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How Transporters Have Changed Basic Pharmacokinetic Understanding
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Abstract. The emergence and continued evolution of the transporter field has caused re-
evaluation and refinement of the original principles surrounding drug disposition. In this
paper, we emphasize the impact that transporters can have on volume of distribution and
how this can affect the other major pharmacokinetic parameters. When metabolic drug–drug
interactions or pharmacogenomic variance changes the metabolism of a drug, the volume of
distribution appears to be unchanged while clearance, bioavailability, and half-life are
changed. When transporters are involved in the drug–drug interactions or pharmacogenomic
variance, the volume of distribution can be markedly affected causing counterintuitive
changes in half-life. Cases are examined where a volume of distribution change is significant
enough that although clearance decreases, half-life decreases. Thus, drug dosing decisions
must be made based on CL/F changes, not half-life changes, as such volume of distribution
alterations will also influence the half-life results.
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INTRODUCTION: THE USES OF
PHARMACOKINETICS AND THE BASIC
PARAMETERS

For many years, we have taught the therapeutic
triangle as depicted in Fig. 1. We define pharmacodynam-
ics as describing what the drug does to the body.
Pharmacokinetics is the inverse describing what the body
does to the drug (1–3). Pharmacokinetics, which relates
the dose of a drug to the concentration in the body at
some site, has the following two potential uses: (a) as a
tool in therapeutics and (b) as a tool in defining drug
disposition. Pharmacokinetics can be described in terms of
four basic characteristics—clearance, half-life, volume of
distribution, and bioavailability. How one employs these
four basic parameters depends upon whether pharmacoki-
netics is used as a tool in therapeutics or as a tool in
defining drug disposition.

When pharmacokinetics is used as a tool in thera-
peutics, clearance (CL) dictates the dosing rate
(mass/time), modified by bioavailability (F) when the
route of administration is not directly into the systemic
circulation as for an intravenous dose. That is, as given in
Eq. (1), the exposure of the patient to the drug as
measured by the area under the systemic concentration

time curve (AUC) is the available dose (F·D) divided by
clearance.

AUC ¼ F �D
CL

ð1Þ

When pharmacokinetics is used as a tool in character-
izing drug disposition, clearance is a measure of the body’s
ability to eliminate the drug and bioavailability is a
measure of the fraction of the drug dose that reaches the
systemic circulation as a function of absorption limitations,
intestinal metabolism, and first-pass hepatic loss.

When pharmacokinetics is used as a tool in thera-
peutics, half-life dictates the dosing interval. For example,
if in Eq. (1) the dosing rate was determined to be
1440 mg/day, knowledge of the therapeutic window from
a pharmacodynamic evaluation would lead to giving the
drug 1440 mg once a day, 720 mg twice a day, 360 mg
every six hours or an infusion of 1 mg/min for 24 h, all
being equivalent dosing rates. Knowledge of the half-life
and the therapeutic window would help in the selection of
dose and dosing interval, knowing that if the drug were
dosed every half-life, accumulation upon multiple dosing
would only be 2-fold than that found for the first dose
and the peak-to-trough ratio would also be 2. In contrast,
when pharmacokinetics is used as a tool in characterizing
drug disposition, half-life is much less useful since it is a
dependent variable reflecting both clearance, a measure of
the body’s ability to eliminate drug, and volume of
distribution, the theoretical space available into which
the drug may distribute. That is, as given in Eq. (2), the
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total body half-life at steady state (t1/2,steady state) divided
by the logarithm of 2 yields the mean residence time
(MRT), which equals volume of distribution steady state
(Vss) divided by clearance (4):

t1
2;steady state

0:693
¼ MRT ¼

Vss=F
CL�

F

ð2Þ

where the t1/2 value reflects a single overall half-life for the
drug that will predict accumulation of the drug in the body at
steady state following multiple intravenous bolus doses. The
relationship between terminal half-life and MRT, which has
been evaluated in detail by Sobol and Bialer (5), cannot be
described by Eq. (2). Here, we address small-molecule
pharmacokinetics; Mager and Jusko (6) have discussed the
potential disconnect between CL, Vss, and terminal half-life
for macromolecules.

RECOGNITION OF CHANGES IN VOLUME OF
DISTRIBUTION AND THEIR RELEVANCE

In general, most predictions of the effects of disease
states, pharmacogenomic variance, and drug–drug interac-
tions have ignored the volume term in Eq. (2) with the
expectation that when clearance decreases half-life will get
longer and when clearance increases half-life will get shorter.
This appears to be a reasonable omission for drug–drug
interactions and pharmacogenomic variants related to metab-
olism changes, since as we have recently reported (7), we are
not aware of any clinically significant changes in drug volume
of distribution that result from metabolic changes only.
However, this may not be true for disease state changes. As
early as 1975, Klotz et al. (8) showed that the change in
diazepam half-life with age was independent of clearance
changes. We reported this importance of evaluating volume
of distribution changes on half-life as early as 1985 in our
Goodman and Gilman chapter (2).

TRANSPORTER INTERACTIONS CAN MARKEDLY
CHANGE VOLUME OF DISTRIBUTION

This general belief in the inverse relationship between
clearance and MRT (or whole-body half-life) became
established in pharmacokinetics long before the importance
of drug transporters on drug disposition was recognized. In

our recent paper, discussing the theory and critical analyses of
the extended clearance concept following oral and intrave-
nous dosing (9), we reviewed the published studies from our
laboratory beginning in 2007, in which OATP substrates were
orally dosed to humans under control conditions and when a
single intravenous dose of rifampin was administered con-
comitantly to inhibit hepatic uptake of the substrate. Results
from those oral dosing studies of atorvastatin (10), glyburide
(11), and rosuvastatin (with both White and Asian subjects
wild-type for both OATP1B1 and BCRP) (12) are summa-
rized in Table I. The values given are the ratios of the
pharmacokinetic parameters in the rifampin phase when the
victim drug is orally dosed concomitantly with a single IV
rifampin dose to inhibit hepatic uptake transporters divided
by the measurement in the control phase in the absence of
rifampin. Since these three drugs are all substrates of OATPs
and rifampin is a potent inhibitor of OATPs, we would expect
the area under the curve to increase with concomitant IV
rifampin dosing as the victim drug is inhibited from entering
the hepatocytes by rifampin. The clearance ratios are just the
inverse of the AUC ratio. That is, changes in transporter
activity can change clearance independent of metabolic
elimination processes (9) as we show with the relevant
equations in the last section of this tutorial in explaining
Table I glyburide results with and without induction.

In the last two columns of Table I, the terminal half-life
(t1/2,z) and MRT ratios are given. Here, we see the counter-
intuitive result from what would be expected. Intravenous
rifampin following oral dosing of these OATP substrates
causes AUC to increase and clearance to decrease, but half-
life and MRT get shorter, not longer. When CL/F is decreased
in the presence of rifampin in Table I, half-life and MRT are
never increased, the outcome expected for inhibition of
hepatic uptake. The half-life and MRT ratios differ slightly
since MRT considers the whole body for these multi-
compartment drugs whereas the terminal half-life reflects
the systemic concentrations following cessation of dosing.
What is the reason for these counterintuitive results? These
outcomes result from the fact that when transporters play a
significant role in drug disposition, volume of distribution
changes can be different than clearance changes, as first noted
by our laboratory (13), since transporters are not only present
in the liver but in many organs of the body, and, thus, when
transporters are inhibited, distribution will change in a
differential manner from hepatic clearance. Thus, the magni-
tude of change in terminal half-life and MRT is not predicted
by changes in clearance alone, due to significant changes in
volume of distribution. As seen for atorvastatin, when CL/F
decreases 86% with concomitant rifampin dosing, Vss/F

Table I. Ratio of Pharmacokinetic Parameters (IV Rifampin Phase/
Control Phase)

Drug AUCRif

AUCCon
CL=FRif

CL=FCon
Vss=FRif

Vss=FCon
MRTRif

MRTCon

tRif1=2;z

tCon1=2;z

Atorvastatin 7.7 0.14 0.056 0.44 0.39
Rosuvastatin (Whites) 3.6 0.27 0.082 0.30 0.63
Rosuvastatin (Asians) 3.2 0.30 0.103 0.33 0.59
Glyburide (non-induced) 2.2 0.45 0.32 0.71 0.77
Glyburide (induced) 2.2 0.45 0.43 0.96 0.91

THERAPEUTICS

PHARMACOKINETICS

DOSE CONCENTRATION EFFECT

PHARMACODYNAMICS

Fig. 1. The therapeutic triangle
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decreases 94.4%, resulting in a 61% decrease in terminal half-
life and a 56% decrease in MRT. Similarly, a large disconti-
nuity between the clearance and Vss ratios is observed for
rosuvastatin in Asians and Whites resulting in a 37 to 41%
decrease in terminal half-life and a 67 to 70% decrease in
MRT. Glyburide, studied in both induced and non-induced
states, showed a 55% decrease in CL/F for both conditions;
however, Vss/F also decreased 57% (induced) and 68% (non-
induced), resulting in no change in terminal half-life and
MRT for the induced condition and only a 23 and 29%
change in terminal half-life and MRT for the non-induced
condition. These changes cannot be attributed to differences
in bioavailability since this term is in both the clearance and
volume ratio relationships (Eq. (2)).

Lesson to Be Learned. When transporters are signifi-
cantly involved in drug disposition, changes in transporter
activity due to drug–drug interactions, pharmacogenomic
variance, and disease states can result in differential
changes in clearance and volume of distribution that result
in discordance of changes between clearance and half-life,
even to the point that half-life decreases when clearance
decreases. The role of volume of distribution changes
should not be ignored, since even significant changes in
AUC or clearance may not be quantitatively reflected in
MRT or terminal half-life due to a more significant change
in volume of distribution. Alterations in the amount of
drug dosed should be based on AUC (CL/F) changes,
although dosing interval may also require changes based on
half-life for drugs exhibiting narrow therapeutic indices.

VOLUME OF DISTRIBUTION CHANGES DUE TO
TRANSPORTER INTERACTIONS MAY BE EQUAL IN
MAGNITUDE TO CLEARANCE CHANGES AND WILL
NOT RESULT IN HALF-LIFE CHANGES

Our glyburide data would suggest that there may not
always be a differential effect of transporter inhibition on
clearance and volume of distribution. In that study (11),
concomitant intravenous dosing of 600 mg rifampin follow-
ing a single 10 mg oral dose of glyburide versus a control
single oral dose of glyburide caused AUC to increase 2.2-
fold. These same subjects were then re-examined when
enzymes were induced by multiple rifampin dosing, again
yielding the same increase in AUC with concomitant IV
dosing of rifampin, highlighting that the magnitude of
change resulting from the transporter interaction is unaf-
fected by metabolic enzyme induction. The scientific
explanation for this outcome is addressed in the last
section of the tutorial. In our glyburide study, no significant
differences are seen between induced and non-induced
conditions for the Vss/F, MRT, and t1/2,z values. Since
volume of distribution and clearance decreased by con-
comitant IV dosing of rifampin to similar degrees in the
induced state, there are minimal changes in the observed
MRT and terminal half-life.

Lesson to Be Learned. (a) Not all transporter activity
changes will lead to differential CL and Vss changes. (b)
The extent of drug–drug uptake transporter interactions
will be the same, independent of changes in metabolic

interactions (i.e., induced versus non-induced conditions),
as will be shown subsequently in the AUC/Doseoral
equation.

METABOLIC INTERACTIONS DO NOT APPEAR TO
CHANGE VOLUME OF DISTRIBUTION BUT
ANALYSIS OF ORAL DOSING PHARMACOKINETICS
IS CHALLENGING DUE TO POTENTIAL
BIOAVAILABILITY CHANGES

Although most clinically relevant pharmacokinetic
changes due to drug interactions, pharmacogenomic
variance, and disease states are observed following oral
drug dosing, much of the theory taught to clinicians and
drug development scientists is based on intravenous drug
dosing. We address this issue in more detail in the following
section. Analysis of a 1998 study (14) of the effect of
clarithromycin dosing on oral and IV midazolam pharmaco-
kinetics illustrates the difficulties one encounters when only
oral drug–drug interaction data are available. Midazolam, a
class 1 BDDCS drug where no clinically significant trans-
porter effects would be expected or observed, is a substrate of
CYP3A4, an enzyme inhibited by clarithromycin. As shown
in Table II, with concomitant clarithromycin dosing, IV
midazolam AUC increases 2.7-fold, which is also observed
for the change in the terminal half-life (2.7-fold) and MRT (3-
fold), since Vss and V1 (volume of distribution for the central
compartment) did not change significantly (ratios of 1.1 and
1.0, respectively) as we expect for metabolic drug interactions
(7). However, when the clarithromycin–oral midazolam drug
interaction is evaluated, AUC increases 7.1-fold, CL/F
decreases to 0.14, and Vss/F decreases to 0.35. Here, again,
there is a discontinuity between the CL/F and Vss/F ratios so
that the changes in half-life (2.6-fold) and MRT (2.7-fold) are
quite different than those observed for AUC or CL/F. This is
a result of the marked effect of clarithromycin on bioavail-
ability where the ratio increases 2.4-fold, primarily as a
function of gut bioavailability (FG) increasing 2.0-fold versus
the hepatic first-pass increase in bioavailability (FH), which
only increases 1.2-fold (14). However, we only know these

Table II. Ratios of Midazolam Blood Pharmacokinetic Parameters
With/Without 7 days of Clarithromycin Dosing

IV midazolam ratios Parameter Oral midazolam ratios

2.7 AUC 7.1
1.3 Cmax 3.3
0.37 CL CL/F

F, FH, FG

0.14
2.4, 1.2, 2.0

1.1 Vss Vss/F 0.35
1.0 V1

2.7 t1/2terminal 2.6
3.0 MRT 2.5

AUC, CL, F, and t1/2terminal values as reported by Gorski et al. (12)
using weight-corrected values for AUC and CL; Cmax, Vss, V1, and
MRT determined from digitized data from figures of average
concentration time curves
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changes in F because an IV drug interaction study was also
carried out, not the usual information available for an oral
interaction study.

Other interesting results are seen in Table II, reflecting
points raised in our recent paper (7), “Understanding drug-
drug interactions and pharmacogenomic changes in phar-
macokinetics for metabolized drugs.” First, maximum
concentration (Cmax) ratios are markedly less affected by
enzyme inhibition than AUC ratios. As we previously
pointed out (9), AUC for both single and multiple drug
doses accurately reflects the change in clearance and
bioavailability. At steady state, Cmax changes will approx-
imate AUC changes, but, following a single dose under
inhibited conditions, the Cmax ratio will be markedly less if
accumulation occurs with multiple dosing, since Cmax

observed at steady state is greater than the single-dose
Cmax due to accumulation. Secondly, as we previously
pointed out (5), a significant difference between the AUC
ratio and the half-life ratio following oral dosing indicates a
marked first-pass loss condition. Here, for midazolam, a
relatively low hepatic extraction ratio drug where the FH

ratio is only 1.2, the marked difference between the AUC
and half-life ratios is primarily a function of FG (ratio = 2.0)
for this CYP3A substrate.

Lesson to Be Learned. Following oral dosing, drug–
drug interactions and pharmacogenomic variance can also
frequently lead to differential clearance and half-life
changes, but, for variations, due to metabolism alone,
half-life will never decrease when clearance decreases.
These differential changes result from changes in FH and
FG. First-dose Cmax ratios for the victim drug may be
markedly different than the AUC ratio.

CHANGES IN HALF-LIFE SHOULD NOT BE USED IN
MAKING ORAL DRUG DOSING DECISIONS FOR
DRUG–DRUG INTERACTIONS AND
PHARMACOGENOMIC VARIANCE OUTCOMES

In Table I, we demonstrated how transporter effects
could change volume of distribution differentially from
clearance and thus showing why making drug dosing
adjustments based on half-life would be inappropriate.
Here, we show that when only oral data is available, drug
dosing decisions should never be made based on changes
in half-life whether or not there are transporter interac-
tions. The oral midazolam results in Table II point out the
unfortunate confounding aspects of the recent publication
of Jelliffe and Bayard in this journal (15). These authors
argue that both clearance and elimination rate constant
approaches are mathematically proven equally valid in
“training clinical pharmacokineticists and physicians to
manage drug therapy optimally for patients under their
care in their everyday practice.” However, that analysis
was based on equations for a drug following a one-
compartment pharmacokinetic model for intravenous dos-
ing. One can readily see from the oral midazolam ratios in
Table II that clearly the CL/F parameter, the inverse of the
AUC ratio, is the relevant value clinicians must consider in
adjusting midazolam doses with concomitant clarithromycin

administration. Measuring the half-life change would pro-
vide no clinically useful information with respect to drug
dose. Knowing that clearance and elimination rate constant
approaches are equally valid as claimed by Jelliffe and
Bayard (15) for IV dosing when a drug follows one-
compartment pharmacokinetics provides clinicians with no
useful information. The use and devising of pharmacoki-
netic theoretical analyses using a one-compartment model
following IV dosing continues to plague the rational
understanding of pharmacokinetic principles in drug dosing
and the use of pharmacokinetics as a tool in defining drug
disposition. As we noted in 2008 (16), all of the equations
utilized to predict drug accumulation in the literature and
in pharmacokinetic textbooks do not provide the correct
numbers since they are all based on IV drug dosing for a
drug following a one-compartment model.

Lesson to Be Learned. Theoretical pharmacokinetic
analyses based only on intravenous drug dosing can be
very misleading when observing data following oral dosing.
Drug dosing decisions and recommendations for drug
dosing changes (i.e., the dosing rate) must be based on
CL/F (the inverse of AUC) changes, not half-life (rate
constant) changes.

PERSPECTIVE: INCORPORATING TRANSPORTER
EFFECTS IN DEFINING DRUG PHARMACOKINETICS
IS ONLY CONSISTENT WITH THE WELL-STIRRED
MODEL OF HEPATIC ELIMINATION

Transporters have also changed basic pharmacokinetic
understanding with respect to models of hepatic elimina-
tion. Transporters have been incorporated into hepatic
clearance models via the extended clearance concept as
we recently reviewed (9). It is well recognized that the
extended clearance concept as used in pharmacokinetics
assumes that hepatic elimination is described by the well-
stirred model (17–23), but it is not clearly indicated why
this must be so. Solving for the change in the total
amount of drug within the hepatocyte (AH) with time is
given by:

dAH

dt
¼ PSinf ;int � f u;B � CB−PSeff ;int � f u;H � CH;eff

−CLH;int;met � f u;H � CH;met−CLH;int;bil � f u;H � CH;bil

ð3Þ

where PSinf,int for basolateral influx (inf) and efflux (eff) into
and out of the hepatocyte, respectively, are the intrinsic
membrane passage clearances that are composed of both
active intrinsic transporter clearances as well as passive
intrinsic diffusional processes; fu values are fraction unbound
in the blood (B) and in the hepatocyte (H), respectively;
CLH,int parameters are the intrinsic clearances for irreversible
drug removal from the hepatocyte via metabolism
(CLH,int,met) and biliary clearance (CLH,int,bil); C values are
total drug concentrations driving basolateral efflux, metabo-
lism, and biliary excretion in the liver and the blood
concentration driving influx as indicated by the subscripts.
We have differentiated the three driving force concentrations
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within the liver since one would not expect that the
concentration in the liver at the basolateral border driving
efflux was necessarily the same as the concentration at the
apical border driving biliary excretion nor the average
concentration within the liver driving metabolism. This
differentiation of concentrations within the hepatocyte/liver
is inherent when clearance is defined in terms of the parallel
tube or axial dispersion models. However, this conundrum of
differential concentrations can be solved by assuming the
well-stirred model where all concentrations within the
hepatocyte/liver are equivalent as given in Eq. (4).

dAH

dt
¼ PSinf ;int � f u;B � CB− PSeff ;int þ CLH;int;met þ CLH;int;bil

� � � f u;H � CH ð4Þ

At steady state, where the left-hand sides of Eqs. (3) and
(4) become zero, then using the well-stirred model, the liver
clearance can be calculated as we (9) and others (17–23) have
shown yielding Eq. (5).

CLLiver ¼
QB � PSinf ;int � f u;B � CLH;int

PSinf ;int � f u;B � CLH;int þQB � CLH;int þQB � PSeff ;int ð5Þ

and following oral dosing (9) leading to Eq. (6)

AUC
Doseoral

¼ Fabs � FG � CLH;int þ PSeff ;int
� �

PSinf ;int � f u;B � CLH;int
ð6Þ

It is Eq. (6) that explains the glyburide AUC results
in Table I, where inhibiting hepatic uptake (PSinf,int) by
dosing intravenous rifampin causes the same change in
AUC under induced and non-induced conditions indepen-
dent of the other parameters in Eq. (6) (particularly FG

and CLH,int) when metabolism is induced by continuous
rifampin dosing.

Although it is well-recognized that when transporters
are included in the derivation of organ clearance this is
only consistent with the well-stirred model, investigators
and particularly the physiologic-based pharmacokinetic
(PBPK) model programs define clearance within the organ
using the axial dispersion model. This is incorrect and
unjustified. As we recently noted (9), the recognition that
the extended clearance concept is derived from the well-
stirred model explains why PBPK models function best
with multiple (often 5) consecutive liver compartments
when hepatic availability is low. Each well-stirred model
compartment can only decrease concentrations by a single
step, since there is no incremental metabolism in the well-
stirred model in contrast to the parallel tube and axial
dispersion models. However, the incremental process can
be mimicked by this series of consecutive well-stirred
model steps utilized in the PBPK models as recently
analyzed by Li et al. (24).

Lesson to Be Learned. Models incorporating the
possibility of transporter effects, including PBPK models,
are only consistent with the well-stirred model, and this
model of organ elimination does an adequate job of
allowing investigators to use various approaches to predict

drug–drug interactions, pharmacogenomic variance, and
disease state changes in drug pharmacokinetics.

CONCLUSIONS

The recognition of the importance of transporters with
respect to drug disposition has led to further refinements in
the pharmacokinetic interpretation of drug disposition. It
appears that metabolic drug–drug interactions and
pharmacogenomic variance affecting metabolism of drugs
has effects only on clearance, bioavailability, and half-life with
volume of distribution being unchanged. However, when
transporters are an important aspect of drug disposition,
drug–drug interactions and pharmacogenomic variance can
also result in differential marked changes in volume of
distribution, thereby affecting half-life to the extent that
counterintuitive outcomes can result where decreased clear-
ance can result in a faster rather than a slower half-life. This is
crucial to recognize as examining only MRT or terminal half-
life changes may mask significant CL/F or AUC changes due
to an equally significant volume of distribution change. The
lessons learned in this tutorial came about after we recog-
nized that transporter drug–drug interactions (DDIs) can
result in changes in volume of distribution in addition to
clearance, but that this was not true when DDIs were only
metabolic. Analysis of oral dosing pharmacokinetic interac-
tion studies (in the absence of IV interaction data) can
potentially be misleading if changes in bioavailability are not
properly recognized. It is also important to note that models
incorporating such transporter effects are only consistent with
the well-stirred model of hepatic disposition.
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