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Abstract

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

(EtioG) and dihydrotestosterone glucuronide (DHTG) are the major metabolites of testosterone 

(T), which are excreted in urine and bile. Glucuronides can be deconjugated to active androgen in 

gut lumen after biliary excretion, which in turn can affect physiological levels of androgens. The 

goal of this study was to quantitatively characterize the mechanisms by which TG, AG, EtioG and 

DHTG are eliminated from liver, intestine, and kidney utilizing relative expression factor (REF) 

approach. Using vesicular transport assay with recombinant human MRP2, MRP3, MRP4, MDR1 

and BCRP, we first identified that TG, AG, EtioG, and DHTG were primarily substrates of MRP2 

and MRP3, although lower levels of transport were also observed with MDR1 and BCRP vesicles. 

The transport kinetic analyses revealed higher intrinsic clearances of TG by MRP2 and MRP3 as 

compared to that of DHTG, AG, and EtioG. MRP3 exhibited higher affinity for the transport of the 

studied glucuronides than MRP2. We next quantified the protein abundances of these efflux 

transporters in vesicles and compared the same with pooled total membrane fractions isolated 

from human tissues by quantitative LC-MS/MS proteomics. The fractional contribution of 

individual transporters (ft) was estimated by proteomics-based physiological scaling factors, i.e., 

transporter abundance in whole tissue versus vesicles, and corrected for inside-out vesicles 

(determined by 5’-nucleotidase assay). The glucuronide metabolites of inactive androgens, AG 

and EtioG were preferentially transported by MRP3, whereas the glucuronides of active 

androgens, TG and DHTG were mainly transported by MRP2 in liver. Efflux by bile canalicular 

transport may indicate the potential role of enterohepatic recirculation in regulating the circulating 

active androgens after deconjugation in the gut. In intestine, MRP3 possibly contributes most to 

the efflux of these glucuronides. In kidney, all studied glucuronides seemed to be preferentially 

effluxed by MRP2 and MDR1 (for EtioG). These REF based analysis need to be confirmed with in 

vivo findings. Overall, characterization of the efflux mechanisms of T glucuronide metabolites is 

important for predicting the androgen disposition and interindividual variability, including drug-

androgen interaction in humans. The mechanistic data can be extrapolated to other androgen 
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relevant organs (e.g. prostate, testis and placenta) by integrating these data with quantitative tissue 

proteomics data.
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1. Introduction

Testosterone (T) is an adrenal steroid that is essential for sexual and reproductive 

development [1]. People with low T levels experience fatigue, depression, low sex drive, loss 

of muscle mass, diabetes, obesity, cardiovascular diseases, or osteoporosis [2]. T levels in 

men decline with increasing age starting from mid-30s and decrease 1.2% per year thereafter 

[2, 3]. In the United States, approximately 2.4 million males aged 40–69 years old suffer 

from hypogonadism, and 3% of men in their 40s and 3.8% of men in their 60s are under 

testosterone replacement therapy (TRT). The debate over the benefits and potential safety 

issues of TRT (e.g. cardiovascular risks, stroke, prostate cancer) continues over the past few 

decades [4–6]. Whether low endogenous T levels and the inconsistent TRT outcomes are 

associated with interindividual variability in the metabolism or transport of T are not fully 

characterized.

T is extensively metabolized by multiple enzymes such as UDP-glucuronosyltransferases 

(UGTs) [7], hydroxysteroid dehydrogenases (HSDs) [8], 5α-reductase [9] and 

sulfotransferases (SULTs) [10] in the liver and in extrahepatic organs and the majority of T 

is eliminated in urine as glucuronide metabolites. UGT2B17 and UGT2B15 are the major 

drug-metabolizing enzymes for T glucuronidation. Especially UGT2B17 is very selective 

and efficient towards testosterone, and it is highly expressed in intestine with increasing 

expression along the intestinal tract [11]. In humans, AG, TG, EtioG and the unconjugated 

androstenedione (AED) are detected as the major circulating T metabolites (Figure 1) [12]. 

Because of the high hydrophilicity of glucuronide conjugates, the cellular excretion of these 

glucuronides likely requires active efflux transporters for their elimination. The involvement 

of transporters as an effective clearance pathway have been reported for many endogenous 

and exogenous glucuronide conjugates. For example, estradiol-17β-glucuronide is a 

prominent substrate for multidrug resistance-associated proteins (MRP2, MRP3, and 

MRP4), breast cancer resistance protein (BCRP), and multidrug-resistance protein (MDR1) 

[13–16]. The glucuronide metabolite of antineoplastic drug irinotecan, SN-38 glucuronide, 

has been reported to be substrate of BCRP [17]. Among these efflux transporters, MRP2, 

BCRP, and MDR1 are expressed on the canalicular or apical membrane of hepatocytes, 

enterocytes, and proximal tubular cells, which excrete their substrates into bile, 

gastrointestinal (GI) lumen or urine for their elimination. MRP3 and MRP4 are expressed on 

the basolateral membrane of epithelial cells in liver, intestine, and kidney, which mediate the 

transport into blood circulation. Unlike estrogen, at present there is no information regarding 

the role of efflux transporters in the disposition of T glucuronide metabolites. Only one 

study [18] showed that TG could efficiently inhibit the ATP-dependent transport of 

estradiol-17β-glucuronide in rat canalicular membrane vesicles, which indirectly suggests 
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that T glucuronide metabolites may also be substrates of ATP-dependent transporters such as 

MRPs, BCRP, and MDR1.

The transport of T glucuronide metabolites is also a critical process for enterohepatic 

circulation by serving as a distribution mechanism for T. Studies in humans using 

radioactive T suggested that most of biliary T metabolites were observed as glucuronides 

[19]. In the GI lumen, the glucuronide metabolites of T can be deconjugated by bacterial β-

glucuronidases [20], leading to increased half-life of T. This phenomenon has been observed 

for several drug glucuronides such as SN-38 glucuronide [21]. Recent study also supports 

the role of microbiota in regulating the circulating T in mice, in which adult male mice with 

a normal microbiota had higher circulating levels of T compared to mice without gut 

microbiota, and transfer of cecal contents from male mice to female mice resulted in 

elevated circulating T in female mice [22]. In addition, endogenous β-glucuronidases have 

been found in several mammalian tissues such as placenta [23, 24], which can synthesize T 

from TG. Therefore, the intracellular androgen glucuronide metabolites can be considered as 

precursors of T and DHT (active) and A and Etio (inactive), and the altered expression of 

efflux transporters by factors such as genetic polymorphism [25], drug-drug interactions 

[26], diseases [27], age [28, 29], gender [30, 31], and ethnicity [32], may affect their 

disposition, leading to dysregulation of steroidal homeostasis. To test our hypotheses, we 

first identified the transporters that may contribute to the disposition of T glucuronide 

metabolites using in vitro vesicular assay. We then quantified the transporters that are 

expressed in human tissues including liver, intestine, and kidney using quantitative 

proteomics. Finally, we integrated the transporter abundance data in human tissue versus 

vesicles (using as scaling factors) to characterize the fractional contribution of each 

transporter (ft) in the disposition of major T glucuronide metabolites (Figure 2). Quantitative 

characterization of the roles of efflux transporters responsible for T glucuronide metabolites 

elimination will be important for 1) development of system-based pharmacokinetic model 

(PBPK) to describe fate of T and its metabolites; 2) predict drug-induced alteration of T 

disposition by the inhibitors and inducers of efflux transporters; 3) predict effects of genetic 

polymorphisms of efflux transporters on T homeostasis.

2. Materials and methods

2.1 Chemicals and solvents

TG, AG, DHTG, and the corresponding deuterated stable-labeled internal standards TG-d3, 

AG-d4, and DHTG-d3 were purchased from Cerilliant corporation (Round Rock, TX). 

EtioG standard was purchased from Steraloids (Newport, RI). Membrane vesicle 

overexpressing the human BCRP, MDR1, MRP2, MRP3, and MRP4 were provided by 

Solvo Biotechnology (Budapest, Hungary). Adenosine 5’-triphosphate (ATP) disodium salt, 

adenosine 5’-monophosphate (AMP) monohydrate, glutathione, Tris-Base 

(Tris[hydroxymethyl]aminomethane), MgCl2, NaCl, Sucrose, MOPS (3-[N-

Morpholino]propanesulfonic acid) were purchased from Sigma-Aldrich (St. Louis, MO). 

Bovine serum albumin (BSA), membrane protein extraction kit and trypsin digestion 

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

peptide and heavy labeled peptides were purchased from New England Peptides (Boston, 
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MA) and Thermo Fisher Scientific (Rockford, IL), respectively. Multiscreen™ HTS Vacuum 

Manifold and 96-well filter plates with class B glass fiber filters were purchased from EMD 

Millipore (Billerica, MA). Estradiol-17β-glucuronide (E2-17β-G), N-Methyl Quinidine 

(NMQ), dehydroepiandrosterone sulfate (DHEAS), and estrone-3-sulfate (E3S) were 

purchased from Sigma-Aldrich (St. Louis, MO). All other chemicals and reagents, unless 

indicated otherwise, were purchased from Sigma-Aldrich (St. Louis, MO).

2.2 Functional characterization of vesicles overexpressing transporters

The activity of transporters expressed in the vesicles (MRP2, MRP3, MRP4, BCRP, or 

MDR1) was confirmed by incubating the vesicles with their specific probe substrates. 

Vesicular transport reactions were conducted as per reported protocols [33]. E2-17β-G was 

used as probe substrates for MRP2 (at 100 μM) and MRP3 (at 10 μM). N-Methyl Quinidine 

(NMQ) at 2 μM, dehydroepiandrosterone sulfate (DHEAS) at 0.5 μM, and estrone-3-sulfate 

(E3S) at 1 μM were used as probe substrates for MDR1, MRP4, and BCRP, respectively 

(Supplementary Table 1). The reactions were stopped with 200 μl of ice-cold termination 

buffer and rapid filtration on Millipore MSFBN6B10 filter plates (Merck Millipore, 

Billerica, MA, USA). Radioactivity of the filters was determined with a Microbeta 

scintillation counter (Perkin Elmer).

2.3 Vesicular transport assay

The vesicular transport assay was carried out in 96-well polystyrene plates at a final volume 

of 75 μl per sample as described before with a few modifications [13]. For each reaction, 25 

μg of membrane vesicles were incubated in the presence of 4 mM AMP or ATP. The initial 

screening was conducted with 10 μM substrate at 37 °C for 1 min in the following assay 

buffers i) 40 mM MOPS-Tris (pH 7.0), 70 mM KCl, and 7.5 mM MgCl2 for MRP2, or ii) 10 

mM Tris-HCl, 10 mM MgCl2, and 250 mM sucrose for BCRP, MDR1, MRP3 and MRP4. 

Glutathione (2 mM) was added to the incubation for MRP vesicles. The transport was 

stopped by the addition of 200 μl of cold wash buffer (40 mM MOPS-Tris, pH 7.0, 70 mM 

KCl) and were transferred to a 96-well filter plate. The filter plate was washed with 5 × 200 

μl of ice-cold wash buffer under vacuum filtration. The substrate contained in the vesicles 

was eluted with 100 μl of 1:1 acetonitrile:0.2% formic acid containing corresponding 

deuterated internal standard and subjected to analysis by LC-MS/MS. The transport kinetic 

analyses were then carried out for the transporters that exhibited activity in the initial 

screening. The kinetic parameters for uptake of the glucuronide metabolites into vesicles 

were derived from assays conducted using substrate concentration range of 0.1 to 500 μM at 

37 °C for 15 seconds, which represents linear uptake range (Supplemental Figure 1).

2.4 Measurement of the inside-out vesicle content

Because vesicle preparation generates both inside-out (active) and right-side-out (inactive) 

vesicles, % inside-out of vesicles was quantified to address this limitation by measuring 5’-

nucleotidase activity based on the methods described before [34–36]. Briefly, 25 μg of 

membrane vesicles was incubated at 37 °C for 30 mins in 50 mM Tris-HCl (pH 7.4), 4 mM 

MgCl2, with or without 3 mM AMP or 0.3% Triton X-100. The phosphate released from 

AMP by 5’-nucleotidase was measured by malachite green system. The 5’-nucleotidase 

activity was measured at four conditions: a) incubating with both AMP and Triton X-100 
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(maximum activity); b) incubating with AMP only (activity in right-side-out vesicles); c) 

incubating with Triton X-100 only (background phosphate in the system); d) without 

incubation (background phosphate in the assay buffer). The percentage of inside-out vesicles 

was calculated as [(a - c) - (b - d)]/(a - c) * 100, where (a – c) represents the total 

background corrected activity of 5’-nucleotidase and (b – d) denotes the background 

corrected activity of the right-side-out vesicles only.

2.5 Quantification of efflux transporters in vesicles and human tissues using surrogate 
peptides and quantitative proteomics

The pooled total membrane fraction of human liver (n=36), kidney (n=21), and intestine 

(n=7) tissue samples were available in our lab from previous studies [29, 37, 38]. Total 

membrane protein concentration determined by bicinchoninic acid (BCA) assay (Pierce 

Biotechnology, Rockford, IL) was diluted to a working concentration of 2 mg/ml. For 

proteomics, 80 μl of human tissue membrane proteins (2 mg/ml) and 25 μg of vesicle 

(diluted to 80 μl) were 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 for 10 mins. After cooling down to room temperature, 20 μl of 

iodoacetamide (500 mM) was added to the mixture and incubated at room temperature for 

30 mins in the dark. To concentrate the sample, ice-cold methanol (0.5 ml), chloroform (0.1 

ml), and water (0.4 ml) were added to each sample and thoroughly mixed by vortex. After 

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

methanol (0.5 ml) and centrifuged at 8,000 x g for 5 mins at 4 °C. The pellet was 

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. All samples were digested and processed 

in triplicate.

The surrogate peptides of BCRP, MDR1, MRP2, MRP3, and MRP4 were quantified in the 

digested samples using a validated LC-MS/MS method [37, 39]. Light peptides represent 

analytes and the corresponding heavy peptides were used as internal standards, as listed in 

Supplementary Table 2. 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 vesicles. The calibration curve range and linearity were verified by 

serial dilutions of the studied transporter protein standards. The abundances of MDR1, 

MRP3, and MRP4 were measured by LC-MS/MS (SCIEX Triple Quadrupole 6500 system 

(Framingham, WA) coupled to an ACQUITY UPLC system (Waters Technologies, Milford, 

MA)). 5 μl of each sample was injected to the column (ACQUITY UPLC HSS T3 1.8 μm, 

C18 100A; 100 × 2.1 mm, Waters, Milford, MA). Quantification of BCRP and MRP2 was 

performed using Waters Xevo TQ-S tandem mass spectrometer coupled to an ACQUITY 

UPLC system (Waters, Hertfordshire, UK). The same column and method were used with a 

gradient mobile phase (0.3 ml/min) consisted of 0.1% formic acid in water (A) and 0.1% 
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formic acid in acetonitrile (B), as present in Supplementary Table 3. The LC-MS/MS data 

were analyzed by Skyline software.

2.6 LC-MS/MS analysis of glucuronide metabolites

The amounts of TG, AG, EtioG, or DHTG retained in the vesicles were quantified by LC-

MS/MS using previously optimized parameters [12] with few modifications on the same 

SCIEX instrument discussed above (Supplementary Table 4).

2.7 Data analysis

The kinetic parameters of vesicular transport were obtained by fitting the Michaelis-Menten 

equation V = Vmax [S]/([S] + Km), where V is the velocity in pmol/min/mg protein, Vmax is 

maximal velocity, [S] is substrate concentration (μM), and Km is the Michaelis-Menten 

constant, using GraphPad Prism version 4.0 (La Jolla, CA). Intrinsic clearance of 

glucuronide transport in vesicles (Clint,vesicles, μl per min per pmol transporter) was 

estimated using Equation 1. Where the protein abundance of individual transporters in 

vesicles (Evesicles), and % of inside out vesicles were considered for normalizing the 

observed activity data (Table 1).

CLint, vesicles = V max, vesicles
Km, vesicles

× 1
Evesicles × %inside − out (1)

The intrinsic clearance in human tissues (CLint, μl/min) was estimated using Equation 2, 

where Etissue, total is the transporter abundance (pmol of transporter per organ) in respective 

human tissue. Etissue, total was calculated by multiplying pmol transporter abundance per mg 

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

gram of tissue) and with tissue weight (kg). The TM-PPGT value was determined 

experimentally for human liver and kidney. For intestine, TM-PPGT was assumed similar to 

that in human liver (Supplementary Table 5).

CLint = CLint,vesicles × Etissue,totals (2)

The CLint for individual transporters was then used to estimate the total CL (Equation 3), 

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

glucuronide transport in vivo by Equation 4.

CLtotal = CLint, MRP2 + CLint, MRP3 + CLint, MDR1 + CLint,BCRP (3)

ft = CLint,transporter
CLtotal

(4)

Li et al. Page 6

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. Results

3.1 Functional characterization of efflux transporters

As expected, MRP2- and MRP3-overexpressing vesicles showed ATP-dependent transport 

of the positive control (E2-17β-G) compared to control vesicles expressing empty vector 

(Supplementary Table 1). Similarly, NMQ, DHEAS, and E3S were used as positive controls 

for vesicles overexpressing MDR1, MRP4 and BCRP. No activity was observed in AMP-

treated groups.

3.2 Characterization of inside-out (active) fraction of efflux transporters in vesicles

The percentage of inside-out vesicles using 5’-nucleotidase assay was observed to be 

21~58%. (Supplementary Figure 2). The percent inside out vesicles in BCRP, MDR1, MRP2 

were similar (30–40%), whereas it was significantly higher (58%) for MRP3 and lower 

(21%) for MRP4.

3.3 Protein abundance of efflux transporters in vesicles and human tissues

The protein abundances of MRP2, MRP3, MDR1, and BCRP in vesicles were 133.9, 239.4, 

45.0, and 11.4 pmol/mg protein, respectively, which were exponentially higher than those in 

human tissues. In liver, MRP2 is the most abundant efflux transporter (1.45 pmol/mg 

protein), followed by MDR1, MRP3 and BCRP (0.53, 0.48, and 0.14 pmol/mg protein, 

respectively). Compared to the liver, human intestine has higher abundance of MRP3 (2.3-

fold) and BCRP (1.8-fold), and lower abundance of MRP2 (0.62-fold). The expression of 

MDR1 in liver and intestine is similar. In kidney, MDR1 abundance is 4-fold greater than 

that in the liver, whereas MRP2 is comparable in liver and kidney. MRP3 and BCRP were 

below LLOQ in kidney (Supplementary Figure 3). Because MRP4 did not transport 

androgen glucuronides in the initial screening assay as discuss below, the protein abundance 

of MRP4 data is not presented.

3.4 ATP-dependent transport of glucuronide metabolites of testosterone

The initial screening results confirmed MRP2 and MRP3 as the main transporters involved 

in efflux of TG, EtioG and DHTG, whereas AG was primarily effluxed by MRP3 (Figure 3). 

EtioG and DHTG were also transported by MDR1 and BCRP, respectively. MRP4 was not 

involved in significant active transport of these glucuronides. Because the protein abundance 

of efflux transporters differs in the overexpressing vesicles, the transport activity of TG was 

re-tested with equal amount of transporter proteins (BCRP, MDR1, MRP2, and MRP3) to 

confirm the transport rate was not due to higher protein expression. Consistently, MRP2 and 

MRP3 showed higher transport rate toward TG, which was not observed for BCRP and 

MDR1 (Supplementary Figure 4). Comparing to the initial screening result as shown in Fig. 

3A, the change of transport rate of TG is within the range from 6% to 35%.

MRP3 exhibited higher affinity (lower Km values) for the transport of TG, AG, EtioG, and 

DHTG ranging from 0.3 to 6.0 μM as compared to MRP2, which showed Km values of 

33.6–109.6 μM, respectively (Table 1). Similarly, affinity of EtioG for MDR1 was weaker 

than MRP3 and MRP2 (Km, MDR1, 53.4 μM) (Figure 4C and Table 1). Poorer affinity of 

DHTG for BCRP (as compared to MRPs) was also observed as shown by its non-saturable 
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kinetics (Fig. 4D). When differences in protein abundances were not observed, MRP2 and 

MRP3 exhibited higher apparent Vmax,vesicles for TG, which was followed by DHTG, AG, 

and EtioG (Figure 4A and B).

Although Km is independent of protein abundance, apparent Vmax,vesicles is directly 

proportional to the protein levels (Eq. 1). Because transporter protein is abundant and 

variable in vesicles, it is critical to normalize the Vmax and Km derived apparent clearance 

value by the transporter protein abundance. Similarly, because vesicle preparation could 

contain both inside-out and right-side out vesicles, the apparent clearance was also corrected 

for % of inside-out vesicles to generate Clint,vesicles data (μl per min per pmol transporter 

protein) (Table 1). The normalized Clint,MRP3 for TG was 2.4-fold higher than that of 

CLint,MRP2. Similarly, the normalized Clint,MRP3 for AG was 7.4-fold higher than that of 

Clint,MRP2. For DHTG, the normalized CLint,MRP3 was highest, which was 1.7- and 1.3-fold 

greater than CLint,MRP2 and CL int,BCRP, respectively. Whereas for EtioG, CLint,MRP3 was 

highest, which was 12.4- and 17.2-fold higher than that of CLint,MRP2 and CLint,MDR1, 

respectively (Table 1).

3.5 Fractional contribution of individual transporters to CLint based on tissue transporter 
abundances

When normalized to transporter abundance in tissues, MRP3 showed highest intrinsic 

clearance in liver towards glucuronide transport as compared to other studied transporters in 

following order EtioG≥AG>>TG>DHTG (ft, 0.76 to 0.33). MRP2 was the second most 

important transporter with intrinsic clearance greatest for DHTG and TG followed by 

AG≥EtioG (Figure 5A). About 56–60% of TG and DHTG were effluxed by MRP2, whereas 

AG and DHTG were preferentially transported by MRP3 (~70%) in the liver. Similarly, 

when corrected for the transporter abundance in intestine, MRP3 contributed most to the 

efflux of EtioG (91%), AG (90%), TG (74%), and DHTG (60%), while MRP2 contributed 

26~29% to the efflux of TG and DHTG, with minor contribution for AG (10%) and EtioG 

(6%). Because MRP3 abundance in kidney is small (which was considered equivalent to the 

lower limit of detection), almost all the studied glucuronides were effluxed preferentially by 

MRP2, with the ft value ranging from 0.4 to 0.92. Higher expression of MDR1 in kidney 

resulted in significant contribution of MDR1 in EtioG efflux in kidney (43%). (Figure 5A).

4. Discussion

To our knowledge, the present study is the first to identify and confirm that MRP3 and 

MRP2 are the major transporters for the efflux of TG, AG, EtioG, and DHTG, whereas 

MDR1 and BCRP also play roles in the efflux of EtioG and DHTG, respectively. Because 

the abundances of these transporters differ across tissues, we proposed a novel proteomics-

based IVIVE method that may enable us in estimating contribution of individual transporters 

in the efflux of steroids and drugs in any tissue. Accordingly, this study is also the first to 

characterize the fractional contribution of individual transporter (ft) to the efflux of T 

glucuronide metabolites in individual tissues. Because these transporters are localized in 

either the apical (facing lumen) or basolateral (facing blood) membranes in hepatocytes, 
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enterocytes, and proximal tubular cells, ft characterization is important to elucidate the 

fraction of intracellular glucuronides that is excreted into lumen versus blood (Figure 5B).

While the efflux from intestine, liver and kidney results in decreased tissue glucuronide 

concentration, the apical transporters allow elimination of these substrates from the body 

whereas the basolateral transporters lead to increased plasma concentration of these 

metabolites. So, depending on the tissue protein abundance of transporters and their 

localization, we estimated that the majority of TG was transported by MRP3 to blood from 

enterocytes, and a substantial fraction of TG can be transported by MRP2 into GI lumen and 

proximal tubule lumen. Human liver and intestine (but not kidney) can produce TG (from T) 

as both UGT2B17 and UGT2B15 are expressed in these first-pass organs. However, more 

TG formation can be expected in intestine due to higher UGT2B17 abundance, which 

increases along the GI tract [7]. ~60% MRP2 mediated efflux of TG and DHTG explains the 

significant biliary elimination of the radioactive dose of T after non-oral administration [19]. 

Similarly, MRP3 mediated sinusoidal or basolateral efflux of TG is consistent with high 

circulating levels of TG explaining that TG is rapidly distributed into blood after its 

formation in intestine and liver during the first-pass [12]. The circulating TG can be actively 

taken up by kidneys [40], which is then secreted by MRP2 leading to high urinary excretion 

of TG as reported before [41].

MRP3 was estimated to be the major transporter responsible for AG efflux from the liver 

and intestine (Figure 5A). AG is one of the major circulating metabolites of T. AG formation 

is catalyzed by UGT2B7 (major) and UGT2B17 (minor). Because UGT2B7 is expressed in 

the liver, intestine and kidney [42], all three organs can produce AG. Recently, we have 

shown that the plasma levels of AG and TG increased ~390- and 85-fold compared to T, 

respectively after 800 mg oral administration [12]. The higher levels of circulating AG 

compared to T and TG corroborate with greater role of sinusoidal and basolateral MRP3 

efflux for AG.

Based on the protein abundance data [42] and in vitro activity using recombinant UGT 

isoforms [12], liver, intestine and kidney can produce EtioG from Etio by UGT2B7 and 

UGT2B17, whereas DHTG is formed in liver and intestine by UGT2B17 and UGT2B15. 

Based on the data presented here, the majority of EtioG that are formed in liver and intestine 

are excreted into blood, whereas DHTG that is formed in the liver can be excreted either into 

blood (33%) or GI lumen (67.5%). DHTG that are formed in the intestine are mainly 

excreted into blood. The MRP3-mediated transport of EtioG supports its high plasma levels 

[12]. In the kidney, MRP2 is the major transporter that effluxes TG, AG, EtioG and DHTG 

into urine, and MDR1 also contributes significantly to the efflux of EtioG there. In general, 

the high expression of MRP2 and MDR1 in kidney indicates unidirectional efflux of these 

glucuronides into urine. Although BCRP has small contribution for DHTG efflux, high 

expression of this transporter in endocrine organs such as placenta [43, 44], prostate [45, 46] 

and testis [47, 48] can lead to increased clinical significance in these tissues. Notably, 

genetic polymorphism in BCRP (ABCG2 c.421C > A) which is prevalent in Asian 

population [49] can influence intracellular concentrations of the most potent androgen, 

DHTG.
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The Km and CLint,vesicles data as well as IVIVE approach presented here can be employed to 

predict ft for these glucuronides in different tissues. It is interesting that in contrast to MRP2, 

MRP3 has a higher affinity towards all the studied glucuronides, as demonstrated by the 

lower Km values (Table 1). This is in line with the literature that reports higher affinity of 

MRP3 for glucuronide substrates than MRP2, although they both usually share similar 

substrate specificity [50]. These findings suggest that MRP3 can lead to non-linear PK of its 

substrates by saturation at higher substrate concentrations. No clear effect of MRP2 and 

MRP3 knockout is shown on androgen disposition, whereas MRP4 knockout mice are 

shown to be associated with age-dependent decrease in T production [62]. However, human 

MRP4 was not found to be directly involved in efflux of any of the tested glucuronides in 

this study.

The important role of MRP2 in transport of active androgens (TG and DHTG) indicates the 

potential clinical importance of enterohepatic recirculation in regulating the circulating T 

and DHT after deconjugation in the GI lumen. The apparent longer half-life and multiple 

peak phenomenon observed in T PK [12] support this phenomenon. The evidences of 

enterohepatic recirculation of T have been shown in mice [22], where compared to mice 

without gut microbiota, mice with a normal microbiota showed higher circulating T, and 

transfer of cecal contents from male mice to female mice resulted in higher circulating T in 

female mice.

The novel findings from this study have significant importance towards reproductive, 

physical and psychological development, which are regulated by sex hormones like T and 

DHT. During fetal development, T is synthesized by Leydig cells, leading to the 

development of male sexual characteristics. A small amount of T is also produced by 

placenta [51] and the expression of MRP2 and MRP3 in placenta [52–54] suggest they could 

play important roles in regulating androgens in the fetal circulation. This is particularly 

relevant as glucuronidases that are capable of regenerating unconjugated androgens from the 

glucuronides, are also expressed in the placenta [24]. High levels of T exposure during fetal 

development could cause low birth weights, fetal growth retardation, insulin resistance and 

metabolic defects [55–59]. Further, integrating the mechanistic transport data with tissue-

specific transporter abundance (using quantitative proteomics) can help predict and prevent 

the adverse reactions caused by excess androgen in other androgen relevant tissues (e.g. 

placenta, testis, and prostate).

In addition, characterization of the efflux mechanism of androgen glucuronides is of clinical 

significance for the treatment of androgen-related diseases. Androgens are key drivers of 

prostate cancer, resulting in therapies primarily focused on androgen deprivation in the form 

of surgical or chemical castration [60]. However, the duration of improvement is highly 

variable, and the prostate cancer relapses in majority of patients within 12 to 18 months of 

therapy [61]. Recently, the enhancement of androgen glucuronidation by UGTs is becoming 

a new approach for therapy [61]. As the intracellular glucuronide concentration is regulated 

by efflux transporters and endogenous glucuronidases, the identification of transporters in 

the present study is applicable in predicting androgen homeostasis in prostate.
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In summary, the intrinsic Vmax and Km values of TG, AG, EtioG, and DHTG can be used in 

PBPK modeling to predict the drug-drug interactions, and the effect of genetic 

polymorphism on testosterone metabolism. Besides androgen disposition modeling, the 

IVIVE methodology proposed in this study can be extended to other glucuronides, sulfate 

conjugates, drugs, and xenobiotics. Considering that enterohepatic recirculation can be 

mediated by microbiome, glucuronidation can be considered as a distribution mechanism 

instead of elimination mechanism.
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Figure 1. 
Glucuronidation pathways of testosterone (T) metabolism. A. T is glucuronidated by UGTs 

to form its primary (TG; solid arrow) and secondary (AG, EtioG, and DHTG; dotted arrows) 

metabolites. B. Fold-difference in the physiological serum concentration of respective 

metabolites as compared to T [12]. BLOQ, below limit of quantification. TG, testosterone 

glucuronide; AG, androsterone glucuronide; EtioG, etiocholanolone glucuronide; DHTG, 

dihydrotestosterone glucuronide.
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Figure 2. 
Schematic overview of experimental design. The transport of glucuronides into the 

membrane vesicles was performed by adding ATP, whereas AMP served as a negative 

control. The vesicles were then isolated on filter membranes and washed. The glucuronide 

substrates contained in the vesicles were quantified by a validated LC-MS/MS method [12]. 

The percentage of inside-out vesicles was characterized using 5’-nucleotidase assay. The 

protein abundances of efflux transporters in plasma membrane vesicles, human liver, 

intestine, and kidney were measured by quantitative LC-MS/MS proteomics. The relative 

abundance of efflux transporters in human tissue versus vesicles were used as scaling factors 

for in-vitro to in-vivo extrapolation (IVIVE) to characterize the fractional contribution of 

individual efflux transporters (ft) in efflux of TG, AG, EtioG, and DHTG from human liver, 

intestine and kidney.
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Figure 3. 
ATP-dependent transport rate of TG (A), AG (B), EtioG (C), and DHTG (D) in membrane 

vesicles overexpressing efflux transporters at 10 μM substrate concentration. The transport 

of substrates (TG, AG, EtioG, and DHTG) by BCRP, MDR1, MRP2, MRP3, and MRP4 was 

studied using 25 μg of total vesicle protein and 1 min incubation. Control vesicles (Ctrl) 

prepared using HEK293 cells expressing empty vector (mock) were used in all assays. 

Difference between the ATP and AMP groups (i.e., net ATP-dependent transport rate) was 

calculated and presented as means ± SD of triplicate samples. Asterisk (*) indicates 

statistically significant differences in net ATP-dependent transport rate between transporter-

overexpressing and Ctrl vesicles by Student’s t-test (p < 0.05).
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Figure 4. 
ATP-dependent transport kinetics of glucuronide metabolites of T by efflux transporters. 

MRP2 (A) and MRP3 (B) mediated transport kinetics of TG (blue), DHTG (green), AG 

(red), and EtioG (black). MDR1 (C) mediated transport kinetics of EtioG and BCRP (D) 

mediated transport kinetics of DHTG. The kinetic experiments were conducted at various 

concentrations with 25 μg vesicle proteins for 15 seconds. Differences between the ATP and 

AMP groups (net ATP-dependent transport rates) were calculated and Michaelis-Menten 

equation (ν = Vmax*[S]/([S]+Km)) is fitted to the data. The kinetic constants (Vmax and Km 

with the 95% CI) for the studied glucuronide metabolites and transporters are presented in 

Table 1.
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Figure 5. 
A. Observed and extrapolated fractional contribution (ft) of individual efflux transporters to 

the clearance of TG, AG, EtioG, and DHTG in membrane vesicles, and in human tissues 

after integrating the scaling factor. The individual scaling factors were derived from the 

relative abundance of efflux transporters in human liver, intestine and kidney versus in 

vesicles as shown in Supplemental Table 5. B. A proposed disposition model of glucuronide 

metabolites of testosterone (T) in liver, intestine and kidney. MRP3 is expressed in 

basolateral or sinusoidal side, whereas MRP2, MDR1 and BCRP are expressed in apical or 

canalicular side. MRP3 and MRP2 are more important in the transport of testosterone 

glucuronides in human liver, intestine and kidney.
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Table 1.

Transport kinetics parameters (Km, Vmax and CLint, vesicles) for the transport of TG, AG, EtioG, or DHTG by 

MRP2, MRP3, BCRP, and MDR1. The kinetic parameters were derived from experimental data in Figure 4, 

after fitting the Michaelis-Menten equations. The 95% confidence intervals (CI) for the derived kinetic 

constants are presented in the parentheses.

Transporter Substrate Km, μM (95% CI) Vmax, pmol/min/mg (95% CI) Proteomics and %inside-out normalized 
Clint, vesicles, μl/min/pmol transporter protein (95% 

CI)

MRP2 TG 109.6 (92.9 to 129.7) 4767 (4499 to 5064) 0.77 (0.70 to 0.86)

AG 85.6 (66.0 to 111.3) 2206 (2016 to 2422) 0.46 (0.39 to 0.54)

DHTG 78.9 (66.6 to 93.6) 3366 (3179 to 3570) 0.76 (0.68 to 0.85)

EtioG 33.6 (26.0 to 43.5) 1407 (1300 to 1527) 0.75 (0.63 to 0.89)

MRP3 TG 6.0 (4.3 to 8.4) 1520 (1401 to 1658) 1.82 (1.43 to 2.36)

AG 1.0 (0.67 to 1.5) 470.2 (445.3 to 496.3) 3.38 (2.44 to 4.84)

DHTG 5.7 (3.8 to 8.5) 986.2 (895.3 to 1095) 1.26 (0.93 to 1.72)

EtioG 0.3 (0.22 to 0.40) 382.3 (355.8 to 410) 9.21 (7.47 to 11.47)

MDR1 EtioG 53.4 (38.8 to 73.1) 386.7 (348.6 to 429) 0.54 (0.43 to 0.66)

BCRP DHTG 676.4 (368 to 1767) 2470 (1729 to 4945) 0.99 (0.76 to 1.27)
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