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Abstract: Studies of many P-glycoprotein (Pgp) substrates have demonstrated a significant
effect of Pgp-mediated efflux on intestinal drug transport. However, most of these studies were
designed to detect whether a particular drug is a Pgp substrate and thus were conducted at
very low concentrations. We performed two simulations to evaluate the effect of Pgp-mediated
efflux on oral drug absorption at various concentrations. In the first simulation, a steady-state
model allowed us to predict whether the contribution of Pgp to oral drug absorption would be
significant at clinically relevant concentrations. Our second simulation investigated the role of
Pgp-mediated efflux in oral absorption with a dynamic compartmental absorption and transit
model linked to a pharmacokinetic model. For high-solubility drugs, Pgp-mediated efflux altered
the bioavailability only at drug concentrations corresponding to doses much lower than the usual
clinical dose. The ratio of transporter-mediated transport to passive transport determined whether
intestinal Pgp transporters would reduce the bioavailability of high-solubility drugs.
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1. Introduction
P-glycoprotein (Pgp) is a transporter protein responsible

for the efflux of drug compounds across the cell membrane.
Pgp is expressed in the kidney tubules, adrenal glands,
blood-brain barrier, muscle, lung, pancreas, intestine,
placenta, testis, stomach, and liver.1-3 Pgp expressed in the
enterocyte cells lining the intestine effluxes its substrates
across the apical membrane back into the intestine; therefore

Pgp-mediated efflux has the potential to decrease intestinal
drug absorption and increase drug metabolism in the en-
terocyte cells.4-9 A number of studies have attempted to
measure the effect of Pgp-mediated efflux on the oral
bioavailability of certain drugs, such as digoxin, etoposide,
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methylprednisolone, cyclosporine A, paclitaxel, acebutolol,
and vinblastine.10-17

As an example, Adachi et al. measured the effective
clearance (CLeff) of drugs across a mouse intestinal mem-
brane in the presence and absence of Pgp expression. The
CLeff in the presence of Pgp (CLeff

Pgp) was reduced (by as
much as 87% for quinidine) relative to the CLeff without Pgp
in mice.18 However, in this study, the concentrations used
for the drug compounds were fairly low when compared to
those that would be present in actual clinical practice. Lin
et al. mentioned the possibility of exaggeration of the role
of Pgp in first-pass metabolism in humans, based on the low
concentrations in the animal studies.19 Although numerous

studies have been carried out to investigate Pgp-mediated
efflux, most were designed to detect whether a particular
drug was a Pgp substrate, and thus were not concerned with
whether the applied concentration range was realistic for
clinical interpretation in humans. In this study, we carried
out two simulations to evaluate the effect of drug con-
centration on Pgp-mediated efflux. In the first simulation, a
steady-state model for Pgp-mediated efflux kinetics leads to
a relationship between CLeff

Pgpand drug concentrations in the
small intestine and allows us to predict if the contribution
of Pgp to the oral absorption of Pgp substrates would be
significant in the clinically relevant concentration range. This
first simulation is relevant to in vivo perfusion studies and
to in vitro studies using cell cultures in which a constant
drug concentration is exposed to the apical side of the
membrane. However, when a drug is delivered orally, the
concentration of drug in the intestine rises and falls over
time. To account for this, in our second simulation we
investigated the role of Pgp-mediated efflux on oral absorp-
tion with a dynamic compartmental absorption and transit
model linked to a pharmacokinetic model.

2. Experimental Section
2.1. Simulation I. The CLeff across the intestinal mem-

brane is the combination of several transport mechanisms
including Pgp-mediated efflux and passive transport. CLeff

is the product of the apparent membrane permeability
coefficient (P) and the surface area (S), so we will rep-
resent each contribution to the overall clearance by itsPS
product.18 The overall clearance in the apical to basal
direction (CLeff

AB) is

CLeff
AB is the overallPSproduct of the membrane,PS1, PS2,

andPSPgprepresent thePSproducts for the influx, non-Pgp-
mediated efflux, and Pgp-mediated efflux across the apical
membrane, respectively, andPS3 is thePSproduct for the
efflux across the basal membrane (see Figure 1).20 This
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Figure 1. Schematic diagram of transcellular transporters of
a drug compound in the enterocyte cells that line the
membrane of the intestine.20

CLeff
AB )

PS1PS3
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equation is the steady-state solution of the mass balance
equation describing the accumulation of drug in the entero-
cytes

CA andCB are the drug concentration on the apical and basal
sides of the membrane, respectively,M and Cent are the
amount and concentration of drug in the enterocytes, and
PS4 is thePSproduct for influx across the basal membrane.

In eq 2,∂M/∂t ) 0 at steady state (constant velocity of
transcellular transport). If we assumeCB ) 0, corresponding
to sink conditions on the basal side, thenCent

ss (Cent at steady
state) is

The CLeff
AB determines the steady-state flux across the apical

membrane via

which simplifies to eq 1.
In an in vitro cell culture study it is possible to expose

the drug to the basal side of the membrane and measure the
clearance in the reverse direction. The overall steady-state
clearance in the basal to apical direction (CLeff

BA) is derived
by assuming sink conditions on the apical side of the
membrane,CA ) 0. The steady-state solution of eq 2 under
this assumption is

The flux across either the apical or basal membrane must
be equal to CLeff

BACB, and so using the apical flux we find

which simplifies to

The equations derived above are valid even when thePS
products for each transport mechanism depend on the drug
concentration. In the rest of the simulation we will assume
that all thePS products exceptPSPgp are independent of
concentration.PSPgpis modeled using the following equation:

PSPgp is the membrane permeability clearance by Pgp-
mediated efflux (cm3/min), Vmax is maximum Pgp-mediated
efflux rate per effective area (nmol/cm2/min), Km

eff is the
concentration at which half-maximal flux is achieved (µM),

andCent is drug concentration in the enterocyte (µM). Ppass

is the apparent permeability for transport by all other
mechanisms, and we estimated its value by assuming that
PS1 ) PS2 ) PS3 ) PS4 ) PpassS in eq 9. Table 1 shows the
values of the parameters used in this simulation.

Even though these Pgp substrates are known to be
substrates of other efflux pumps like MRP1 and MRP2, there
is little quantitative experimental or numerical data available
to be used in this simulation. For example, the values of
Ppass, Vmax, and Km

Pgp used in these simulations came from
fits to experimental measurements of total transport; thus
these values include the effects of other transporters that were
not explicitly specified in the model. The main interest of
this simulation study was to evaluate transporter related
efflux relative to passive transport mechanisms in the
absorption process. Pgp-mediated transport is believed to be
the most significant active transport process for these drugs.

There are several study designs that are used to determine
whether a drug is a Pgp substrate. The ratio of clearance in
the BA to AB direction is one possible method:

A second design is to compare the AB clearance mea-
sured with and without Pgp efflux. Pgp efflux can be
suppressed in in vivo studies by using knockout mice and
in in vitro studies through the coadministration of Pgp
inhibitors. To compare normal mice and knockout mice
(mdr1a/1b(-/-)), which lack Pgp (mdr1a and mdr1b),23 we
compare the ratio of the CLeff

AB for the two phenotypes.
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∂M
∂t

) PS1CA - PS2Cent - PSPgpCent + PS4CB - PS3Cent

(2)

Cent
ss )

PS1CA

PS2 + PSPgp+ PS3
(3)

CLeff
ABCA ) PS1CA - (PS2 + PSPgp)Cent

ss (4)

Cent
ss )

PS4CB

PS2 + PSPgp+ PS3
(5)

CLeff
BACB ) PS2Cent

ss + PSPgpCent
ss (6)

CLeff
BA )

(PS2 + PSPgp)PS4

PS2 + PSPgp+ PS3
(7)

PSPgp)
Vmax

eff S

Km
eff + Cent

(8)

Table 1. The Values of Jmax, Km
Pgp, and Ppass Used in

Simulation Ia

drug
Vmax

(nmol/cm2/min)
Km

Pgp

(µM)
Ppass

(cm/min) ref

verapamil 0.0163 30.82 3.4 × 10-4 1
quinidine 0.234 868 5.0 × 10-5 21
vinblastine 0.0233 328.89 7.4 × 10-5 1
digoxin 0.07833 81 1.9 × 10-4 22

a All of the data comes from in vivo measurements on rat jejunum.

CLeff
BA

CLeff
AB

)
(PS2 + PSPgp)PS4

PS1PS3
(9)

CLeff
AB ratio )

CLeff
AB(mdr1a/1b(-/-))

CLeff
AB(normal)

) 1 +
PSPgp

PS1 + PS2

(10)
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Using Pgp substrates verapamil, quinidine, vinblastine, and
digoxin as example drugs,PSPgp and the CLeff

AB ratio were
calculated for a wide range of the drug concentrations, from
the concentration used in rat study18 to the estimated clinical
concentration in the human small intestine (calculated by
dividing the dose by the volume of the small intestine, 500
mL24,25).

2.2. Simulation II. In order to determine the effect of Pgp-
mediated efflux on the intestinal absorption process, efflux-
mediated drug transport (PSPgp) and passive drug transport
were incorporated into a compartmental absorption and
transit model (CAT)26 and pharmacokinetic (PK) model. In
this study, imatinib mesylate, a well-known Pgp substrate,27

was chosen to be the model drug. The CAT model is linked
to a 2-compartment PK model with the first-order absorption
and elimination process as shown in Figure 2.

The CAT model consists of 7 absorption compartments
and a stomach compartment. The stomach is indexed as
compartment 1. Each compartment has both dissolved and
undissolved drug. We write the equations for the model in
terms of the mass of drug in each compartment.D is the
drug dose (mg) whileMu,i, Md,i, andMent,i (i ) 1, ..., 8) are
the amount of drug as solid, liquid, and absorbed in each
compartment of the small intestine, respectively.M1, MPK,1,
andMPK,2 are the drug amount in the stomach and the two
pharmacokinetic compartments.

In each compartment, there are input and output according
to the gastric emptying or intestinal transit rate constants (kemp

andkt), undissolved drug becomes dissolved drug according
to the dissolution rate constant (kd), and dissolved drug is
absorbed according to the absorption rate constant (ka). The
pharmacokinetic model is described by the elimination rate
constantkel from the main compartment and the rate constants
k12 andk21 that govern transport between the two compart-
ments.

For dissolution, the rate constant depends on the concen-
tration in the compartment as

Under sink conditions, whereCd,i is always much less than
Csat,i, there is a well-defined dissolution rate constant,

with units of time-1. In this equation,D is the drug diffusion
coefficient,F is the drug density,r is a mean particle size,
and h is the diffusion layer thickness. We parametrize
dissolution based in the intrinsic dissolution constant,Kd

/ )
3D/(Frh), which has units of mg/mL/h. The problems with
kd,sink are 2-fold. First, although it is easy to do in vitro
dissolution testing under sink conditions, the in vivo situation
may not be at sink conditions. Second,kd,sink contains

(24) Weisbrodt, N. Motility of the small intestine. InPhysiology of
the gastrointestinal tract; Johnson, L., Ed.; Raven Press: New
York, 1989.

(25) Kerlin, P.; Zinsmeister, A.; Phillips, S. Relationship of motility
to flow of contents in the human small intestine.Gastroenterology
1982, 2, 701-706.

(26) Yu, L. An integrated model for determining causes of poor oral
drug absorption.Pharm. Res.1999, 16, 1883-1887.

(27) Hamada, A.; Miyano, H.; Watanabe, H.; Saito, H. Interaction of
imatinib mesilate with human P-glycoprotein.JPET2003, 7, 824-
828.

Figure 2. The compartmental absorption and transit model linked to a 2-compartment pharmacokinetic model.

dMu,i

dt
) kt,i-1Mu,i-1 - kt,iMu,i - kd,iMu,i (11)

dMd,i

dt
) kt,i-1Md,i-1 - kt,iMd,i + kd,iMu,i - ka,iMd,i (12)

kd ) kd
/(Csat,i - Cd,i) (13)

kd,sink )
3DCsat

Frh
(14)
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dependence on the solubility at which it was measured, while
the in vivo solubility may change from the stomach to the
intestine.

For passive transport, the rate constantka in each compart-
ment is determined by the passive permeability and the
compartment volume,Vi,

To include the effect of efflux transporters and metabolic
enzymes in the intestinal membrane, we devise a model of
the intestinal enterocyte cells that includes passive transport
in and out of the cell, efflux back into the intestine, and
metabolism,

In the model,kmet is a rate constant for metabolism andVent

is the volume of the enterocyte cells. We have assumed that
the concentration on the basal side of the membrane is
essentially zero (this is justified because the blood volume
is much larger than the membrane volume and there is rapid
blood flow away from the membrane).

As in simulation I, we assume that metabolism and efflux
occur by saturable mechanisms, described by eq 8 and

but in this model,Cent changes with time and is not at steady
state as it is in simulation I. TheVmax are the maximum mass
flux per unit area while theKm are the concentrations at
which one-half the maximum flux occurs. We quantify both
metabolic and transport activity on a per surface area basis
to facilitate comparison of the two processes. Table 2 lists
the values of the parameters used in the simulation. The
pharmacokinetic parameters (kel, k12, k21, Vd) were fit to
pharmacokinetic data, while the rest of the model parameters
were chosen beforehand on the basis of literature data for
the absorption process.

Although our model allows us to include regional variation
in Pgp expression, we used a single value in our model of
imatinib mesylate. Regional differences in Pgp expression
are especially important for drugs that are absorbed at more
than one site or mainly absorbed in the colon. However, the

main interest of this study is to investigate the theoretical
relationship between drug transport mechanism and bio-
availability, and therefore we concluded that a single value
for Pgp expression is the most appropriate choice for this
simulation study.

3. Results
3.1. Simulation I Results.The simulation was carried out

for four well-known Pgp substrates: verapamil, quinidine,
vinblastine, and digoxin. Figure 3 shows changes inPPgp,
and Figure 4 presents the ratio of CLeff

AB, calculated from eq
10, along a wide concentration range for each drug.PPgpand
the ratio of CLeff

AB are high at very low concentrations,
indicating a significant contribution of Pgp to drug transport.
Both decrease as the drug concentration in contact with the
membrane increases. If the concentration could increase
without limit, then passive transport would eventually
dominate the transport of all drugs. However, there are two
factors that provide an upper limit for the concentration:
solubility and clinical dose.

Figures 3 and 4 indicate the solubility and usual clinical
dose of each drug. The lower value of the two determines
the appropriate upper concentration limit on each curve. The
dose provides the limit for vinblastine, digoxin, and vera-
pamil, while the solubility provides the limit for quinidine.
For three of these drugs, Pgp transport remains significant
over the clinically relevant concentration range, either
because of the drug’s low solubility (quinidine,vinblastine)
or low dose (digoxin). For high-solubility drugs (such as
verapamil) there is the potential of drawing the wrong
conclusion about Pgp effects from the low-concentration
experiments.

The results of simulation I suggest a simple way to
evaluate the potential contribution of intestinal transporters
to drug absorption. First, calculate the mean concentration
as the lower of the dose divided by a characteristic intestinal
volume (500 mL) or the solubility at the intestinal pH,

and then evaluate the ratio of Pgp to passive transport,RPgp,
as

When RPgp is equal to 1, then Pgp transport and passive
transport are equally effective. For the drugs in simulation
I, Table 3 shows that only verapamil has anRPgpsignificantly
less than 1. However, to precisely determine the critical value
of RPgp that will indicate a significant impact on bioavail-
ability requires a model of the entire absorption process.

Table 2. The Parameters Applied in Simulation II for
Imatinib Mesylate

dose 0-400 mg Km
met 25.6 µM

Vmax
met 3 × 10-6 mg/cm2/s Km

eff 5.35 µM

Vmax
eff 6 × 10-6 mg/cm2/s kemp 4 h-1

kt 2.11 h-1 kel 0.051 h-1

kd
/ 40 mg/mL/h Ppass 1.2 × 10-3 cm/s

Csat 1.6 mg/mL MW 589.7 g/mol
k12 0.028 h-1 k21 0.005 h-1

Vdist 236 L

ka,i )
PS1

Vi
(15)

dMent

dt
) PS1Cint - (PS2 + PS3 + PSPgp+ kmetVent)Cent (16)

kmetVent )
Vmax

metS

Km
met + Cent

(17) Cmean) D
Vint

or Cmean) Csat (18)

RPgp)
Vmax

eff

PpassCmean
if Cmean/Km

eff . 1 (19)

RPgp)
Vmax

eff

PpassKm
eff

if Cmean/Km
eff , 1 (20)
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3.2. Simulation II Results. Simulation I results suggest
that, for high-solubility drugs, Pgp-mediated efflux is
significant only at concentrations far below those that would

occur in vivo. In this simulation, we use an integrated
absorption model to determine when Pgp-mediated efflux
will have a significant effect on the fraction of drug ab-
sorbed. In cell culture studies, imatinib mesylate has been
clearly demonstrated to be a Pgp substrate. At a concentration
of 5 µM, the ratio of CLeff

BA/CLeff
AB was 4 and the ratio of

CLeff
AB(Suppress Pgp)/CLeff

AB(PgP) was 2.27 However, the
usual dose of imatinib mesylate is 400 mg (Cmean) 850µM),
and at this dose Figure 5 shows that the CAT model predicts
the concentration profile even when transporters are sup-

Figure 3. PPgp vs concentration for a series of drugs.

Figure 4. Ratio between CLeff
AB in the presence and absence of Pgp expression in knockout mice vs concentration for a series

of drugs.

Table 3. RPgp for the Drugs Studied in Simulation I

drug Cmean (µM) Cmean/Km
eff RPgp

verapamil 1055 34 0.04
quinidine 431 0.497 5.3
vinblastine 28 0.085 0.96
digoxin 3 0.039 5.07
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pressed in the model. Figure 6 shows that the model also
predicts the observed dose proportionality from 25 mg up
to 1000 mg, within the variability in AUC.

Thus, we have an example in which Pgp-mediated efflux
does not affect absorption of imatinib mesylate, but we know
that imatinib mesylate is a Pgp-substrate and is also a
CYP3A4 substrate. We use the simulation to evaluate the
contribution of intestinal efflux and metabolism on imatinib
mesylate to determine at what dose these factors would affect

bioavailability. We start withVmax andKm values estimated
from in vitro measurements, but we recognize that translation
to human in vivo simulation is problematic and so we vary
the Vmax values over several orders of magnitude.

Because imatinib mesylate is a highly soluble and highly
permeable drug, its bioavailability is predicted to be nearly
unity if there were no Pgp-mediated efflux or metabolism
in the intestine.29 Either metabolism or efflux can reduce
the bioavailability of imatinib mesylate. Figure 7 shows how

Figure 5. Comparison of plasma concentrations predicted from our model with measured data for a 400 mg dose of imatinib
mesylate. The fraction error between predicted and measured pharmacokinetic parameters was 0.030 for AUC and 0.016 for
Cmax, which demonstrates that the model is acceptable for this simulation study.

Figure 6. Predicted data and measured data28 for imatinib mesylate AUC24 as a function of dose.
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the percentage of imatinib mesylate absorbed is reduced by
increases inVmax

eff or Vmax
met.

Vmax
met of 3 × 10-6 (mg/cm2/s) and Vmax

eff of 6 × 10-6

(mg/cm2/s) best represents the clinical observation that
imatinib mesylate is dose proportional for doses between 25
and 1000 mg and is consistent with the in vitro observation
that imatinib mesylate is a Pgp and CYP3A substrate. For
theseVmax choices and aPpass of 1.2 × 10-3 (cm/s), the
bioavailability of imatinib mesylate remained approximately
the same (0.94-0.98) for doses higher than 25 mg. This is
in accordance with the data presented in Figure 6.

Pgp inhibition or induction by drug interactions (higher
Vmax or lowerVmax) can be evaluated relative to these values.
Even complete inhibition of Pgp efflux or a 10-fold increase
in Pgp expression would not significantly change bioavail-
ability at the usual dose of this drug. The contribution of
Pgp-mediated efflux to oral absorption of imatinib mesylate
is not substantial because passive transport dominates the
bioavailability of this high-permeability drug. However, if
the dose were less than 25 mg, then the role of efflux trans-
porters in drug absorption would be much more important.

Even though the effect of Pgp-mediated efflux on bio-
availability is small, Figure 8 shows that the fraction of the
dose that passes through the efflux transporters can be
substantial. The fraction of drug effluxed by Pgp was
between 0.45 and 1.25 in the doses lower than 25 mg and

remained above 0.1 for doses up to 400 mg. The fraction
effluxed can be greater than 1 because the reabsorption of
the effluxed drug along the intestine allows the drug to be
effluxed more than once. This process of recycling is why
the 40% efflux of a 50 mg dose only results in a 5% decrease
in bioavailability.

It has been suggested that the recycling of drug through
the enterocytes can increase the fraction of drug metabolized
in the intestine because a drug that is effluxed and then
reabsorbed has additional opportunities to be metabolized
in the intestine.30 Figure 9 tests this hypothesis by plotting
the fraction metabolized versus the fraction effluxed. When
Vmax

eff is smaller thanVmax
met, there is a strong increase in the

fraction metabolized with the fraction effluxed. However,
when Vmax

eff is greater thanVmax
met, there is a much smaller

increase. When efflux is more effective than metabolism,
there will only be a small increase in the fraction metabolized
because the efflux will compete efficiently with metabolism.
Both efflux and metabolism act to reduce bioavailability. In
the case where metabolism is more efficient, efflux trans-
porters act synergistically to keep the enterocyte concentra-
tion from saturating the metabolic enzymes. In the case where
efflux transporters are the primary barrier, metabolism is not
required as rejected drug passes into the colon and is not
absorbed.

Imatinib mesylate is a high-solubility, high-permeability
drug. Using the simulation we can investigate what would
happen for a new drug that had a different permeability.
Figure 10 demonstrates that if imatinib mesylate’sPpasswere

(28) Peng, B.; Hayes, M.; Resta, D.; Racine-Poon, A.; Druker, B. J.;
Talpaz, M.; Sawyers, C. L.; Rosamilia, M.; Ford, J.; Lloyd, P.;
Capdeville, R. Pharmacokinetics and pharmacodynamics of ima-
tinib in a phase I trial with chronic myeloid leukemia patients.J.
Clin. Oncol.2004, 22, 935-942.

(29) Physician’s Desk Reference; Thomson Healthcare: Montvale, NJ
07645, 2004.

(30) Cummins, C. L.; Jacobsen, W.; Benet, L. Z. Unmasking the
dynamic interplay between intestinal P-glycoprotein and CYP3A4.
J. Pharmacol. Exp. Ther.2002, 300, 1036-1045.

Figure 7. Percentage of drug absorbed relative to the absorption in the absence of transporters vs dose of imatinib mesylate.
Both Vmax are in units of mg/cm2/s, and Ppass ) 1.2 × 10-3 (cm/s).

articles Kwon et al.

462 MOLECULAR PHARMACEUTICS VOL. 1, NO. 6



lower, then the same amount of Pgp activity would have
caused a significant reduction in the relative bioavailability
as the dose decreased.

Figure 11 shows how the reduction in absorption due to
transporters changes with the permeability of the drug. In
the low-permeability region (Ppass < 10-5), even a small
amount of transporter activity can significantly reduce
the bioavailability. For highly permeable drugs (Ppass >
10-3), no Vmax

eff values result in any reduction in bioavail-

ability. In Figure 11, we include lines of constantRPgp )
Vmax

eff /PpassCmean. When RPgp is less than 0.05, then 90% of
the bioavailability is retained.

4. Discussion
In the gastrointestinal drug absorption process there are

two major mechanisms: passive diffusion driven by the drug
concentration gradient and active transport via various
transporters in the intestinal membrane. This absorption

Figure 8. Fraction of drug effluxed by P-glycoprotein in the intestine vs dose of imatinib mesylate. Vmax
met is fixed at 3 × 10-6

mg/cm2/s, and Ppass ) 1.2 × 10-3 (cm/s).

Figure 9. Fraction of drug metabolized vs fraction of drug effluxed by P-glycoprotein in the intestine. Vmax
met is fixed at 3 × 10-6

mg/cm2/s, and Ppass ) 1.2 × 10-3 (cm/s), while Vmax
eff varies along each of the curves.
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process is one of the major factors that influence bioavail-
ability of a drug. Pgp-mediated efflux has been invoked as
an explanation for the low oral bioavailability of some drugs
that are known to be Pgp substrates. In this paper, saturable
Pgp-mediated efflux kinetics has been used to simulate the
significance of Pgp efflux function as the drug concentration
increases from the concentrations used in most in vitro or
animal studies to the clinically relevant concentration for
humans. In simulation II, the role of Pgp-mediated efflux

on bioavailability of imatinib mesylate was explicitly studied.
Even though imatinib mesylate is known as a Pgp substrate,
the impact of Pgp on the intestinal absorption of imatinib
mesylate was negligible in the clinical dose range. The ratio
of active to passive transport as defined in the parameter
RPgp provides an indication of when active transport will
reduce bioavailability.

In this simulation, the evaluation of Pgp-mediated efflux
was focused on intestinal drug absorption and bioavailability.

Figure 10. Percentage of drug absorbed relative to the absorption in the absence of transporters and metabolism vs dose of
imatinib mesylate. For the curves Vmax

met ) 3 × 10-6 mg/cm2/s, while Vmax
eff has units of mg/cm2/s and Ppass has units of cm/s.

Figure 11. Percentage of drug absorbed relative to the absorption in the absence of transporters vs permeability. For the
curves Vmax

met ) 0 mg/cm2/s and the dose of imatinib mesylate is 400 µg.
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It is possible that the role of Pgp-mediated efflux on the drug
absorption in tumor cells, blood-brain barrier, or other
organs can be significant and relevant to drug efficacy in
clinical application to the patients, especially when the drug
concentration at the target organ is low.

Although numerous in vitro or in vivo experiments with
animals have been performed to assess the role of Pgp-
mediated efflux in oral bioavailability, the effect of Pgp on
bioavailability may not be substantial. For most Pgp sub-
strates, in vitro or animal studies for Pgp-mediated efflux
on drug absorption were commonly carried out at very low
drug concentrations, and therefore changes in clearance
caused by suppression of Pgp transport are readily de-
tected. Our simulations demonstrate that, for high-sol-
ubility drugs, even when Pgp transport is detectable at
low concentrations, it may not be important at concentra-
tions that occur in actual clinical practice. A low-dose study

can identify whether a drug is a Pgp substrate during the
drug development process; however, this study will not
determine if the intestinal Pgp-mediated efflux will affect
bioavailability. Therefore, an experimental design that in-
cludes the concentration range found in clinical applications
should be considered if the intention is to apply the data
from in vitro or in vivo animal studies to human bioavail-
ability.

Simulation also shows the importance of the passive
permeability in determining whether Pgp transport will affect
bioavailability. The parameterRPgp provides a simple char-
acterization of the effect of both passive permeability and
dose on bioavailability for high-solubility drugs. Simulations
now in progress are investigating low-solubility drugs to
determine a similar simple characterization.
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