I dentification of Intestinal L oss of a Drug through Physiologically ...
Peters, SheilaAnnie

Clinical Pharmacokinetics; 2008; 47, 4; ProQuest Central

pg. 245

Clin Pharmacokinet 2008; 47 (4): 245-259
ORIGINAL RESEARCH ARTICLE 3 12.5963/08/0004-0245/548.00/0

© 2008 Adis Data Information BV. All rights reserved.

Identification of Intestinal Loss of a Drug
through Physiologically Based
Pharmacokinetic Simulation of

Plasma Concentration-Time Profiles

Sheila Annie Peters

Discovery DMPK and Bioanalytical Chemistry, AstraZeneca R&D, Moindal, Sweden

Abstract Background and objective: Despite recent advances in understanding of the role of the gut as a metabolizing
organ, recognition of gut wall metabolism and/or other factors contributing to intestinal loss of a compound has
been a challenging task due to the lack of well characterized methods to distinguish it from first-pass hepatic
extraction. The implications of identifying intestinal loss of a compound in drug discovery and development can
be enormous. Physiologically based pharmacokinetic (PBPK) simulations of pharmacokinetic profiles provide a
simple, reliable and cost-effective way to understand the mechanisms underlying pharmacokinetic processes.
The purpose of this article is to demonstrate the application of PBPK simulations in bringing to light intestinal
loss of orally administered drugs, using two example compounds: verapamil and an in-house compound that is
no longer in development (referred to as compound A in this article).

Methods: A generic PBPK model, built in-house using MATLAB® software and incorporating absorption,
metabolism, distribution, biliary and renal elimination models, was employed for simulation of concentration-
time profiles. Modulation of intrinsic hepatic clearance and tissue distribution parameters in the generic PBPK
model was done to achieve a good fit to the observed intravenous pharmacokinetic profiles of the compounds
studied. These optimized clearance and distribution parameters are expected to be invariant across different
routes of administration, as long as the kinetics are linear, and were therefore employed to simulate the oral
profiles of the compounds. For compounds with reasonably good solubility and permeability, an area under the
concentration-time curve for the simulated oral profile that far exceeded the observed would indicate some kind
of loss in the intestine.

Results: PBPK simulations applied to compound A showed substantial loss of the compound in the gastrointesti-
nal tract in humans but not in rats. This accounted for the lower bioavailability of the compound in humans than
in rats. PBPK simulations of verapamil identified gut wall metabolism, well established in the literature, and
showed large interspecies differences with respect to both gut wall metabolism and drug-induced delays in
gastric emptying.

Conclusions: Mechanistic insights provided by PBPK simulations can be very valuable in answering vital
questions in drug discovery and development. However, such applications of PBPK models are limited by the
lack of accurate inputs for clearance and distribution. This article demonstrates a successful application of PBPK
simulations to identify and quantify intestinal loss of two model compounds in rats and humans. The limitation
of inaccurate inputs for the clearance and distribution parameters was overcome by optimizing these parameters
through fitting intravenous profiles. The study also demonstrated that the large interspecies differences
associated with gut wall metabolism and gastric emptying, evident for the compounds studied, make animal
model extrapolations to humans unreliable. It is therefore important to do PBPK simulations of human
pharmacokinetic profiles to understand the relevance of intestinal loss of a compound in humans.
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Background

Compounds that have good permeability and solubility are
generally assumed to have 100% absorption. However, intestinal
loss of certain compounds through P-glycoprotein (P-gp) efflux,
intestinal metabolism or a combination of both has been recog-
nized as a factor limiting the absorption of these compounds.!!-3!
The concerted action of P-gp and cytochrome P450 (CYP) 3A4
enzymes makes it difficult to assess the relative role of CYP3A4
and P-gp in determining oral drug absorption. However, for many
P-gp substrates, it has been shown that P-gp has a limited role in
determining intestinal absorption, contrary to previous think-
ing.1*81 As P-gp is easily saturated, the contribution of P-gp to drug
absorption may not be significant at clinically relevant doses —
especially for high-solubility, high-permeability drugs — unless the
clinical doses are very low. For these drugs at least, any intestinal
loss can be attributed to metabolism by the gut flora and/or
oxidative/conjugative enzymes. Several studies have demonstra-
ted the presence of drug-metabolizing enzymes in the villus tip of
enterocytes in humans and in several preclinical species.[>13 Met-
abolic enzymes expressed in the enterocytes include CYPs,
glucouronyltransferases, sulfotransferases and esterases. The
levels of expression of drug-metabolizing enzymes in the intestine
are comparable with those in the liver.!!>!4 In general, enzyme-
driven biotransformation is highest in the jejunum and decreases
distally along the gastrointestinal (GI) tract,!'! while bacterial
degradation is highest in the colon. Despite these advances in the
understanding of gut wall enzymes, the importance of gut wall
metabolism has been doubted,!'®! due either to possible saturation
effects of CYP enzymes resulting from higher lumenal drug con-
centrations compared with their Michaelis-Menten constant (Km)
values, or to low enzyme expression and cofactor levels in the gut
compared with the liver. However, there are also factors that
favour intestinal metabolism over hepatic metabolism. All of the
passively absorbed drug, and not just the part that perfuses the
metabolizing compartment, is exposed to metabolizing enzymes in
the gut. Also, the moderating effects of protein binding are absent
in the gut, as all of the absorbed compound is presented to the
metabolizing enzymes in the enterocytes. Gut wall metabolism is
still poorly understood, as quantitative and mechanistic studies in
humans are proving to be elusive. Measurement of portal vein
drug concentrations, the only direct way to assess the intestinal
extraction, is technically difficult. In vitro models are not well
characterized, as there have been difficulties related to the prepara-
tion of viable enterocyte microsomes. Caco-2 cells have no mea-
surable CYP and very little uridine diphosphate glucuronosyl-
transferase (UGT) activity.!!'?l The CYP3A4 transgenic mouse
modelf!”! and the use of tissue slices in an Ussing chamber!'®! may
be good models to employ, but few such studies have been
reported in the literature. The large intra- and interspecies physio-
logical variability in the expression of drug-metabolizing enzymes
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in the gut!’%2% and their saturable nature introduce significant
heterogeneity in the bioavailability of drugs that are metabolized
by gut wall enzymes, and make interspecies extrapolation to
humans less reliable. There is thus a high risk that intestinal
metabolism of a compound in humans will go unrecognized be-
cause of the difficulty involved in distinguishing it from hepatic
extraction. This article aims to illustrate the application of physio-
logically based pharmacokinetic (PBPK) simulations of pharma-
cokinetic profiles to identify intestinal loss of a compound using
two examples: verapamil, a compound in which intestinal meta-
bolism has been well established,?!) and an in-house compound
from AstraZeneca that is no longer in development (compound A).
In addition to this primary aim, the article also discusses the
application of PBPK in identifying enterohepatic recirculation and
gastric emptying delay, the two pharmacokinetic processes that
also affect the concentration-time profiles (lineshapes) of the oral
plasma curves of these compounds.

Verapamil is a CYP3A4-metabolized, high-clearance drug. Its
low and variable bioavailability has been attributed to an interplay
of intestinal CYP3A4 metabolism and P-gp efflux.?2! However, as
for many other drugs, the role of P-gp in determining the extent of
absorption of this compound has been debated.!®®] On the other
hand, there is good experimental evidence of a substantial contri-
bution of intestinal first-pass metabolism in determining the oral
biocavailability of verapamil.?*! PBPK simulations have been ap-
plied to the pharmacokinetic profiles of R- and S-verapamil in rats
and to R-, S- and racaemic verapamil in humans to see if such
simulations can help identify the intestinal loss of verapamil
reported in the literature.

Compound A has good efficacy but poor bioavailability in
humans. PBPK simulations of its rat and human pharmacokinetic
profiles were done to identify possible reasons for its poor bio-
availability. The lineshape of the oral plasma curve of compound
A in humans is influenced by both intestinal loss and enterohepatic
recirculation.

The PBPK!?*26 approach can be used for predictions or for
simulation of pharmacokinetic (concentration-time) profiles. As a
prediction tool, its value is limited by the lack of reliable input
parameters, especially for clearance, where the in vitro measure-
ments for intrinsic clearance rarely match up to the in vivo. The
difficulty in getting experimental measures of tissue partition
coefficients is a further deterrent to using PBPK modelling for
predictions. In a simulation, however, the focus is not on quanti-
tative predictions; instead, the emphasis is on gaining valuable
insights into processes that drive the pharmacokinetics of a com-
pound. The oral pharmacokinetic profile of a compound can be
simulated using the optimized clearance and distribution para-
meters that are obtained through fitting the observed intravenous
pharmacokinetic profile, in combination with the physicochemical
properties, measured or calculated permeability, and measured
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solubility of the compound. As long as solubility and permeability
are the only parameters that determine the oral lineshape, the
simulated oral lineshapes show reasonable agreement with the
observed.l?”! Consequently, any mismatch between simulated and
observed oral lineshapes should reflect complications arising from
factors such as drug-induced gastric emptying delay, gut wall
metabolism, P-gp efflux, chemical degradation, enterohepatic re-
circulation and variable absorption across the gut.?” The utility of
this approach in identifying the well established intestinal loss
in verapamil has been tested, as a kind of validation of the
approach, before being applied to compound A. Through these
examples, this article aims to establish the value of PBPK simula-
tions for quantitative identification of intestinal loss of compounds
and to show that simulations of human oral pharmacokinetic
profiles are vital to assessment of the role of the gut in reducing the
bioavailability of compounds in humans. The study also aims to

demonstrate that lack of reliable tissue partition coefficients and
clearance parameters need not be a deterrent to the application of
whole-body PBPK modelling in drug discovery and development
projects, to unravel mechanistic information from pharmacokine-
tic data.

Methods

Physiologically Based Pharmacokinetic (PBPK)
Model Structure

A generic PBPK model (figure 1), built in-house using
MATLAB® software (The MathWorks, Inc., Natick, MA,
USA),?" was used in all simulations reported in this article.
Incorporated into this model were models for absorption, distribu-
tion, metabolism and excretion. To facilitate hypothesis testing

IV dose

|A dose

Ka(aue)

Kicuz) [

ka(GU?)

Kic

Fig. 1. Schematic diagram of the physiologically based pharmacokinetic model used in the simulations. The blood flow rates associated with the 14
compartments — lung (LU), heart (HT), brain (BR), muscle (MU), adipose tissue (AD), skin (SK), spleen (SP), pancreas (PA), liver (LI), stomach (ST), gut
(GU), bone (BO), kidney (KI) and thymus (TH) — are represented by Q, subscripted with the appropriate compartment. The intravenous (1V) dose enters the
venous compartment and the intra-arterial (IA) dose enters the arterial compartment, while the oral dose enters the stomach compartment. The intrinsic
clearance (CLint) rate governs the rate of conversion to the metabolite (M). ke(r) is the renal elimination rate constant that determines the amount eliminated
in the urine (U). The somatic model on the left is linked to an absorption model (shown on the right) through the liver compartment. GU1-GU7 represent the
seven small intestinal compartments. The colonic (GU CO) and stomach (ST) compartments are also included to consider colonic and gastric absorptions.
ka and ki represent the rates of absorption and intestinal loss for the different gastrointestinal compartments, respectively. A non-zero fraction to consider
metabolite conversion to the parent (CP) in the colon may also be used if necessary. EHR is the enterohepatic recirculation constant that switches between
1 and 0 to include or exclude emptying of the parent compound into the duodenal compartment (GU1). B = amount of the compound eliminated as the
metabolite in the bile; GER = gastric emptying rate constant; HA = hepatic artery; kil = rate of emptying of the parent compound or its metabolite into the
bile; Kp = dissolution rate constant; ki = transit rate constant.

© 2008 Adis Data Information BV. All rights reserved. Clin Pharmacokinet 2008; 47 (4)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



248

Peters

Table I. Summary of data for verapamil and compound A used in physiologically based pharmacokinetic simulations?

Parameter Verapamil Compound A
R- S- racaemic

Compound-dependent properties

Molecular weight (Da) 455 446.5

log P 3.96 3

Kp factor used in rat simulations 1 1 1

Kp factor used in human simulations 0.55 0.39 0.39 0.7

Base pKa 8.7 9.7

Solubility at pH 7.4 (mmol/L) 3 0.449

Caco-2 permeability (x 1076 cm/sec) 10 1.9

Caco-2 permeability with quinidine (x 1076 cm/sec) 5.8

Rat

Permeability actually used in simulations (x 106 cm/sec) 10 5

Fraction of free drug in plasma 0.064 0.062 ND 0.65

In vitro microsomal CLint (mL/min/kg) 85

CLint used in simulations (mL/min/kg) 1260 800 ND 441

Blood : plasma ratio 0.75 1.23

Intravenous dose (mg) 0.11 0.68

Oral dose (mg) 1.1 3.35

Bioavailability (%) 41 +1.1 7.4 £ 31 ND 367

Human

Permeability actually used in simulations (x 106 cm/sec) 10 5.8

Fraction of free drug in plasma 0.064 0.11 0.1 0.34

In vitro microsomal CLint (mL/min/kg) 8.2

CLint used in simulations (mL/min/kg) 331 302 165 60

Blood : plasma ratio 0.75 1

Intravenous dose (mg) 50 10 10 100

Oral dose (mg) 480 120 120 500

Total plasma clearance (mL/min/kg) 135+ 15 182+ 1.8 10.4 + 3.3 16+ 1.7

Renal clearance (mL/min/kg) 29+0.3

Fraction of compound excreted unchanged in urine 0.17 £ 0.01

Bioavailability (%) 67 16 19.8 + 15.1 16 + 4

a Values are expressed as mean + SD.

CLint = intrinsic clearance; Kp factor = a multiplicative factor used to reduce or increase the tissue distribution coefficients; log P = octanol-water partition

coefficient; ND = no data; pKa = acid dissociation constant.

through simulation of pharmacokinetic lineshapes, the absorption
model had additional features such as intestinal loss, renal and
biliary elimination, enterohepatic recirculation and metabolite
conversion to the parent in the distal GI tract. First-order intestinal
loss rate constants were introduced into all nine compartments to
take into account possible loss of a compound from the intestine
due to P-gp efflux, intestinal metabolism or chemical degradation.
To start with, the intestinal loss rate constants were considered to
be zero.

© 2008 Adis Data Information BV. Al rights reserved.

PBPK Model Parameters

The physiological parameters employed in the model were
taken from the literature.?”)

In Vivo Pharmacokinetic Data

All data employed in the PBPK simulation of the pharmacokin-
etic profiles of verapamil and compound A are summarized in
table L. In the case of verapamil, literature values were used as the
input for parameters such as the fraction of the free drug in plasma
in humans? and rats,?”! Caco-2 permeability,%! octanol-water
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partition coefficient (log P),*!! acid dissociation constant (pKa)i®'!
and solubility.[*! For compound A, these properties were measured
in-house. The Caco-2 permeability measured for compound A
with quinidine used a high enough concentration of quinidine to
saturate the P-gp completely. The in vivo pharmacokinetic data
for the R- and S-verapamil enantiomers in rats'’?! and in
humans!?33%3! were obtained from the literature. The choice of
these references for the pharmacokinetics of verapamii was dictat-
ed by the need to find the most recent data reported separately for
the two enantiomers, to enable comparison of the results for the
enantiomers. Older reports dealt only with racaemic verapamil.
The observed rat pharmacokinetic data reported here are the
averages of the data collected from six animals for each of the
enantiomers. Human pharmacokinetic data for the enantiomers
were studied in five healthy volunteers following intravenous
administration!?®! and in eight healthy volunteers following oral
administration,’3! while the pharmacokinetic data for racaemic
verapamil were from 20 young men with a mean age of 25.2 + 3.6
years.34 The rat and human pharmacokinetic data for compound
A were generated in-house. The rat intravenous and oral pharma-
cokinetic data were obtained from three rats. The clinical pharma-
cokinetic studies were done on five healthy volunteers following
oral administration and four healthy volunteers following an intra-
venous infusion lasting 1 hour. The oral pharmacokinetic data in
all cases corresponded to the fasted state. The in vivo pharmaco-
kinetic doses used in all of these studies are presented in table I.

PBPK Simulations

Parameterization through Fitting an Intravenous Profile

An intravenous profile is determined only by the distribution,
metabolism and excretion kinetics of the compound. So, to start
with, an intravenous plasma profile of a compound of interest is
simulated using the input parameters shown in table I. If the area
under the concentration-time curve (AUC) of the simulated curve
differs from that of the observed, it indicates that the in vitro
intrinsic clearance (CLint) cannot explain the observed clearance.
Therefore, the CLint is modulated till the AUCs match. Since the
distribution and clearance parameters affect different aspects of
the overall shape of the concentration-time profile, parameters
affecting these can be modulated independently of each other. If
the fraction of the intravenously administered compound excreted
unchanged renally (fe) is not known, it is reasonable to assume that
the compound has only hepatic clearance as long as the compound
is sufficiently lipophilic. If the fe is non-zero, the renal elimination
rate constant is modulated to reproduce the observed fe.l*”) If the
lineshapes do not match despite the AUCs being the same, it
indicates that the distribution coefficients used in the simulation
cannot account for the observed distribution. This could be due to
the role of transporters in tissue distribution. Alternatively, distri-
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bution into the tissues could be less than what one would expect
from the lipophilicity of the compound if there were a permeability
limitation (diffusion barriers) to the distribution of the compound
into the tissues.’%! Distribution into the tissues could also be
greater than what is expected from lipophilicity if specific binding
to one or more tissues is important for a compound. A multiplica-
tive factor for the tissue partitioning coefficient (Kp factor) is used
to reduce or increase the tissue distribution coefficients of all 14
organs represented as compartments in the PBPK model, in order
to get a good fit to the observed profile. Goodness of fit is judged
by ensuring good agreement of the calculated AUC with the mean
of the observed, as well as through calculation of the reduced 2
statistic (equation 1), if a measure of physiological variabilities is
available (either multiple observations or their standard devia-
tions), or otherwise by minimizing the mean fold error (equation

2):

(Eq. 1)

[l}: log (fold error)]
Mean fold error =10 "

(Eq. 2)
where i is any one of the N number of observations, A is the
difference between the observed and predicted values at the same
timepoints, and ¢ is the standard deviation at the corresponding
timepoints. As the square of the deviations from the observed at
each timepoint is expected to agree with the observed variance
(62) at that timepoint, %2 should be close to 1 for a good fit. The
second measure of accuracy is the mean fold error (equation 2). A
fold error is estimated for every timepoint by taking the ratio of the
predicted and observed values, such that it is always greater than 1.

Once the intravenous fit is in place, the oral protile is simulated
using the optimized clearance and distribution parameters from the
best intravenous fit. The assumption here is that the intrinsic
clearance rates and tissue distribution coefficients can be expected
to be invariant across different routes of administration for thera-
peutic concentrations. Simulation of an oral profile should handle
the additional complexity arising from the absorption phase,
which is influenced by an array of physiological factors such as the
gastric emptying time, intestinal transit kinetics, P-gp efflux, gut
wall enzymes and transporters, apart from compound characteris-
tics.

Simulation of the Oral Profile: Getting Intestinal Loss Rate
Constants and Gastric Emptying Rate Constants

The parameters affecting clearance and distribution are now
fixed, and these are used to simulate an oral profile. Comparison of
the simulated oral profile with the observed should give some idea
as to which of the multitude of parameters affecting the oral profile

Clin Pharmacokinet 2008; 47 (4)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



250 Peters

Use the following compound-dependent and physiological input
parameters to simulate the observed oral pharmacokinetic profile:
* clearance and distribution * permeability

parameters from intravenous fit e gastric emptying rate
* solubility * small intestinal transit rate

« dissolution constant e colonic transit rate
/ V \
Lineshape does not match

Simulated profile has
AUC > observed AUC

A 4

Compound has

Simulated profile has
AUC < observed AUC

I

r Good solubility? |

with observed curve

y

good solubility
and permeability?

Yes

Compound has good

Higher rate of absorption

No in observed profile?

Yes

Yes

In vivo
permeability
or solubility

< values
used in
simulation

Compound
lost in gut
due to efflux
or gut wall

Transporter assisted
absorption is a possibility
In vivo rate of permeability
> value employed in oral
simulation. Use a higher
permeability to reproduce

observed profile

metabolism or

degradation or

accumulation
in cells

Yes

No

Enterohepatic
recirculation of parent
Use a higher rate of parent
recirculation (ky;) in oral
compared to IV to account
for first-pass effects.
Observed profile reproduced?

No

Saturation of metabolizing
enzymes in liver or
transporters involved
in biliary elimination
Use a lower CL,;, for oral
simulation compared to value
used in IV fit. Observed
profile reproduced?

No solubility?
In vivo solubility > value
[ used in simulation J Yes No
Mismatch in Modulate )
Simulation of IV early timepoints dissolution
profile indicated with slower rate fatato g_et
enterohepatic of absorption the best i to
recirculation of and higher terminal the observed
concentrations in
parent? :
observed profile? No
Yes l
Mismatch
No Ga_stric in later
emptying delay timepoints?
Modulate gastric

emptying rate to
get a good fit

Y%

Regional variation
in gut absorption
or higher/lower small

intestinal transit
rates than used

in simulation

No

v

[Extra-hepatic, extra-gut eliminatlonj

Fig. 2. Decision tree analysis leading to identification of different mechanisms that affect oral lineshapes. The branches of the decision tree that lead to
intestinal loss and gastric emptying delay are the paths of interest in this study. AUC = area under the concentration-time curve; CLint = intrinsic clearance;
IV = intravenous; kbil = rate of emptying of the parent compound or its metabolite into the bile.

can be modulated in order to reproduce the observed profile.
Figure 2 illustrates how the different mechanisms affecting oral
lineshapes can be identified. A simulated AUC that is substantially
greater than the observed is indicative of intestinal loss due to
either degradation, gut wall metabolism and/or P-gp efflux. Intes-
tinal loss rate constants are then included in the model and arbitrar-
ily adjusted to get the best fit to the observed oral profile. The
gastric emptying rate, intestinal transit kinetics and variable per-
meability and/or dissolution kinetics along the GI tract have a
profound effect on the shape of the oral profile. However, intesti-
nal transit kinetics are fairly constant, and that leaves parameters
affecting the gastric emptying rate or permeability and/or solubili-
ty as the only other parameters that need to be adjusted to repro-
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duce the oral profile. These have completely different effects on
the lineshape and can thus be varied independently of each other.
A gastric emptying rate that is lower than the average normal value
has the effect of slowing the rate of the initial upswing of the
absorption phase, but the terminal phase is characterized by higher
than expected concentrations.’®) Thus, impaired gastric emptying
has the effect of flattening the oral profile and can be easily
distinguished from lineshape changes accompanying a variable
absorption rate arising from the variability of solubility and/or
permeability along the GI tract. If comparison of the predicted
with the observed oral profile suggests delayed gastric emptying,
the gastric emptying rates are reduced till the predicted profile
shows a reasonable level of agreement with the observed.
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Calculation of the Intestinal Loss Fraction

Compounds that have good solubility and good permeability
are consequently expected to have complete absorption. Any
reduction in the fraction absorbed can be directly related to the
intestinal loss fraction. The absorption model incorporated in the
PBPK model provides an estimate of the fraction of the dose
absorbed by summing the fraction of the dose absorbed in each of
the nine GI compartments. The intestinal loss fraction is obtained
according to equation 3, using the fraction (f) of the dose absorbed
values from two simulations, one with inclusion of intestinal loss
rate constants (kijj) and the other without inclusion of intestinal loss
rate constants:

Intestinal loss fraction = fyithout k;, — fwith ky

(Eq. 3)
Calculation of the Hepatic Extraction Ratio

Hepatic clearance (CLy) is obtained by subtracting renal
clearance from total clearance. Using hepatic blood flow rates

b

(Qm) in rats and humans,?”) the hepatic extraction ratio is calculat-
ed according to equation 4:

. . . CLy
Hepatic extraction ratio= ——

H
(Eq. 4)

Parameter Sensitivity Analysis

A formal parameter sensitivity analysis has been presented to
demonstrate that agreement with the observed curve could be
achieved only by modulation of parameters that cause an increased
AUC. All of the input parameters that affect the oral lineshape,
such as the dissolution constant, solubility of the compound,
absorption rate constant, gastric emptying rate, intestinal transit
rate and colonic transit rate, were varied individually over a wide
range of values by multiplying them by factors (0.01, 0.02, 0.05,
0.1,0.2,0.5,1, 2,5, 10, 20, 50, 100). The effect of these variations
on the AUC was studied.

100 — Simulated profile
O Observed data

Concentration (umol/L)

4

T T 1 . T T

3 4 5 0o 1 2 3 4 5

Time (h)

Fig. 3. Physiologically based pharmacokinetic (PBPK) simulations of pharmacokinetic profiles of verapamil in rats. (a) Simulation of the intravenous profile
of S-verapamil. (b) Simulation of the intravenous profile of R-verapamil. (c) Refined PBPK simulations of the intravenous profile of R-verapamil.
(d) Simulated oral profile of S-verapamil against the observed when neither intestinal loss nor gastric emptying delay was considered. (e) Oral simulation
excluding gastric emptying delay and including intestinal loss for S-verapamil. (f) Oral simulation with both intestinal loss and gastric emptying delay
included for S-verapamil. Panels (g), (h) and (i) correspond to (d), (e) and (f) for R-verapamil.
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Table Il. Gastric emptying rate constants and intestinal loss rate constants used in physiologically based pharmacokinetic simulations

Species Gastric emptying rate constants? (min~1) Intestinal loss rate constants? (min~1)
Verapamil Verapamil Compound A
R- S- racaemic R- S racaemic

Rat 0.018, 0.003° 0.04, 0.015, 0.0045° ND 25 1.67 ND ND

Human 0.009 0.009 0.009 0 0.14 0.19 0.1

a The rate constants are not numerically comparable across species.

b Time-dependent gastric emptying rates after 0 and 0.7 h of oral administration, respectively.

¢ Time-dependent gastric emptying rates after 0, 0.3 and 0.7 h of oral administration, respectively.

ND = no data.

Results

Simulation of the Piasmna Concentration-Time Curves of R-
and S-Verapamil in Rats

The PBPK simulations of the pharmacokinetic profiles of ver-
apamil in rats are shown in figure 3. As described in the Methods
section, a good fit to the intravenous profile observed in rats was
first obtained with modulations in CLint and the Kp factor (figures
3a and 3b). A Kp factor of 1 was used, suggesting that the
distribution of the compound was consistent with its lipophilicity
and the fraction unbound in plasma. Better fits could be obtained
(figure 3c) by considering a greater partitioning of the drug into
slow-perfused organs, such as adipose tissue or muscle, to explain
the slower initial distribution of the drug and its longer retention in
these tissues as seen in the observed curve. However, such a
refinement made only a marginal difference to the results.

Input parameters from the best intravenous fit were thus fixed
for simulating the oral profiles. Simulation of the oral dose profiles
of S- and R-verapamil showed that there was a mismatch in the
lineshapes between the simulated and the observed pharmacokine-
tic profiles (figures 3d and 3g). The AUC of the simulated oral
profile was much higher than that of the observed. This implied
that there was a much greater loss of the compound from the
intestine than what would be expected just from first-pass hepatic
extraction, which the physiological model takes into account.
Therefore, appropriate intestinal loss rate constants were used for
all of the intestinal compartments of the PBPK model (see table II)
in order to get the best fit to the observed.

In figures 3e and 3h, where the oral profiles have been simulat-
ed with intestinal loss constants, the observed profile seems to be
characterized by a lower rate of absorption, compared with the
simulated profile. This is manifest in the longer times to reach
maximum concentrations of 20 + 6.3 minutes and approximately
30 + 12 minutes for the S- and the R-verapamil enantiomers!*?! for
the observed curve, compared with approximately 10 minutes for
the simulated and prolonged absorption phases of the observed
curve, resulting in its higher terminal concentrations compared
with the simulation. This discrepancy is typical of a compound
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that inhibits the gastric emptying rate.*®! By reducing the gastric
emptying rate from the initial value of 0.37 min~! that is character-
istic for rats,[?” better fits could be obtained (figures 3f and 3i).

Simulation of the Plasma Concentration-Time Curves of
R-, §- and Racaemic Verapamil in Humans

The PBPK simulations of the pharmacokinetic profiles of S-
verapamil in humans are shown in figure 4. A lower Kp factor
(table 1) was used to get a good fit to the observed intravenous
profile, suggesting that the distribution of verapamil in humans is
restricted compared with what would be expected from its li-
pophilicity. The CLint and Kp factor from the best fit to the
observed intravenous profile were fixed for simulation of the oral
profile (figure 4b). The simulation results (table II), though some-
what similar to those observed in rats, also showed marked differ-
ences with respect to the extent of intestinal loss of R- and §$-
verapamil. No refinement was attempted to correct the mismatch
between the observed and simulated profiles (figure 4c), which
was probably due to a short lag time after which gastric emptying
commenced. Figures 4d and 4e show simulations considering
intestinal loss and gastric emptying delays separately. Simulations
of R-verapamil in humans showed no intestinal loss but only
gastric emptying impairment (figure 5).

The simulations of racaemic verapamil in humans (figure 6)
were done on pharmacokinetic profiles obtained from a different
literature source from that of R- and S-verapamil. The racaemic
verapamil data were accompanied by standard deviations.

Parameter sensitivity analysis was done to see the effect of all
parameters affecting an oral profile on the AUC of racaemic
verapamil in humans. Figure 7 shows that solubility and the
absorption rate constant were the only two parameters that affect-
ed the AUC. Solubility had to be reduced to less than one tenth of
the value used in the simulation in order to see any effect on the
AUC. Reducing the absorption rate constant tended to reduce the
AUC from the simulated value of nearly 4 pmol e h/L to the
observed value of 0.92 umol « h/L. However, there is no rationale
to assume that the solubility and permeability (and therefore the
absorption rate constant) of verapamil would be altered to such
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Fig. 4. Physiologically based pharmacokinetic simulations of pharmacokinetic profiles of S-verapamil in humans. (a) Simulation of the intravenous profile.
(b) Simulated oral profile against the observed when neither intestinal loss nor gastric emptying delay was considered. (¢) Simulation of the oral profile with
intestinal loss rate constants introduced and using a reduced gastric emptying rate. (d) Simulation of the oral profile with an intestinal loss rate constant but

excluding gastric emptying delay. (e) Simulation of the oral profile with a reduced gastric emptying rate but excluding intestinal loss.

low values in vivo. The introduction of intestinal loss constants in
each of the GI compartments is therefore necessary to simulate the
observed lineshape.

Simulation of the Plasma Concentration-Time Curves of
Compound A in Rats

A good fit to the observed intravenous profile of compound A
in rats (figure 8a) needed a much higher CLint than what was
measured in vitro (table I). As the deviation of the PBPK simulated
oral plasma concentration-time curve from the mean profile for
this compound in rats (figure 8b) was within the physiological
variability, any further refinements would not be significant.

Simulation of the Plasma Concentration-Time Curves of
Compound A in Humans

Simulation of the intravenous profile of compound A (figure
9a) was done using a much higher CLin than what was measured
in vitro (table 1) and a slightly lower Kp factor. Since 17% of the
compound was known to be excreted in the urine unchanged, it
was important to use an appropriate renal elimination constant, as
otherwise a higher proportion of the drug would be extracted in the
liver compartment than what prevails in vivo. The terminal part of
the intravenous curve tended to have higher than expected concen-
trations in the observed profile. This could come about if the
compound is recirculated enterohepatically. Figure 9b shows the
simulation with the inclusion of the rate constant for enterohepatic
recirculation. Figures 9¢ and 9d demonstrate the effect of using
Caco-2 permeability with and without quinidine on the simulation
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E
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Fig. 5. Physiologically based pharmacokinetic simulations of pharmacokinetic profiles of R-verapamil in humans. (a) Simulation of the intravenous profile.
(b) Simulated oral profile against the observed when gastric emptying delay was not considered. (c¢) Oral simulation with gastric emptying delay included.
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Fig. 6. Physiologically based pharmacokinetic simulations of pharmacokinetic profiles of racaemic verapamil in humans. (a) Simulation of the intravenous
profile. (b) Simulated oral profile against the observed when neither intestinal loss nor gastric emptying delay was considered. (¢) Simulation of the oral
profile with intestinal loss rate constants introduced and with a reduced gastric emptying rate. (d) Simulation of the oral profile with an intestinal loss rate
constant but excluding gastric emptying delay. (e) Simulation of the oral profile with a reduced gastric emptying rate but excluding intestinal loss.

of the oral profile of compound A. The former seemed to fit better.
This points to the limited role of P-gp in determining absorption, at
least in the proximal small intestine. The area under the simulated
curve was much greater than that under the observed plasma
curve. Clearly, this is indicative of intestinal metabolism if P-gp
does not have a significant role. Therefore, intestinal loss rate
constants were introduced for the intestinal compartments in the
model (table II). In addition, enterohepatic recirculation of the
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Dissolution constant (L/g/min)
Absorption rate constant

Gastric emptying rate (min-')
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Fig. 7. Parameter sensitivity analysis of racaemic verapamil in humans.
The multiplicative factor is the factor by which an input parameter was
multiplied. The solubility and absorption rate constant were the only para-
meters that had the potential to reduce the area under the curve (AUC)
from the simulated value of nearly 4 umol ¢ h/L to the observed value of
0.92 pmol e h/L.
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compound was also incorporated in order to reproduce the observ-
ed profile (figure 9¢). The enterohepatic recirculation model with-
in the PBPK model was quite crude and did not take into account
saturation effects. This explains the poor agreement between the
simulated and observed terminal parts of the curves. Figures 9f
and 9g show the simulated profiles including intestinal loss but
without considering enterohepatic recirculation, and including en-
terohepatic recirculation but excluding intestinal loss. Parameter
sensitivity analysis for compound A gave results similar to those
for verapamil; therefore, those results are not reported.

Intestinal Loss Fraction

The intestinal loss fractions calculated for verapamil and com-
pound A are presented in table III. The fraction absorbed from
PBPK simulations without inclusion of intestinal loss constants for
verapamil, irrespective of the species or enantiomer, was 1. Using
the fraction absorbed obtained from PBPK simulations with inclu-
sion of intestinal loss constants, the intestinal loss fractions were
computed as outlined in the methods section. The intestinal loss
fraction for verapamil in rats is not available in the literature. For
humans, it is reported to be 0.49,12!] which agrees very well with
the results obtained from PBPK simulations.

For compound A, the fraction absorbed from PBPK simulations
with inclusion of intestinal loss constants (corresponding to figure
9e) was 0.45. The fraction absorbed for the compound from PBPK
simulations without inclusion of intestinal loss constants was 1.
The intestinal loss fraction for the compound from PBPK simula-
tions was therefore 0.55. The hepatic extraction ratio in humans,
calculated on the assumption that all non-renal elimination came
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Fig. 8. Physiologically based pharmacokinetic simulations of pharmacokinetic profiles of compound A in rats. Simulations of (a) intravenous and (b) oral
profiles against the observed data from different animals.

from the liver, was 0.55. Based on this, the compound should have Summary Results
had a bioavailability of 45%. However, the observed bioavailabil-
ity was only 16%. This observed value could be explained only by

Verapamil
the inclusion of the intestinal loss fraction.

Calcium channel antagonists have been known to delay gastric
emptying rates in both rats’*”! and humans**%% through inhibition
of gastric smooth muscle contraction.*®) PBPK simulations of
verapamil were able to reveal gastric emptying delays reflected in
its oral pharmacokinetic profiles in both species. While a time-
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Fig. 9. Physiologically based pharmacokinetic simulations of pharmacokinetic profiles of compound A in humans. (a) Simulation of the intravenous profile
without enterohepatic recirculation. (b) Simulation of the intravenous profile with inclusion of enterohepatic recirculation. (c) Simulated oral profile against
the observed when intestinal loss was not considered; the permeability used was 5.8 cm/sec. (d) Simulated oral profile against the observed when
intestinal loss was not considered; the permeability used was 1.9 cm/sec. (e) Simulation of the oral profile with intestinal loss rate constants introduced and

refinement with enterohepatic recirculation. (f) Simulation of the oral profile excluding enterohepatic recirculation and including intestinal loss. (g) Simula-
tion of the oral profile including enterohepatic recirculation and excluding intestinal loss.
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Table lll. Intestinal loss fractions from physiologically based pharmacokin-
etic simulations

Species Verapamil Compound A
R- S- racaemic

Rat 0.79 0.75 ND ND

Human 0 0.5 0.5 0.55

ND = no data.

dependent emptying rate constant was used for simulating the rat
profiles, a single rate constant was sufficient for the human
profiles. In rats, gastric emptying delays seemed to be slightly
greater for the S-enantiomer than for the R-enantiomer, while in
humans there was no difference between R-, S- and racaemic
verapamil.

PBPK simulations of the R- and S-enantiomers of verapamil in
rats and humans showed that intestinal loss in rats was more or less
comparable for the R- and S-enantiomers, while in humans it was
nonexistent for the R-enantiomer and rather high for the S-enanti-
omer (table III). This highlights the high species variability of
intestinal loss. The observed intestinal loss could be due to P-gp
efflux or due to intestinal metabolism mediated by intestinal drug-
metabolizing enzymes. As the role of P-gp has been shown to be
minimal in verapamil,'®! it is quite likely that the intestinal loss of
verapamil is predominantly due to intestinal metabolism. In
humans, racaemic verapamil should have had an intestinal loss
fraction of 0.25 (the average of the values for the R- and S-
enantiomers). The observed discrepancy could perhaps be attribut-
ed to the different sources of oral in vivo pharmacokinetic data
employed for the PBPK simulations of R-, §- and racaemic ver-
apamil.

Compound A

PBPK simulations of human pharmacokinetic profiles of com-
pound A showed substantial intestinal loss of the compound in
humans, while only hepatic metabolism dominated in rats. This
was also reflected in the higher bioavailability of the compound in
rats than in humans. Like verapamil, compound A also has very
different intestinal loss profiles in rats and humans.
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Although the origin of intestinal loss of the compound could
not be established through experiments, it is highly probable that it
could be attributed to gut wall metabolism. The predominant
metabolite for compound A was its ether glucuronide. Only negli-
gible amounts of other metabolites were formed. The presence of
glucuronidating enzymes in the intestinal wall has been establish-
ed in several species.['21641-43] Although uridine diphosphate glu-
curonic acid (the cofactor necessary for the UGT enzymes) is
reported to be 15-50 times lesser in the gut and UGT levels are
overall 30 times greater in the liver — except for UGT1A levels,
which are comparable to those in the liver — many examples of
intestinal glucuronidation have been reported.!*461 Attempts to
obtain experimental proof of intestinal metabolism of compound
A in humans has proved to be difficult. Experiments with human
intestinal microsomes or intestinal slices did not indicate extensive
glucuronidation, but the compound also had a low liver microso-
mal CLin¢, contrary to the observation in vivo. However, evidence
of intestinal metabolism of this compound came from the calcula-
tion of metabolite : parent drug ratios from the AUCs of plasma
profiles. The AUCs from the time series of plasma drug and
glucuronide concentrations after 100 mg intravenous administra-
tion (figure 10a) and 500 mg oral administration (figure 10b) were
employed to obtain the metabolite : parent drug ratios (table IV).
The fraction of the parent drug that is converted to the metabolite
in the systemic circulation is obtained through division of the AUC
calculated for the metabolite curve by the sum of the AUCs
calculated for the parent drug and metabolite. Similarly, the frac-
tion of the parent drug in the systemic circulation could also be
estimated. The AUCs were computed by applying the trapezoidal
rule to concentration-time values. The fractions of the parent drug
and metabolite thus computed for the intravenous (figure 10a)
and oral (figure 10b) curves and their corresponding metabo-
lite : parent drug ratio are shown in table IV. A rough estimate of
the metabolite : parent drug ratio that one would expect if there
was no intestinal metabolism was also calculated for oral adminis-
tration. If there was no intestinal metabolism, then the compound
would be 100% absorbed (the result from PBPK simulations
without inclusion of intestinal loss constants), as would be expec-

b
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% o Metabolite: subject 1
10 000 =o8 A Drug: subject 2
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10014 2% g
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Fig. 10. Concentration-time profiles of the major metabolite (glucuronide) and the parent drug following (a) intravenous administration of 100 mg of
compound A in one subject and (b) oral administration of 500 mg of compound A in two subjects.
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Table IV. Metabolite : parent drug (M/P) ratios in humans for compound A

Mode of drug administration Mean fraction of metabolite Mean fraction of parent drug M/P ratio
Intravenous (from AUC determination) 0.87 0.13 6.7
Oral (from AUC determination) 0.983 0.017 57
Oral (expected assuming there is no intestinal metabolism)
after first pass 0.55 0.45
during systemic circulation 0.39 (0.45 x 0.87) 0.06 (0.45 x 0.13)
total 0.94 (0.39 + 0.55) 0.06 16

AUC = area under the plasma concentration-time curve.

ted from a compound with good permeability and solubility.
Additionally, the compound has been shown to be chemically
stable, and P-gp has been shown to be saturated at the high dose
employed in the study. Using the calculated hepatic extraction
ratio of 0.55, it is therefore reasonable to assume that the fraction
of the parent drug that reaches the systemic circulation is 0.45.
Once in the systemic circulation, 87% of the parent drug is likely
to be converted to the metabolite, making the total metabolite
fraction in the systemic circulation 0.94 (table IV). Only 13% of
the parent drug that reaches the systemic circulation remains
unchanged. Thus the fraction of the parent drug in plasma should
be around 0.06 (0.13 x 0.45). The metabolite : parent drug ratio
then becomes 16 (0.94 : 0.06). This is what one would expect for
oral administration if there was no intestinal metabolism. How-
ever, the observed metabolite : parent drug ratio of 57 is signifi-
cantly higher than the expected value of 16. The glucuronide
concentrations observed after oral administration far exceeded the
amounts that would be expected from hepatic extraction alone,
thus providing proof of intestinal metabolism of compound A.

Discussion

The examples in this article used optimized distribution and
clearance parameters from fitting intravenous profiles to under-
stand the mechanisms underlying oral lineshapes. These examples
serve to demonstrate that a lack of knowledge of tissue partition
coefficients and CLint need not limit application of PBPK simula-
tions for deriving maximum information from pharmacokinetic
profiles.

The role of the gut in limiting the bioavailability of some
compounds has only recently been recognized as important.4”)
Since the easily saturable P-gp is not likely to play a key role in
affecting the bioavailability of a compound, intestinal metabolism
may be an important factor for compounds with low bioavailabil-
ity. It is impossible to estimate the absorption kinetics of a com-
pound from its pharmacokinetic data without resorting to AUC
comparisons of the parent and metabolite in the intravenous and
oral routes. The deconvolution of absorption kinetics from the
pharmacokinetic profiles is, however, easily achieved with PBPK
simulations, meaning that it is possible to distinguish between

© 2008 Adis Data Information BV. All rights reserved.

intestinal extraction and hepatic extraction. Identifying the source
of poor bioavailability is the crucial first step to focus on the right
factors to improve bioavailability and therefore to avert a costly
failure. It should be emphasized, however, that PBPK simulations
cannot distinguish between gut wall metabolism, P-gp efflux or
chemical degradation as the cause of intestinal loss. It is then
important to resort to suitable experiments to eliminate mechan-
isms that are not probable for the compound of interest. For
example, a compound with a high therapeutic dose is likely to
saturate P-gp, which has a rather low Km value. This can be
verified with knockout mice experiments. If the compound has
also tested satisfactorily for chemical stability, then the cause of
the intestinal loss is likely to be gut wall metabolism. Wu et al.[*8]
have described an experimental method in which concomitant
administration of an enzyme inhibitor acting on the enzymes
responsible for gut wall metabolism of the compound helped to
differentiate oral drug loss due to gut wall metabolism.

Intestinal metabolism of both verapamil and compound A
shows considerable variability with respect to species. The large
interspecies variability that characterizes intestinal metabolism
has been reported in the literature for several intestinally cleared
compounds.!'2!318 It is then possible that a compound that has
acceptable bioavailability in preclinical species and has progressed
to development could have poor bioavailability in humans. This
was the case with compound A.

Understanding the role of the GI tract in determining the low
and variable bioavailability of orally administered drugs is one
important application of identification of intestinal loss with
PBPK simulations. Another application could be prediction of
concentrations reaching the liver after oral absorption, which is
important for assessing the relevance of drug-drug interaction in
the liver.[*”) Also, recognition that a compound is actually metabo-
lized in the gut and not only in the liver is crucial to ensuring that
toxic effects of the metabolites on the GI tract are duly assessed.

Enterohepatic recirculation and drug-induced gastric emptying
delay were discussed in this article only for the sake of completion
of the lineshape analysis, and thus no supporting evidence for
these pharmacokinetic processes has been provided.
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Conclusion

Pharmacokinetic lineshapes contain information that can be
valuable in understanding the underlying mechanisms. Routine
application of PBPK simulations to pharmacokinetic profiles can
bring to light information that can otherwise be lost. Verapamil is
known to exhibit drug-induced impairment of gastric emptying, as
well as gut wall metabolism. This article shows that doing simple
lineshape simulations with PBPK can easily identify these phar-
macokinetic processes. Similar principles applied to an in-house
compound that was withdrawn from development demonstrated
the usefulness of PBPK simulations to identify potential pharma-
cokinetic issues in drug development. In the absence of good
experimental methods to identify intestinal loss, this article shows
that PBPK simulations of human pharmacokinetic profiles provide
a simple yet reliable alternative. The study highlights the need to
do PBPK simulations on human oral pharmacokinetic profiles, as
large interspecies variability in pharmacokinetic mechanisms can
make interspecies extrapolation irrelevant. The examples in this
article also demonstrate that lack of accurate inputs for clearance
and distribution need not limit the application of PBPK in drug
discovery and development projects.
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