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Abstract 

We previously established that androgen glucuronides are effluxed by multidrug 

resistance-associated protein 2 and 3. However, no data exist on the mechanism of 

hepatic uptake of these metabolites. The first goal of this study was to explore the role 

of hepatic uptake transporters and characterize transport kinetics of glucuronides of 

testosterone (TG), dihydrotestosterone (DHTG), androsterone (AG), and 

etiocholanolone (EtioG) using cell-lines overexpressing organic anion transporting 

polypeptides (OATP1B1, OATP1B3, and OATP2B1). Using a quantitative proteomics-

guided approach, we then estimated the relative contribution (ft) of individual OATPs in 

hepatic uptake of these glucuronides. The transport screening assays revealed that the 

glucuronides were primarily taken up by OATP1B1 and OATP1B3. The Km values for 

OATP1B1-mediated uptake were low for EtioG (6.2 µM) as compared to AG, TG, and 

DHTG (46.2, 56.7, and 71.3 µM, respectively), whereas the Km value for OATP1B3-

mediated uptake for EtioG, AG, DHTG, and TG were 19.8, 29.3, 69.6, and 110.4 µM, 

respectively. Both OATP1B1 and OATP1B3 exhibited the highest transport rate toward 

AG as compared to other glucuronides.  When adjusted for the transporter abundance 

in human livers, EtioG and DHTG were predicted to be transported by both OATP1B1 

and OATP1B3, whereas TG and AG were preferentially (>68%) transported by 

OATP1B3. Collectively, this report elucidates the mechanisms of hepatic uptake of 

androgen glucuronides. Perturbation of these processes by genetic polymorphisms, 

disease conditions or drug-interactions can lead to changes in enterohepatic recycling 

of androgens. TG and AG can be further investigated as potential biomarkers of 

OATP1B3 inhibition. 
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Significance Statement 

This is the first study to elucidate the mechanism of hepatic uptake of androgen 

glucuronides and estimate the relative contribution (ft) of individual OATPs using 

quantitative proteomics. Our results show that both OATP1B1 and OATP1B3 are 

responsible for the hepatic uptake of major circulating testosterone glucuronides. The 

apparent higher selectivity of OATP1B3 towards testosterone glucuronide and 

androsterone glucuronide can be leveraged for establishing these metabolites as 

clinical biomarkers of OATP1B3 activity. 
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Introduction 

Testosterone is crucial for normal physiological growth and health including 

development of male sexual characteristics, muscle mass, maintaining adequate 

red blood cells, bone growth, and a sense of well-being. Testosterone deficiency or 

hypogonadism is a growing problem affecting over 20 million men in the United States, 

most prevalent in aging men (McBride et al., 2016; Traish, 2016; Ugwu and Ikem, 

2016). Testosterone replacement therapy (TRT) is the front-line treatment option for 

hypogonadism and offers substantial benefits such as improved libido, mood, cognition, 

muscle mass, bone density, and red blood cell production (Schlich and Romanelli, 

2016). However, high inter-individual variability in systemic testosterone levels and its 

outcomes generally lead to uncertain risk-to-benefit ratio of TRT (Bhasin et al., 2006; 

Bhasin et al., 2010; Bhasin and Matsumoto, 2010).  

While benefits of TRT are more subjective, TRT is associated with side effects such as 

polycythemia, myocardial infarction, heart failure, stroke, depression and liver toxicity, 

as a result of which the FDA issued black-box warning on using testosterone products 

(Bhasin et al., 2006; Bhasin et al., 2010; Bhasin and Matsumoto, 2010; FDA, 2015; 

Schlich and Romanelli, 2016). Furthermore, testosterone does not directly cause 

prostate cancer (Heikkila et al., 1999) but has been shown to accelerate prostate cancer 

development (Tenover, 1992) and worsen symptoms of benign prostatic hyperplasia 

(Jarvis et al., 2015). The most recent trial of oral testosterone drug Lipocine failed to 

meet three secondary goals related to understanding the safety of higher testosterone 

levels in men due to issues in its pharmacokinetics (Cmax) and risks of high blood 

pressure (2019) . Thus, high interindividual variability in systemic testosterone 
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disposition and response in men presents a notable challenge in not only identifying 

those who will benefit from TRT but also those who may experience adverse events. As 

a result, only ~5% of the total hypogonadal patients in the US are using TRT as a 

pharmacotherapy. Moreover, testosterone abuse is also common amongst athletes and 

variability in testosterone disposition is associated with marked false positive or false 

negative detection of illicit use of testosterone (Saudan et al., 2006).   

As a first step towards ensuring safer therapy and accurate detection of testosterone 

abuse, our laboratory focuses on investigation of factors that affect testosterone 

systemic exposure and renal elimination. Liver is the primary site of testosterone 

metabolism and a substantial amount of testosterone conjugates are actively excreted 

in bile (Mauvais-Jarvis et al., 1968; Sandberg and Slaunwhite, 1956; West et al., 1951). 

However, about 90% of the intramuscular dose of testosterone is excreted in urine as 

glucuronic (40-80%) and sulfuric (10-20%) acid conjugates. We also observed that the 

serum concentration of testosterone glucuronide is 20-80-fold higher than testosterone 

after an oral dose (Basit et al., 2018). We then uncovered that testosterone and its 

active metabolite, DHT are primarily metabolized to the hydrophilic testosterone 

glucuronide by a highly variable enzyme, UGT2B17, which is expressed in both liver 

and intestine with a minor contribution of UGT2B15 (Zhang et al., 2018). As these 

conjugates are hydrophilic and cannot passively diffuse across cell membranes (Alvarez 

et al., 2011; Brand et al., 2011; Gonzalez-Sarrias et al., 2014; Patel et al., 2013; 

Zimmerman et al., 2013), they require active transporters to cross cell membrane. 

Indeed, we found that the intracellular testosterone or DHT glucuronides are effluxed by 
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MRP2 and MRP3 in liver and intestine into the bile or blood (Li et al., 2019). However, 

mechanisms of hepatic uptake of androgen glucuronides are still unknown.  

Endogenous glucuronides such as bilirubin and vitamin D glucuronides are the known 

substrates of OATPs (Chu et al., 2017), therefore the goal of this study was to 

characterize uptake transport kinetics of glucuronides of testosterone, DHT, 

androsterone, and etiocholanolone using cell-lines expressing hepatic OATPs (1B1, 

1B3 and 2B1). Using quantitative proteomics-guided approach (Li et al., 2019), we then 

estimated the relative contribution (ft) of individual OATPs in hepatic uptake of the 

androgen glucuronides.   
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Materials and Methods 

Chemicals and Reagents 

Testosterone glucuronide (TG), androsterone glucuronide (AG), dihydrotestosterone 

glucuronide (DHTG), and the corresponding deuterated stable-labeled internal 

standards TG-d3, AG-d4, and DHTG-d3 were purchased from Cerilliant corporation 

(Round Rock, TX). Etiocholanolone glucuronide (EtioG) standard was purchased from 

Steraloids (Newport, RI). Human embryonic kidney (HEK) 293 cells stably expressing 

the human OATP1B1 or OATP1B3, Madin-Darby canine kidney (MDCK) cells stably 

transfected with human OATP2B1, and their corresponding empty vector-transduced 

(MOCK) or non-transfected cells were provided by Solvo Biotechnology (Budapest, 

Hungary). Poly-D-lysine-coated 24-well plates were obtained from BD Sciences 

(Franklin Lakes, NJ). Dithiothreitol (DTT), iodoacetamide (IAA), bicinchoninic acid assay 

(BCA) kit, bovine serum albumin (BSA), membrane protein extraction kit and trypsin 

digestion reagents were obtained from Thermo Fisher Scientific (Rockford, IL). The 

synthetic light and heavy labeled peptides for OATP1B1, OATP1B3, OATP2B1 were 

purchased from New England Peptides (Boston, MA) and Thermo Fisher Scientific 

(Rockford, IL), respectively. Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine 

serum (FBS), penicillin and streptomycin solution, and Hank’s balanced salt solution 

with calcium and magnesium (HBSS) were obtained from Invitrogen (Carlsbad, CA). All 

other chemicals and reagents, unless indicated otherwise, were purchased from Sigma-

Aldrich (St. Louis, MO). 
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Functional characterization of OATP cell-lines 

The stably overexpressing cell lines were maintained in DMEM supplemented with 10% 

FBS, penicillin (100 U/ml), and streptomycin (100 mg/mL). For HEK293 cells expressing 

OATP1B1 or OATP1B3, 3 µg/mL puromycin was used for selection. For functional 

characterization of OATP cell lines 100 000 cells/well were seeded into poly-D-lysine-

coated 96-well plates from the corresponding cell line and were incubated 24 h at 37°C 

with 5% CO2 before the experiments. Time dependence experiments were carried out 

to determine the linear range of the transport with relevant probe substrate (estradiol-

17β-glucuronide (E217βDG) and estrone-3-sulfate (E3S). For concentration dependence 

experiments, cells were incubated with increasing concentration of their probe substrate 

to determine the kinetic parameters of transport (Km and Vmax) (data not shown). 

Experiments were carried out at 37°C and mock-transduced HEK293 or MDCKII cells 

were used as controls. After cells lysis with 0.1 M sodium-hydroxide, scintillation cocktail 

mix was added to the wells and intracellular accumulation of the probe substrate was 

analyzed with liquid scintillation (PerkinElmer MicroBeta2 or MicroBeta TriLux).  

 

Transporter-expressing cells and corresponding mock-transduced controls were seeded 

on untreated (if MDCKII-derived) or poly-D-lysine-treated (if HEK293-derived) 96-well 

tissue culture plates at a density of 1×105 cells/well for 24 hours. Before the 

experiments, the cells were washed three times with prewarmed Krebs-Henseleit (KH) 

(or HBSS for HEK293-OATP1B3) buffer, then preincubated with KH (or HBSS) buffer at 

37°C for 10 minutes. The reactions were started with prewarmed buffer containing both 

cold and radiolabeled probe substrate in appropriate concentration (0.2 µM E3S for 
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OATP2B1, 1 µM E217βDG for OATP1B1 and OATP1B3), then incubated for 2 minutes. 

Uptake was terminated by rinsing twice with ice-cold assay buffer, and cells were lysed 

with 0.1 M NaOH. Radioactivity in cell lysates mixed with liquid scintillation cocktail 

(Ultima Gold XR, PerkinElmer, Waltham, MA) was measured with a MicroBeta2 

microplate counter (PerkinElmer). 

 

Uptake of glucuronide metabolites into HEK293-OATP1B1, HEK293-OATP1B3, 

and MDCKII-OATP2B1 over-expressing cell lines  

The stably overexpressing cell lines were maintained in DMEM supplemented with 10% 

FBS, penicillin (100 U/ml), and streptomycin (100 mg/mL). For HEK293 cells expressing 

OATP1B1 or OATP1B3, 3 µg/mL puromycin was used for selection. Cells were plated 

on poly-D-lysine-coated 24-well plates at a density of 5 x 105 cells/well for 24 hours, and 

then 5 mM sodium butyrate was added to culture medium and the culture was 

continued for another 24 hours to induce OATP expression. Before the uptake 

experiment, the cells were washed three times with prewarmed HBSS buffer, then 

preincubated with HBSS buffer at 37°C for 10 minutes. The initial screening was 

conducted with 10 µM substrate at 37°C for 5 min (over which the uptake was found 

linear, data not shown). The incubation was terminated by aspirating the remaining 

incubation solution followed by washing the cells three times with ice-cold HBSS buffer. 

Subsequently, the cells were lysed in acetonitrile containing stable isotope-labeled 

internal standards (Supplementary Table S1). The amount of TG, AG, EtioG, or DHTG 

accumulated in the cells were quantified by LC-MS/MS (SCIEX Triple Quadrupole 6500 

system (Framingham, WA) coupled to an ACQUITY UPLC system (Waters 
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Technologies, Milford, MA)), as described previously (Li et al., 2019). Five μl of each 

sample was injected to the column (ACQUITY UPLC HSS T3 1.8 μm, C18 100A; 100 x 

2.1 mm, Waters, Milford, MA), with a gradient mobile phase (0.3 ml/min) consisted of 

0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B): 0-0.4 min, 30% B; 

0.4-1.8 min, 30-95% B; 1.8-2.2 min, 95% B; 2.2-2.3 min, 95-30% B; 2.3-4 min, 30% B. 

The detailed LC-MS/MS parameters for quantification of glucuronides are described 

previously (Li et al., 2019).  

The transport kinetic analyses were carried out for OATP1B1 and OATP1B3 only based 

on their activities shown as in the initial screening (Fig. 1), using substrate 

concentration range from 1 to 500 µM. All incubations for kinetic studies were performed 

for 5 mins in triplicates (n=3, Supplementary Figure. S1). In parallel, cells grown under 

the same conditions were lysed with 0.05 ml of 2% Sodium dodecyl sulfate (SDS) and 

protein concentrations of cell lysates were determined by BCA protein assay kit. The 

accumulation or uptake of studied glucuronides in cells was normalized to protein 

content of the cells.  

 

Quantification of uptake transporters in overexpressing cells and human livers by 

quantitative proteomics 

Transporter abundance was quantified using proteomics protocols optimized in our 

laboratory (Prasad et al., 2016). Briefly, cell homogenates (80 µg) was incubated with 

10 μl of dithiothreitol (250 mM), 30 μl of ammonium bicarbonate buffer (100 mM, pH 

7.8), 20 μl of BSA (0.02 mg/ml), and 10 μl of human serum albumin (10 mg/ml) at 95°C 
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for 10 minutes, followed by the addition of 20 μl of iodoacetamide (500 mM) and 

incubated at room temperature for 30 mins in the dark. The samples were then treated 

with ice-cold methanol (0.5 ml), chloroform (0.1 ml), and water (0.4 ml) and 

centrifugated at 16,000 x g for 5 mins at 4°C. The pellet was washed once with ice-cold 

methanol (0.5 ml), centrifuged at 8,000 x g for 5 minutes, and resuspended with 60 μl of 

ammonium bicarbonate buffer (50 mM). Finally, the protein sample was digested with 

20 μl of trypsin at 1:10 trypsin: protein ratio (w/w) and incubated for 16 h at 37°C with 

mixing at 300 rpm. The digestion reaction was quenched by 20 μl of chilled heavy 

internal standard (dissolved in 80% acetonitrile with 0.5% formic acid) and centrifuged 

at 4,000 x g for 5 mins at 4°C. For each sample, 5 μl of the supernatant was injected 

into the LC-MS/MS system for analysis using the same SCIEX instrument discussed 

above. The mobile phases (0.3 ml/min) consisted of 0.1% formic acid in water (A) and 

0.1% formic acid in acetonitrile (B). The gradient program for determining transporter 

abundances in cells was: 0-4 min, 3% B; 4-8 min, 3-13% B; 8-18 min, 13-30% B; 18-

20.5 min, 30-35% B; 20.5-21.1 min, 35-60% B; 21.1-23.1 min, 60-80% B; 23.1-23.2 min, 

80-3% B; 23.2-27.0 min, 3% B. All samples were digested and processed in triplicate. 

The pooled total membrane fraction of human liver (n=36) samples were available in our 

laboratory from previous studies (Prasad et al., 2016), using as an internal biological 

control. The surrogate peptides of OATP1B1, OATP1B3 and OATP2B1 are listed in 

Supplementary Table S1.  The pooled total membrane sample isolated from liver tissue 

with known transporter abundance was used as a calibrator for estimation of 

abundances of individual transporters in overexpressing cells (Bhatt and Prasad, 2018).   
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For both the overexpression system and liver tissue, the total membrane proteins were 

extracted and the values were used for normalization. In this way, the protein 

abundance of individual transporter, as in per mg of total membrane proteins, could be 

compared. Due to the technical difficulties, the plasma membrane fraction was not 

separated but instead the total transporter abundance in whole liver tissue was 

calculated, which is more accepted in pharmacokinetic predictions (Prasad et al., 2019; 

Prasad et al., 2018). The presence or absence of non-parenchymal cells does not affect 

the scaling, because only the total membrane protein/gram of tissue was considered as 

a scaling factor, which remains similar for all the transporters in the given tissue. 

 

Data and statistical analyses 

The OATP-mediated uptake is calculated by subtracting the total uptake in HEK-MOCK 

(saturable plus non-saturable) from that in HEK-OATP cells (non-saturable) prior to data 

fitting. The Km and Vmax values of uptake transport were calculated by fitting a Michaelis-

Menten equation using GraphPad Prism software (La Jolla, CA). The uptake activity of 

studied glucuronides was calculated by normalizing the measured cellular accumulation 

amount to the incubation time and protein content (pmol/min/mg protein). The intrinsic 

clearance of glucuronide transport in over-expressing cell lines (CLint,cells, µl/min) was 

scaled to that in human liver using transporter expression data (Etissue,total/Ecells, Eq. 1), 

as described previously (Li et al., 2019). For either OATP1B1 or OATP1B3, the 

Etissue,total was calculated by multiplying pmol transporter abundance per mg of protein, 

with total membrane protein per gram of liver tissue (TM-PPGT, pmol protein per gram 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on June 25, 2020 as DOI: 10.1124/mol.120.119891

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL#119891 
 

14 
 

of liver tissue), and with liver weight (1.6 kg) (Table. 2). The TM-PPGT value was 

determined experimentally for human liver in house (Prasad et al., 2016). 

 

 

 

 

 

The CLint for OATP1B1 or OATP1B3 was used to estimate the total CL using Eq. 2, 

which then allowed derivation of the fractional contribution (ft) of each transporter 

(OATP1B1 or OATP1B3) for glucuronide transport in vivo by Eq. 3. For this scaling 

approach, we assumed that in both in vivo or in cell-system, the transporters are 

primarily expressed in the plasma membrane.   
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Results 

Functional characterization of OATP overexpressing cell-lines  

Kinetic parameters of transporter-mediated uptake in HEK293 and MDCKII cells 

expressing the corresponding OATP transporters were determined using their relevant 

endogenous substrates. As expected, marked transporter mediated uptake of the probe 

substrate (E217βDG or E3S) was observed in HEK293 and MDCKII cells expressing the 

corresponding OATP transporters compared to control cells (Supplementary Table. 

S2). The calculated transport rates were the following 13.4 pmol/min/mg total protein 

(OATP1B1 for E217βDG), 8.9 pmol/min/mg total protein (OATP1B3 for E217βDG) and 

1.6 pmol/min/mg total protein (OATP2B1 for E3S). 

 

OATP mediated transport kinetics (Vmax and Km) of androgen glucuronides in 

over-expressing cell lines 

The initial screening results showed that TG, DHTG, AG, and EtioG were primarily 

transported by OATP1B1 or OATP1B3, but not by OATP2B1 (Fig. 1). The cellular 

accumulation of TG, DHTG, AG, and EtioG in OATP1B1 cells was approximately 1.5-, 

2.4-, 2.6-, and 7.7-fold greater than that in MOCK control cells, respectively. Comparing 

with MOCK control cells, OATP1B3 showed a much greater uptake activity toward TG 

(5.8-fold), DHTG (5.7-fold), and AG (10.8-fold). The cellular accumulation of EtioG by 

OATP1B3 was 3.9-fold greater than that in control cells (Fig. 1B).  

EtioG and TG exhibited higher affinity for OATP1B1 with Km values of 6.2 and 56.7 µM, 

respectively, as compared to OATP1B3, which showed Km values of 19.8 µM for EtioG 
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and 110.4 µM for TG.  Similar affinity was observed for DHTG by OATP1B1 (Km, 71.3 

µM) and OATP1B3 (Km, 69.6 µM). While AG was by OATP1B3 with a Km of 29.3 µM as 

compared to OATP1B1 (Km, 46.2 µM) (Table. 1 and Fig. 2).   

 

Comparison of transporter abundance in tissue versus overexpressing cell-line 

In HEK293 over-expressing cell lines, the protein abundances of OATP1B1 and 

OATP1B3 were 6.9 and 7.4 pmol/mg protein, respectively, which were 1.9- and 5.0-fold 

higher than those in human liver tissue (Table. 2). The protein abundance of OATP2B1 

in the transfected MDCK-II cells was 4.25 pmol/mg protein (Data not shown).  

 

Fractional contribution (ft) of OATP1B1 and OATP1B3 based on the transporter 

abundance data 

In over-expressing cells when normalized by transporter abundance, OATP1B3 

appeared to be the major contributor to the uptake of studied glucuronides, with the 

fractional contribution ranging from 66% to 89% (Fig. 3). Specifically, the CLint,cell of 

OATP1B3 for AG, TG, DHTG, and EtioG was 7.9-, 5.2-, 2.4-, and 2.0-fold higher than 

that by OATP1B1, respectively (Table. 2).  When these data were normalized to 

transporter abundance in human liver tissues, about 68-76% of TG and AG were 

transported by OATP1B3, whereas OATP1B1 and OATP1B3 contributed equally to the 

hepatic uptake clearance of DHTG and EtioG (Fig. 3)  
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Discussion 

To our knowledge, this is the first study that elucidated the mechanisms of hepatic 

uptake of androgen glucuronides. We found that OATP1B3 is the major transporter that 

regulates hepatic uptake of TG and AG, whereas DHTG and EtioG are equally 

transported by OATP1B1 and OATP1B3.  We have previously shown that MRP2 and 

MRP3 are the major transporters in the liver that facilitate cellular efflux of the androgen 

glucuronides (Li et al., 2019). In the intestine, MRP3 mediates the efflux of androgen 

glucuronides. Taken together with the current findings, it can be concluded that majority 

of glucuronide metabolites of active androgen (e.g. TG and DHTG) are eliminated into 

the intestine through bile. The intestinal glucuronides can be deconjugated by gut 

bacterial beta-glucuronidases and reactivate to active androgen for re-absorption (Fig. 

4). These mechanisms thus work in-tandem to increase half-life of active androgen in 

the body. Perturbation of any of these processes can lead to possible impact on 

androgen homeostasis.   

The findings of this study are relevant to predict effect of these processes in 

exogenously administered testosterone for hypogonadism. 21.7 million men in the 

United States suffer from testosterone deficiency or hypogonadism. The condition is 

prevalent in aging men and is associated with symptoms including loss of libido, erectile 

dysfunction, anemia, diminished intellectual capacity, depression, lethargy, 

osteoporosis, and loss of muscle mass and strength. Although TRT is promising in 

treating hypogonadism and offers a wide range of benefits, it is associated with severe 

idiosyncratic adverse events including polycythemia, myocardial infarction, heart failure, 

stroke, depression, liver toxicity, and possible risk of prostate cancer. The US Food and 
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Drug Administration (FDA) has issued a black-box warning for TRT and unfortunately 

less than half of the hypogonadal men in the US receive TRT likely due to the potential 

high risk-to-benefit ratio. The systemic testosterone levels and efficacy and safety of 

TRT can be affected by altered biosynthesis, absorption, metabolism and/or excretion of 

T and its active metabolite, DHT. Our data reported in this study suggest potential role 

of polymorphic OATPs in regulating testosterone glucuronide uptake. These findings 

are also relevant to the regulation of androgen homeostasis and could partly explain 

variability in doping test results.   

OATPs are highly polymorphic and gene polymorphisms in OATP1B1 and OATP1B3 

are associated with several clinical outcomes including toxicity (Kalliokoski and Niemi, 

2009). Notably, OATP1B1 c.521T>C exhibits decreased uptake activity and is 

associated with increased risk of statin-induced myopathy, rhabdomyolysis and 

hepatotoxicity (Carr et al., 2013; Group et al., 2008; Maeda, 2015; Voora et al., 2009). 

On the other hand, c.388A>G increase OATP1B1 function, causing decreased plasma 

concentration of pravastatin and other OATP1B1 substrate drugs (Maeda, 2015; Mwinyi 

et al., 2004). In OATP1B3, there are two mutations (c.334T>G and c.699G>A) that are 

frequently observed and exhibits different transport efficiencies. A decreased clearance 

of docetaxel was observed in nasopharyngeal carcinoma patients with c.699G>A allele 

(Chew et al., 2012). Because testosterone is a lipophilic compound, passive diffusion 

was originally thought to be the only mechanism of testosterone transport across the 

cell membrane (Srinivas-Shankar and Wu, 2006). However, later studies confirmed that 

OATP1B3 is also involved in the uptake of testosterone in human prostatic tissue 

(Hamada et al., 2008; Kaipainen et al., 2019). Particularly, OATP1B3 has been shown 
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to transport testosterone in Cos-7 cells transfected with wild-type, heterozygous variants 

(334G or 699A), whereas the transport of testosterone was completely abolished in the 

double mutant (GG/AA) (Hamada et al., 2008). No evidence of the role of hepatic 

OATP1B3 in testosterone transport is shown. OATP1B3 was found markedly over-

expressed in prostatic cancer tissues as compared to healthy subjects, and prostate 

cancer patients with OATP1B3 double mutant was associated with longer survival. Not 

only TG, our results provide new information that the major circulating metabolites of 

AG, DHTG and EtioG, are also substrates of OATP1B3 and OATP1B1 (Fig. 1B). It is 

possible that genetic polymorphisms in OATPs could alter the transport of androgen 

glucuronides, and consequently contribute to the large inter-individual variation in the 

circulating concentrations of testosterone. The present study is the first study that 

elucidates the mechanisms of hepatic uptake of androgen glucuronides. Whether 

genetic variations in SLCO genes influence the concentration of androgen glucuronides 

remains to be studied from clinical studies.  

 

Although our results indicate the major testosterone glucuronide metabolites are not 

substrates of OATP2B1 (Fig. 1A), genetic variation in OATP2B1 (A>G, rs12422149) 

has been associated with decreased circulating levels of testosterone and 

dihydrotestosterone (DHT) after administration of 500 mg testosterone enanthate 

(Jenny Schulze, 2012).  OATP2B1 G-allele carriers also appear to have increased risk 

of prostate cancer specific mortality (Wright et al., 2011). This could be due to the 

higher uptake of dehydroepiandrosterone-sulphate (DHEAS) by OATP2B1 in prostatic 

tissues, as OATP2B1 has been reported to mediate the transport of steroid conjugates 
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such as DHEAS and estrone-3-sulfate (Yang et al., 2011). DHEAS is a weak androgen 

and also the precursor of testosterone, the increased uptake of DHEAS could lead to 

lower levels of testosterone and its metabolites remaining in the circulation. It is known 

that OATP2B1-mediated transport is pH-dependent. For example, Varma et al. reported 

that acidic extracellular pH increases OATP2B1 uptake of various statins in HEK293 

OATP2B1 overexpressing cells in comparison to the study conducted at pH 7.4 (Varma 

et al., 2011). Similarly, the uptake rate of estrone-3-sulphate and 

dehydroepiandrosterone sulfate is 2- to 3-fold higher at pH 5 than that at pH 7.4  

(Nozawa et al., 2004). As the focus of our study was on the endogenous glucuronide 

metabolites, we performed the uptake studies at physiologically relevant pH of the 

sinusoidal hepatic uptake (pH 7.4). Although we did not perform the uptake in acidic pH 

conditions, our data suggest that OATP2B1 is not involved in the transport of androgen 

glucuronides at pH 7.4. 

 

Further, OATPs are susceptible to drug-drug interactions (DDIs). Many therapeutically 

important drugs such as cyclosporin, gemfibrozil, antibiotics, and antiretroviral drugs are 

recognized clinical inhibitors of OATP1B1(Kalliokoski and Niemi, 2009). For instance, 

cyclosporine causes up to 20-fold increase in the area of under the curve (AUC) of 

several statin drugs (Maeda, 2015; Regazzi et al., 1993). Therefore, co-administration 

of testosterone with drugs that are known OATP1B1 or OATP1B3 inhibitors may lead to 

DDIs or adverse drug reactions. Thus, assessing OATP-mediated DDI potential during 

testosterone dosage may be necessary.  

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on June 25, 2020 as DOI: 10.1124/mol.120.119891

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL#119891 
 

21 
 

Moreover, since TG is a relatively selective substrate of OATP1B3 (Fig. 3), it can be 

tested to distinguish drug-interaction with OATPs. Recently, coproporphyrins (CP) I and 

II are the gold-standard clinical biomarkers of OATP function, however, these markers 

cannot distinguish OATP1B1 and OATP1B3 contributions. In the present study, we 

showed that TG and AG are predominantly transported by OATP1B3 with a minor 

contribution from OATP1B1, indicating TG and AG could be used as potential 

endogenous biomarkers to predict OATP1B3-mediated drug-drug interactions. 

Alternatively, the impact of OATP1B3 inhibition may potentially be evaluated by the 

plasma concentrations of TG and AG. This needs further clinical validation. 

Based on human pharmacokinetics studies (Sandberg and Slaunwhite, 1956; West et 

al., 1951), intravenously administered testosterone is primarily eliminated (>70%) as 

conjugated metabolites in urine. Although the renal elimination is the key elimination 

mechanism of androgen glucuronides, the hepatic uptake and subsequent 

enterohepatic recycling likely play crucial role in increasing the distribution and half-lives 

of androgens. The enterohepatic recycling allows for reactivation of active androgen 

that can increase their physiological levels and activity. Although a significant fraction of 

the dose is eliminated through bile only about 6% is recovered in the stools. In animals, 

bile duct cannulation studies suggest that up to 75% of the conjugated testosterone is 

eliminated in bile (Ashmore et al., 1953; Barry et al., 1952; Matsui et al., 1975; 

Yamamoto et al., 1978a; Yamamoto et al., 1978b). Although the data are limited, the 

biliary excretion of testosterone and its metabolites in humans seems to differ from that 

observed in animal species. In contrast to humans, animals (rats, mice, and dogs) 

excrete most of the administered testosterone in the bile and very little in the urine 
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(Ashmore et al., 1953; Barry et al., 1952; Paschkis et al., 1944). Further clinical 

investigations are needed to better quantify the role of enterohepatic recycling in 

testosterone disposition in human and delineate the species differences. Collectively, 

these data suggest that a large fraction of biliary excreted testosterone glucuronides are 

deconjugated likely via gut beta-glucuronidase and reabsorbed. Although the biliary 

excreted fraction is not detected in feces and eventually eliminated into the urine, our 

data suggest that OATPs are important mechanisms that influence distribution and half-

lives of androgen glucuronides. Therefore, although renal elimination is a major 

mechanism for testosterone glucuronide elimination, hepatic uptake of the glucuronide 

metabolites is critical for the activation of testosterone. Since testosterone glucuronide 

is 20 to 80-fold higher in the plasma as compared to testosterone (Basit et al., 2018), 

even a minor fraction (e.g., 10%) of a hepatically eliminated fraction can lead to a 

significant increase (e.g., 2-4-fold) in the active testosterone after recycling. 

Furthermore, testosterone is an important drug and the testosterone replacement 

therapy using the oral route is an crucial unmet need. Therefore, the findings presented 

in the present study are important for the interpretation of oral pharmacokinetics of 

testosterone and the prediction of drug-testosterone interactions.  

In summary, the present study together with our previously identified efflux mechanism 

of androgen glucuronides (Li et al., 2019) provides new insights into the mechanisms of 

androgen disposition. It would be of interest to further study the genetic variation of 

OATPs and MRPs on the disposition of androgen glucuronides in healthy or prostate 

cancer patients, as well as in the context of genetic testing for doping. Although 

glomerular filtration is a likely mechanism of renal elimination of androgen glucuronides, 
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the role of renal organic anion transporters (OATs) needs to be investigated to 

completely understand their overall disposition. Nevertheless, the fractional contribution 

of uptake and efflux transporters characterized in our studies would be important for 

predicting androgen disposition and drug-androgen interactions in humans.  
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Legends for figures 

Figure 1.  Active uptake of major testosterone glucuronide metabolites (TG, DHTG, AG, 

and EtioG) in OATP2B1 over-expressing MDCKII cells (A) and OATP1B1 or OATP1B3 

over-expressing HEK293 cells (B). The passive diffusion data were generated in 

corresponding MDCKII or HEK293 control cells (MOCK).  The uptake experiment was 

performed by incubating 10 µM test substrate (final concentration) for 5 minutes. The 

cellular accumulation of the studied glucuronides in OATP over-expressing cells was 

calculated by subtracting the passive diffusion data (MOCK) from the total uptake in the 

OATP over-expressing cells. The differences in the cellular accumulation (total minus 

passive) of the studied glucuronides was analyzed using one-way ANOVA followed by 

Dunnett’s multiple comparison test (GraphPad Prism 7.00). An asterisk (*) denotes P < 

0.05. All incubations for uptake studies were performed in triplicates (n=3). 

 

Figure 2. Uptake kinetics of TG (A), DHTG (B), AG (C), and EtioG (D) in HEK293 

OATP1B1 (left panel) or HEK293 OATP1B3 (right panel) over-expressing cell lines. The 

kinetic experiments were conducted at various concentrations ranging from 1 µM to 500 

µM for 5 mins. The uptake data of the studied glucuronides in OATP over-expressing 

cells and the MOCK cells were presented in Supplementary Fig. S1. The OATP-

mediated net uptake, calculated by subtracting the uptake in HEK293 MOCK from that 

in HEK293 OATP over-expressing cells, was used for the Michaelis-Menten fit (ν = 

Vmax*[S]/([S]+Km)). The kinetic constants (Vmax and Km with the 95% CI) for the studied 

glucuronide metabolites and transporters are presented in Table. 1. All incubations for 

uptake studies were performed in triplicates (n=3).  
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Figure 3. Fractional contribution (ft) of uptake transporter OATP1B1 and OATP1B3 to 

the clearance of TG, DHTG, AG, and EtioG in HEK293 OATP over-expressing cell lines 

and in human liver tissue after integrating the scaling factor. The individual scaling 

factors were derived from the relative abundance of the uptake transporters (OATP1B1 

and OATP1B3) in human liver versus that in OATP over-expressing cells, as shown in 

Table. 2. 

 

Figure 4. A proposed disposition model of testosterone and its glucuronide metabolites 

in liver and intestine. The uptake transporters OATP1B1 and OATP1B3 are expressed 

in the basolateral side of hepatocyte. Testosterone could be either passively diffused 

(Srinivas-Shankar and Wu, 2006) or actively transported by OATP1B3 into human livers 

(Hamada et al., 2008). In both liver and intestine, testosterone could be metabolized by 

UGT2B17 and UGT2B15 to form glucuronide metabolites (Basit et al., 2018). In liver, 

the generated glucuronide metabolites are effluxed by Multidrug resistance-associated 

protein (MRP2) into bile or by MRP3 back into systemic circulation. In the intestinal 

lumen, the biliary excreted glucuronides can be hydrolyzed or deconjugated by gut 

bacterial β-glucuronidases, which recycles testosterone via enterohepatic circulation. 

While glucuronides formed in the intestine are effluxed by MRP3 and enter systemic 

circulation via portal vein (Li et al., 2019).  
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Tables 

Table 1. Kinetic parameters (Km and Vmax) for active uptake of major testosterone 

glucuronides (TG, DHTG, AG, and EtioG) by OATP1B1 and OATP1B3. The kinetic 

parameters were derived from experimental data in Fig. 2, after fitting the Michaelis-

Menten equations. The 95% confidence intervals (CI) for the derived kinetic constants 

are presented in the parentheses. All incubations for uptake studies were performed in 

triplicates (n=3). 

Substrate 

OATP1B1 OATP1B3 

Km, µM Vmax, pmol/min/mg protein Km, µM Vmax, pmol/min/mg protein 

(95% CI) (95% CI) (95% CI) (95% CI) 

TG 56.71 3.89 110.4 42.72 

 
(44.81 to 71.09) (3.58 to 4.23) (70.3 to 177.3) (34.23 to 55.22) 

DHTG 71.27 1.21 69.57 3.08 

 
(55.37 to 90.8) (1.10 to 1.33) (49.1 to 101.1) (2.64 to 3.70) 

AG 46.18 44.05 29.27 237.5 

 
(26.11 to 93.83) (34.21 to 64.9) (18.04 to 48.9) (194.9 to 298.7) 

EtioG 6.16 2.32 19.81 15.84 

 
(2.95 to 12.32) (1.95 to 2.73) (11.45 to 35) (13.42 to 19.16) 
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Table 2. Quantitative parameters applied for IVIVE scaling.  The intrinsic clearances of 

TG, AG, EtioG, and DHTG (CLint, µl/min per pmol transporter protein) were 

characterized from transport kinetics parameters and normalized by transporter 

abundance.  The protein abundance of uptake transporters (OATP1B1 and OATP1B3) 

were quantified by quantitative proteomics in HEK293 OATP over-expressing cell lines 

and human liver tissues (n=3). Liver TM-PPGT (total membrane protein per gram of 

tissue) were experimentally derived in house.  

System Parameters OATP1B1 OATP1B3 

HEK293 OATP over-

expressing cell line 

Vmax,cells (pmol substrate/min/mg protein) 

TG 3.89 42.72 

AG 44.05 237.5 

EtioG 2.32 15.84 

DHTG 1.21 3.08 

Km, cells (µM) 

TG 56.71 110.4 

AG 46.18 29.27 

EtioG 6.16 19.81 

DHTG 71.27 69.57 

Transporter abundance (Ecell, pmol transporter/mg protein) 6.86 7.42 

Clearance (Clint,cell, µl/min/pmol transporter) = Vmax,cell / Km,cell/Ecell 

TG 0.01 0.05 

AG 0.14 1.09 

EtioG 0.05 0.11 

DHTG 0.002 0.01 

Fractional contribution of individual transporter (ft)  OATP1B1 OATP1B3 

TG 0.16 0.84 

AG 0.11 0.89 

EtioG 0.34 0.66 
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DHTG 0.29 0.71 

Liver Transporter abundance (Eliver, pmol transporter/mg protein) 3.64 1.49 

TM-PPGT (mg protein/gram of tissue) 49.40 49.40 

Tissue weight (kg) 1.60 1.60 

Estimated hepatic clearance (CLint, µl/min) = Clint,cell * Eliver, total 

TG 2875 6142 

AG 39976 128786 

EtioG 15742 12691 

DHTG 714 703 

Fractional contribution of individual transporter (ft) 
  

TG 0.32 0.68 

AG 0.24 0.76 

EtioG 0.55 0.45 

DHTG 0.50 0.50 
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