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INTRODUCTION

The well-stirred hepatic clearance model (WSHM) has been expanded to include drug 

transporters (i.e. extended clearance model [ECM]). But, the consequences of this expansion 

in understanding when transporters vs. metabolic enzymes will affect the PK and PD of 

drugs remains opaque. Identifying the rate-determining step(s) in systemic or tissue drug 

PK/PD will allow accurate predictions of drug PK/PD and drug-drug interactions (DDIs). 

Here we clarify the implications of the ECM on PK/PD of drugs.

COMMENTARY

Models describing hepatic clearance of drugs have provided significant insight into hepatic 

drug disposition including when intrinsic metabolic clearance or hepatic blood flow play a 

significant role in determining the hepatic drug clearance (henceforth called the rate-

determining step). However, a major limitation of these models (e.g. WSHM, Eq. 1) is the 

assumption that the unbound drug concentrations in the blood and the liver are in 

instantaneous equilibrium. This assumption is correct for drugs that are lipophilic and are 

not transported across the sinusoidal membrane. But, this assumption is not correct for drugs 

that are transported by the sinusoidal transporters or have poor permeability across the 

sinusoidal membrane. With the discovery of transporters present on the sinusoidal and 

canalicular membranes that are important in the disposition of many drugs, these models 

need to be modified. While we (1) and others (2, 3) have described the ECM (Eq. 2, Fig. 

1A), where the WSHM has been modified to include transporters, the consequences of this 

modification in understanding the PK/PD of drugs remains opaque. In this commentary we 

clarify the implications of the ECM on drug PK/PD through theoretical simulations followed 

by in vivo examples of drugs that exhibit paradoxical PK/PD behavior in the clinic that 
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cannot be explained by the WSHM. While the focus is on the liver, the principles enunciated 

here apply to any organ where transporters are expressed (e.g. kidney, blood-brain barrier).

(1)

(2)

Scenario 1: When does sinusoidal uptake clearance determine hepatic clearance of drugs?

Atorvastatin (ATV) (logD = 1.53) is extensively cleared by CYP3A4 (fm > 0.85) and has 

negligible extra-hepatic clearance. It is also a substrate of sinusoidal uptake transporters, 

mainly OATPs (4). According to the WSHM one would predict that inhibition of CYP3A4 

would result in a significant increase in ATV plasma concentrations. But this is not the case. 

IV administration of itraconazole (a CYP3A4 inhibitor) does not affect plasma ATV AUC, 

while a single oral dose of rifampin (an OATP inhibitor but a weak CYP3A4 inhibitor) 

increases ATV plasma AUC by ~12-fold (5).

While the WSHM cannot explain the above paradoxical findings, the ECM can. When a 

drug enters the liver and is metabolized or excreted into the bile faster than the drug can exit 

the liver through the sinusoidal membrane, the loss of the drug from the systemic circulation 

will be determined only by sinusoidal uptake. That is, when metabolic (CLmet) plus 

canalicular efflux clearance (CLc
ef) are much greater than sinusoidal efflux clearance 

(CLs
ef), the liver acts as a sink, and thus sinusoidal influx clearance (CLs

in) becomes the 

rate-determining step in the hepatic clearance of the drug. Under this scenario, the ECM 

model (Eq. 2) simplifies such that CLs
in (as well as fup and Qh) determine hepatic clearance 

(Eq. 3 and Supplementary derivation).

(3)

This scenario is most likely to occur for a drug with permeability restrictions that is 

transported by sinusoidal membrane transporters. Since ATV is transported into the liver by 

OATPs and is extensively and rapidly metabolized by CYP3A enzymes, its hepatic clearance 

is rate-determined by CLs
in by OATPs and not by CLmet. Therefore, inhibition of OATPs 

results in a 12-fold increase in systemic ATV AUC while inhibition of CYP3A does not 

affect systemic ATV AUC. In essence, there is a disconnect between the hepatic and 

systemic drug concentrations. As described below, the consequences of this disconnect with 

respect to impact of transport/metabolic DDI’s and SNPs on systemic PK or PD (in the 

liver) are profound.
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At first sight, one would predict that rifampin, due to its inhibition of OATPs, would 

decrease the hepatic exposure to ATV. However, the ECM predicts this will not be the case 

because ATV is cleared solely by the liver. Therefore, although its hepatic clearance is 

reduced by rifampin, ATV is eventually entirely cleared by the liver and thus the hepatic 

exposure to the drug (i.e. hepatic AUC) is not affected (Fig. 1B&C). In addition, the 

increased systemic concentration works against a change in hepatic drug concentration. For 

example, if CLs
in is decreased by 10-fold then systemic concentrations must increase by 10-

fold which makes the amount of drug per time (or flux) entering the liver unchanged. This is 

an example of a disconnect between hepatic PK (and therefore hepatic PD) and systemic 

PK. If the cholesterol effect of ATV is dependent on only its hepatic AUC (and not Cmax), 

then its PD effect will not be altered even when OATPs are inhibited or have reduced 

function (e.g. SNPs). Indeed, patients with the OATP1B1 polymorphism c.521T>C had no 

change in their LDL cholesterol lowering effect of ATV even though there was a 1.6–2.5-

fold increase in plasma ATV AUC (6). But, while ATV PD effect is not affected, higher 

systemic concentrations of ATV may lead to off-target toxicity, such as muscle myopathy. 

While inhibition of CLs
in only impacts systemic AUC and not hepatic AUC, the hepatic 

Cmax and Tmax (Fig. 1B&C) will change as shown by our rosuvastatin PET imaging study 

(7). It is important to recognize that inhibition of CLs
in not affecting hepatic drug AUC holds 

true for drugs predominately eliminated by the liver since presence of a significant 

secondary route (e.g. renal elimination) will change the fraction of drug available to the 

liver, and thus change hepatic exposure (Fig. 1C&F). Of note, inhibition of CLmet and CLc
ef 

will increase hepatic AUC independent of the routes of elimination (Fig. 1D&G).

Contrary to OATP inhibition, inhibition of CYP3A metabolism is not expected to alter 

systemic ATV concentrations but it should increase hepatic exposure and thus its PD effect. 

Indeed, patients that have homozygous CYP3A5*3 allele (low or undetectable CYP3A5 

expression) have significantly higher serum total cholesterol reduction (8). The improved PD 

response is due to higher hepatic ATV concentrations, even if the systemic ATV 

concentrations remain unchanged (Fig. 1B&D). Again, there is a disconnect since impact of 

SNPs on enzyme function does not manifest in systemic drug concentrations but it does 

reflect changes in hepatic PD. Interestingly, when ATV is given with an oral dose of 

itraconazole there is a 1.5-fold increase in systemic ATV concentrations (4). This somewhat 

unexpected result is not due to a decrease in the liver’s ability to eliminate systemic drug but 

rather it is a decrease in the gut extraction which increases drug bioavailability (Fig. S1B).

Scenario 2: When does metabolic clearance determine hepatic clearance of drugs?

The common observation where metabolic enzymes (vs. transporters) determine the hepatic 

clearance of a drug occurs when the drug has high permeability across the sinusoidal 

membrane. When drugs can readily diffuse across the plasma membrane, the sinusoidal 

membrane effectively becomes “transparent” (i.e. not a barrier). Now systemic 

concentrations will reflect the loss of drug from the liver via metabolism. In other words, 

CLmet will be the rate-determining step in hepatic clearance when CLs
in and CLs

ef are equal 

and much larger compared to CLmet (Fig. S2 and Supplementary derivation). For example, 

midazolam (logD = 3.48) is extensively metabolized by CYP3A enzymes and is not a 
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substrate of sinusoidal or canalicular transporters. Therefore, the observed CYP3A DDI with 

protease inhibitors ritonavir and nelfinavir can be fully explained via the WSHM (Eq. 1).

Scenario 3: When do canalicular plus metabolic clearances determine hepatic clearance of 
drugs?

As described above, when the drug permeability is high such as the sinusoidal membrane 

becomes “transparent”, both CLmet and CLc
ef will determine systemic concentrations (Eq. 5, 

Fig. S2, and Supplementary derivation). For example, docetaxel (logD = 3.03) is a substrate 

of CYP3A enzymes, glutathione S-transferase, P-gp, MRP2, and OATP1B3 (4). In 

Mdr1a/1b−/−, Cyp3a−/−, and dual Cyp3a−/−/Mdr1a/1b−/− mice, docetaxel systemic AUC is 

increased 2-fold, 4.9-fold, and 17-fold, respectively (4). This example illustrates how 

inhibition of either CLc
ef or CLmet results in an increase in systemic concentrations. Notice 

how not accounting for canalicular transport can cause an overestimation of the impact of 

metabolism on drug disposition for inhibitors that are dual transporter/enzyme inhibitors. 

For a more detailed discussion on transport – enzyme interplay, see Endres et al (1).

(5)

Scenario 4: When do all hepatobiliary clearances determine hepatic clearance of drugs?

While scenarios 1–3 describe the extremes, many drugs will have characteristics (moderate 

or low passive diffusion or relatively low metabolic/biliary clearance) where their systemic 

clearance will be determined by both transport (sinusoidal/canalicular) and metabolism (Fig. 

S3 and Supplementary derivation). Therefore, the full ECM (Eq. 2) will be needed to predict 

the in vivo clearance of these drugs or the pact of DDI or SNPs on this clearance. For 

example, repaglinide (logD = 2.6) is a substrate of CYP2C8 (fm=0.7), CYP3A4 (fm=0.3), 

and OATP1B1 (4). Patients with OATP1B1 polymorphism c.521T>C had a 2.9-fold increase 

in systemic AUC (4). Co-administration of trimethoprim (a selective CYP2C8 inhibitor, but 

not a CYP3A or OATP inhibitor) or itraconazole increased repaglinide systemic AUC 1.6-

fold and 1.4 fold, respectively (4). These studies demonstrate that both CLs
in and CLmet are 

important determinants of repaglinide systemic clearance. Therefore, repaglinide DDI with 

gemfibrozil (CYP2C8 and OATP1B1 inhibitor) and cyclosporine (OATP1B1 and CYP3A4 

inhibitor) which lead to an 8.0-fold and 2.4-fold increase in systemic repaglinide AUC, 

respectively, is a reflection of dual transporter and enzyme DDI (Ref 4 and see Fig. S3 for 

further details). Due to space constraints, consequences of inhibition of only CLs
ef are not 

presented here but are described in Table 1 and Fig. S3.

How does one measure sinusoidal, canalicular, and metabolic clearances for incorporation 
into the ECM?

As discussed above, quantifying various clearances pathways is necessary to predict the rate-

determining step(s) in hepatic clearance of drugs. CLmet can be quantified using human liver 

microsomes (HLM’s). CLs
in, CLs

ef, and CLc
ef can be quantified using sandwich-cultured 

human hepatocytes (SCHH) but the use of SCHH can be cumbersome with low or no CLc
ef 

depending on SCHH quality. Therefore, emphasis should be placed in developing alternative 
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quantification methods. We and others have proposed such an alternative method, namely a 

bottom-up proteomics approach using activity data in transfected cells lines which can be 

scaled up to that in vivo using transporter protein expression in both human tissues and the 

transfected cells lines (9). Others have proposed in silico methods utilizing drug dependent 

parameters (for example the Extended Clearance Classification System) to classify drugs 

into categories of rate-determining step(s) (10). Collectively, these methods will help 

advance the predictions of PK and tissue concentration of drugs and the impact of DDIs and 

SNPs on these predictions.

SUMMARY

The ECM can help predict whether transporters or metabolic enzymes or both will be 

important in PK and tissue concentration of drugs and the impact of DDIs and SNPs on 

these predictions (Table 1, S4–6 animations). The concepts discussed here can be extended 

to other tissues important in drug disposition, (e.g. kidneys and brain).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) The extended clearance model (ECM) for hepatic disposition of a drug is described by 

sinusoidal influx (CLs
in) and efflux clearances (CLs

ef), canalicular efflux (biliary) clearance 

(CLc
ef), metabolic clearance (CLmet), hepatic blood flow, Qh, and fraction unbound of the 

drug in the blood/plasma (fu). Transport at the sinusoidal membrane is represented by both 

active transport and passive diffusion while only active transport is assumed at the 

canalicular membrane. System represents the systemic circulation, while plasma refers to the 

hepatic plasma. CLother represents extra-hepatic CL and is assumed to be negligible for Figs 

1B–D but significant for Figs 1E–G. B–G) The red and blue lines represent the systemic and 

hepatic drug concentration-time profile, respectively. The blue and red shaded areas 

represent the systemic and hepatic drug AUC, respectively. B) When CLs
ef is much smaller 

than CLmet plus CLc
ef, the liver effectively acts as a sink, which causes hepatic CL (as 

determined by systemic plasma/blood concentrations) to be rate-determined by CLs
in 

(Scenario 1). C) Therefore, inhibition of CLs
in will increase the systemic AUC of the drug 

but its hepatic AUC will not change. However, the shape of the hepatic drug concentration-

time profile (e.g. Cmax and Tmax) will be altered. D) In contrast, when CLmet (or CLc
ef) is 

inhibited, the systemic AUC of the drug will not increase but the hepatic AUC will. The 

following values were used for simulation for parts B–D: CLs
in = 1 L/min, CLs

ef = 0.1 L/

min, CLmet + CLc
ef = 1.2 L/min, CLother= 0 L/min and Qh was set arbitrarily at 1 L/min. 

90% inhibition of CLs
in or CLmet + CLc

ef was simulated. E) Presence of significant extra-

hepatic CL (CLother >> 0) of the drug depicted in B will decrease the fraction of drug 

eliminated via the liver. F) As a result, compared with the drug in B, inhibition of CLs
in will 

result in a smaller increase in systemic AUC of the drug and now a decrease in hepatic AUC 

of the drug. G) Furthermore, when CLmet or CLc
ef is inhibited, the magnitude of change in 
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hepatic drug AUC will be smaller compared to drug in part B. The simulations were 

conducted as in B except that CLother (0.2 L/min) was added.
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