
OATP1B3 activities found in control untreated 
cells, set at 100% and visualized by the dashed 
line on the graph. Data correspond to means 
± SD of independent experiments (n = 5–6 for 
OATP1B1; n = 4–7 for OATP1B3). * , p < 0.05, 
**, p < 0.01 and ****, p < 0.0001 compara
tively to OATP activities in control cells. (B) 
The effects of various concentrations of TBOEP, 
TDCPP and TPHP towards OATP activities. Data 
are expressed as percentages of OATP activities 
found in control untreated cells and correspond 
to means ± SD of independent experiments 
(n = 3–6). The IC50 values for OPFRs are shown 
at the top of the graphs.   
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of OPFRs expected in response to environmental exposure. In the same 
way, intestinal BCRP was not predicted to be blocked by estimated 
luminal gut concentration of TOCP in humans, according to the ITC 
criteria (Table S4). Finally, we found that TOCP was predicted to only 
weakly repress expression of hepatic drug transporters in vivo, when 
applying the criteria developed for drug metabolizing enzyme induction 
(Fahmi and Ripp, 2010) to transporter repression (Table S5). 

4. Discussion 

OPFRs are used as substitutive FRs to brominated FRs. In conse
quence, they are ubiquitously distributed in the environment and 
humans are highly exposed to these environmental chemicals, which 
highlights the need for predictions of their concentrations in human 
tissues (Xiaolei Wang et al., 2023). Although initially considered as safe 
for human health, recent data indicate that OPFRs may cause some 
toxicity and can interact with human cellular and molecular regulatory 
pathways (Patisaul et al., 2021; Yuan et al., 2020). The data shown in 
the present study support this conclusion, by reporting that human drug 
transporters may be targeted by some OPFRs, with possible conse
quences in terms of inhibition of hormone transport and endocrine 
disruptive effects. 

Indeed, OPFRs were able to inhibit activities of some drug trans
porters, acting as uptake transporters such as OAT3, OATP1B1, 
OATP1B3 and OCT2, or as efflux pumps, such as BCRP. OPFRs can 
additionally repress the expression of hepatic transporters, especially 
those of OAT2 and OCT1 (See Table S6 for a summary of OPFR effects 
towards drug transporters). This modulation of transporter activity and/ 
or expression depends on the nature of OPFRs, with at least one OPFR, i. 
e., TCEP, having no effect towards transporters. This confirms that in
teractions with transporters are not shared by all the members of a 
chemical or pharmacological class of pollutants, as already reported for 
pyrethroids and organophosphorus pesticides (Chedik et al., 2019, 

Fig. 3. OPFR effects towards MATE and OCT activities. (A, B) The effects of 
OPFRs (each used at 10 µM) on (A) MATE1- and MATE2-K mediated transport 
of tetraethylammonium (TEA) in HEK-MATE1 and HEK-MATE2-K cells and (B) 
OCT1- and OCT2-mediated transport of the fluorescent dye 4-Di-ASP in HEK- 
OCT1 and HEK-OCT2 cells. Data are expressed as percentages of MATE or 
OCT activities found in control untreated cells, set at 100% and visualized by 
the dashed lines on the graphs. Data correspond to means ± SD of independent 
experiments (n = 3 for MATE2-K; n = 4 for MATE1 and OCT1; n = 4–7 for 
OCT2). **, p < 0.01 comparatively to MATE or OCT activities in control cells. 
(C) The effects of various concentrations of TDCPP towards OCT2 activity. Data 
are expressed as percentages of OCT2 activity found in control untreated cells 
and correspond to means ± SD of independent experiments (n = 3). The TDCPP 
IC50 value is shown at the top of the graph. 

Fig. 4. OPFR effects towards ABC pump activities. (A) The effects of OPFRs 
(each used at 10 µM) towards efflux of the P-gp substrate rhodamine 123 from 
MCF7R cells, of the MRP substrate carboxy-2′,7′-dichlorofluorescein (CDCF) 
from HuH-7 cells and of the BCRP substrate Hoechst 33342 from HEK-BCRP 
cells. Data are expressed as percentages of ABC transporter activities found in 
control untreated cells, set at 100% and visualized by the dashed line on the 
graph. Data correspond to means ± SD of independent experiments (n = 4 for 
P-gp and MRPs; n = 3–6 for BCRP). *** , p < 0.001 comparatively to transport 
activities in control cells. (B) The effects of various concentrations of TOCP 
towards BCRP activity. Data are expressed as percentages of BCRP activity 
found in control untreated cells and correspond to means ± SD of independent 
experiments (n = 3). The IC50 value for TOCP is shown at the top of the graph. 
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2017) and for environmental bisphenols (Bruyere et al., 2017). More
over, activity and/or expression of MATEs, MRPs and P-gp transporters 
were not impacted by OPFRs (Table S6), suggesting that transporters are 
not general and unspecific targets for OPFRs, as already reported for 
other environmental chemicals, e.g., carbamate and neonicotinoid pes
ticides which interact with some, but not all, drug transporters 
(Guéniche et al., 2020b; Le Vée et al., 2019). The absence of interactions 
of TCEP and TCPP with P-gp is coherent with their high penetration 
efficiencies across the blood-cerebrospinal fluid barrier, indicating that 
these two OPFRs are unlikely to be substrates of P-gp (Hou et al., 2022), 
which restricts xenobiotic access through this barrier (Yasuda et al., 
2013). By contrast, TPHP displayed reduced passage into human cere
brospinal fluid, associated with strong binding affinity to P-gp according 
to molecular docking analyses, suggesting that P-gp-mediated efflux of 
TPHP at the blood-cerebrospinal barrier is implicated (Hou et al., 2022). 
TPHP could therefore behave as a substrate for P-gp, without however 
inhibiting its activity, as demonstrated in the present study. The fact that 
many P-gp substrates do not block P-gp-mediated transport supports this 
hypothesis (Barecki-Roach et al., 2003). 

Inhibition of drug transporter activity or repression of hepatic 
transporter expression in response to OPFRs, acting here as “perpetra
tors”, may impair the handling and thus the pharmacokinetics of drugs 
substrates for the incriminated transporters, behaving as “victims”. Such 
putative pollutant-drug interactions have however not been clinically 
reported, according to the best of our knowledge. They cannot be 
formally discarded according to a theoretical point of view and may 
concern various important drugs, including the hypoglycemic agent 

metformin (substrate for OCT1, repressed by various OPFRs) and the 
cholesterol-lowering agents statins (substrates notably for OATP1B1, 
inhibited by TDCPP and repressed by TOCP). Besides, it is noteworthy 
that the in vitro transport of endogenous hormonal compounds, such as 
E3S, CCK-8 or dopamine, is significantly altered by OPFRs inhibiting 
OAT3 (TBOEP and TPHP), OATP1B3 (TDCPP) or OCT2 (TDCPP), even 
when using relatively low OPFR concentrations (in the 1–3 µM range). 
Such inhibitions of hormone transport may therefore be hypothesized to 
contribute to endocrine disrupting and metabolic effects of the con
cerned OPFRs (Dou and Wang, 2023; Wang et al., 2022). Repression of 
hepatic OAPT1B1 and OATP2B1 by TOCP may additionally impair liver 
uptake of steroid hormones substrates of these SLCs, thereby impacting 
their elimination. OCT1 repression by OPFRs may result in altered liver 
accumulation of the physiological substrates of this SLC, especially 
thiamine (Chen et al., 2014), which may in turn promote car
diometabolic diseases (Liang et al., 2018) that are well-known to be 
favored by exposure to OPFRs (Ding et al., 2023). Lowered levels of 
hepatic OAT2 in response to OPFRs may similarly decrease accumula
tion of its physiological substrates, including endogenous prostaglan
dins, hormones, cyclic nucleotides and nucleosides (Shen et al., 2017), 
into hepatocytes, which may result in toxicity. 

The possible implications of transporter inhibitions or repressions in 
toxic effects of OPFRs depend nevertheless on the in vivo relevance of in 
vitro interactions of OPFRs with transporters described in the present 
study. When applying criteria from the ITC, no OPFR was predicted to 
inhibit the activity of drug transporters in response to environmental or 
dietary exposure (Table 1 and Table S4). In the same way, TOCP was 

Fig. 5. Effects of OPFRs towards handling of 
endogenous substrates by OAT3, OATP1B1, 
OATP1B3 or OCT2. HEK-OAT3, HEK-OATP1B1, 
HEK-OATP1B3 and HEK-OCT2 cells were incu
bated for 5 min at 37 ◦C with endogenous sub
strates for OAT3/OATP1B1 (E3S), OATP1B3 
(CCK-8) or OCT2 (dopamine), without (control) 
or with OPFRs used at various concentrations or 
reference transporter inhibitors (2 mM proben
ecid for OAT3, 100 µM sulfobromopthalein 
(BSP) for OATP1B1, 100 µM rifamycin SV (Rif 
SV) for OATP1B3 and 200 µM amitriptyline for 
OCT2). Intracellular accumulations of endoge
nous substrates were next determined by scin
tillation counting. Data are expressed as 
percentages of endogenous substrate accumu
lations in control cells, set at 100% and visu
alized by the dashed lines on the graphs. Data 
correspond to means ± SD of independent ex
periments (n = 3–7). * , p < 0.05, **, p < 0.01, 
*** , p < 0.001 and ****, p < 0.0001 compar
atively to substrate accumulation in control 
cells.   
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predicted to only weakly repress in vivo hepatic expression of trans
porters (Table S5). Taken together, these predictions do not indicate 
major in vivo interactions of OPFRs with transporters. Such a conclusion 
may however be challenged by the fact that human pharmacokinetics 
data regarding OPFRs, especially their free plasma concentration, 
remain rather poor, notably in the case of high environmental exposure; 
moreover, OPFR plasma concentrations may vary among sub
populations. Extensive characterization of OPFR pharmacokinetics in 
environmentally-exposed humans, as well as the specific consideration 

of human subpopulations highly exposed to OPFRs, may consequently 
be welcome in the future. Moreover, although OPFR concentrations are 
expected to be rather low in humans, the specific accumulation of some 
OPFRs in some tissues cannot be discarded, especially in the liver which 
is recognized as a target organ for OPFRs (Li et al., 2022). Besides, 
humans are frequently exposed to mixtures of pollutants, including 
OPFRs (Hoang et al., 2023), whose effects towards transporters may be 
additive or synergistic, as already demonstrated for marine pollutants 
blocking P-gp activity (Nicklisch et al., 2016). The study of pollutant 

Fig. 6. OPFR effects towards mRNA levels of 
SLC drug transporters in hepatic HepaRG cells. 
HepaRG cells were either untreated (control) or 
treated for 48 h by (A) 10 µM OPFRs or (B) 
various concentrations of TOCP. SLC trans
porter mRNA levels were next analysed by RT- 
qPCR. Data are expressed as percentages of 
SLC mRNA levels found in control cells, set at 
100% for each SLC and visualized by the dashed 
lines on the graphs (A). Data correspond to 
means ± SD of independent experiments 
(n = 3–4). (A) * , p < 0.05, **, p < 0.01, *** , 
p < 0.001 and ****, p < 0.0001 comparatively 
to control cells. (B) The IC50 values for TOCP 
are shown at the top of the graphs.   
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mixtures, including mixtures of OPFRs or mixtures of OPFRs and other 
pollutants, towards drug transporters is consequently warranted. 
Whether OPFRs may interfere with activities of emerging drug trans
porters of clinical relevance, such as OATP2B1 or OAT2 (Zamek-
Gliszczynski et al., 2022), may also be worthy of interest. In addition, for 
some specific populations of subjects, especially those suffering from 
inflammatory diseases, the repressing effects of OPFRs, especially those 
of TOCP, towards transporters may add up to those caused by 
pro-inflammatory cytokines (Cressman et al., 2012; Fardel and Le Vée, 
2009), which likely deserves interest. Finally, some parameters related 
to transporter inhibitors, such as their time-dependent effects or their 
long-lasting activity (Shitara and Sugiyama, 2017; Tátrai et al., 2019), 
may be interesting to evaluate for OPFRs. 

Despite interacting with OAT3 through inhibiting its activity, TBOEP 
and TPHP were not transported by this SLC, as demonstrated by their 
similar accumulation in HEK-MOCK and HEK-OAT3 cells and the lack of 
effect of the OAT3 inhibitor probenecid. TBOEP and TPHP thus probably 
inhibit OAT3 by interacting with the transporter outside of its drug 
binding site or may alternatively bind to it without however being 
transported. Whether TBOEP and TPHP, as well as other OPFRs, may be 
handled by other transporters is not known and likely deserves further 
studies, due to the established role of transporters in pharmacokinetics 
and toxicokinetics. 

5. Conclusion 

In summary, some OPFRs, including TBOEP, TDCPP, TOCP and 
TPHP, were found to interact in vitro with human drug transporters such 
as OAT2, OAT3, OATP1B1, OATP1B3, OCT1, OCT2 and/or BCRP. 
OPFRs inhibit the activity of these transporters or repress their hepatic 
mRNA levels. OPFRs can thus be added to the expanding list of envi
ronmental pollutants that target drug transporters, despite the concen
trations of OPFRs reached in humans in response to environmental 
exposure being likely too low to allow single OPFRs to act in vivo on 
transporter activities or expressions. The handling of OPFRs by drug 
transporters and the possible contribution to their toxicokinetics remain 
important issues to clarify in the future. 
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