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Abstract

Drug interactions with the organic solute transporter alpha/beta (OSTα/β) are understudied even 

though OSTα/β is an important transporter that is expressed in multiple human tissues including 

the intestine, kidneys and liver. In this study, an in vitro method to identify novel OSTα/β 
inhibitors was first developed using OSTα/β-overexpressing Flp-In 293 cells. Incubation 

conditions were optimized using previously reported OSTα/β inhibitors. A method including a 10-

min preincubation step with the test compound was used to screen for OSTα/β inhibition by 77 

structurally diverse compounds and fixed-dose combinations. Seven compounds and one fixed-

dose combination (100 µM final concentration) inhibited OSTα/β-mediated DHEAS uptake by 

>25%. Concentration-dependent OSTα/β inhibition was evaluated for all putative inhibitors 

(atorvastatin, ethinylestradiol, fidaxomicin, glycochenodeoxycholate, norgestimate, troglitazone 

and troglitazone sulfate). Ethinylestradiol, fidaxomicin and troglitazone sulfate yielded a clear 

concentration-inhibition response with IC50 values <200 µM. Among all tested compounds, there 

was no clear association between physicochemical properties, the severity of hepatotoxicity, and 

the degree of OSTα/β inhibition. This study utilized a novel in vitro method to identify OSTα/β 
inhibitors, and for the first time, provided IC50 values for OSTα/β inhibition. These data provide 

evidence that several drugs, some of which are associated with cholestatic drug-induced liver 

injury, may impair the function of the OSTα/β transporter.
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INTRODUCTION

Membrane-bound ATP-binding cassette (ABC) and solute carrier (SLC) transporters are 

major determinants of the disposition, efficacy and safety of many drugs. Therefore, several 

methods to assess transporter activity and inhibition have been developed to identify 

potential transporter-dependent drug interactions in drug discovery and development.1 

Organic solute transporter alpha/beta (OSTα/β, SLC51A/B) is expressed in multiple human 

tissues with the highest levels in intestine, adrenal gland, testis and liver,2–4 where it 

mediates the transport of bile acids and sulfated steroid hormones, dehydroepiandrosterone 

sulfate (DHEAS), estrone sulfate (ES) and pregnenolone sulfate (PREGS).3, 5 OSTα/β also 

has been reported to facilitate the transport of a few xenobiotics including digoxin, 

rosuvastatin, atorvastatin and docetaxel.6, 7 However, substrates and inhibitors of OSTα/β 
are not routinely evaluated during drug development.

There is only limited data available regarding drugs that interact with OSTα/β. Initial 

studies in X. laevis oocytes suggested that steroidal compounds, such as spironolactone and 

taurolithocholic acid sulfate (TLCAS) dosed at a single concentration of 100–1000 μM, 

inhibited OSTα/β-mediated taurocholate (TCA) and ES uptake.2, 6 The largest study thus far 

examining OSTα/β inhibition evaluated 1,280 FDA-approved drugs as OSTα/β inhibitors in 

a double-transporter expression system [apical sodium bile acid transporter (ASBT) and 

OSTα/β] and identified clofazimine, an orphan antibiotic drug, as an OSTα/β inhibitor.8 

Recently, we introduced a cell line ectopically expressing human OSTα/β and demonstrated 

that fidaxomicin, an antibiotic, and troglitazone sulfate, a metabolite of troglitazone, 

inhibited OSTα/β-mediated TCA transport.9

Given the limited information on OSTα/β substrates and inhibitors, it is understandable that 

there are no reports about OSTα/β-mediated clinical drug interactions. However, the role of 

OSTα/β in enterohepatic circulation of bile acids is well documented,10–13 and patients with 

OSTβ deficiency present with congenital diarrhea and features of cholestasis.10 OSTα/β 
seems to play a role in cholestasis based on the fact that hepatic expression of OSTα/β is 

strongly increased in patients with obstructive cholestasis, extrahepatic cholestasis,14 

primary biliary cirrhosis,9, 15 and non-alcoholic steatohepatitis.9 All are cholestatic 

conditions with elevated bile acid concentrations in the plasma and liver.16 Hence, disrupted 

OSTα/β transport may impact the distribution of endogenous and exogenous OSTα/β 
substrates and cause clinically significant changes. The induction of OSTα/β in response to 
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high bile acid concentrations, which has been replicated in cultured primary hepatocytes, 

emphasizes the importance of this protein as a “safety valve” for hepatic bile acid efflux.
17–19 Thus, it is important to assess whether drugs interact and inhibit this transporter, 

potentially impairing the protective capacity of hepatocytes when bile acid exposure is high.

Currently, there are no standard methods to evaluate drug interactions with OSTα/β. 

Interpretation of the in vitro assay results is complicated by the bidirectional transport of 

OSTα/β and dependency of inhibition on the experimental set-up. For example, intracellular 

ES or TCA enhances OSTα/β-mediated TCA uptake in X. laevis oocytes,3 while inhibition 

of TCA uptake was observed when ES or TCA was added to the extracellular buffer.6 

OSTα/β is not the only transporter displaying assay-dependent effects. A preincubation step 

with an inhibitor has enhanced the inhibitory potency determined against OATP1B1/

SLCO1B1, OATP1B3/SLCO1B3, OAT3/SLC22A8, OCT1/SLC22A1, OCT2/SLC22A2, 

MATE2-K/SLC47A2 and P-glycoprotein/ABCB1.20–23 Furthermore, the U.S. Food and 

Drug Administration (FDA) has noted the potential impact of the experimental set-up on 

transporter inhibition results and the 2017 Draft Guidance for Industry recommends a 

preincubation step when assessing SLCO1B1 and SLCO1B3 inhibition.24

The first aim of this study was to select the optimal method to evaluate OSTα/β inhibition. 

Using the selected method, the second aim of this study was to identify novel inhibitors of 

OSTα/β from a chemically diverse set of compounds that are associated with cholestasis or 

drug-induced liver injury (DILI).

MATERIALS AND METHODS

Compounds.

Tritium-labeled OSTα/β model substrates, [3H]-dehydroepiandrosterone 3-sulfate (DHEAS) 

(60 Ci/mmol, radiochemical purity > 97%), and [3H]-taurocholate (TCA) (9.7–15.4 Ci/

mmol, radiochemical purity >97%) were purchased from PerkinElmer Life Sciences 

(Boston, MA). Other compounds were obtained from Sigma-Aldrich (St. Louis, MO), Fisher 

Scientific (Fair Lawn, NJ), Toronto Research Chemicals (North York, ON, Canada), and 

Cayman Chemical Company (Ann Arbor, MI) and were dissolved in dimethyl sulfoxide 

(DMSO), except amoxicillin, which was dissolved in distilled water and ciprofloxacin, 

which was prepared in 0.1 M hydrochloric acid.

Cell Cultures.

The Flp-In 293 cell line overexpressing human OSTα and human OSTβ proteins (OSTab), 

and the control Flp-In 293 cell line transfected with empty vector (Mock) were established 

using the HEK-293 cell line and cultured as previously described.9 The OSTab cell line 

expresses OSTα and OSTβ mRNAs and proteins at very high levels, similar to those in bile 

acid exposed primary human hepatocytes, and the uptake of TCA is typically at least 10-fold 

higher in OSTab cells than in Mock cells. 9 Briefly, the cells were cultured in 10% fetal 

bovine serum, 100 U/ml penicillin, 100 μg/mL streptomycin, and 1% GlutaMAX™ 

supplemented Dulbecco’s modified Eagle’s high glucose medium (D1190–044), all from 
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Thermo Fisher Scientific. The medium was renewed every 2 to 3 days, and the cells were 

subcultured once every week. Cell viability was determined by Trypan blue exclusion.

Cellular Transport Studies.

The transport experiments were carried out as previously described with a few 

modifications9. Briefly, OSTab and Mock cells were seeded in 24-well plates at a density of 

5 × 105 cells per well. After two days, the cells were washed and conditioned at 37°C for 10 

min in modified extracellular fluid (ECF, pH 7.4), where 122 mM NaCl was replaced with 

122 mM potassium chloride (KCl). Uptake was initiated by addition of warm modified ECF 

(37°C) containing DHEAS, TCA or digoxin as an OSTα/β probe substrate (20, 4 or 1 μM 

final concentration, with 200–300 nCi/mL of [3H]-labeled compound). After a designated 

uptake time, the uptake buffer was aspirated, and the cells were washed twice with ice-cold 

ECF. Each cell monolayer was solubilized, and the radioactivity was analyzed with Bio-Safe 

II counting cocktail (RPI Corp, Mt Prospect, IL, USA) using a Tri-Carb 3100TR liquid 

scintillation analyzer (PerkinElmer Inc.). The amount of the substrate transported into the 

cells was normalized to the total protein of the cell culture (Pierce BCA Protein assay kit, 

Thermo Fisher Scientific).

Characterization of OSTα/β-mediated Transport.

The absolute transport rate may be crucial for the sensitivity of the uptake assay. Thus, the 

effect of time on OSTα/β-mediated DHEAS transport was determined by performing 

cellular uptake studies over a range of time points from 5 s to 30 min. The uptake of DHEAS 

over a wide concentration range of 0.003–1000 µM was reported to be linear in OSTab cells 

and therefore, Km was not calculated.9 For the inhibition studies, a DHEAS concentration of 

4 µM was selected, which is within the range of physiological DHEAS plasma 

concentrations of 1–5 µM.25 The uptake kinetics of the other OSTα/β model substrates, 

TCA and digoxin, was previously tested and reported.9 The concentrations of TCA (4 µM 

and 20 µM) and digoxin (1 µM) as well as the uptake time (30 s) used in the present 

experiments were within the linear range of uptake.

Evaluation of OSTα/β Inhibition Methods.

No standard methods have been established to study OSTα/β inhibition. Some compounds 

have been reported to either inhibit or stimulate OSTα/β, depending on whether the 

compound was added to the buffer immediately before measuring substrate uptake, whether 

the compound was dosed into the cells, or whether longer exposure times were used to allow 

some of the compound administered extracellularly to accumulate within the cells.3, 6, 9 

Therefore, three different experimental methods were evaluated by comparing the inhibitory 

effect of four previously reported OSTα/β inhibitors (fidaxomicin, indomethacin, 

spironolactone, TLCAS)2, 6, 9 on OSTα/β-mediated DHEAS uptake. The inhibitor (100 µM) 

was applied to the cells using one of the following three approaches: Method 1) only during 

the preincubation phase; Method 2) only simultaneously with the substrate during the uptake 

phase; Method 3) during both the preincubation and the uptake phases.
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Test Compound Selection.

In total, seventy-seven compounds or fixed-dose combinations were studied to identify novel 

OSTα/β inhibitors (Supporting Table 1). Fifty-five compounds and five fixed-dose 

combinations associated with cholestatic DILI based on a dataset of 190 cholestatic patients 

in the Drug-Induced Liver Injury Network (DILIN) were selected. All the compounds and 

fixed-dose combinations that were reported in more than one DILI case were included in the 

study (25 compounds; Supporting Table 1). In addition, 28 compounds involved only in one 

DILI case were tested. The compounds in the fixed-dose combinations were tested as a 

combination and separately. Of the additional test compounds, seven test compounds were 

previously reported to be OSTα/β substrates or inhibitors,3, 6, 9 four compounds were bile 

acids that are elevated in cholestasis,26, 27 and five compounds were associated with DILI,28 

but were not present in the DILIN dataset.

Calculation of molecular descriptors and principal component analysis.

Molecular descriptors for the test compounds were calculated from the Simplified Molecular 

Input Line Entry Specification (SMILES) of the compounds using the rcdk package in R 

version 3.4.329 with RStudio.30 The rcdk is an interface to the modular Java libraries of the 

Chemistry development kit (CDK) for chemoinformatics. To generate a reference set of the 

FDA-approved drugs, descriptors were calculated in the same way for the integrated 

database of ADMET and adverse effects of predictive modeling (IDA2PM) compound 

library31 based on the SMILES available on the database website (http://idaapm.helsinki.fi/). 

Principal component analysis (PCA) was performed with R on the joint dataset of the test 

compounds and the IDA2PM library descriptors (total of 1,583 unique compounds). The 

following descriptors were selected for the PCA: MW, molecular weight; nRotB, number of 

rotating bonds; MLogP, logP determined by Moriguchi’s method; nAromRings, number of 

aromatic rings; nAcid, acidic group count; nBase, basic group count; nSmallRings, number 

of small rings; TopoPSA, topological polar surface area; nHBDonor, number of hydrogen 

bond donors; and nHBAcc, number of hydrogen bond acceptors (Supporting Fig. 1, 

Supporting Table 2). The distribution of the test compounds in the chemical space of FDA-

approved drugs was visualized by plotting the first two components of the PCA (Fig. 1).

Evaluation for Inhibition of OSTα/β-mediated Transport.

First, selected compounds were screened at 100 μM final concentration using Method 1 as 

described above. The OSTα/β inhibition by ethinylestradiol and fidaxomicin (100 µM) was 

evaluated using digoxin (1 µM) as an OSTα/β substrate. In addition, Method 1 was used for 

ethinylestradiol and Method 2 was used for fidaxomicin. Concentration-dependent inhibition 

of OSTα/β-mediated DHEAS uptake was determined by exposing the OSTab and Mock 

cells to 0.125–200 μM of the most efficient putative OSTα/β inhibitors using Method 1.

Data analysis.

OSTα/β-mediated uptake was calculated by subtracting the substrate uptake in the Mock 

cells from the uptake in OSTab cells. Inhibition of uptake was presented as a percentage of 

control (DHEAS uptake in the presence of vehicle = 100%). Results are presented as mean 

and standard deviation (SD) or standard error of the mean (SEM). The half-maximal 
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inhibitory concentration (IC50) values were generated by fitting concentration-response 

curves to the data by nonlinear regression analysis using Prism 7 (GraphPad Software Inc., 

La Jolla, CA). The Hill coefficient was set at 1 and the minimum and maximum values at 

0% and 100%, respectively. Statistical analysis of the data was conducted either by 1-way or 

2-way ANOVA followed by Dunnett’s multiple comparisons test using Prism 7.

RESULTS

Molecular Characteristics of the Test Compounds.

According to the PCA, the chemical space of the tested compounds (n = 77) resembled that 

of the FDA-approved drugs (Fig. 1). The majority were small molecules (MW <900) 

(Supporting Fig. 1). The first principal component (PC1), which is driven by multiple 

parameters (Supporting Fig. 2), including MW and nRot, explained 53% of the variability of 

the chemical space. The MW of the compounds ranged from 114.0 to 1447.4 with a mean 

value of 395.3 g/mol, which was close to the mean for the FDA-approved drugs (417.5 g/

mol). The second principal component (PC2) was governed by MlogP, nAromRings, nAcid 

and nSmallRings (Supporting Fig. 2). Overall, the tested compounds did not differ 

substantially from clinically used drugs in their physicochemical properties.

DHEAS Uptake Kinetics.

The effect of time on DHEAS transport in OSTab cells is shown in Fig. 2. Uptake in OSTab 

cells was rapid, particularly within the first minute. After 5–10 min, the uptake started to 

plateau, suggesting that intracellular and extracellular substrate concentrations were 

approaching equilibrium. DHEAS uptake resembles the previously reported OSTα/β-

mediated TCA uptake in OSTab cells as a function of time.9 Based on these observations, 

the uptake experiments were performed over 30 s, which was within the linear range of 

initial DHEAS uptake. Using the optimized uptake time and concentration of DHEAS (4 

µM), the uptake in OSTab cells was at least 10-fold larger than that in Mock cells in all 

further experiments.

Comparison of Methods to Assess OSTα/β Inhibition.

The objective of these studies was to develop a practical method to screen multiple 

compounds for potential OSTα/β inhibition. Studies with reported OSTα/β inhibitors 

indicated that indomethacin and spironolactone displayed modest inhibition of DHEAS 

uptake (~20%) only after a preincubation phase (Method 1), whereas no inhibition was 

observed with co-incubation (Method 2) or with the combination of preincubation and co-

incubation (Method 3) (Fig. 3). Fidaxomicin, a large macrocyclic antibiotic, inhibited 

DHEAS uptake with all methods, but the extent of inhibition was strongest (>80%) with 

Methods 2 and 3, which included a co-incubation step. In contrast, the sulfate-conjugated 

bile acid TLCAS inhibited DHEAS uptake by ~20% only with Method 3. When TCA was 

used as the OSTα/β substrate, the inhibitory profile was similar; fidaxomicin inhibited 

>70% of the uptake with all three Methods, spironolactone inhibited uptake ~20% with 

Method 1 only, while inhibition by indomethacin and TLCAS did not reach statistical 

significance. TLCAS appeared to stimulate OSTα/β-mediated TCA uptake by ~25% with 

Method 2. The differences in the extent of inhibition between the methods were not marked. 
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Because the inhibition of OSTα/β-mediated DHEAS or TCA uptake was most often 

detected with Method 1, this approach was used for subsequent screening to capture the 

largest possible number of putative inhibitors. This method was also practical and 

economical, because the same solution with the labeled substrate could be added to all wells 

preincubated with diverse inhibitors.

Interaction of Test Compounds with OSTα/β.

In the screening studies, seven compounds and one fixed-dose combination of the 77 

investigated (10.4%) inhibited OSTα/β-mediated DHEAS transport significantly at 100 µM 

(Fig. 4A). The compounds inhibiting OSTα/β >50% were denoted as strong inhibitors (n = 

3), and those that inhibited between 25% and 50% of the DHEAS transport were defined as 

moderate inhibitors (n = 5). Based on these criteria, novel OSTα/β inhibitors were identified 

(Fig. 4B): ethinylestradiol, norgestimate and their fixed-dose combination, atorvastatin and 

troglitazone. Inhibition of OSTα/β was confirmed for ethinylestradiol and fidaxomicin using 

digoxin as the substrate (Supporting Fig. 3.). Six previously reported OSTα/β inhibitors2, 6 

were not identified as strong/moderate inhibitors of DHEAS uptake in our assay: digoxin, 

estrone sulfate, indomethacin, probenecid, spironolactone and sulfobromophthalein.

Molecular Characteristics of the OSTα/β inhibitors.

Ten evaluated molecular descriptors describing size, lipophilicity and polarity of the 

compounds did not show remarkable differences between the inhibitors (>25% OSTα/β 
inhibition) and the non-inhibitors (<25% OSTα/β inhibition) (Supporting Table 2). 

However, OSTα/β inhibitors exhibited significantly higher mean MlogP values (3.7) than 

the non-inhibitors (2.5). In addition, the MW of OSTα/β inhibitors tended to be higher with 

a mean of 531 g/mol, whereas the mean of the non-inhibitors was 381 g/mol. The MW of 

the inhibitors was slightly distorted by the size of fidaxomicin (1058 g/mol); when 

fidaxomicin was excluded, the mean MW of OSTα/β inhibitors was still 443 g/mol. More 

than half of the putative inhibitors (atorvastatin, fidaxomicin, troglitazone and troglitazone 

sulfate) carried a negative charge at pH 7.4, whereas the rest of the inhibitors 

(ethinylestradiol, norgestimate) exhibited a steroidal structure. Glycochenodeoxycholic acid 

(GCDCA) is negatively charged and has a steroidal structure.

Concentration-Dependent Inhibition of OSTα/β Transport.

For all seven putative OSTα/β inhibitors, concentration-dependent inhibition was studied 

using DHEAS as the substrate and IC50 values were estimated (Fig. 5). Three compounds 

exhibited a clear concentration-inhibition relationship exceeding 50% inhibition, and they 

were ranked from the lowest to the highest IC50 value: ethinylestradiol > fidaxomicin > 

troglitazone sulfate. The IC50 values of norgestimate, atorvastatin and 

glycochenodeoxycholate were >200 μM (the highest concentration tested) and their maximal 

inhibition was less than 50%, while troglitazone did not yield a consistent inhibition curve.

DISCUSSION

OSTα/β is an important transporter involved in the enterohepatic circulation of bile acids in 

the intestine and liver. The expression of OSTα/β in the liver is increased in cholestatic 

Malinen et al. Page 7

Mol Pharm. Author manuscript; available in PMC 2020 January 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



conditions, suggesting that it has a role in protecting hepatocytes from bile acid-mediated 

toxicity. Inhibition of OSTα/β by drugs could impair this protective role, but there is 

currently little information on this interaction. In earlier studies, inhibitors were usually 

assessed at single concentrations2, 6, and to our knowledge, IC50 values for OSTα/β 
inhibitors have not been reported previously. Based on published time course data generated 

at three different inhibitor concentrations8, the IC50 value of clofazimine is estimated to be 

30–50 μM. In the present studies, new OSTα/β inhibitors were identified from a dataset of 

77 compounds or fixed-dose combinations known to be associated with cholestatic DILI or 

considered likely to interact with OSTα/β, and their inhibitory potential was evaluated. 

These data support the hypothesis that OSTα/β may be subject to drug interactions.

The effects of four previously reported OSTα/β inhibitors (fidaxomicin, indomethacin, 

spironolactone, and TLCAS)2, 6, 9 were different depending on whether cells were incubated 

with the compound prior to substrate addition (Method 1), or dosed together with the 

substrate without (Method 2) or with the preincubation step (Method 3). More inhibitors 

were detected using Method 1 (preincubation) than the other methods. The importance of 

preincubation suggests that intracellular accumulation of indomethacin, spironolactone and 

TLCAS, and perhaps other compounds, may be needed for OSTα/β inhibition. A similar 

phenomenon with preincubation has been reported for other SLC transporters.20–22 For 

example, preincubation of cyclosporine results in 3.6–5.9-fold lower IC50 values of 

SLCO1B1 than co-administration with the SLCO substrate, estradiol 17β-glucuronide.23, 32

The identified inhibitors, ethinylestradiol, fidaxomicin and troglitazone sulfate, represent 

multiple drug classes. This is in agreement with a previous OSTα/β inhibition study,8 where 

steroids, azoles, benzenoids, statins and antibiotics were found to interact with OSTα/β.8 

The majority of the compounds tested herein (26%) were antibacterials, but fidaxomicin was 

the only compound in this class to show inhibition. It was not possible to identify specific 

physicochemical properties that distinguished inhibitors from non-inhibitors due to the small 

number of OSTα/β inhibitors identified to date. However, with the exception of 

fidaxomicin, the OSTα/β inhibitors identified in the present study were either steroidal 

(ethinylestradiol) or anionic compounds (troglitazone sulfate), in agreement with results 

from the initial OSTα/β experiments with X. laevis oocytes.2, 6

The current test compounds included several statins (atorvastatin, lovastatin, rosuvastatin, 

and simvastatin), which are known to interact with numerous transport proteins in the 

intestine and liver and can cause transporter-mediated drug interactions.33Atorvastatin, 

which previously has been suggested to be an OSTα/β substrate,7 was the only statin that 

showed any signs of OSTα/β inhibition in this study. Lovastatin decreased DHEAS uptake 

modestly (~21%), but the effect was not statistically significant, and rosuvastatin did not 

inhibit OSTα/β, in agreement with an earlier finding.7

Some contradictory results on the inhibition of OSTα/β between the current and previous 

studies were observed for a few other compounds. For example, Ballatori et al.2 reported 

that digoxin (500 μM), estrone sulfate (200 μM), sulfobromophthalein (100 μM), probenecid 

(1000 μM) and indomethacin (200 μM) modestly affected OSTα/β-mediated transport (25–

38% inhibition). In the present study, these compounds (100 μM) did not markedly inhibit 
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OSTα/β (5–23% inhibition). The previously reported OSTα/β inhibitory effect of 25 μM 

ezetimibe7 could not be reproduced, despite the use of a preincubation phase in both studies. 

These contradictory findings might be explained, in part, by the use of different test 

compound concentrations. Also, different substrates were used in previous (TCA or ES),
2, 7, 8 and the present (DHEAS) studies. Indeed, substrate-dependent inhibition was seen for 

indomethacin and TLCAS in the method optimization experiments. Similar substrate-

dependency of inhibition also has been reported for other transporters such as 

SLCO1B1.34–36

Exogenous compounds may have a significantly lower affinity towards OSTα/β than 

endogenous compounds. Using an exogenous compound, such as digoxin or rosuvastatin, as 

an OSTα/β substrate may result in stronger inhibitory effects and give a more realistic 

evaluation of involvement of OSTα/β in drug interactions. In fact, when we applied digoxin 

as an OSTα/β substrate, the inhibitory effect of fidaxomicin and ethinylestradiol (both 90% 

inhibition) was higher than when DHEAS was used as a substrate (71% and 63% inhibition, 

respectively). Therefore, future work should focus on using drugs as victim substrates.

The majority of the compounds tested here for OSTα/β inhibition were derived from a 

database of compounds associated with cholestatic DILI. However, OSTα/β inhibition did 

not correlate clearly with the DILI causality of the test compounds (Supporting Table 1, 

Supporting Fig. 4). Interestingly, amoxicillin, clavulanic acid, amiodarone, atorvastatin, 

ethinylestradiol and norgestimate, which are associated with more than 100 cases of DILI,37 

decreased OSTα/β-mediated DHEAS uptake during screening, although the decrease was 

substantial (35–64% inhibition) and statistically significant only for the latter three drugs. In 

addition, doxycycline, which belongs to the top ten most common drugs leading to DILI,37 

decreased OSTα/β activity only by ~19% (Supporting Table 1).

Based on the in vitro IC50 values determined for ethinylestradiol (53 µM), fidaxomicin (169 

µM) and troglitazone sulfate (191 µM), the concentration in hepatocytes or in plasma must 

be fairly high for these drugs to cause clinically important OSTα/β-mediated interactions. 

At clinical doses, these concentrations are not achieved in plasma.38, 39 However, the 

concentration of troglitazone sulfate, the primary metabolite of troglitazone, is ~700 ng/mg 

protein in hepatocyte cultures,40 which is equivalent to ~190 µM, and is very close to the 

IC50 value determined in the current study. The derived IC50 values may however 

underestimate the potency of inhibition due to the high expression of OSTα/β in the cell line 

used, because apparent IC50 values can be influenced by transporter expression.41 In 

addition, IC50 values are also highly dependent on the substrate concentration used and the 

mechanism of inhibition.

It should be noted that the novel OSTα/β inhibitors identified in this study can also inhibit 

other transporters. For example, ethinylestradiol is reported to interact with ABCB11 and 

ABCC3 (Supporting Table 1), whereas troglitazone sulfate inhibits ABCB11 and 

ABCC4.42, 43 Fidaxomicin, the second most potent OSTα/β inhibitor tested, has been 

reported to inhibit ABCC3.44 The simultaneous inhibition of multiple bile acid transporters 

by these novel OSTα/β inhibitors may alter bile acid disposition and lead to cholestatic 
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DILI. The contribution of several pathways to drug injury may also explain the lack of 

correlation found here between OSTα/β inhibition and DILI causality.

In conclusion, OSTα/β inhibition depends on the method used to introduce the inhibitor. By 

using our novel in vitro method, ethinylestradiol, fidaxomicin and troglitazone sulfate were 

identified as concentration-dependent OSTα/β inhibitors. This investigation provides 

insights into the nature of OSTα/β inhibitors, provides OSTα/β IC50 values for the first 

time, and suggests that OSTα/β inhibition may have an impact on the disposition of 

endogenous and exogenous OSTα/β substrates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ABC ATP-binding cassette

ASBT apical sodium bile acid transporter

BSEP bile salt export pump

DHEAS dehydroepiandrosterone sulfate

DILI drug-induced liver injury

ES estrone sulfate

FDA U.S. Food and Drug Administration

GCDCA glycochenodeoxycholic acid

MATE multidrug and toxin extrusion

MRP multidrug resistance-associated protein

NTCP sodium taurocholate co-transporting polypeptide

OATP organic anion transporting polypeptide

OCT organic cation transporter

OSTα/β organic solute transporter alpha/beta

PC principal component
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PCA principal component analysis

SLC solute carrier

SLCO solute carrier organic anion

SMILES simplified molecular input line entry specification

TCA taurocholate

TLCAS taurolithocholic acid sulfate
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Fig. 1. 
Chemical diversity of the compounds tested for OSTα/β inhibition. The chemical space of 

test compounds (blue) and FDA-approved drugs (grey) was described using a principal 

component analysis (PCA) of ten selected molecular descriptors. The first two principal 

components (PCs), PC1 and PC2, which together account for 69% of the variability in the 

dataset, are plotted in this graph.
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Fig. 2. 
Time dependence of [³H]-dehydroepiandrosterone sulfate (DHEAS) transport in OSTα/β-

overexpressing cells (OSTab). OSTab and Mock cells were incubated with DHEAS (300 

nCi/ml; 4 µM final concentration) in extracellular fluid (pH 7.4) at 37°C for designated 

times. Background levels derived from Mock cells were subtracted, and uptake values were 

normalized to total cell protein. Each value represents the mean ± SD from two independent 

experiments, performed in triplicate. The inset shows DHEAS uptake during the early time 

points (5 s, 10 s and 0.5 min).
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Fig. 3. 
The effect of preincubation on the inhibition of OSTα/β-mediated transport of probe 

substrates. OSTab and Mock cells were preincubated with inhibitor (100 µM) for 10 min 

(Method 1, black), co-incubated with inhibitor and substrate during the uptake phase 

(Method 2, grey), or both preincubated and co-incubated, as described for Methods 1 and 2 

(Method 3, white); the probe substrate, [³H]-dehydroepiandrosterone sulfate (DHEAS) or 

[³H]-taurocholate (TCA) (300 nCi/ml; 20 µM final concentration; 30 s uptake), was added in 

extracellular fluid (pH 7.4) at 37°C. Background levels derived from Mock cells were 

subtracted, and uptake measurements were normalized to total cell protein and uptake in 

vehicle treated cells. Each value represents the mean ± SEM from three independent 

experiments. ***, p< 0.001; **, p<0.005; *, p<0.05, significantly different than substrate 

uptake in control group. TLCAS, taurolithocholic acid sulfate.

Malinen et al. Page 16

Mol Pharm. Author manuscript; available in PMC 2020 January 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
The inhibitory effect of test compounds or fixed-dose combinations on OSTα/β-mediated 

dehydroepiandrosterone sulfate (DHEAS) uptake in OSTα/β-overexpressing (OSTab) cells. 

A) Compounds or fixed-dose combinations inhibiting DHEAS transport by >50% were 

denoted as strong inhibitors (n = 3), and those that inhibited between 25% and 50% of the 

DHEAS transport were designated as moderate inhibitors (n = 5). B) The compounds, 

illustrated in groups, were previously reported OSTα/β substrates or inhibitors (black), bile 

acids elevated in cholestasis (dark grey), classical hepatotoxic compounds (light grey), and 

compounds associated with cholestatic DILI from the Drug-Induced Liver Injury Network 

(DILIN) database (only compounds inhibiting DHEAS transport by >20% (white) are 

shown). The inhibition was studied using Method 1. OSTab and Mock cells were 

preincubated with putative inhibitor at a concentration of 100 μM for 10 min; the probe 

substrate, [³H]-DHEAS, was added in extracellular fluid (300 nCi/ml; 4 µM final 

concentration; pH 7.4) and 30-s uptake was measured at 37°C; inhibition was calculated as 

described in Materials and Methods. Each value represents the mean ± SEM from three 

independent experiments. **p< 0.0001; *p<0.0005; §p<0.05; #p<0.01 significantly different 

than substrate uptake in control group.
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Fig. 5. 
Concentration-dependent inhibitory effect of ethinylestradiol, fidaxomicin, troglitazone 

sulfate, norgestimate, atorvastatin, glycochenodeoxycholate and troglitazone on OSTα/β-

mediated DHEAS transport. OSTab and Mock cells were preincubated with inhibitors for 10 

min (Method 1; 0–200 μM) prior to the 30-s uptake with [3H]-dehydroepiandrosterone 

sulfate (DHEAS; 200 nCi/ml; 4 μM) at 37°C. Data are expressed as percentage of vehicle 

control; each value represents the mean ± SD of two independent experiments, each 

performed in triplicate. For troglitazone, only one experiment is shown (mean ± range).
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