
BIOPHARMACEUTICS & DRUG DISPOSITION
Biopharm. Drug Dispos. 33: 179–194 (2012)
Published online 19 April 2012 in Wiley Online Library
(wileyonlinelibrary.com) DOI: 10.1002/bdd.1784
Predicting human hepatic clearance from in vitro drug
metabolism and transport data: a scientific and pharmaceutical
perspective for assessing drug–drug interactions

Gian Camenisch* and Ken-ichi Umehara
Drug–Drug Interaction Section, Drug Metabolism and Pharmacokinetics, Novartis Institutes of Biomedical Research, CH-4002,
Basel, Switzerland
*Corresp
Drug M
Institut
CH-400
E-mail: g

Copyrig
ABSTRACT: Objectives: Membrane transporters and metabolism are major determinants of
the hepatobiliary elimination of drugs. This work investigates several key questions for drug
development. Such questions include which drugs demonstrate transporter-based clearance in
the clinic, and which in vitro methods are most suitable for drug classification, i.e. transporter-
vs metabolism-dependent compound class categories. Additional questions posed are: what is
the expected quantitative change in exposure in the presence of a transporter- and/or metabo-
lism-inhibiting drug, and which criteria should trigger follow-up clinical drug–drug interaction
studies. Methods: Awell-established method for (human) liver clearance prediction that considers all
four physiological processes driving hepatic drug elimination (namely sinusoidal uptake and efflux,
metabolism and biliary secretion) was applied. Suspended hepatocytes, liver microsomes and
sandwich-cultured hepatocytes were used as in vitro models to determine the individual intrinsic
clearance for 13 selected compounds with various physicochemical and pharmacokinetic properties.
Results: Using this in vitro–in vivo extrapolation method a good linear correlation was observed
between predicted and reported human hepatic clearances. Linear regression analysis revealed much
improved correlations comparedwith other predictionmethods. Conclusions: The presented approach
serves as a basis for accurate compound categorization within the Biopharmaceutics Drug Disposition
Classification System (BDDCS) and was applied to anticipate metabolism- and transporter-based
drug–drug interactions using different static prediction methods. A decision tree proposal is
provided and helps to guide clinical studies on active processes influencing hepatic elimination. All
recommendations in this paper are generally intended to support early pre-clinical and clinical drug
development and the filing of a new drug application. Copyright © 2012 John Wiley & Sons, Ltd.
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Introduction

Clearance (CL) is a parameter in pharmacokinetics
(PK) that relates dose (D) to total drug exposure
(AUC). The prediction of hepatic clearance in
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humans is particularly important as it provides an
insight into the rate of elimination of a drug from
the major clearance organ (liver). Many methods
have been proposed for the prediction of human
hepatic clearance from data in nonclinical species
(allometry) or scale-up of in vitro data from human
liver preparations. Most of the in vitro methods are
based on single pathway analysis, focusing on
either metabolism or sinusoidal hepatic uptake as
the rate-limiting processes driving hepatic elimina-
tion [1,2]. Unfortunately, these single pathway
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analysis methods often provide a poor correlation
between predicted and observed clearances and
rarely demonstrate a 1 to 1 change. Methods
combining metabolism and transport data in a
single system (e.g. sandwich-cultured hepatocytes)
were also used, but the results do not always
provide satisfying clearance predictions [3]. Im-
proved in vitro–in vivo extrapolation (IVIVE) meth-
ods describe drug elimination from the liver cell as
the interplay of uptake, metabolism, biliary secre-
tion, and sinusoidal efflux [4–7]. Such a mecha-
nism-based hepatobiliary elimination method was
applied successfully to predict hepatic clearance in
rats [3]. As shown by Sugiyama et al., the relative
contribution of all the above pathways to the overall
hepatic clearance of a drug is based primarily on
whether transport(er)- or metabolism-mediated
processes are the major factors fostering compound
elimination [2,4]. As a result, the presence of process
inhibitors may ultimately result in a quantitative
change of the elimination rate (so called drug–drug
interactions). A related conjecture by Benet and
coworkers recognized that highly permeable com-
pounds in general are also highly metabolized,
whereas lowly permeable compounds are primarily
actively excreted unchanged via the biliary and/
or renal routes [8]. Based on these findings, a
Biopharmaceutics Drug Disposition Classification
System (BDDCS) has been devised to allocate drugs
into four classes categorizing different routes of
elimination.
The objective of this work was to illustrate

the potential of this IVIVE method to accurately
predict human hepatic clearances, to demonstrate
the interrelationship between the mechanism-
based hepatobiliary elimination model and the
BDDCS classification, to evaluate its ability
anticipating potential metabolism- and transporter-
mediated drug–drug interactions (DDIs) in the
clinic, and to highlight possible applicability in drug
development.
Materials and Methods

In vitro clearance determination

The authors have recently published an IVIVE
method to predict rat hepatic elimination based
on in vitro clearances for uptake, metabolism,
Copyright © 2012 John Wiley & Sons, Ltd.
biliary secretion and sinusoidal efflux [3]. The
same methods and calculation procedures were
applied in the present study to generate
corresponding human in vitro data for 13 com-
pounds with various physicochemical and phar-
macokinetic properties: propranolol, quinidine,
verapamil, cyclosporine A, ketoconazole, atorvas-
tatin, aliskiren, pravastatin, valsartan, cimetidine,
digoxin, furosemide and ciprofloxacin. Briefly, he-
patic uptake was determined in human hepato-
cytes at different concentrations (final
concentrations: 1, 3, 10, 30 and 100 mM, except for
cyclosporine A: 0.1, 0.3, 1, 3 and 10 mM) and incu-
bation temperatures (37 �C or 4 �C) to determine
uptake kinetics and non-specific binding. Cryo-
preserved pooled human hepatocytes (pool of
ten donors, batch number HuP94) from Invitrogen
Ltd (Paisley UK) were used throughout the study.
The hepatocytes (viability: 77–89%) were sus-
pended by using a hepatocyte one-step purifica-
tion kit (BD Biosciences; San Jose, CA), and
finally adjusted to 2.0� 106 viable cells/ml with
Krebs-Henseleit buffer (KHB). For the appraisal
of hepatic metabolic clearance, a reaction mixture
of the test compound at 6–8 concentrations
(0.05–250 mM) in 100mM phosphate buffer contain-
ing 5mM MgCl2 (pH 7.4) and NADPH (1mM) was
incubated with pooled human liver microsomes
(pool of 50 donors, batch number 82087; BD Bios-
ciences). Human sandwich-cultured hepatocytes
(batch numbers: H-28APR10-02, H-22JUL10-01,
H-28JUL10-01 and H-30JUL10-01) were used to
assess the hepatobiliary disposition. The cells
were purchased as a B-CLEARW-RT kit from Qua-
lyst, Inc. (Durham, NC) and were incubated at
37 �C with a compound solution in standard
buffer at five different increasing concentrations
(final concentrations: 1, 3, 10, 30 and 100 mM except
for cyclosporine A: 0.1, 0.3, 1, 3 and 10 mM). From
these experiments, the apparent biliary clearances
as well as the sinusoidal efflux values (determined
by a difference calculation) were derived as shown
previously [3].
Mathematical theory and calculation methods

Considering all four processes driving hepatic
drug elimination, based on the ‘well-stirred liver’
model, the hepatic clearance (CLh) is described as
follows [4,5,9]:
Biopharm. Drug Dispos. 33: 179–194 (2012)
DOI: 10.1002/bdd



CLh ¼
Qh�fu;b�PS inf� CL int; sec þ CL int;met

� �

Qh� PSeff þ CL int; sec þ CL int;met
� �þ fu;b�PS inf� CL int; sec þ CL int;met

� � (1)(1)
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where Qh represents the hepatic blood flow rate,
fu,b is the fraction of drug unbound in the blood,
CLint,met is the metabolic intrinsic clearance, PSinf
is the intrinsic membrane clearance for basolateral
(sinusoidal) influx, PSeff is the intrinsic clearance
for efflux back into the blood at the sinusoidal
membrane, and CLint,sec is the intrinsic membrane
clearance for biliary secretion at the canalicular
side of the hepatocytes.
Hence, the overall apparent (app) intrinsic

clearance can be expressed as follows [4,10]:

CL int;app ¼ PS inf� CL int; sec þ CL int;met
� �

PSeff þ CL int; sec þ CL int;met
� � (2)

Considering that transport processes at the sinu-
soidal membrane of hepatocytes may consist of a
saturable (active, act) and a parallel non-saturable
(passive, pas) component, Equation (2) can be
rewritten (underlying assumption: the passive
membrane clearance components for influx and
efflux at the sinusoidal membrane are equal, i.e.
PSinf,pas =PSeff,pas =PSpas):

CL int;app ¼ PS inf;act þ PSpas
� �� CL int; sec þ CL int;met

� �

PSeff;act þ PSpas
� �þ CL int; sec þ CL int;met

� �

(3)

where PSinf,act and PSeff,act represent the active
membrane clearances for hepatic influx and sinu-
soidal efflux, respectively.
Consequently, if the fraction of clearance

which is affected by inhibition is designated
fm, and the unaffected fraction is (1� fm), the
following generalized equation describes the
overall intrinsic hepatic clearance in the pres-
ence of potential process inhibitors (underlying
premise: CLint,sec and CLint,met are solely active
processes):
CL int;app;i ¼
1� fm; inf
� ��PS inf;act þ PSpas
� �� 1� fm; sec

� ��CL int; sec þ 1� fm;met
� ��CL int;met

� �

1� fm;eff
� ��PSeff;act þ PSpas
� �þ 1� fm; sec

� ��CL int; sec þ 1� fm;met
� ��CL int;met

� �� ð4Þ (1)
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where fm,x is the fraction of active pathway x
inhibited by the inhibitor.

Hypothetically, this model could be extended
even further by taking into account that each of
these active pathways can potentially be com-
posed of several parallel processes all autono-
mously contributing to the apparent intrinsic
clearance (e.g. CLint,met =CLint,met,enzyme1 +CLint,
met,enzyme2).

Assuming that: (i) the substrate drug (victim) is
not metabolized and/or transported in the intes-
tine, (ii) Qh, fu,b and the fraction of drug absorbed
(Fa) do not change in the presence of an inhibitor
(perpetrator), (iii) the liver is the only clearance or-
gan and (iv) the inhibitor concentration does not
vary with time, the ratio for the area under the
exposure–time curve following oral application
of a dose D in the presence (AUCpo,i) and absence
(AUCpo) of the inhibitor drug can be defined as
stated in Equation (5) [11,12]:

AUCpo;i=AUCpo ¼ Fa�Fh;i�D=CLh;i
Fa�Fh�D=CLh

¼ Fh;i=CLh;i
Fh=CLh

¼ CL int;app

CL int;app;i

(5)

where Fh (= 1�CLh/Qh) and Fh,i (= 1�CLh,i/Qh)
are the fractions of an oral dose escaping hepatic
first-pass in the absence and presence of inhibitor,
respectively.

Data analysis

All (in vitro) data presented are averages of tripli-
cate measurements. Predicted hepatic clearance
and exposure change values were compared with
observed values to determine the predictability
of the methods described in this paper using
standard statistical techniques. Following linear
regression analysis the prediction accuracy was
assessed by the coefficient of determination (R2)
and the precision was expressed by the intercept.
)
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To identify the performance of the method, fold-
error deviations between the predicted and
observed values were calculated (% fold error< 2,
< 3 and< 4).
Results

Human clearance prediction

Recent advances using in vitro technology allow
quantitative measurements for each of the hepatic
elimination processes described in Equation (3) [3].
Table 1 summarizes the in vitro intrinsic clearances
for uptake, metabolism, biliary secretion and sinu-
soidal efflux determined in human microsomes
and hepatocytes for the 13 selected compounds that
have different class assignments according to
BDDCS (Table 2). The clearances have been
described previously for these compounds (in rat)
following scale-up to a kg body weight basis in
order to correct for the differences between the var-
ious in vitro assay systems. The scaled-up intrinsic
clearance values for each individual process
allowed for the overall determination of CLint,app
according to Equation (3). Finally, the intrinsic
clearances were substituted into Equation (1) to
predict the corresponding in vivo hepatic clear-
ances. As illustrated in Figure 1, thismethod reveals
an excellent correlation between in vivo human
hepatic clearance data obtained from the literature
(CLh,obs) and the predicted clearance values
(CLh,pred). Linear regression analysis provided
an R2 value of 0.817. The intercept was 0.337 and
the slope could be determined with 0.881, which
is close to the line of unity. The CLh,pred/CLh,obs
ratio was between 0.3 (ketoconazole) and 1.7
(ciprofloxacin). The prediction accuracy in terms
of percentage within twofold, threefold and four-
fold error was 85%, 92% and 100%, respectively.
As recently demonstrated, this by far exceeds
the accuracy and performance of all known pre-
diction methods of human clearance based on
non-clinical in vivo clearance data (allometry)
and based on in vitro data [13]. While our predic-
tion was generally very high for BDDCS class 1, 3
and 4 compounds, some class 2 compounds in the
dataset (ketoconazole and atorvastatin) were
notably underestimated for hepatic clearance.
An underprediction of biliary secretion and/or
Copyright © 2012 John Wiley & Sons, Ltd.
an overprediction of sinusoidal efflux are the
most likely explanation for this observation (both
compounds are well-known efflux pump sub-
strates). However, such underestimations of
hepatic clearance for class 2 compounds were
not observed previously in rats [3]. Yet, the possi-
ble limitations of the in vitro experiments (such as
the assessment of unspecific binding events, the
incorporation of controls, the choice of incubation
times and pH conditions, etc.) and of the IVIVE
approach in general (such as the selection of scal-
ing factors across species, the assessment of vari-
ability, etc.) remain to be investigated further.
Nonetheless, the presented results underline the
power of this method to predict the in vivo
(human) clearance of new chemical entities (NCEs).
Discussion

Compound categorization within BDDCS

Depending on the relative contributions of the indi-
vidual elimination processes, based on Equation (2),
different cases can be derived defining the slowest
steps in the overall apparent intrinsic clearance
[2,4]. In Figure 2 the resulting rate-limiting steps
are represented. With the assumption that CLint,sec
is small or negligible compared with CLint,met, it
becomes apparent that for all compounds permeat-
ing the sinusoidal membrane solely by passive
diffusion as well as for all high permeability
compounds where PSeff�PSinf�PSpas the main
rate-determining clearance process in the liver is
metabolism. For all other compounds, the sinu-
soidal and/or canalicular transporter effects are
becoming increasingly important, though. This fun-
damental principle was also described previously
by Wu and Benet, although their drug classification
system (BDDCS) was mainly derived based on
experimental observations rather than mathe-
matical judgement [8,14]. The BDDCS was derived
to evaluate for which compounds transporters must
be investigated in order to understand intestinal
absorption, organ disposition and potential drug–
drug interactions of a drug. According to BDDCS,
class 1 and 2 drugs are compounds with high
(passive) permeability properties allowing them to
cross physiological membranes, such as the plasma
membrane of enterocytes in the gut or of
Biopharm. Drug Dispos. 33: 179–194 (2012)
DOI: 10.1002/bdd
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Table 2. Compound classifications

Compound
BDDCS assignment

according to Wu and Benet [8]
Subclass assignment according
to decision tree in Figure 4

Class assignment according
to decision tree in Figure 4

Propranolol Class 1 Subclass 1/2 Class 2
Quinidine Class 1 Subclass 1/2 Class 2
Verapamil Class 1 Subclass 1/2 Class 2
Cyclosporine A Class 2 Subclass 3/4 Class 4
Ketoconazole Class 2 Subclass 1/2 Class 2
Atorvastatin Class 2 Subclass 3/4 Class 4
Aliskiren Class 3 Subclass 3/4 Class 4
Pravastatin Class 3 Subclass 3/4 Class 4
Valsartan Class 3 Subclass 3/4 Class 4
Cimetidine Class 3 Subclass 3/4 Class 3
Digoxin Class 4 Subclass 3/4 Class 4
Furosemide Class 4 Subclass 3/4 Class 4
Ciprofloxacin Class 4 Subclass 3/4 Class 3

The same dataset was selected as used previously in rats (exception BDDCS class 3 compound benzylpenicillin which, due to a lack of enough in vivo
reference data, was replaced with cimetidine) [3].
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Figure 1. Comparison of the reported (CLh,obs) and predicted
(CLh,pred) hepatic clearances in human as summarized in
Table 1. Circles, triangles, squares and diamonds show the
class 1, 2, 3 and 4 assignments according to BDDCS (Table 2),
respectively. The solid line represents the line of unity and the
dotted lines represent a two-fold error. The numbering of drugs
is as follows: 1, propranolol; 2, quinidine; 3, verapamil; 4,
cyclosporine A; 5, ketoconazole; 6, atorvastatin; 7, aliskiren; 8,
pravastatin; 9, valsartan; 10, cimetidine; 11, digoxin; 12, furose-
mide; 13, ciprofloxacin
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hepatocytes in the liver, easily. On the other hand,
BDDCS class 3 and 4 compounds possess low
permeability properties and therefore need specific
uptake transporters not only for absorption in the
gut, but also for uptake into hepatocytes. Due to
low solubility, efflux effects can be important at the
Copyright © 2012 John Wiley & Sons, Ltd.
luminal side in the gut and at the sinusoidal mem-
brane in the liver for class 2 and 4 compounds.
Similarly, active biliary secretion of parent com-
pound can be an important factor of disposition for
class 3 and 4 compounds. Figure 2 illustrates the
relationship between the mathematically derived
mechanism-based hepatobiliary elimination model
described above and the BDDCS as postulated by
Wu and Benet. Both approaches recognize that the
fundamental parameter controlling (hepatic) drug
disposition is the compound-class dependent inter-
play between transporters, enzymes and membrane
permeability. Figure 3 shows the estimated contribu-
tion of the measured in vivo metabolic clearance
(CLmet,obs) to overall the in vivo hepatic clearance
(CLh,obs) for the 13 compounds in our dataset. As an-
ticipated, the compounds in BDDCS classes 1 and 2
are predominantly cleared via metabolism, whereas
the contribution of metabolic clearance to overall he-
patic clearance generally decreases in classes 3 and 4.

Drugs with a high apparent hepatic intrinsic
clearance are removed from the blood essentially
as fast as they can be delivered to the liver, i.e.
independent of protein binding and enzyme activ-
ities. Therefore, the elimination of such drugs is
highly dependent upon liver blood flow and the
inherent ability to cross the sinusoidal membrane
rapidly. Consequently, according to the ‘well-
stirred liver’ model, a compound can be ranked
as highly permeable if CLint,app =PSpas >>Qh

(Eqs 1 and 2). Thus, knowledge of the individual
intrinsic clearances for active and passive uptake
or sinusoidal efflux, metabolism and active biliary
Biopharm. Drug Dispos. 33: 179–194 (2012)
DOI: 10.1002/bdd
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secretion will allow assignment to the four differ-
ent BDDCS classes as shown in Figure 4. For a
correct assignment of classes 1–4, all individual
Copyright © 2012 John Wiley & Sons, Ltd.
processes would still have to be assessed in vitro.
However, only having knowledge of PSinf and
PSpas already allows assignment to subclasses in
Biopharm. Drug Dispos. 33: 179–194 (2012)
DOI: 10.1002/bdd
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metabolism is the major hepatic elimination pathway drug transport and metabolism may contribute to hepatic elimination 
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which metabolism (subclass 1/2) and combined
transporter/metabolism activities (subclass 3/4)
are the clearance determining processes, respec-
tively. Both PSinf and PSpas can be derived from
simple kinetic uptake experiments in suspended
or plated primary hepatocytes as described previ-
ously [3]. Table 2 provides a summary of BDDCS
assignment according to Wu and Benet and
according to the decision tree outlined in
Figure 4 for the heterogeneous dataset of 13 com-
pounds listed in Table 1. With the exception of
atorvastatin and cyclosporine A, a subclass as-
signment in line with the BDDCS could be
performed for all compounds in the dataset. For
approximately one-third of the compounds, class
classification was the same as proposed by Wu
and Benet (namely for ketoconazole, cimetidine,
furosemide and digoxin). Except for ciprofloxacin,
the remaining nine compounds using the pro-
posed drug classification approach resulted in
more stringent assignments than suggested by
the BDDCS (e.g. the majority of BDDCS class 3
compounds were assigned to class 4). This appar-
ent discrepancy between the two systems is not
Copyright © 2012 John Wiley & Sons, Ltd.
unexpected since: (i) the compound classification
in Figure 4 vastly depends on the threshold that
is set to define/identify the high permeability
compounds (e.g. with PSpas≥ 2-fold Qh, thus all
compounds in the dataset are assigned to the
same subclasses as proposed by Wu and Benet)
and, (ii) BDDCS assignments are based on the
in vivo recognition of the elimination pathway as
described in the literature (> 70% metabolism of
an oral dose is considered as extensive metabo-
lism), which can significantly deviate from the
effective overall elimination mechanisms as
shown above (e.g. atorvastatin is highly metabo-
lized but the overall clearance is influenced to
the same extent by active sinusoidal uptake and
efflux transporters) and which, in human, is inher-
ently difficult to quantify. Consequently, the
above-mentioned limitations might lead to mis-
classification within either of the two classification
systems. However, human in vivo data are not
available during drug discovery. This generally
limits or prohibits the applicability of the
BDDCS system during earlier phases of drug
development. Thus, an in vitro data based
Biopharm. Drug Dispos. 33: 179–194 (2012)
DOI: 10.1002/bdd
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classification method according to the decision tree
in Figure 4 provides a valuable substitute, which is
a key requirement for a compound class dependent
clinical drug development programme (discussed
in more detail below).
DDI predictions using the static 1� fm approach

For compounds where the hepatic clearance is the
major elimination route, using Equations (3), (4)
and (5), the anticipated exposure change in the
presence of perpetrator drugs can be expressed as:
AUCpo;i=AUCpo ¼
PS inf� CL int; sec þ CL int;met

� �

PSeff þ CL int; sec þ CL int;met
� � =

1� fm; inf
� ��PS inf;act þ PSpas
� �� 1� fm; sec

� ��CL int; sec þ 1� fm;met
� ��CL int;met

� �

1� fm;eff
� ��PSeff;act þ PSpas
� �þ 1� fm; sec

� ��CL int; sec þ 1� fm;met
� ��CL int;met

� � ð6Þ

(1)
with PSeff<< (CLint,sec +CLint,met) and ((1� fm,eff)�
PSeff,act +PSpas)<< ((1� fm,sec)� CLint,sec + (1� fm,

met)�CLint,met) this relationship can be simplified
as shown in Equation (7):

AUCpo;i=AUCpo ¼ PS inf= 1� fm; inf
� ��PS inf;act þ PSpas
� �

(7)

Similarly, with PSeff>> (CLint,sec +CLint,met) and
((1� fm,eff)�PSeff,act +PSpas)>> ((1� fm,sec)� CLint,sec +
(1� fm,met)�CLint,met) Equation (6) reduces to:
AUCpo;i=AUCpo ¼
PS inf� CL int; sec þ CL int;met

� �

PSeff
=

1� fm; inf
� ��PS inf;act þ PSpas
� �� 1� fm; sec

� ��CL int; sec þ 1� fm;met
� ��CL int;met

� �

1� fm;eff
� ��PSeff;act þ PSpas
� � ð8Þ

(1)
As discussed above, for subclass 1/2 com-
pounds active transport processes are likely to
play a negligible role in drug elimination, and
DDIs due to transporter inhibition are highly un-
likely. Consequently, the anticipated exposure
change of a subclass 1/2 compound can be esti-
mated as a function of metabolism only as de-
scribed by Equation (9):

AUCpo;i=AUCpo ¼ CL int;met=
1� fm;met
� ��CL int;met ¼ 1= 1� fm;met

� �� (9)

This fundamental affiliation between major
clearance pathways and potential implications
Copyright © 2012 John Wiley & Sons, Ltd.
for DDIs is summarized in Figure 5. Together, this
new compound class assignment approach (see
Figure 4) and the above relationships result in a
straightforward assessment of the DDI potential
of new drug candidates. Assuming in vitro pro-
cesses are completely inhibited to their baseline
(e.g. to PSpas for hepatic uptake and sinusoidal
efflux) based on Equations (6–9), maximal DDI
estimates upon inhibition of each active elimination
pathway x can be calculated to provide valuable
information about the changes in fractional
contributions in the presence of a perpetrator drug.
Table 3 provides a summary of the observed in vivo
AUC changes in the presence of a selection of poten-
tial perpetrators for the class 4 compounds listed in
Table 2 (exception digoxin) together with a series of
different so-called static baseline predictions using
Equation (6). From this analysis, the predicted
AUC changes upon inhibition of several elimina-
tion pathways in parallel generally exceed the
sum of the single pathways, emphasizing the com-
plexity of the underlying process contributions (e.g.
cyclosporine A – complete inhibition of hepatic
active uptake is expected to change AUC about
3.7-fold and complete inhibition of metabolism is
expected to change AUC about 3.3-fold, whereas
maximal inhibition of both processes in parallel is
predicted to increase AUC about 12.2-fold). Al-
though possible but rather unlikely, parallel inhibi-
tion of all active processes promoting elimination
(‘worst-case’ prediction) provides a ratio between
predicted and observed AUC between 2.9 (pravas-
tatin) and 14.1 (valsartan). Not surprisingly, consid-
ering only the fractional hepatic pathways of the
victim drugs expected to interfere with the perpe-
trator compound, the predictions of exposure
Biopharm. Drug Dispos. 33: 179–194 (2012)
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changeweremuchmore accurate (between 0.9 (val-
sartan) and 3.8 (furosemide). The prediction accu-
racy in terms of percentage within twofold and
fourfold error was 83% and 100%, respectively.
With the help of fractional contributions for the
different active processes (e.g. several enzymes that
contribute together to overall metabolic clearance),
this prediction accuracy could surely be improved
even further. None of the static baseline predictions
applied above provided a significant underestima-
tion of the observed in vivo exposure changes.
Based on Equation (5) such an underestimation of
exposure changes could be expected for com-
pounds with significant intestinal first-pass. Not
surprisingly, a weak to mild contribution of intesti-
nal metabolism to the overall oral bioavailability
was demonstrated for all BDDCS class 2 and some
class 4 compounds in our dataset [15–19]. Yet, the
tendency to over-predict the observed AUC
changes is evidentially directly associated with the
nature of the estimation method (i.e. inhibition to
the baseline) and also with the fact that possible
alternative clearance pathways are neglected com-
pletely in this assessment (e.g. the contribution of
renal clearance for valsartan, pravastatin and furo-
semide is reported to be about 30%, 45% and 80%,
respectively). Nevertheless, especially the ‘worst-
case’ prediction approach is offering a valuable
Copyright © 2012 John Wiley & Sons, Ltd.
option for early drug development allowing an
appropriate risk evaluation, particularly for class 4
NCEs known to be eliminated in a rate-limited
manner by the interplay of metabolic and
transporter-mediated processes.
DDI predictions using the R-value approach

Physiologically based models use physiological
and species-dependent parameters to describe
concentration–time (PK) profiles [20]. As such,
the integrated clearance prediction method dis-
cussed above represents a mechanistic physiolog-
ically based model of the liver [21,22]. The time
dependency of the process should be also
described within the physiologically based mathe-
matical description. Furthermore, the interplay
between the different processes involved in over-
all hepatobiliary transport must be linked to the
appropriate varying substrate (S) and unbound
inhibitor (Iu) concentrations within the relevant
compartments (i.e. the hepatic input concentration
in the portal vein (pv) as a function of time for the
uptake process, and the corresponding intracellu-
lar concentration in the hepatocyte (hep) for the
efflux, metabolism and biliary excretion process).
As a result, physiologically based models have
the capability of being more informative and
Biopharm. Drug Dispos. 33: 179–194 (2012)
DOI: 10.1002/bdd



Ta
bl
e
3.

St
at
ic

ba
se
lin

e
pr
ed

ic
ti
on

s
fo
r
th
e
as
se
ss
m
en

t
of

D
D
I
po

te
nt
ia
lo

f
cl
as
s
4
co
m
po

un
d
s

189IVIVE TO PREDICT HUMAN HEPATIC CLEARANCE AND INTERACTIONS

Copyright © 2012 John Wiley & Sons, Ltd. Biopharm. Drug Dispos. 33: 179–194 (2012)
DOI: 10.1002/bdd



190 G. CAMENISCH AND K. UMEHARA
precise for interaction assessments compared with
the static DDI prediction method described above.
Assuming Michaelis-Menten kinetics, the concen-
tration dependency for any active process can be
described in the absence of an inhibitor drug as
follows [23]:

PSx;act or CL int;x;act ¼ Vmax;x

Km;x þ S
(10)

where Vmax,x and Km,x represent the maximum ve-
locity and the affinity constant for the active path-
way x, respectively.
In the presence of an inhibitor the active process

clearances assuming a competitive inhibition mode
can be described with:

PSx;act;i or CL int;x;act;i ¼ Vmax;x

Km;x� 1þ Iu=Ki;x
� �þ S

(11)

where Ki,x is the inhibition constant on pathway x
for the perpetrator obtained from in vitro studies.
Consequently, the increase in exposure to the

affected drug for an active process will be equal
to [24]:

AUCpo;i=AUCpo ¼ CL int;x;act

CL int;x;act;i

¼ Vmax;x= Km;x þ S
� �

Vmax;x= Km;x� 1þ Iu=Ki;x
� �þ S

� �

(12)
CL int;app;i ¼
PS inf;act= 1þ Iu;pv=Ki; inf

� �þ PSpas
� �� CL int; sec= 1þ Iu;hep=Ki; sec

� �þ CL int;met= 1þ Iu;hep=Ki;met
� �� �

PSeff;act= 1þ Iu;hep=Ki;eff
� �þ PSpas

� �þ CL int; sec= 1þ Iu;hep=Ki; sec
� �þ CL int;met= 1þ Iu;hep=Ki;met

� �� �

(14)
This relationship becomes increasingly more
complex when considering multiple active path-
ways as described by Equation (3). Since Iu and
S are time-dependently reliant on the dosing
regimen of victim and perpetrator drug as well
as on other physiological variables influencing
the concentration–time profiles, physiologically
based liver models are often incorporated in more
complex whole-body physiological models
[20,25,26]. Whole-body models divide the body
into anatomically and physiologically meaningful
compartments, including the gastrointestinal tract
for absorption, all eliminating organs (i.e. mainly
Copyright © 2012 John Wiley & Sons, Ltd.
liver and kidney), and the non-eliminating tissue
compartments (such as fat, muscle, etc.) and con-
nects these by the circulatory system. Considering
the potential complexity of this approach there are
several commercial software tools available for
the physiological modeling of pharmacokinetic
processes including simulation of metabolism-
based DDIs (e.g. Simcyp), which with the help of
the above relationships could be expanded easily
for transporter-mediated hepatobiliary elimina-
tion processes.

A major disadvantage of all physiologically
based models is the need for a large number of
in vitro and/or in vivo input parameters. Conse-
quently, the preliminary assessment of the DDI
potential of new molecular entities with less
complex relationships is often applied as shown
below:

For S<< Km,x Equations (10) and (11) can be
simplified and Equation (12) reduces to:

AUCpo; i=AUCpo ¼ 1þ Iu=Ki;x (13)

From the above, it becomes evident that 1� fm,x

is equal to 1/(1+ Iu/Ki,x). Consequently, Equation (4)
can be rewritten as follows:
where Ki,inf, Ki,eff, Ki,sec and Ki,met are the (appar-
ent) inhibition constants on the sinusoidal uptake,
the sinusoidal efflux, the biliary secretion and the
hepatic metabolism pathways, respectively. Iu,pv
and Iu,hep are the unbound inhibitor concentra-
tions within the portal vein and the hepatocytes,
respectively.

The magnitude of interaction under this as-
sumption is independent of S and lies only within
the parameter Iu. However, both Iu and Ki,x are
difficult to assess (even under static, time-
independent conditions) especially in early drug
discovery and become the limiting factors for the
Biopharm. Drug Dispos. 33: 179–194 (2012)
DOI: 10.1002/bdd
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in vivo prediction of DDIs [27]. Table 4 provides a
static DDI prediction on the class 4 compound,
atorvastatin, using the above integrated hepato-
biliary 1+ Iu/Ki,x (R-value) approach for a series
of perpetrator drugs for which the required IVIVE
information could be located in the literature. The
clinical drug–drug interaction potential was pre-
dicted to be most prominent for the perpetrator
drug, amprenavir, followed by lopinavir, ritonavir
and itraconazole, which is in line with the drug
label information of these compounds [28,29].
The prediction accuracy for itraconazole was very
high (AUCpo,i/AUCpo = 1.7) and provided a ratio
between the predicted and observed AUC change
of about 1.1 [30]. The predicted AUCpo,i/AUCpo

ratio of amprenavir (= 6.2) is about half of the
corresponding baseline assessment (complete
inhibition of metabolism and active sinusoidal up-
take predicts an 12.5-fold AUC change). However,
based on the Iu/Ki,x ratio, the R-value method
provides not only quantitative estimates but in
addition projects the likelihood of an in vivo inter-
action and can therefore be considered as a valu-
able expansion of the static baseline approach
discussed above. The individual R-values for
amprenavir on CYP3A4, OATP1B1 and MDR1
were assessed with 30.6, 1.3 and 1.2, respectively.
This supports the present hypothesis that the drug
interaction potential of mainly class 4 compounds
is often over- or underpredicted based on single
pathway considerations.
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Conclusion

In summary, the overall apparent intrinsic clear-
ance estimates based on the hepatobiliary elimina-
tion model described in this paper can be used for
the following: (i) in vitro data-based compound
class assignment according to BDDCS, (ii) static
prediction of the DDI potential of a NCE and (iii)
elaboration of more complex pharmacokinetic
(PK) models, e.g. deriving in vivo pharmacokinetic
profiles, anticipating DDIs in a time-dependent
manner or obtaining PK/PD relationships. Inves-
tigation of drug interactions on transporters can
rarely be evaluated in isolation of the metabolism
and vice versa. However, the relevance of transpor-
ters on elimination for highly permeable com-
pounds becomes more and more negligible and
Copyright © 2012 John Wiley & Sons, Ltd. Biopharm. Drug Dispos. 33: 179–194 (2012)
DOI: 10.1002/bdd



BDDCS Class 3 compounds BDDCS Class 1 and 2 compoundsBDDCS Class 4 compounds

Is hepatic elimination (expected to be) an
important route of elimination? Criteria:
CLh 0.25-fold total in vivo clearance

PSpas 2·Qh
Perform hepatic uptake experiment and
determine BDDCS class assignment
according to Figure 4

Is new chemical entity a subclass 3/4
compound?

PSpas 2·Qh
Complete in vitro experiments to assess intrinsic
metabolic, biliary and possibly efflux clearance and
perform a static DDI prediction considering all hepatic
clearance processes according to equation (6).

PSpas 2·Qh
Consider a clinical DDI study with a suitable
perpetrator drug according to guidelines1)

Does the predicted interaction mainly derive from
uptake transporter(s)

PSpas 2·Qh
Investigate identity of transporters and determine , if
possible, their fractional contributions. Perform a
fractional static DDI prediction considering only a
transporter clearance pathway according to
equation (7).

yes

no

no

PSpas 2·Qh
Consider a clinical DDI study with a suitable
unspecific dual perpetrator drug according to
guidelines1)

PSpas 2·Qh
Investigate the identity of enzymes and
transporters involved, and determine, if possible,
the fractional contributions. Refine static DDI
prediction using equation (6).

yes

PSpas 2·Qh
Consider a clinical DDI study with a suitable
perpetrator drug according to guidelines1)

PSpas 2·Qh

Complete in vitro experiments to assess the
intrinsic metabolic clearance. Investigate identity of
enzymes and determine their fractional
contributions. Perform a fractional static DDI
prediction considering only a metabolic clearance
pathway according to equation (9).

1) Extent of exposure increase can eventually be anticipated with a static R-value and/or a physiologically-based modeling approach

Figure 6. Proposal for a revised decision tree for hepatic elimination taking transporter and metabolism processes into account
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metabolism becomes the rate-limiting process in
overall hepatic clearance. Consequently, a correct
compound class assignment in early development
is the prerequisite for a compound-dependent,
tailor-made pre-clinical and clinical follow-up
programme in drug development. Figure 6 offers
a proposal for a more integrated evaluation of
the hepatobiliary interaction potential including
potential follow-up activities. According to this
decision tree, all subclass 1/2 compounds in the
present dataset (propanolol, quinidine, verapamil,
ketoconazole) require solely enzyme-based clini-
cal interaction studies (compare Table 3). For the
class 3 compounds, cimetidine and ciprofloxacin,
DDI studies only on transporters are recom-
mended. For all the remaining compounds, the
static baseline prediction method suggests the
quantitative involvement of transporters and me-
tabolism (cyclosporine A, atorvastatin, aliskiren,
pravastatin, valsartan, furosemide, digoxin).
Copyright © 2012 John Wiley & Sons, Ltd.
Thus, the use of nonspecific multiple inhibitors
should be taken into consideration. However,
limitations of this decision tree are currently not
tested. Future research should include larger data-
sets, incorporate extrahepatic elimination path-
ways such as those for the kidney, integrate
fractional contributions of parallel transporter
and/or enzyme clearances and consider the
involvement of intestinal processes.
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