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S1. Pharmacokinetic models for test compounds 

Pharmacokinetic models were developed for selected test compounds to inform dose selection in the dynamic 

contrast enhanced magnetic resonance imaging (DCE-MRI) studies, as described below. The one-compartment (Eq. S1–

Eq. S2), two-compartment (Eq. S3–Eq. S5), or three-compartment pharmacokinetic model (Eq. S6–Eq. S9), following 

intravenous (IV) and oral administration, was fitted to available pharmacokinetic data in rat (Table S1). The precision 

of the parameter estimates (% coefficient of variation; CV) was calculated as described previously [1].   

 

One-compartment model: 
𝒅𝑨𝑮(𝒕)

𝒅𝒕
= −𝒌𝒂 ∙ 𝑨𝑮(𝒕)                               

𝒅𝑨𝟏(𝒕)

𝒅𝒕
= 𝑹𝒊𝒏𝒇 + 𝒌𝒂 ∙ 𝑨𝟏(𝒕) − 𝒌𝟏𝟎 ∙ 𝑨𝟏(𝒕)  for 0 < t < Tinf             

𝒅𝑨𝟏(𝒕)

𝒅𝒕
= 𝒌𝒂 ∙ 𝑨𝑮(𝒕) − 𝒌𝟏𝟎 ∙ 𝑨𝟏(𝒕)      for t > Tinf     
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𝒀 = 𝑨𝟏/𝑽𝟏  S2 

 

 

Two-compartment model: 

𝒅𝑨𝟏(𝒕)

𝒅𝒕
= −𝒌𝒂 ∙ 𝑨𝑮(𝒕)                               

𝒅𝑨𝟏(𝒕)

𝒅𝒕
= 𝑹𝒊𝒏𝒇 + 𝒌𝒂 ∙ 𝑨𝑮(𝒕) − (𝒌𝟏𝟎 + 𝒌𝟏𝟐)𝑨𝟏(𝒕) + 𝒌𝟐𝟏 ∙ 𝑨𝟐(𝒕)     for 0 < t < Tinf 
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𝒅𝑨𝟏(𝒕)

𝒅𝒕
= 𝒌𝒂 ∙ 𝑨𝑮(𝒕) − (𝒌𝟏𝟎 + 𝒌𝟏𝟐)𝑨𝟏(𝒕) + 𝒌𝟐𝟏 ∙ 𝑨𝟐(𝒕)          for t > Tinf     

   

𝒅𝑨𝟐(𝒕)

𝒅𝒕
= 𝒌𝟏𝟐𝑨𝟏(𝒕) − 𝒌𝟐𝟏𝑨𝟐(𝒕)                                                               S4 

𝒀 = 𝑨𝟏/𝑽𝟏  S5 

 

Three-compartment model: 

𝒅𝑨𝟏(𝒕)

𝒅𝒕
= 𝑹𝒊𝒏𝒇 − (𝒌𝟏𝟎 + 𝒌𝟏𝟐 + 𝒌𝟏𝟑)𝑨𝟏(𝒕) + 𝒌𝟐𝟏 ∙ 𝑨𝟐(𝒕) + 𝒌𝟑𝟏 ∙ 𝑨𝟑(𝒕)    for 0 < t < Tinf     

𝒅𝑨𝟏(𝒕)

𝒅𝒕
= −(𝒌𝟏𝟎 + 𝒌𝟏𝟐 + 𝒌𝟏𝟑)𝑨𝟏(𝒕) + 𝒌𝟐𝟏 ∙ 𝑨𝟐(𝒕) + 𝒌𝟑𝟏 ∙ 𝑨𝟑(𝒕)        for t > Tinf   
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𝒅𝑨𝟐(𝒕)

𝒅𝒕
= 𝒌𝟏𝟐𝑨𝟏(𝒕) − 𝒌𝟐𝟏𝑨𝟐(𝒕)                                                             S7 

𝒅𝑨𝟑(𝒕)

𝒅𝒕
= 𝒌𝟏𝟑𝑨𝟑(𝒕) − 𝒌𝟑𝟏𝑨𝟑(𝒕)                                                             S8 

𝒀 = 𝑨𝟏/𝑽𝟏  S9 

 

Initial conditions for oral dose and IV bolus (Rinf=0):  

• Oral dose: 𝑨𝑮(𝟎) = 𝒅𝒐𝒔𝒆 ∙ 𝑭, all the other compartments equal to 0; 

• IV bolus: 𝑨𝟏(𝟎) = 𝒅𝒐𝒔𝒆, all the other compartments equal to 0. 

 

Where t is time, An(t) is amount in compartment n at time t; Rinf is IV infusion rate; Tinf is the duration of IV infusion; 

ka, k10, k12, k21, k13 and k31 are rate constants; V1 is volume of compartment 1; F is oral bioavailability; and Y is the meas-

ured drug concentration in plasma or blood. 

These models assume linear kinetics of the test compounds, despite known non-linearity in pharmacokinetics for 

some compounds (e.g., ciclosporin, rifampin). The assumption of linear kinetics allowed simplification of the modelling 

exercise and enabled identification of the model parameters with the available pharmacokinetic data. The models were 

used to simulate test compound concentrations in plasma under different dosing schedules, to determine suitable doses 

for in vivo DCE-MRI studies. 

 

 

 

 

  



 

 

 

Table S1. List of in vivo pharmacokinetic (PK) data in rat used for compartmental model development. 

Compound In vivo PK study design a Reference 

Rifampin 20 mg/kg IV 

20 mg/kg IV 

[2] 

[3] 

Asunaprevir 5 mg/kg IV [4] 

Ciclosporin 5.9 mg/kg IV 

1.7 mg/kg IV 

3.3 mg/kg IV 

6.4 mg/kg IV 

[5] 

[6] 

[6] 

[6] 

Pioglitazone 10 mg/kg PO (Male) 

10 mg/kg PO (Female) 

0.5 mg/kg PO 

5 mg/kg IV 

10 mg/kg PO 

[7] 

[7] 

[8] 

[9] 

[9] 

Bosentan 1 mg/kg IV 

0.1 mg/kg IV 

0.3 mg/kg IV 

1 mg/kg IV 

3.3 mg/kg IV 

10 mg/kg IV 

3.5 mg/kg IV (infusion) 

[10] 

[11] 

[11] 

[11] 

[11] 

[11] 

[11] 
a Intravenous administration is by rapid injection, unless otherwise stated. IV, intravenous; PO, per os (orally). 

 

Simulations were performed to project the inhibition of specific transporters by the test compounds at the specific 

doses under consideration for in vivo studies, and thereby used to define the expected effects of a single IV dose on 

gadoxetate DCE-MRI. These simulations used in vitro concentrations causing 50% of maximal transporter inhibition 

(IC50) or inhibition constant (Ki) data for human and rat hepatobiliary transporters, depending on availability of data 

(Table 2 and Table 3 in main text). The unbound drug concentration in plasma was used as the driving inhibitory con-

centration in these simulations; two potential limitations should be noted for this approach. First, increasing evidence 

supports the “plasma protein-mediated uptake” hypothesis (e.g., [12]), which suggests that the protein-bound drug, as 

well as the unbound drug in plasma, should be considered available for hepatic uptake by transporters. By extension, 

it is feasible that the protein-bound drug in plasma may also be relevant for transporter inhibition, although relevant 

evidence for this is limited. Second, the in vivo liver concentrations of some test compounds are higher than plasma 

(e.g., ciclosporin [5]), and therefore use of the unbound plasma concentration may lead to under-prediction of trans-

porter inhibition in these simulations. Physiologically-based pharmacokinetic (PBPK) modelling of the test compounds 

may enable projection of the unbound liver concentration, but this was considered out-of-scope for the current study.  

Model fitting and simulations were performed in Matlab (Mathworks, Natick, MA). When needed, pharmacoki-

netics data from published literature were digitized using GetData Graph Digitizer (http://getdata-graph-digi-

tizer.com/).  

 

 

  



 

 

S1.1. Rifampin 

Rifampin is a well-known, clinically used, inhibitor of organic anion transporting polypeptide 1B1 (OATP1B1; 

SLCO1B1) when administered as single dose, [13,14]. When administered therapeutically to humans, rifampin has been 

reported to cause both relatively frequent asymptomatic plasma bilirubin elevations and rare symptomatic cholestatic 

liver injury [15]. The interaction effect of rifampin on gadoxetate DCE-MRI has been previously studied in rat, including 

for a 10 mg/kg rifampin IV dose in a previous study by the TRISTAN consortium [1]. The 10 mg/kg IV dose of rifampin 

caused extensive reduction in the gadoxetate-dependent delta R1 in liver, compared to control animals that received 

saline instead of rifampin. Further, another recent study reported a dose-dependent response (between 1 mg/kg and 20 

mg/kg rifampin) of the gadoxetate DCE-MRI relative enhancement profile in liver following administration of rifampin 

[16]. Thus, the effect of a lower IV dose of rifampin on gadoxetate DCI-MRI was also evaluated in the current study. 

Based on reported data by Karageorgis et al., (2018), a 2mg/kg dose of rifampin was selected to achieve a moderate 

effect of rifampin on gadoxetate DCE-MRI profiles in liver. Pharmacokinetic data for rifampin in rat after 2 mg/kg IV 

dose were not available. A one-compartment pharmacokinetic model for rifampin was developed using published in 

vivo data in rat [2,3]. Model parameter estimates are presented in Table S2. Simulations performed using the model 

suggested that the plasma concentration of rifampin at 1 h after rifampin IV infusion is expected to be between 2µM 

and 3µM (Figure S1). Such concentrations are slightly lower than typical rifampin maximum plasma concentration 

(Cmax) measured in clinical studies (4–20 µM; [17] ). The pharmacokinetic model for rifampin was developed using 

data generated following a 20 mg/kg dose in rat [2,3], which is 10-fold higher than the simulated dose (2 mg/kg). In 

addition, rifampin has non-linear pharmacokinetics. Therefore, the model-based projections for rifampin concentrations 

in rat plasma must be treated with caution. 

Table S2. Parameter estimates and precision for one-compartment model for rifampin in rat. 

Parameter Value Precision (%CV) 

k10 (1/h) 0.294 10% 

V1 (mL) 182.1 4% 

  

Figure S1. Simulated plasma concentration-time profiles of rifampin in rat after intravenous administration using a two-

compartment pharmacokinetic model. The model was developed by fitting the model to pharmacokinetics data from two studies, 

following single dose, IV administration of 20 mg/kg rifampin Panel A: [2], Panel B: [3]. The developed model was used to simulate 

rifampin plasma-concentration in rat after IV administration of 2 mg/kg rifampin (Panel C). 

S1.2. Asunaprevir 



 

Asunaprevir is an inhibitor of hepatic OATP1B transporters in vitro (Table 3 in main text), and caused a modest 

drug–drug interaction with OATP1B substrate rosuvastatin (ratio of area under the plasma concentration-time curve 

(AUC) between the presence and absence of inhibitor (AUCR) < 2-fold; [18]. In patients with hepatitis C virus infection, 

administration of asunaprevir in combination with daclatasvir has been reported to cause rare liver injury, liver injury, 

cholecystitis, and disseminated intravascular coagulation with a fever and skin rash, which is suggestive of an immu-

noallergic mechanism [19].  

Asunaprevir dosing for the gadoxetate DCE-MRI study in rat was established using pharmacokinetic modelling, 

to find a dose that would achieve the primary aim of obtaining clinically relevant total drug concentrations of asuna-

previr in rat plasma at the time of initiating gadoxetate DCE-MRI. The model was also used to project the in vivo inhi-

bition of the hepatic Oatp1 transporter in rat at the selected dose, based upon in vitro OATP1B1 IC50 data for asunaprevir 

(Eq. S10) 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑒𝑟 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 =  
1

1+
𝐶𝑝∙𝑓𝑢

𝐼𝐶50

  S10 

 

A two-compartment pharmacokinetic model (Table S3) was developed for asunaprevir, through fitting to pub-

lished plasma concentration-time data in rat, following IV administration of 5 mg/kg asunaprevir [4]. Model simulations 

projected that 0.5 h after a 5 mg/kg IV dose, the plasma concentration of asunaprevir would be within the clinically 

relevant range (Figure S2, Panels A and B). Further, 0.5 h after administration of 5 mg/kg asunaprevir, the simulations 

project a minor inhibition of hepatobiliary transporters based on IC50 data for the human transporters (Figure S2, Panel 

C), while modest inhibition of rat Na+-taurocholate cotransporting polypeptide (rNtcp; Slc10a1) was simulated (Figure 

S2, Panel D). 

 

Table S3. Parameter estimates and precision (% coefficient of variation; CV) for two-compartment model a for asunaprevir in rat. 

Parameter Value Precision (%CV) 

k10 (1/h) 6.79 19% 

k12 (1/h) 3.71 27% 

k21 (1/h) 1.60 34% 

V1 (mL) 96.0 17% 
a See Eq. S3–Eq. S5 

    

 



 

Figure S2. Simulated plasma concentration-time profiles of asunaprevir and projected transporter inhibition in rat after 

intravenous administration using a two-compartment pharmacokinetic model. Panel A: Model fit to pharmacokinetics data 

following single dose, IV administration of 5 mg/kg asunaprevir [4]. Panel B: Simulated asunaprevir plasma concentration in rat 

after 5 mg/kg dose in comparison to clinical steady-state drug concentrations [20]. Panel C: Projected fraction of transporter activity 

remaining-time curves following asunaprevir 5mg/kg IV dose in rat, based on human transporter IC50 data. Panel D: Projected 

fraction of transporter activity remaining-time curves following asunaprevir 5 mg/kg IV dose in rat, based on rat transporter IC50 

data. 

 

S1.3. Ciclosporin 

Ciclosporin is an inhibitor of hepatic transporters, including OATP1B and multidrug resistance-associated protein 

(MRP)2 (ABCC2), in vitro (Table 2 and 3 in main text); OATP1B1 inhibition is considered to mediate the clinical drug-

drug interaction between ciclosporin and pitavastatin [21]. Ciclosporin administration to patients may cause dose-re-

lated hyperbilirubinaemia, which commonly is asymptomatic and reversible on dose reduction [22].  

Ciclosporin exhibits non-linear binding to erythrocytes in blood [23], with pharmacokinetics data typically re-

ported as blood concentration data, rather than plasma concentration data. Therefore, a pharmacokinetic model for 

ciclosporin was developed using blood concentration measurements in rat following IV administration (Figure S3, Ta-

ble S4). Subsequently, unbound concentrations of ciclosporin were calculated as previously reported (Eq. S11)  [23].  

𝑪𝒖 = 𝟎. 𝟓 ∙ [𝑪𝑩 − {(𝟏 − 𝑯𝒄𝒕) ∙ 𝒇𝒖 + 𝑯𝒄𝒕} ∙ 𝑲𝑫 − 𝑯𝒄𝒕 ∙ 𝒏𝑷𝑻

+ {(𝑪𝑩 − {(𝟏 − 𝑯𝒄𝒕) ∙ 𝒇𝒖 + 𝑯𝒄𝒕 ∙ 𝑲𝑫 − 𝑯𝒄𝒕 ∙ 𝒏𝑷𝑻)𝟐 + 𝟒

∙ {(𝟏 − 𝑯𝒄𝒕) ∙ 𝒇𝒖 + 𝑯𝒄𝒕} ∙ 𝑲𝑫 ∙ 𝑪𝑩}
𝟏
𝟐] / {(𝟏 − 𝑯𝒄𝒕) ∙ 𝒇𝒖 + 𝑯𝒄𝒕} 

S11 

  

Where Cu, CB, Hct, fu, KD, and nPT are the unbound concentration, blood concentration, haematocrit, fraction unbound 

in plasma, erythrocyte dissociation constant (0.158 µg/ mL), and binding capacity (4.64 µg∙Eq/mL), respectively.  

 

Figure S3. Simulated blood concentration-time profiles of ciclosporin using a three-compartment pharmacokinetic model, 

compared with the in vivo data used for model fitting. The observed data were obtained following IV administration of 

ciclosporin. Study 1: [5]; studies 2, 3 and 4: [6].  

 

Table S4. Parameter estimates and precision (% coefficient of variation; CV) for three-compartment model a for ciclosporin in rat. 



 

Parameter Value Precision (%CV) 

k10 (1/h) 0.881 6% 

k12 (1/h) 13.8 17% 

k21 (1/h) 14.6 16% 

k13 (1/h) 4.64 7% 

K31 (1/h) 0.715 9% 

V1 (mL) 63.5 3% 
a See Eq. S6–Eq. S9 

 

Simulations projected that the blood concentration of ciclosporin in rat would be comparable to clinically reported 

blood concentrations one hour after 5 mg/kg IV administration of ciclosporin (Figure S4, Panel A). Projections of the in 

vivo inhibition effects of ciclosporin accounted for the wide variability in reported in vitro transporter inhibition data 

in literature sources, in particular considering the effects of pre-incubation [24]. At one hour after ciclosporin admin-

istration, > 75% inhibition of OATP1B transporters was predicted, while minimal inhibition of MRP2 was predicted.  

 

 

Figure S4. Simulated plasma concentration-time profiles of ciclosporin and projected transporter inhibition in rat after intravenous 

administration using a three-compartment pharmacokinetic model. Panel A: Simulated ciclosporin blood concentration in rat after 

5mg/kg dose in comparison to clinical steady-state drug concentrations [25]. Panel B: Projected fraction of transporter activity 

remaining-time curves following ciclosporin 5mg/kg IV dose in rat, based on transporter IC50 data.  

 

S1.4. Ketoconazole 

Ketoconazole has well-reported hepatotoxicity, which typically is of hepatocellular pattern, and rarely is associated 

with cholestasis; the most frequent consequence is mild and reversible asymptomatic liver injury, although severe liver 

damage may arise rarely [26]. Although ketoconazole can be shown to inhibit OATP1B in vitro (Table 3 in main text), 

such inhibition is unlikely to cause drug–drug interactions in the clinical setting [27]. Ketoconazole also did not inhibit 

MRP2 in vitro. The pharmacokinetics of ketoconazole in rat after IV administration was reported previously [28], and 

indicated that 30 min after administration of 3 mg/kg ketoconazole, the plasma concentration (4 µM) was within the 

clinical Cmax (7 µM) and Ctrough (0.2 µM) [29]. 

 

S1.5. Pioglitazone 

Pioglitazone is a bile salt export pump (BSEP; ABCB11) inhibitor in vitro, which has been reported to cause ex-

tremely infrequent hepatocellular-cholestatic drug-induced liver injury (DILI) [30]. Pioglitazone is considered to pose 

markedly less clinical DILI concern than many other BSEP inhibitors, such as troglitazone and bosentan [31]. In vivo 



 

pharmacokinetics data in rat for pioglitazone are limited. Therefore, pharmacokinetics data following oral administra-

tion was included in the model development for pioglitazone, to support parameter estimation. A one-compartment 

pharmacokinetic model was developed (Figure S5 and Table S5). Subsequently, simulations were performed at various 

doses to establish a dose that would achieve clinical plasma exposure in rat for the DCE-MRI study (Figure S6, Panels 

A and C). Based on these simulations, the 0.4 mg/kg IV dose, administered 30 min prior to DCE-MRI, was selected for 

the current in vivo experiments. Simulations suggest that minimal inhibition of OATP1B and other transporters would 

be expected at the selected 0.4 mg/ kg dose (Figure S6, Panels B and D). 

 

    

Figure S5. Simulated blood concentration-time profiles of pioglitazone using a one-compartment pharmacokinetic model (with 

depot compartment for oral administration), compared with the in vivo data used for model fitting. The observed data were 

obtained following IV or oral administration of pioglitazone. Studies 1 and 2: [7]; study 3 [8]; studies 4 and 5: [9]. 

 

Table S5. Parameter estimates and precision (% coefficient of variation; CV) for two-compartment model a for pioglitazone in rats. 

Parameter Value Precision (%CV) 

ka (1/h) 1.2 39% 

F 0.66 19% 

k10 (1/h) 0.17 26% 

V1 (mL) 88 13% 
a See Eq. S3–Eq. S5 

 



 

 

Figure S6. Simulated plasma concentration-time profiles of pioglitazone (Panel A and C) and projected transporter inhibition 

(Panel C and D) in rat after intravenous administration, using a one-compartment pharmacokinetic model. Panels A and B show 

simulations for a 0.21 mg/kg IV dose of pioglitazone; Panels C and D show simulations for a 0.4 mg/kg IV dose of pioglitazone. The 

grey shaded areas in Panels A and C represent the clinical steady state trough (Cmin,ss) and maximum (Cmax,ss) concentrations of 

pioglitazone for a 30 mg QD dosing of pioglitazone [32].   

 

S1.6. Bosentan 

Bosentan is associated with mild liver dysfunction in about 10% of treated patients, and also with rare, severe 

hepatotoxicity, which may result in liver failure [33]; indeed, the USFDA approved prescribing information includes a 

so-called black boxed warning for hepatotoxicity [34]. Two- and three-compartment pharmacokinetic models were eval-

uated to describe the in vivo pharmacokinetics data for bosentan in rat (Figure S7 and Figure S8, and Table S6 and 

Table S7). The three-compartment model could achieve a fitting that appeared better than the two-compartment model, 

based on visual check. Conversely, estimates of the k13 and k31 rate constants for the three-compartment model had poor 

precision (Table S7), and the parameter estimates of the three-compartment model were highly sensitive to initial esti-

mates (not shown). Therefore, the two-compartment model was selected as being more reliable for subsequent simula-

tions. Simulations using the two-compartment model were performed at various doses, to establish a dose that would 

achieve clinical plasma exposure in rat for the DCE-MRI study (Figure S9, Panel A). A 2 mg/kg IV dose, administered 

60 min prior to DCE-MRI, was selected for the current in vivo experiments. At this dose, minimal OATP1B inhibition 

was projected by the simulations (Figure S9, Panel B). 

 



 

 

Figure S7. Simulated plasma concentration-time profiles of bosentan using a two-compartment pharmacokinetic model, compared 

with the in vivo data used for model fitting. The observed data were obtained following IV administration of bosentan. Study 1: 

[10]; studies 2 to 7: [11]. 

 

 

Table S6. Parameter estimates and precision (% coefficient of variation; CV) for two-compartment model a for bosentan in rats. 

Parameter Value Precision (%CV) 

k10 (1/h) 5.0 11% 

k12 (1/h) 3.8 45% 

k21 (1/h) 3.5 48% 

V1 (mL) 32 13% 
a See Eq. S3–Eq. S5 

 

 

 



 

 

Figure S8. Example simulated plasma concentration-time profiles of bosentan using a three-compartment pharmacokinetic model 

and parameter estimates listed in Table S7, compared with the in vivo data used for model fitting. The observed data were 

obtained following IV administration of bosentan. Study 1: [10]; studies 2 to 7: [11]. 

 

Table S7. Example a parameter estimates and precision (% coefficient of variation; CV) for three-compartment model b for bosentan 

in rats. 

Parameter Value Precision (%CV) 

k10 (1/h) 5.1 31% 

k12 (1/h) 6.1 34% 

k21 (1/h) 4.3 43% 

k13 (1/h) 0.90 78% 

K31 (1/h) 0.13 560% 

V1 (mL) 26 20% 
a Parameter estimates were highly sensitive to initial estimates; b see Eq. S6–Eq. S9 

 



 

 

Figure S9. Simulated plasma concentration-time profiles of bosentan (Panel A) and projected transporter inhibition (Panel B) in rat 

after 2 mg/kg intravenous administration, using a two-compartment pharmacokinetic model. The grey shaded area in Panel A 

represents the clinical steady state trough (Cmin,ss) and maximum (Cmax,ss) concentrations. 

S2. Preparation of test compounds for intravenous injection 

Table S8. Formulation of test compounds for intravenous injection 

Test compound (dose) Preparation 

Rifampicin (2 mg/kg) Eremfat®  300 mg tablet dissolved in 5 mL water-for-injection (WFI) to pro-

duce a 60 mg/mL solution. Dilute the 60 mg/mL solution 1:30 in saline to 

produce a 2 mg/mL solution. Inject 1 mL of 2 mg/mL solution per kg body-

weight   

Asunaprevir (5 mg/kg)  Asunaprevir dissolved in 9:1 PEG-400/ethanol solution for injection. 

Bosentan (2 and 4–6 

mg/kg) 

Bosentan 1 mg dissolved in 50 µL of 95% ethanol, then add 20–50 µL of 

Tween80 and add WFI to a total volume of 1 mL (1 mg/mL solution). Inject 

2 mL of 1 mg/mL per kg bodyweight.  

Ciclosporin (5 mg/kg) Sandimmune, Novartis, (50 mg/mL) diluted 1:10 in saline. Inject 1 mL of 5 

mg/mL solution per kg bodyweight. 

Ketoconazole (3 mg/kg) Ketoconazole HRA 200 mg tablet crushed to fine powder and subsequently 

dissolved in 40 mL of 9:1 PEG400:propylene glycol solution to produce a 5 

mg/mL solution. Inject 0.6 mL of 5 mg/mL solution per kg bodyweight. 

Pioglitazone (0.4 mg/kg) Pioglitazone dissolved in 5% ethanol/ 70% (10%) 2-hydroxypropyl-β-cy-

clodextrin (HPCD)/ 25% saline for injection. 

S3. Representative MRI images showing region of interest selection 

 

Figure S10. Representative series of gadoxetate dynamic contrast enhanced (DCE) images, showing manually selected regions of 

interest, covering liver (yellow, top panels) and spleen (red, bottom panels) in rat. 

S4. Alternative modelling assumptions for inhibition of hepatobiliary efflux in PBPK model 



 

The contribution of the inhibition of efflux transporters to drug–drug interactions is challenging to understand, 

with limited previous efforts in the literature. In particular, the in vivo consequences of such inhibition are challenging 

to delineate, even when typical in vivo pharmacokinetics data are available (e.g., [35]). As such, there is a lack of con-

sensus of best practice on this topic. One challenge is the assumption of the operational concentration to drive the inhi-

bition of efflux transporters within PBPK modelling framework. Assumptions of this operational concentration of per-

petrator could include the unbound plasma concentration (e.g., [36]) or the unbound intracellular concentration (e.g., 

[37,38]). Here, PBPK predictions of test compound effects on gadoxetate DCE-MRI are performed, with alternative as-

sumptions of (a) no inhibition of hepatobiliary efflux by the test compounds, and (b) inhibition of hepatobiliary efflux 

is driven by the unbound concentration of the test compound in the hepatocyte. In the case of (b), the intracellular 

concentration was modelled using the unbound concentration ratio between hepatocyte and plasma of the test com-

pound (Kpuu; Table S9), from literature and the pharmacokinetic models in Section S1 (above).  

 

𝐶𝐿𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑒𝑟,𝑖𝑛ℎ =
𝐶𝐿𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑒𝑟

1 + 𝑐𝑢,𝑝(𝑡) × 𝐾𝑝𝑢𝑢/𝐼𝐶50
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Table S9. Kpuu data for test compounds, collated from literature 

Test compound Kpuu Reference 

Rifampicin  15.9 [39] 

Asunaprevir  11.5 [40] 

Bosentan  3 [41] 

Ciclosporin  17 [41] 

Ketoconazole  1 [41] 

Pioglitazone  No data found - 

 

 

Figure S11. Impact of different assumptions of test compound inhibition of hepatobiliary efflux transport (𝐶𝐿𝑏𝑖𝑙𝑖𝑎𝑟𝑦) on simulated 

gadoxetate DCE-MRI profiles in liver for selected test compounds. Simulations of the control phase (absence of test compound) are 

also presented for reference. 

  



 

S5. Modelling of input function for tracer-kinetic (TK) model 

 

The tracer-kinetic model takes the time-dependent plasma concentration of gadoxetate (cp(t)) as input function 

(see Equation 6 in main text). Considering the difficulty in reliably measuring cp(t) in small animals, the TK model used 

in this study implemented a standardized cp(t), derived from a simplified, two-compartment model of the rat circula-

tion, as shown in Figure S12.Within this model, literature values for rats are used for all constants, as shown in Table 

S10. In Figure S13, observed gadoxetate time profiles in rat livers are shown against profiles fitted using the TK model 

with this standardized cp(t) incorporated. 

 

Figure S12. Tracer-kinetic model for blood concentrations in rats. PS = whole body permeability-surface for gadoxetate; VP = whole 

body plasma volume; VE = whole body extracellular volume; K = GFR + (Ktrans)(VL), where GFR is the glomerular filtration rate, 

Ktrans is the hepatic plasma clearance rate, and VL is the liver volume. 

 

Table S10. Sources of literature values used for the simplified model of rat circulation shown in Figure S12 

Variable Value Reference 

PS 0.172 mL-S 
Estimated from study data using the PBPK model from 

Table 3 in [1] 

Haematocrit, Hct 0.418 [42] 

Whole body blood volume, 

VB 
15.8 mL When assuming a body weight of 250 g [43] 

Whole body extracellular 

volume, VE 
30 mL [1] 

Glomerular filtration rate, 

GFR 
0.023 mL-S [44] 

Liver volume, VL 8.47 mL [1] 

 

 

 

 



 

 

Figure S13. Fitted versus observed liver ΔR1-time profiles for different sites (D, E, G1, and G2) and perpetrators (asunaprevir, 

bosentan, ciclosporin, ketoconazole, pioglitazone, and rifampicin). The tracer-kinetic model was fitted to the mean observed liver 

profiles, using a standardised ca(t) derived from a simplified model of rat circulation as input function. Observed data represent 

mean average profiles over all rats per site, with the error bars representing the standard deviation.  

 



 

 

S6. Comparison of transport parameters between PBPK and tracer-kinetic model 

Table S11. Comparison of the definition, units, and values of gadoxetate transport parameters between the physiologically-based pharmacokinetic model and the tracer-kinetic 

model, in the original form used by each model, and a ‘unified’ set of units/definition that allows direct comparison of the values. 

Physiological process Hepatic uptake Hepatobiliary efflux 

Model PBPK TK PBPK TK 

Parameter CLuptake khe CLbiliary kbh 

Original units L/ h mL/ min/ mL tissue volume L/ h mL/ min/ mL tissue volume 

Original reference concentration 
Unbound concentration in 

liver interstitial fluid 

Total concentration in liver 

interstitial fluid 

Unbound concentration in 

the hepatocytes 

Total concentration in 

hepatocytes 

Original value 2.17 a 1.31b 0.07 a 0.14b 

     

Unified units c mL/min mL/min 

Unified reference concentration Total concentration in the liver interstitial fluid Total concentration in hepatocytes 

New value 36.2 11.1 0.756 1.19 

Fold difference d 3.3-fold 0.63-fold 

a Table 3 in [1]; b mean of all animals in the current study in absence of test compound; c assumptions: (i) liver volume is 8.47 mL, derived from Table S2 in [1], (ii) gadoxetate has 

negligible binding to plasma proteins such as albumin [45], (iii) PBPK model assumes fraction unbound in hepatocytes is 0.648 [1]; d calculated as 
𝑃𝐵𝑃𝐾

𝑇𝐾
 . PBPK, physiologically-based 

pharmacokinetic; TK, tracer-kinetic; CLuptake, active uptake clearance; khe gadoxetate transport from the extracellular space into hepatocytes; kbh gadoxetate transport from hepatocytes 

into bile 
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