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Abstract  

Endogenous biomarkers can be clinically relevant tools for the assessment of transporter function in 

vivo and corresponding drug-drug interactions (DDIs). The aim of this study was to perform 

systematic evaluation of plasma data obtained for 20 endogenous molecules in the same healthy 

subjects (n=8-12) in the absence and presence of OATP inhibitor rifampicin (600mg s.d.). The extent 

of rifampicin DDI magnitude (AUCR), estimated fraction transported (fT) and baseline variability 

were compared across the biomarkers and relative to rosuvastatin and coproporphyrin I (CPI). Out of 

20 biomarkers investigated TDA, HDA, GCA GDCA, TDCA and CPIII showed high AUCRs 

(2.1-8.5) and fT (0.5-0.76), indicative of substantial OATP1B-mediated transport. A significant 

positive correlation was observed between the individual GDCA and TDCA AUCR and the 

magnitude of rosuvastatin-rifampicin interaction. CPI and CPIII AUCR were significantly correlated, 

but no clear trend was established with rosuvastatin AUCR. Moderate inter-individual variability (15-

62%) in baseline exposure and AUCR were observed for TDA, HDA and CPIII. In contrast, bile acids 

demonstrated high inter-individual variability (69-113%) and significant decreases in baseline plasma 

concentrations during the first 4 hours. This comprehensive analysis in the same individuals confirms 

that none of the biomarkers supersede CPI in the evaluation of OATP1B-mediated DDI risk. Based on 

current dataset, combined monitoring of CPI and CPIII or CPI and fatty acids AUCR did not recover 

extent of rosuvastatin DDI. Monitoring of CPI and GDCA/TDCA may be beneficial for dual 

OATP1B-NTCP inhibitors with consideration of challenges associated with large inter- and intra-

individual variability observed for bile acids. 
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Introduction  

Drug-drug interaction (DDI) studies are required to determine the safety of a new molecular entity 

(NME) in drug development (FDA, 2017). Over recent years the impact of transporter and 

transporter-metabolism DDIs on the systemic and tissue exposure is increasingly evident (Gertz et al., 

2013; Prueksaritanont et al., 2014; Hibma et al., 2016; Snoeys et al., 2016; Galetin et al., 2017). 

Several therapeutic classes rely on the Organic Anion Transporting Polypeptide (OATP) 1B for 

uptake into the liver, e.g., statins and hepatitis C antivirals (Giacomini et al., 2010). Given that these 

are likely co-medications, it is crucial to evaluate the potential of NMEs as OATP1B inhibitors. Basic 

in vitro-in vivo extrapolation of transporter inhibition data using static models to evaluate initial DDI 

risk can often produce false positive predictions (Vaidyanathan et al., 2016). To refine the assessment 

of transporter and transporter-metabolism DDI risk in a mechanistic manner, physiologically-based 

pharmacokinetic (PBPK) models are increasingly used (Gertz et al., 2013; Tsamandouras et al., 2015; 

Snoeys et al., 2016; Galetin et al., 2017; Guo et al., 2018). However, the confidence in PBPK-based 

predictions of often complex transporter mediated DDIs is still low compared with successes observed 

in the case of metabolic interactions (Jones et al., 2015; FDA, 2017). 

Endogenous biomarkers are envisaged as clinically relevant tools for the early evaluation of 

OATP1B-mediated DDIs. Over recent years, increased number of DDI studies have monitored 

changes in the exposure of endogenous biomarkers in the presence of  OATP1B inhibitors; these 

studies have been done in preclinical species (Chu et al., 2015; Watanabe et al., 2015; Shen et al., 

2016; Thakare et al., 2017) and in humans (Lai et al., 2016; Shen et al., 2017; Takehara et al., 2017; 

Kunze et al., 2018; Liu et al., 2018; Shen et al., 2018; Takehara et al., 2018). 

Selectivity, sensitivity and minimal variability in the baseline condition need to be considered for 

evaluation of endogenous molecules as potential clinical biomarkers of transporter function in vivo 

(Chu et al., 2017; Chu et al., 2018; Muller et al., 2018; Rodrigues et al., 2018). However, 

interpretation of endogenous biomarker interaction (EBI) data can be challenging due to other 

occurring physiological processes not considered with clinical probes, such as synthesis, postprandial 

release and diurnal rhythm (Rodrigues et al., 2018).  Additionally, enterohepatic recirculation of some 
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biomarkers (e.g., bile acids, BA) via Bile Salt Export Pump (BSEP) and Organic Solute Transporter 

(OSTα- OSTβ) (Mok et al., 1977; Dawson, 2011; Hegade et al., 2017) may contribute to false 

negative interactions if NME is also an inhibitor of this re-absorption mechanism. Guidelines on 

clinical study design and data interpretation for the use of endogenous molecules to evaluate 

transporter function in vivo are still evolving (Chu et al., 2018; Rodrigues et al., 2018). Majority of 

the currently reported data for endogenous OATP1B biomarkers come from screening studies in 

healthy subjects following a single dose of rifampicin (Shen et al., 2017; Takehara et al., 2017; 

Takehara et al., 2018). Recently, a number of studies have monitored coproporphyrin I (CPI) 

following the administration of weak and moderate OATP1B inhibitors (Kunze et al., 2018; Liu et al., 

2018; Shen et al., 2018). The reported studies focused on comparison of the area under the curve 

(AUC) or mean magnitude of DDI (AUCR) between one of the clinical probes (rosuvastatin, 

atorvastatin and pravastatin) and CPI (Lai et al., 2016; Yee et al., 2016; Takehara et al., 2017; Kunze 

et al., 2018; Liu et al., 2018; Takehara et al., 2018). In addition, non-linear mixed effects modelling of 

CPI plasma and urine data in the presence/absence of rifampicin was recently performed (Barnett et 

al., 2017), highlighting the selectivity and sensitivity of this endogenous molecule to monitor 

OATP1B transporter function in vivo. This analysis also reported low inter- and intra-individual 

variability of CPI and high fraction transported  (76%), attributed to OATP1B1/1B3 (Barnett et al., 

2017).  

The aim of this study was to expand on the previous analysis by Shen et al. (2017) and compare the 

magnitude of rifampicin interaction observed for 20 endogenous molecules using the data reported in 

the same healthy subjects as for the clinical probe rosuvastatin and CPI (the most established 

OATP1B endogenous biomarker). The analysis focused on estimation of the fraction transported (fT) 

for each individual endogenous molecule investigated, assessment of biomarker baseline variability, 

reproducibility of EBI and effect of food on biomarker exposure and data interpretation. In addition, 

multivariate regression analysis was performed to explore the utility of monitoring multiple 

biomarkers to support early identification of OATP1B-mediated DDI risk. 
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Materials and Methods 

Clinical data. Individual concentration-time data were obtained from a study reported previously in 

twelve healthy male subjects, all wild type for SLCO1B1 c.521T>C (Lai et al., 2016). The study was 

split into three occasions with a seven day washout period between each occasion. In each phase, 

plasma and urine samples were collected pre-dose (T0) and at multiple time points up to 24h; subjects 

were fasted overnight and until after 4h following administration of drug. A single 600mg oral dose of 

rifampicin and a single 5mg oral dose of rosuvastatin were administered to the volunteers in occasions 

1 and 2, respectively. On the third occasion the same respective doses of rifampicin and rosuvastatin 

were co-administered to healthy subjects (rosuvastatin/rifampicin occasion). Samples were analysed 

for rifampicin, rosuvastatin and 21 endogenous molecules as detailed in Lai et al. (2016) (CPI, CPIII, 

bilirubins) and  Shen et al. (2017) (remaining biomarkers). Although 12 subjects participated in the 

trial, individual biomarker data were measured in 6-12 subjects depending on the phase of the trial, as 

detailed in Shen et al. (2017). In addition to rosuvastatin and CPI, endogenous molecules considered 

for analysis were Tetradecanedioate (TDA), Hexadecanedioate (HDA), Glycocholic Acid (GCA), 

Glycodeoxycholic Acid (GDCA), Taurodeoxycholic Acid (TDCA), Dehydroepiandrosterone Sulfate 

(DHEAS), Deoxycholic Acid (DCA),  Cholic Acid (CA), Chenodeoxycholic Acid (CDCA), 

Glycochenodeoxycholic Acid (GCDCA), Glycoursodeoxycholic Acid (GUDCA), Lithocholic Acid 

(LCA),  Taurcholic Acid (TCA), Taurochenodeoxycholic Acid (TCDCA), 

Taurohyodeoxycholic/Tauroursodeoxycholic Acid (THDCA/TUDCA), 

Ursodeoxycholic/Hyodeoxycholic Acid (UDCA/HDCA), Unconjugated Bilirubin (UBILI), Total 

Bilirubin (TBILI), Direct Bilirubin (DBILI) and coproporphyrin III (CPIII).  

Calculation of the plasma area under the curve. The workflow of endogenous biomarker data 

analysis is illustrated in Figure 1. The AUC were calculated using the trapezoidal method in 

MATLAB 2016a (MathWorks, Natick, MA). Individual AUCs were calculated for all endogenous 

molecules investigated and rosuvastatin in the presence and absence of rifampicin. Subsequently, 

individual AUCRs were calculated (Eq 1) for both interaction occasions (rifampicin alone or 

rosuvastatin/rifampicin), where the AUC of each endogenous biomarker in the presence of 
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rosuvastatin alone was utilized as the control. AUCRs were reported as the arithmetic mean and the 

inter-individual variability for the AUCR of each biomarker in both occasions was assessed by 

calculating the coefficient of variation (CV%). Data for each individual biomarker are listed in 

Supplemental Table S1. 

AUCR =  
AUC (+ rifampicin)

AUC (control)
     (Eq 1) 

Where AUC (control) and AUC (+ rifampicin) represent the AUC in the absence and presence of 

rifampicin, respectively. 

Calculation of fraction transported. The fraction eliminated by transporters (fT) for each individual 

was calculated based on changes in biomarker AUC in the presence of a single 600mg dose of 

prototypical OATP inhibitor rifampicin, as shown in Eq 2 and defined previously for CPI and 

rosuvastatin (Barnett et al., 2017). The assumption was that changes in the systemic exposure of the 

endogenous molecule in the presence of rifampicin are reflective of the contribution of OATP1B, 

assuming that passive uptake is minimal relative to the active process and that OATP1B-mediated 

transport is a rate determining step in hepatic disposition of a potential biomarker. However, 

knowledge gaps with respect to in vitro transporter affinity, contribution of OATPs and/or NTCP and 

contribution of passive process still exist for a number of endogenous molecules (summary of current 

data is shown in Supplemental Figure S1 and Table S2). In addition, it was assumed that 

administration of rifampicin or rosuvastatin had no effect on the synthesis of any of the endogenous 

molecules investigated. 

fT = 1 −  
AUC (control)

AUC (+rifampicin )
      (Eq 2) 

The fT for each probe was calculated for each individual subject, alongside the mean fT and the 

associated inter-individual variability (data for each biomarker are listed in Supplemental Table S3). 

In cases where interaction AUC was lower than baseline AUC (due to high inter-occasion variability 

in plasma exposure and unstable baseline), fT could not be calculated and those individual subjects 

were removed from the fT analysis.  
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Assessment of variability in T0 plasma concentrations of endogenous biomarkers. Variability of 

baseline (T0) plasma concentrations was assessed for each endogenous molecule, as done previously 

for CPI (Barnett et al., 2017). For each occasion the mean pre-rifampicin dose T0 plasma 

concentrations of an endogenous biomarker and the corresponding inter-individual variability were 

calculated (data for each individual biomarker are listed in Supplemental Table S4). In addition, 

variability in intra-individual baseline concentrations was assessed by calculating the CV across the 

three DDI phases (range for each biomarker is listed in Supplemental Table S4).  

Selection of biomarkers for subsequent analysis. Following the preliminary analysis a subset of 

biomarkers was selected for further investigation. Given that there were two inhibition occasions and 

a different number of subjects in each occasion, endogenous molecules were selected for subsequent 

analysis provided that the weighted mean of AUCR (in the presence of rifampicin) and fT were above 

2-fold and 50%, respectively (Figure 1). This selection was further refined by taking into 

consideration the variability in T0 plasma concentrations, AUCR and/or fT of the endogenous 

biomarker. Variability was categorized as low, moderate and high for CVs of <25%, <50% and 

>50%, respectively.  

Multiple regression analyses were performed in R (v3.4.1) to determine any correlations between the 

AUCR of selected biomarkers and either rosuvastatin AUCR, CPI AUCR or the unbound rifampicin 

Cmax (Cmax,u) data obtained in the same individual (Supplemental Figures S2 and S3). These analyses 

were performed for both EBI occasions using the respective endogenous biomarker AUCR data. As 

rosuvastatin DDI was only reported on one occasion, the endogenous biomarker AUCR from two 

occasions were compared to the same rosuvastatin AUCR data. Significant linear correlations with 

EBI and rosuvastatin AUCR, CPI AUCR or rifampicin Cmax,u were identified as having a non-zero 

slope (p<0.05). In addition, multivariate regression analysis was performed to assess whether 

combinations of biomarkers would recapitulate the extent of rifampicin interaction observed with a 

clinical probe rosuvastatin. Due to the subject size, combinations were limited to maximum 3 

biomarkers. In cases when AUCR values of individual biomarkers were highly correlated (e.g., for 

CPI and CPIII; TDA and HDA; and GDCA and TDCA), these biomarkers were not investigated in 
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combination in multivariate analysis. In addition to biomarkers, rifampicin Cmax,u was also considered 

in multiple regression analysis. To assess the best combinations of biomarkers that could recapitulate 

rosuvastatin AUCR, the adjusted R
2
 and p values (non-zero slope, p<0.05) were used. 

In addition, stability in baseline AUC and reproducibility of biomarker AUCR in the same individuals 

on two separate occasions (rifampicin and rosuvastatin/rifampicin occasion) was investigated. For the 

assessment of the reproducibility of biomarker interaction with rifampicin in the same individuals, 

boundaries in AUCR analogous to bioequivalence (80-125%) were set. Finally, the relationship 

between perpetrator (rifampicin) PK and the plasma profile of the biomarker was investigated at each 

time point. 

Whenever possible, aspects of the analysis highlighted above were also performed with any recently 

literature reported DDI data with these endogenous biomarkers. For example, a separate analysis was 

conducted for CPI using recently reported clinical DDI data in order to assess the variability of its 

plasma baseline AUC across several studies (data collated from 91 subjects in total). Due to limited 

availability of individual CPI data reported in those studies, the weighted baseline AUC0-24 and 

between-study variability was calculated from the mean CPI AUC data reported in five separate 

studies (Lai et al., 2016; Kunze et al., 2018; Liu et al., 2018; Shen et al., 2018; Takehara et al., 2018). 

Given that plasma data were only collected for 6h in Kunze et al. (2018), the AUC  for CPI was 

extrapolated to 24h assuming that plasma concentrations remained stable between 6-24 h. In the case 

of bile acids, reproducibility of rifampicin EBI reported in two clinical studies in Japanese volunteers 

was assessed (Takehara et al., 2017; Takehara et al., 2018). In both interaction studies a 600mg oral 

dose of rifampicin was administered; therefore, the AUCR and the AUC of the biomarker in the 

baseline condition were compared between studies.  

Statistical analysis. All statistical analysis was performed in GraphPad Prism (v7). For all 

endogenous biomarkers baseline (T0), AUCR and fT parameters obtained in each occasion were 

checked for normal distribution using a Shapiro-Wilk normality test, and then appropriate parametric 

or non-parametric statistical tests were performed. For paired statistical analysis, subjects with 



JPET # 253062 

 

10 

 

incomplete data sets were removed (Supplemental Table S5). Therefore, a full set of interaction data 

were available for CPI and CPIII in 10 subjects, whereas data for the remaining biomarkers were only 

available in 6/10 subjects. For all statistical tests a confidence interval of 95% was set (p<0.05). To 

determine any significant differences in biomarker AUCR between rifampicin and 

rosuvastatin/rifampicin inhibition occasions either a Wilcoxon test (non-normal distribution) or a 

paired Students t-test (normal distribution) was performed. Due to differences in number of fT values 

for some biomarkers/occasions when these values could not be calculated, an unpaired Students t-test 

was performed to determine significant differences in fT between inhibition occasions. To determine 

any significant differences in biomarker T0 plasma concentrations across three occasions either a 

Friedman test with Dunn’s multiple comparisons correction (non-normal distribution) or repeated 

measure one-way ANOVA (normal distribution) was performed.  

Additional statistical analysis was conducted only for the endogenous molecules investigated in the 

selected subset. The stability of the baseline plasma profile (rosuvastatin occasion) for each biomarker 

in the selected subset was assessed through comparison of each plasma concentrations (0.5-24 h) to 

T0, significant differences were determined using a Friedman test (p<0.05). In the rosuvastatin 

occasion, one subject failed to attend, thus for the analysis of CPI and CPIII data for 11 subjects were 

used, whereas for the remaining biomarkers plasma data from 7 subjects were available. To determine 

the sensitivity of the endogenous molecule, the time point when rifampicin causes a significant 

increase in biomarker plasma concentration (p<0.05) was assessed. A repeated measure 2-way 

ANOVA was performed for the selected biomarker subset, using only subjects with full interaction 

data (10/12 subjects for CPI and CPIII and 6/12 for the remaining biomarkers). The analysis involved 

comparison of the plasma concentration-time profiles for different phases of the EBI study for each 

time-point. 

Results 

Preliminary analysis of endogenous molecules. The mean AUCR of 20 endogenous molecules in 

the presence of a single dose rifampicin was assessed on two separate occasions (individual values 
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listed in Supplemental Table S1). Out of 20 biomarkers investigated, 10 showed weighted mean of 

AUCR>2 on both inhibition occasions; namely, TDA, HDA, DCA, GCA, GDCA, GUDCA, TCA, 

TDCA, TCDCA and CPIII. Although AUCR for majority of endogenous molecules showed no 

significant differences between occasions (p>0.05), there were some exceptions. DCA showed 

inconsistency in the magnitude of EBI, as a strong interaction with rifampicin (AUCR 12.7) with a 

highest degree of variability (196%) was only observed in the rifampicin alone occasion. In contrast, 

no clinically significant EBI was noted for DCA during the rosuvastatin/rifampicin occasion (AUCR 

1.1). In the case of LCA and DHEAS, no clinically significant interaction was observed in the 

presence of rifampicin, suggesting that their transport is not facilitated by OATPs. The range of 

individual AUCR values for the selected subset of endogenous molecules on both inhibition occasions 

is shown in Figure 2. CPI and rosuvastatin (mean AUCRs of 4.3 and 5.2, respectively) were used as 

references for the assessment of EBI magnitude for the remaining selected biomarkers. Similar to 

CPI, TDA, HDA and GCA showed low inter-individual variability in AUCR (15-32%). However, the 

magnitude of interaction observed for TDA (AUCR=2.8), HDA (2.4) and GCA (2.1) was lower than 

observed for both CPI and rosuvastatin. In contrast, GDCA and TDCA showed the greatest 

interaction with weighted mean AUCRs of 8.5 and 5.1, respectively. However, the magnitude of EBI 

was highly variable between rifampicin inhibition occasions (Figure 2). In contrast to CPI, the mean 

AUCR values of the selected biomarkers for each rifampicin inhibition occasion were not in good 

agreement with the mean AUCR for rosuvastatin.  

For the 20 biomarkers investigated a wide range in the fT values was calculated, spanning from 0.04 to 

0.79 for LCA and GDCA, respectively (details listed in Supplemental Table S3). 10/20 of the 

endogenous molecules demonstrated a weighted mean fT >50%. However, the fT for CDCA, LCA and 

UDCA/HDCA could only be calculated in maximum three subjects following inhibition with 

rifampicin in either of the occasions (due to either high variability and/or weak interaction) and were 

therefore excluded from further analysis.  Both GDCA and TDCA showed high weighted mean fT in 

rifampicin inhibition study (0.79 and 0.71, respectively), comparable to rosuvastatin (0.79) and CPI 

(0.76) (Barnett et al., 2017) (Figure 3). In contrast, these values could not be reproduced in the 

rosuvastatin/ rifampicin occasion, which resulted in inconsistent and generally lower mean fT in this 
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phase (0.64 and 0.46 for GDCA and TDCA, respectively). Although the mean fT for TDA (0.64), 

HDA (0.58) and GCA (0.5) was lower than observed for rosuvastatin and CPI, it was 50% on both 

occasions, with low inter-individual variability (<28%) (Figure 3). Based primarily on their AUCR, fT 

and to some extent stability in T0, biomarkers TDA, HDA, GCA, GDCA, TDCA and CPIII were 

selected for further evaluation and comparison to rosuvastatin and CPI. 

Correlation of endogenous biomarker AUCR with rosuvastatin and CPI. Multiple regression 

analyses were performed to identify any correlations between the extent of EBI and rosuvastatin 

AUCR, CPI AUCR and rifampicin Cmax,u (Supplemental Figure S2 to S8, Figure 4). Only 2/6 of the 

endogenous molecules (GDCA and TDCA) showed a significant positive correlation with 

rosuvastatin AUCR (Figure 4). These biomarkers also showed the greatest mean AUCR following 

administration with rifampicin of 13.7 and 7.4-fold, respectively. In contrast, these trends were not 

captured in the rosuvastatin/ rifampicin inhibition occasion, highlighting the lack of EBI 

reproducibility observed for GDCA and TDCA in this subject cohort (Table 1). No significant 

correlation was observed between the AUCR for the remaining biomarkers relative to rosuvastatin in 

either of the inhibition occasions (Figure 4 and Supplemental Figure S4). CPIII was the only 

endogenous molecule that showed a significant positive correlation with CPI AUCR data (Figure 4), 

whereas no direct relationship could be established between magnitude of EBI observed for CPI and 

remaining biomarkers investigated (Supplemental Figure S5 and S6). Only HDA showed a significant 

positive correlation between the rifampicin Cmax,u and biomarker AUCR (Figure 4), whereas no 

significant trend was observed for other biomarkers (Supplemental Figure S7 and S8). In addition to 

individual biomarkers, multivariate regression analysis was performed to assess whether information 

on the AUCR of CPI in combination with any of selected biomarkers would capture the rosuvastatin 

AUCR. As AUCR of CPI and CPIII were highly correlated, monitoring both biomarkers provided no 

improvement in correlation with rosuvastatin AUCR. Monitoring of both CPI and GDCA, showed a 

significant positive correlation with rosuvastatin AUCR, but this correlation was weaker than with 

GDCA alone; similar trends were seen with TDCA (Supplemental Table S6). Overall, this 

multivariate analysis could not provide conclusive recommendation on the combination of biomarkers 
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that would predict correctly rosuvastatin interaction with rifampicin, as the number of subjects 

available for paired analysis was small (n=7 in most cases). Interestingly, monitoring of CPI, TDA 

and rifampicin Cmax,u predicted correctly 90% of rosuvastatin AUCR (p <0.05) (Supplemental Table 

S7); although this analysis focused solely on rifampicin, it highlighted the importance of 

consideration of perpetrator PK properties.   

Stability of T0 plasma concentrations. The mean T0 plasma concentration for each of the 20 

endogenous molecules investigated was calculated for each interaction occasion (details in 

Supplemental Table S4), and individual values for the selected subset are displayed in Figure 5. CPI 

was utilised as a reference biomarker, as it displayed the most stable baseline across the three 

occasions with low inter- and intra-individual variability (<25%) (Barnett et al., 2017). Although there 

were no significant differences in T0 biomarker plasma concentrations between the 3 occasions 

(p>0.05), high inter- and intra-individual variability were evident, in particular for TCA (156%). 

Similar to CPI, LCA and CPIII showed low (9-39%) inter- and intra-individual variability in T0 

(Figure 5, Supplemental Table S4). Despite stability in baseline T0, LCA was not deemed suitable due 

to marginal transport via OATP1B estimated from rifampicin interaction data (Supplemental Table S1 

and S3). In the subset of biomarkers selected, the following rank order in terms of T0 stability was 

noted: CPIII, HDA, TDA, GCA, GDCA and TDCA. In contrast to CPIII, HDA and TDA, high inter-

individual variability in T0 was evident for GCA, GDCA and TDCA (69-113% across three 

occasions). TDCA displayed the highest inter-individual variability in T0 of >100% in each occasion, 

which was also reflected in the intra-individual variability.  

Stability of biomarker baseline plasma concentrations over 24h. Baseline plasma concentration-

time profiles over a 24h period for each of the selected endogenous biomarkers are shown in 

Supplemental Figure S9. Each plasma concentration for a given time point throughout the duration of 

the rosuvastatin (control) phase was compared to the concentration at T0 to determine any significant 

differences. CPIII was the only biomarker to show no significant deviations over 24h from the 

concentration measured at T0, analogous to reference biomarker CPI. In the case of TDA, a significant 

increase in plasma concentrations was observed between 3-8 h into the study. A similar observation 
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was also noted for HDA, where a significant increase in its plasma concentration was measured at 12h 

compared to T0. In contrast, bile acids GCA, GDCA and TDCA showed a significant decrease in 

plasma concentrations within initial 4h. Although GCA, GDCA and TDCA all showed an increase in 

plasma concentrations at 6h, this trend was not significant due to the high variability between subjects 

(Supplemental Figure S10).  

The baseline AUC of CPI was also compared with data from five recently reported clinical studies 

(Lai et al., 2016; Kunze et al., 2018; Liu et al., 2018; Shen et al., 2018; Takehara et al., 2018). Mean 

baseline AUCs were comparable irrespective of gender or ethnicity of subjects, with a weighted mean 

AUC0-24 of 18.9 nM*h (n=91, CV 24%) (Table 2). SLCO1B1 c.521T>C genotype status for 91 

subjects was 37 c.521 TT (wild type), three c.521 TC, whereas genotype data for 51 subjects were not 

reported (Table 2). Analogous analysis was done for the baseline AUCs for BAs (Supplemental 

Figure S10), but in contrast to CPI more than half of the BAs investigated showed a difference of >2-

fold in baseline AUC across studies (n=23 subjects in total, 3 studies).  

Reproducibility of EBI. The weighted mean AUCRs in the presence of rifampicin ranged from 2.1 to 

8.5 (GCA and GDCA) for the selected biomarker subset. However, differences in the AUCR between 

inhibition occasions were evident, in particular for GDCA, where an AUCR of 13.7 was observed in 

the rifampicin occasion, compared with 2.5 in the rosuvastatin/rifampicin occasion (Figure 6). Four 

out of the 6 biomarkers demonstrated a reproducible EBI with the AUCR of the biomarker within 

bioequivalence limits for both occasions. GDCA and TDCA were outliers, unable to reproduce the 

interaction in the rosuvastatin/rifampicin occasion. Additionally, a separate comparison of the AUCR 

of BAs between two studies in Japanese volunteers showed comparable magnitudes of DDI 

(Figure 6). However, there were some exceptions, as GCDCA-S, CDCA and THDCA/TUDCA 

showed differences in AUCR >2 fold between studies (Figure 6).  

Effect of rifampicin on plasma exposure of endogenous molecules. CPI was the most sensitive 

biomarker, as significant increases in CPI plasma concentration were observed from 30 minutes into 

the study following administration with rifampicin, reflecting the rifampicin PK profile (Supplemental 
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Figure S11 and Table S8). CPIII, TDA and HDA also demonstrated sensitivity to perpetrator PK, as 

they showed significant increases in plasma exposure from 1 h following administration of rifampicin. 

In contrast, the BAs (GCA, GDCA and TDCA) showed a delayed significant increase in plasma 

exposure by rifampicin, which was only observed 4-6 h into the study (Supplemental Figure S11 and 

Table S8). Furthermore, significant increases in plasma concentrations of these biomarkers were 

observed after rifampicin had reached its Cmax (rifampicin Tmax is approximately 2.5 h) (Lai et al., 

2016). Given that a significant increase in BAs plasma exposure is not observed until 6h after 

administration of rifampicin, duration of the EBI study needs to be re-evaluated for these biomarkers.  

Subject X was used as a case example because of its altered plasma rifampicin systemic PK between 

two interaction occasions and delayed Tmax (Figure 7). These changes in rifampicin PK were reflected 

in altered plasma profiles of CPI, CPIII, TDA and HDA (all showed delay in Tmax compared to the 

rosuvastatin/rifampicin occasion), whereas no difference in profiles was observed between the 

occasions for GCA, GDCA and TDCA (Figure 7).  In addition, Subject X was used for the relative 

comparison of plasma concentration-time profiles of all selected biomarkers in the same subject 

(Figure 7, data for additional subjects are shown in Supplemental Figure S12). Overall, CPIII 

exhibited the lowest concentrations in the plasma followed by CPI, whereas GCA demonstrated the 

highest plasma concentrations followed by GDCA. HDA, TDA and TDCA were generally in between 

these extremes with no clear trend in their rank order (Figure 7 and Supplemental Figure S12). 

Subject X case illustrated scenario where plasma influx of BAs occurred long after the Tmax of the 

inhibitor, reducing the maximal effect of transporter inhibition. Timing of food intake with oral 

administration of the inhibitor may result in a greater interaction with the BAs, as demonstrated in 

Blank et al. (2018), where food was given within the first 30 minutes of the study. 
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Discussion  

Availability of interaction data for 20 endogenous molecules, together with CPI and a clinical probe 

rosuvastatin in the same subjects, provided an excellent opportunity for cross comparison and 

evaluation of potential OATP1B biomarkers. So far, detailed evaluation of rifampicin AUCR and fT, 

in addition to stability of biomarker T0 and AUC0-24, was only investigated for CPI (Lai et al., 2016; 

Barnett et al., 2017). For the first time, an analogous approach was undertaken here for selected 

endogenous biomarkers (TDA, HDA, GCA, GDCA, TDCA and CPIII, Table 1) and their utility was 

evaluated against rosuvastatin and CPI (or in combination with CPI). CPI was considered as a 

reference OATP1B biomarker based on interaction data published so far and low inter- and intra-

individual variability in its baseline T0 and plasma concentrations over 24h, with no evident 

postprandial effect (Lai et al., 2016; Barnett et al., 2017; Kunze et al., 2018; Shen et al., 2018).  In the 

current analysis, minor fluctuations in 24h baseline were observed for TDA and HDA, suggesting a 

possible food effect. Nevertheless, significant increases in TDA and HDA plasma concentrations were 

observed within 1h of rifampicin administration. In contrast to CPI, TDA and HDA, high variability 

and fluctuations in baseline concentrations were apparent for GCA, GDCA and TDCA. Within the 

first 4h of the control phase, these BAs showed a significant decrease in plasma concentrations 

compared to T0, followed by increase by 6h (trend was not significant due to high inter-individual 

variability, Supplemental Figure S9). Increases in baseline plasma BAs are most likely a result of their 

postprandial influx from the gastrointestinal tract rather than BA synthesis, as only 5% of the total BA 

pool is synthesised daily (Trauner and Boyer, 2003). These fluctuations in GCA, GDCA and TDCA 

plasma concentrations over the initial 4-6 h period of the control phase highlight a need for careful 

clinical study design, if BAs are to be used for monitoring of OATP1B activity in vivo. Findings from 

the current analysis are in agreement with the AUC data collated for BAs from different studies (n= 

23 subjects) which showed >2-fold difference in baseline exposure of these biomarkers (Supplemental 

Figure S10). In contrast, collated CPI baseline AUC data from 91 subjects from different ethnic 

groups were very comparable (<25% CV) (Table 2). These data suggest that a reduced number of data 

points could be sufficient to define CPI baseline in a prospective EBI study, whereas this approach or 

reliance on biomarker AUC data from previous studies is not a feasible method when using BAs.  
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Synthesis of endogenous molecules is an important consideration in EBI clinical study design and 

data interpretation. Supplemental Table S9 highlights the rate limiting steps in the synthesis of CPs, 

BAs and fatty acids and the factors that may affect regulation of these pathways through nuclear 

receptors. Additional consideration is a potential effect of transporter inhibitor on the synthesis of an 

endogenous biomarker, as discussed previously (Barnett et al., 2017). Multiple doses of rifampicin 

may affect synthesis of certain biomarkers (e.g., CPs and BAs) via PXR activation. Single dose of 

rifampicin (used in OATP1B DDI studies) is not expected to have any effect and has only been 

reported to decrease plasma exposure of intermediate C4 in BA synthesis (Takehara et al., 2017). 

Given that daily synthesis contributes to a minor portion of circulating BAs, the impact on the total 

BA plasma concentration is likely to be minor. Kunze et al. (2018) reported a reduction in CPI AUCR 

following 5 days of rifampicin dosing compared with single dose DDI. This finding is in contrast to 

expected increase in CPI as a result of up-regulation of haem synthesis associated with CYP-inducers 

like rifampicin (Anderson et al., 2005). Potential OATP1B1 induction was ruled out as CPI T0 was 

not affected by multiple rifampicin doses. Similarly, significant effect of autoinduction of rifampicin 

CYP3A4 metabolism was ruled out by the authors, as even with anticipated 1.5 to 2-fold decrease in 

rifampicin plasma concentration, these would still be significantly in excess of rifampicin OATP1B 

IC50 (0.13 M, Barnett et al. 2018). It is important to note that in that study rifampicin was 

co-administered with an in house victim drug (Kunze et al., 2018), which may have also had an effect 

on CPI plasma exposure. All above highlights the requirement for additional data to improve our 

understanding of factors that alter synthesis and exposure of endogenous biomarkers. In addition to 

synthesis, impact of disease, genetic polymorphism of transporters of interest, postprandial effect and 

perpetrator PK need to be considered in the EBI study design/ data interpretation. Subject X case and 

altered rifampicin PK between the two inhibition occasions were captured by CPI, CPIII, HDA and 

TDA and changes in their plasma concentrations, in contrast to profiles for GCA, GDCA and TDCA 

(Figure 7). Additionally, these BAs showed no significant increases in plasma concentrations 

compared to T0 until >4h after rifampicin administration (Supplemental Figure S11 and Table S8), 

suggesting that BA response to OATP inhibition was most likely concealed by food effect (trend 
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evident in all subjects). This sensitivity to alterations in the perpetrator plasma PK is an important 

consideration when EBI data are used for estimation of in vivo OATP1B Ki by modelling approaches, 

as done for CPI-rifampicin (Barnett et al., 2017). Ideally, inhibitor PK and biomarker interaction data 

from the same subjects should be employed. Use of simulated population average inhibitor PK data as 

an alternative (Yoshida et al., 2018) may result in substantial differences in the estimated transporter 

Ki, if the simulated PK differs from perpetrator concentrations in the EBI study driving the observed 

changes in biomarker exposure. 

Chu et al. (2017) highlighted the importance of reproducible EBIs for the validation of biomarkers as 

transporter probes. In addition to CPI, this study showed the reproducibility of CPIII, TDA and HDA 

interactions with rifampicin, with AUCR between occasions within bioequivalence limits (Figure 6); 

opposite trends were noted for GDCA and TDCA (>2-fold difference in the AUCR). Important 

consideration is the assumption made here that rosuvastatin had no impact on PK of endogenous 

molecules investigated. No effect of rosuvastatin on CPI, CPIII, HDA and TDA PK supports this 

assumption. However, in the case of BAs, differences in the magnitude of EBI were evident between 

rifampicin only and rosuvastatin/rifampicin occasions (Figure 2, 6 and 7) which may have also 

affected the assessment of reproducibility of EBIs for these biomarkers. Recently, GCDCA-S, a 

sulfate conjugate of GCDCA, has been highlighted as a promising OATP1B endogenous biomarker 

(Yee et al., 2016; Takehara et al., 2017; Takehara et al., 2018), with a mean 10-fold increase in AUC 

after administration of a 600 mg oral dose of rifampicin. Although a strong correlation between the 

AUC of GCDCA-S and the AUC of clinical probe atorvastatin was reported, the relationship between 

the fold change in atorvastatin and GCDCA-S AUC across rifampicin dose range was not 

investigated. In contrast, a previous study by the same group resulted in a much higher mean 

GCDCA-S AUCR of 20-fold (600 mg rifampicin s.d.), despite similar demographics (Takehara et al., 

2017; Takehara et al., 2018), confirming further variability challenges noted for BAs and 

corresponding metabolites between occasions and individuals (Figure 6).  

Overlapping substrate specificity is a common problem for both drug and endogenous transporter 

probes (Chu et al., 2018). Out of the biomarkers selected for investigation in this study, none are 
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entirely selective for OATP1B1, including CPI; transporters involved in their hepatic uptake and 

efflux collated from in vitro and clinical data are listed in Supplemental Table S10. In addition to 

OATP1B1, TDA and HDA are also transported by OAT1 and OAT3 (Yee et al., 2016) which may 

complicate differentiation of the transporter interactions in the liver and kidney (unless supported by 

renal clearance data for the biomarker). In the case of  CPI, hepatic uptake is driven by OATP1B1 and 

1B3, (Bednarczyk and Boiselle, 2016; Shen et al., 2017; Kunze et al., 2018), but involvement  of 

multidrug resistance protein (MRP) 2 and 3 in its efflux may have implications when investigating 

dual OATP1B-MRP inhibitors (Gilibili et al., 2017; Kunze et al., 2018) or in patient populations 

because of reported disease associated changes in transporter activity/interplay (Evers et al., 2018).  

Multivariate regression analysis was performed here to assess whether combination of selected 

biomarkers would recapitulate correctly the DDI risk observed with a clinical probe rosuvastatin. 

Consideration of both CPI and CPIII AUCR data did not improve the correlation with rosuvastatin 

AUCR, as these biomarkers are highly correlated with each other (Figure 4), indicating that 

monitoring of CPIII provides no additional benefit in understanding OATP1B-mediated DDI risk to 

CPI. Encouraging trends were seen with a combination of GDCA/TDCA with CPI AUCR, but further 

studies are required to determine if these biomarkers are beneficial for the assessment of dual 

OATP1B-NTCP inhibitors, considering recently reported substantial increase in BA AUCs in the 

presence of potent NTCP inhibitor Myrcludex (fT estimate >0.95) (Blank et al., 2018). Overall small 

number of subjects available for the multivariate analysis prevents any conclusive recommendation on 

the best combination of biomarkers to reflect the OATP1B-mediated DDI risk with rosuvastatin. In 

addition to requirement for datasets from larger cohorts, this multivariate evaluation needs to be 

expanded against other OATP1B clinical probes (e.g., pitavastatin, atorvastatin) and other perpetrators 

than rifampicin. 

In conclusion, systematic evaluation of AUCR, fT, T0 and AUC0-24 stability was performed for 20 

potential endogenous biomarkers of OATP1B. CPIII was the only biomarker that showed a direct 

relationship to the magnitude of rifampicin interaction observed for CPI. Despite its robustness, CPIII 

demonstrated no additional benefit over CPI for evaluating OATP1B DDI risk. CPI data from 91 
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subjects showed minimal inter-individual variability and high EBI reproducibility, confirming its 

superiority as OATP1B endogenous biomarker. Further evaluation of HDA and TDA against a panel 

of OATP1B inhibitors is required to confirm their utility (alone and in combination with CPI). GDCA 

and TDCA AUCR showed a significant positive correlation to the magnitude of rosuvastatin DDI 

with rifampicin in the same individuals, but no correlation to CPI interaction. Lack of AUCR 

reproducibility and large inter-individual variability in 24h baseline, confounded by postprandial 

effect, need to be considered when using BAs for evaluation of OATP1B DDIs. Benefits of 

monitoring combined biomarkers (CPI, one bile acid and one fatty acid) need to be confirmed with a 

larger datasets and against other OATP1B clinical probes and perpetrators.  
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Figure legends 

Figure 1: Workflow of the data analysis for the selection of OATP1B endogenous biomarker. * 

denotes analysis based on the previous work reported for CPI (Barnett et al., 2017) 

Figure 2: Box and whisker representation of AUCRs for TDA, HDA, GCA, GDCA, TDCA, CPI, 

CPII and rosuvastatin (RSV) estimated on two occasions in the presence of rifampicin (RIF) or 

rifampicin and rosuvastatin (RSV/RIF). Whiskers represent the 25 and 75% quartiles, ends of the 

whiskers show the minimum and maximum observed concentrations. The median AUCR is 

represented by a horizontal line within the box. 

Figure 3: Individual fraction transported (fT) values calculated for TDA, HDA, GCA, GDCA, TDCA 

and CPIII from two interaction occasions (in the presence of rifampicin (RIF) or 

rosuvastatin/rifampicin (RSV/RIF)). Error bars represent the standard deviation. 

Figure 4: Correlation between the endogenous biomarker AUCR with, A-F) rosuvastatin (RSV) 

AUCR (n=6), G) CPI AUCR (n=10), H) the unbound maximum rifampicin (Cmax,u) concentration in 

the rifampicin occasion (n=7), obtained in the same individuals. Dashed lines represent the 95% 

confidence interval. * Denotes a significant non-zero slope (p<0.05). 

Figure 5: Individual T0 plasma concentrations for TDA, HDA, GCA, GDCA, TDCA and CPIII 

measured on three occasions prior to the administration of rosuvastatin (RSV), rifampicin (RIF) or 

rosuvastatin/rifampicin (RSV/RIF). Error bars represent the standard deviation. 

Figure 6: Reproducibility of DDI magnitude following a single 600 mg dose of rifampicin in the same 

Indian individual’s on two different inhibition occasions (RIF) or rifampicin and rosuvastatin 

(RSV/RIF) and two different groups of Japanese volunteers reported in Takehara et al. (2017) and 

Takehara et al. (2018). Error bars represent the standard deviation.
+
 Denotes an AUCR of >1.25-fold 

difference between occasions in the same individuals. TUDCA represents both THDCA/TUDCA in 

this analysis but TUDCA only in the data from Takehara et al (2017, 2018) studies. GCDCA/GDCA 
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and TCDCA/ TDCA in Takehara et al. (2017, 2018) were measured together and are represented on 

the chart by GDCA and TDCA, respectively. 
 

Figure 7: A) Plasma concentration-time profiles for selected biomarkers in Subject X under baseline 

conditions (rosuvastatin). B-I) Plasma concentration-time profiles of rifampicin, TDA, HDA, GCA, 

GDCA, TDCA, CPIII and CPI in Subject X in the presence of rifampicin (Black line) and 

rosuvastatin/rifampicin (Blue line).  
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Table 1 Summary of AUCR, fT, EBI reproducibility and correlation with rosuvastatin magnitude of rifampicin interaction for selected biomarkers. Numbers 

in parenthesis represent the range across both inhibition occasions.  

Biomarker 

Weighted mean 

AUCR 

Weighted mean fT 

Correlation with 

rosuvastatin AUCR 

Reproducibility of rifampicin EBI 

(AUCR within 1.25-fold) 

TDA 2.8 (2.3-3.9) 0.64 (0.56-0.74)  

HDA 2.4 (1.6-3.3) 0.57 (0.39-0.69)  

GCA 2.1 (1.4-3.8) 0.5 (0.27-0.74)  

GDCA 8.5 (0.68-45) 0.74 (0.46-0.96)  

TDCA 5.1 (1-22.3) 0.59 (0.04-0.95)  

CPIII
a
 3.6 (2.3-6) 0.7 (0.55-0.84)  

CPI 4.3 (3-6) 0.76 (0.66-0.83)  

a
The only biomarker that showed positive correlation with CPI AUCR
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Table 2 CPI baseline AUC and Demographics of participants across several endogenous biomarker clinical interaction studies 

 

Lai et al. 

(2016) 

Kunze et 

al. (2018) 

Takehara et 

al. (2018) 

Liu et al. 

(2018) 
Shen et al. (2018) 

Sex Male Female Male Female Male 

Age 18-45 NR 26-36 NR 26-47 

Ethnicity Indian NR Japanese NR Black White Hispanic 

Black (8),White 

(10), Hispanic (9), 

Am Indian (1) 

SCLO1B1 c.521 

T>C status 
WT NR NR NR NR NR NR 

3 c.521 TC, 25 

c.521 TT (WT) 

No. of subjects 12 12 8 15 4 3 9 14 14 

Mean CPI 

baseline AUC(0-24) 

(nM*hr) 

20.9 14.81* 16.1 24.23 21.08 17.49 15.32 16.88 20.69 

NR Not Reported , WT Wild Type, *Extrapolated from 6 hour study 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 

 

 

 


