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Modelling intestinal absorption of salbutamol sulphate in rats
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Abstract

The objective was to develop a semiphysiological population pharmacokinetic model that describes the complex salbutamol sulphate absorption in
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at small intestine. In situ techniques were used to characterize the salbutamol sulphate absorption at different concentrations (range: 0.15–18 mM).
albutamol sulphate at concentration of 0.29 mM was administered in presence of verapamil (10 and 20 mM), grapefruit juice and sodium azide
NaN3) (0.3, 3 and 6 mM). Different pharmacokinetic models were fitted to the dataset using NONMEM. Parametric and non-parametric bootstrap
nalyses were employed as internal model evaluation techniques. The validated model suggested instantaneous equilibrium between salbutamol
ulphate concentrations in lumen and enterocyte, and the salbutamol sulphate absorption was best described by a simultaneous passive diffusion
ka = 0.636 h−1) and active absorption (VMax = 0.726 mM/h, Km = 0.540 mM) processes from intestinal lumen to enterocyte, together with an active
apacity-limited P-gp efflux (V ′

Max = 0.678 mM/h, K′
m = 0.357 mM) from enterocyte to intestinal lumen. The extent of salbutamol sulphate

bsorption in rat small intestine can be improved by NaN3, grapefruit juice and verapamil.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Salbutamol sulphate is a �-2-adrenergic agonist widely used
n the treatment of asthmatic disorders and chronic obstructive
ung diseases. The absolute oral bioavailability of salbutamol
ulphate when administered in conventional dosage forms has
hown to be incomplete, variable and rather irregular (Ahrens
nd Smith, 1984). An increasing number of drugs have been
eported to have similar absorption profiles. In fact, HIV protease
nhibitors (ritonavir, indinavir, saquinavir) or anti-cancer drugs
for instance, vinblastine, docetaxel, etc.) have been reported
o have incomplete, variable and irregular absorption profiles,
robably mediated by the transporters of the ATP-binding cas-
ette family (Varma et al., 2003). Pre-systemic interactions with
-glycoprotein (P-gp) together with metabolism via intestinal

∗ Corresponding author. Tel.: +34 965 919414; fax: +34 965 919528.
E-mail address: bvalenzuela@umh.es (B. Valenzuela).

sulphation have been argued as a potential explanation for salbu-
tamol sulphate poor oral bioavailability (Pacifici et al., 1997). In
two previous articles (Valenzuela et al., 2001, 2004), the absorp-
tion process of aqueous salbutamol sulphate solutions along the
whole length of the rat small intestine was demonstrated to be
modulated by an active secretion process of the drug from the
enterocytes to the luminal fluid, probably mediated by P-gp.

Furthermore, Valenzuela et al. evaluated the effect of ver-
apamil and sodium azide (NaN3) in the salbutamol sulphate
intestinal absorption and confirmed the involvement of P-gp
in salbutamol sulphate absorption (Valenzuela et al., 2001).
The ability of verapamil to inhibit P-gp was demonstrated in
1981 (Tsuruo et al., 1981) and, nowadays it is a specific P-gp
inhibitor widely used in intestinal transport assays (Woodland
et al., 2003). NaN3 is a metabolic inhibitor, which affects mito-
chondrial oxidative phosphorylation and, therefore, it is able to
impair ATP-dependent carrier systems. NaN3 has been utilized
to elucidate the transport of drugs (Legen et al., 2003), includ-
ing those that are P-gp substrates (Shono et al., 2004). Lately,
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the grapefruit juice, a natural P-gp inhibitor (Tanakaga et al.,
1998), has been also used to investigate absorption process for
P-gp substrates. However, components of grapefruit juice act
not only as inhibitors of P-gp, but also as inhibitors of intestinal
CYP3A4 enzyme (Edwards et al., 1996).

Population pharmacokinetic modelling has been imple-
mented across all phases of drug development and, combined
with simulation methods, provides a tool for better understand-
ing the expected range of concentrations from competing dose
administration strategies (Williams and Ette, 2000). Population
pharmacokinetics methods have been applied to integrate and
analyse data from preclinical studies in different animal models
(Parker et al., 2001; Leal et al., 2005; Tunblad et al., 2005),
including in situ studies in rats (Ruı́z-Balaguer et al., 2002;
Fernandez-Teruel et al., 2005; Muñoz et al., 2005).

The main objective of this study was to develop a semi-
physiological population pharmacokinetic model to describe the
intestinal absorption of salbutamol sulphate in rat and quantify
the effect of verapamil, grapefruit juice and NaN3 on the salbu-
tamol sulphate absorption.

2. Methods

2.1. Absorption studies

Absorption studies were performed on male Wistar rats in
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2.2. Water reabsorption studies

Since the reduction in the volume of the perfused solutions
at the end of the experiments was significant (between 13 and
33%), in order to calculate the absorption rate constants accu-
rately a concentration correction became necessary. Water reab-
sorption was characterized as an apparent zero order process
(Martı́n-Villodre et al., 1986; Gabús-Sannié and Buri, 1987). A
model based on direct measurement of the remaining volume
of the test solution was employed (Sancho-Chust et al., 1995).
The volume at the beginning of the experiment (V0) for each
compound was determined in grups of three animals, while the
volume at the end (Vt) was measured in every animal. The sample
concentration of each time-point, Ce was corrected as follows:

C = Ce
Vt

V0
(1)

where C represents the concentration in the gut that would exist
in the absence of the water reabsorption process at time t. The
C values over the time of the assay were used to calculate the
apparent absorption rate constant.

2.3. Sampling schedule and analytical methods

In each rat, 200 �L samples were withdrawn to measure
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tandard stabling conditions, weighing 250–300 g, fasted for
4 h with free access to water and maintained in a light/dark
ycle of 12/12 h. Anaesthesia was induced 1 h before surgery by
n intraperitoneal injection of 40 mg/kg pentobarbital. The in
itu technique using the whole small intestine in rat, described
y Doluisio et al. (Doluisio et al., 1969) and modified as previ-
usly reported (Martı́n-Villodre et al., 1986) was used. In order
o prevent enterohepatic recycling, the bile duct was cannulated
rior to the drug perfusion. The proximal end of the small intes-
ine was also cannulated and the intestinal lumen was cleaned
ith 200 mL saline in order to remove faeces.
Salbutamol sulphate (Laboratorios Aldo-Union, Barcelona,

pain) was dissolved in saline solution at concentrations of 0.15,
.29, 1.20, 5.0, 9.0, 13.0 and 18.0 mM. Solutions were buffered
o 6.4 by addition of 1% (v/v) phosphate solutions in order to
eproduce the intestinal lumen pH conditions. For each concen-
ration, 10 mL of the solution were perfused in the whole small
ntestine of eight rats at 37 ◦C. In addition, 10 mL of a 0.29 mM
albutamol sulphate solution were perfused to (1) two groups
f eight rats in the presence of verapamil (Laboratorios Sigma,
arcelona, Spain) solution at concentrations of 10 and 20 mM;

2) one group of eight rats in the presence of grapefruit juice,
iluted 50% (v/v); (3) three groups of eight rats in the pres-
nce of NaN3 (Laboratorios Sigma, Barcelona, Spain) solution
t concentrations of 0.3, 3.0, or 6.0 mM. All solutions prepared
ere isotonized before administration.
All pharmacokinetic studies and procedures described in this

aper were approved by the Research Committee of Animal Use
f the Faculty of Pharmacy of Valencia (Spain) and performed
ccording to the “Principles of Laboratory Animal Care” and
he European guidelines described in the EC Directive 86/609.
he remaining salbutamol sulphate concentrations in the intesti-
al lumen at 5, 10, 15, 20, 25 and 30 min from the end of
he perfusion. Salbutamol sulphate levels were measured by
high-performance liquid chromatographic method previously
escribed (Valenzuela et al., 2001). This method had a limit of
uantification of 0.1 �M and excellent accuracy (<3.33%) and
recision (<3.45%).

.4. Pharmacokinetic analysis

.4.1. Software
Concentration–time profiles were analysed through non-

inear mixed-effects modelling by extended least-squares regres-
ion (Lindstrom and Bates, 1990), using the first-order esti-
ation method. The NONMEM package (GloboMax LLC,
anover, MD, USA) version V level 1.1 was used, with the
M-TRAN version III level 1 and PREDPP version IV level
.0 (Beal et al., 1988–1998), installed on a PC Pentium IV plat-
orm. Compilations were achieved using the Microsoft Compact
isual Fortran (version 6.5.0). Graphical and other statistical
nalyses, including evaluation of NONMEM outputs, were per-
ormed using the S-Plus 6.1 Professional.

.4.2. Structural pharmacokinetic model development
Previous analyses have demonstrated that salbutamol sul-

hate undergo efflux process from enterocyte to intestinal lumen
ediated by transporters of the ATP-binding cassette family and,

n particular, P-gp. Therefore, secretion process from enterocyte
o intestinal lumen was always incorporated in the pharmacoki-
etic models and passive, active or combined (passive and active)
inetics for the absorption process of the salbutamol sulphate



B. Valenzuela et al. / International Journal of Pharmaceutics 314 (2006) 21–30 23

was evaluated using three structural pharmacokinetic models,
which are described as follows:

Model 1. First-order absorption and active secretion kinetics:

dL

dt
= −kaL + V ′

MaxE

K′
m + E

(2)

Model 2. Michaelis–Menten absorption and active secretion
kinetics:

dL

dt
= − VMaxL

Km + L
+ V ′

MaxE

K′
m + E

(3)

Model 3. Combined first-order and Michaelis–Menten
absorption and active secretion kinetics:

dL

dt
= −kaL − VMaxL

Km + L
+ V ′

MaxE

K′
m + E

(4)

where L and E are the salbutamol sulphate concentrations at
time t in the intestinal lumen and enterocyte, respectively; ka
the first-order absorption rate constant from intestinal lumen to
enterocyte; Vmax the maximal absorption rate from lumen to
enterocyte, and Km is the salbutamol sulphate concentration in
the lumen at which the absorption rate is half-maximal; V ′

Max
the maximal secretion rate from enterocyte to the lumen, and
K′

m is the salbutamol sulphate concentration in the enterocyte at
which the secretion rate is half-maximal.

d
c
p
e
a
a
a
e
1
a

t
t

w
f
t
s
t
s
i

effect on salbutamol sulphate K′
m. At the value of the grape-

fruit juice concentration assessed, the inhibition factor (INF) is
assumed to be equal to 1 + C/IC50.

Sodium azide inhibits the ATP productions by inhibiting
the electron transport complexes in the mitochondrial matrix
(Vasilyeva and Forgac, 1998). In the absence of ATP, the energy
source for the active transport is missing and the carrier systems
are blocked. The mechanism of action described for sodium
azide is consistent with the mechanism of a non-competitive
inhibition, where K′

m (and Km, in models 2 and 3) remains con-
stant, whereas V ′

Max (and VMax, in models 2 and 3) decreases as
a function of the metabolic inhibitors concentrations. Therefore,
in the presence of metabolic inhibitors with a direct effect on the
active processes, Eqs. (5)–(7) are expanded to Eqs. (8)–(10), in
order to reflect the structure of models 1, 2 and 3, respectively:

dL

dt
= −kaL +

V ′
Max

[
IM50

IM50+M

]
E

K′
m

[
1 + C

IC50

]
+ E

(8)

dL

dt
= −

VMax

[
IM50

IM50+M

]
L

Km + L
+

V ′
Max

[
IM50

IM50+M

]
E

K′
m

[
1 + C

IC50

]
+ E

(9)
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Due to initial membrane adsorption of the solute, sample
ilution and/or presence of rapid metabolism, the calculated con-
entration at time 0 is usually lower than the initial concentration
erfused (Sánchez-Picó et al., 1989). In order to overcome this
ffect, a correction fraction (FR) was introduced in the model to
ccount for the fraction of initial concentration perfused avail-
ble for the absorption from intestinal lumen to enterocyte. In
ddition, a dynamic equilibrium between intestinal lumen and
nterocyte is achieved in the first five minutes (Doluisio et al.,
969). Consequently, E and L are proportional, and the use of L
s representative of the enterocyte concentration is justified.

In the presence of competitive inhibitors of the active secre-
ion processes, Eqs. (2)–(4) are expanded to Eqs. (5)–(7), respec-
ively:

dL

dt
= −kaL + V ′

MaxE

K′
m

[
1 + C

IC50

]
+ E

(5)

dL

dt
= − − VMaxL

Km + L
+ V ′

MaxE

K′
m

[
1 + C

IC50

]
+ E

(6)

dL

dt
= −kaL − VMaxL

Km + L
+ V ′

MaxE

K′
m

[
1 + C

IC50

]
+ E

(7)

here C is the concentration of the competitive inhibitor per-
used, and IC50 is the concentration of the competitive inhibitor
hat produces a two-fold displacement in the apparent salbutamol
ulphate K′

m value. In the particular case of the grapefruit juice,
he real value of C is unknown. As a consequence, it was not pos-
ible to identify IC50 independently of the C value. Instead, an
nhibition factor was estimated to quantify the grapefruit juice
dt
= −kaL −

Km + L
+

K′
m

[
1 + C

IC50

]
+ E

(10)

here M represents the metabolic inhibitor concentration and
M50 is the metabolic inhibitor concentration that reduces 50%
he VMax and V ′

Max values.
The underlying assumption of Eqs. (8)–(10) is that V ′

Max (and
Max, in models 2 and 3) was directly proportional to the amount
f the ATP available in the enterocyte (Valenzuela, 2003). How-
ver, as the amount of ATP in the enterocyte was unknown, it was
ssumed that V ′

Max (and VMax, in models 2 and 3) was directly
roportional to the ratio between available ATP concentration
t time t and ATP concentration at time 0 in the enterocyte. Eq.
11) shows the relationships between V ′

Max and ATP:

′
Max = V ′∗

Max
[ATP]

[ATP0]
= V ′∗

Max[ATPR] (11)

here, V ′∗
Max is the maximal salbutamol sulphate secretion rate

rom enterocyte to lumen when the ATP concentration in the
nterocyte, [ATP], is equal to the ATP concentration in the ente-
ocyte at time 0, [ATP0]. Similar equation was used for VMax in
odels 2 and 3.
Since the depletion process of ATP in the enterocyte could

ot be an instantaneous process, an indirect response model
Dayneka et al., 1993) was used to describe the inhibitory effect
f NaN3 on the [ATPR] production rate (Eq. (12)):

dATPR

dt
= kIn

(
1 − M

IM50 + M

)
− kOut[ATPR] (12)

here kIn and kOut are the production and elimination rate con-
tants of [ATPR], respectively, M represents the NaN3 concen-
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tration in the intestinal content, and IM50 represents the NaN3
concentration, which inhibits [ATPR] production rate to 50%. In
absence of NaN3, the [ATPR] level remains constant and equal
to 1. In this situation, kIn is equal to kOut, and Eq. (12) can be
rearranged as follows (Eq. (13)):

dATPR

dt
= k0

(
IM50

IM50 + M
− [ATPR]

)
(13)

where k0 is the rate constant that drives the delayed inhibition
effect of V ′

Max as a consequence of the direct effect of NaN3
on the [ATPR] production in the enterocyte. Therefore, in the
presence of metabolic inhibitors with an indirect effect on the
active processes, Eqs. (5)–(7) are expanded to Eqs. (14)–(16),
respectively:

dL

dt
= −kaL + V ′∗

Max[ATPR]E

K′
m

[
1 + C

IC50

]
+ E

(14)

dL

dt
= −V ∗

Max[ATPR]L

Km + L
+ V ′∗

Max[ATPR]E

K′
m

[
1 + C

IC50

]
+ E

(15)

dL

dt
= −kaL − V ∗

Max[ATPR]L

Km + L
+ V ′∗

Max[ATPR]E

K′
m

[
1 + C

IC50

]
+ E

(16)
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variance matrix for random effects. Individual values of all phar-
macokinetic parameters were assumed to follow the log-normal
distribution, which was implemented as follows:

Pj = P∗ expηpj (18)

where Pj is an individual pharmacokinetic parameter for the jth
individual, P* the typical value of the pharmacokinetic param-
eter and ηPj is a normally distributed random variable with
zero-mean and variance ω2

P, that distinguishes the jth individ-
uals’ pharmacokinetic parameter from the population typical
value, P*. The magnitude of IIV in the pharmacokinetic param-
eters was expressed as a coefficient of variation (CV).

After fitting the mixed-effect model, the interindividual ran-
dom effects that turned out to be not estimable were fixed to
zero. Then, the distributions of the estimable random effects
were graphically examined to evaluate the normality assump-
tion. Also, each random effect was also plotted against all other
random effects in order to explore the correlations. The random
effects with the highest correlations were tested by including the
corresponding non-diagonal element in the matrix of random
effects. If the implementation of a correlation between random
effects significantly improved the fit, the off-diagonal element in
the matrix of random effects was kept in the model and the pro-
cess was repeated until no further improvement of the fit could
be achieved. At this stage, the final population absorption model
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he magnitude of the residual random error in salbutamol sul-
hate concentrations was modelled using an exponential error
odel.

obs = Cpred expε (17)

here Cobs is the ith observed concentration of salbutamol sul-
hate in the jth animal, Cpred the corresponding model predicted
oncentration, ε the independent normally distributed random
ariables with zero mean and variances, σ2, which describes
he residual departure of the observed concentration from the

odel predicted concentration. Due to rather limited variability
n the experimental data, interindividual random effects were
ot included in the model at this stage.

For hierarchical models, the improvement in the fit obtained
hrough the inclusion of a fixed effect into the overall model was
ssessed using the likelihood ratio test (LRT). LRT is a statis-
ic based on the change in the minimum value of the objective
unction (�MVOF), which is proportional (up to a constant)
o minus twice the log-likelihood of the data and is asymptoti-
ally distributed like �2 with the degrees of freedom equal to the
umber of parameters added to the model. A change in MVOF
f 3.84 was required to reach statistical significance at p ≤ 0.05
or the addition of one fixed effect. The magnitude of the resid-
al variability, the precision of the parameter estimate and the
xamination of the scatterplots of weighted residuals against
redicted concentrations and time were also evaluated to select
he optimal structural absorption model.

.4.3. Interindividual random effects model
Interindividual variability (IIV) was initially assumed for all

harmacokinetic parameters and was implemented as a diagonal
as obtained.

.4.4. Model evaluation
A parametric and non-parametric bootstrap analysis was per-

ormed as an internal model evaluation technique, using the
ackage Wings for NONMEM (N. Holford, Version 4.04, June
003, Auckland, New Zealand). For the non-parametric boot-
trap, a new replication of the original dataset (a bootstrap sam-
le) was obtained by N random draws of individual animal data
with replacement) from the original dataset. For the parametric
ootstrap, a new replication of the dataset (a bootstrap sample)
as obtained by simulating the individual animal data from the
riginal dataset using the final pharmacokinetic model. The final
opulation pharmacokinetic model was re-fitted to each new
ataset and this process was repeated 1000 times with different
andom draws for the parametric and non-parametric bootstrap.
he stability of the final model was evaluated by visual inspec-

ion of the distribution of the model parameter estimates from
he new datasets and compared with that obtained from the fit
f the original dataset (Efron and Tibshirani, 1993). Bootstrap
uns with unsuccessful minimization were excluded from further
nalysis. The final model parameter estimates were compared
o the mean and 95% confidence intervals of the parametric and
on-parametric bootstrap replicates of the final model.

. Results

Six-hundred and twenty-four salbutamol sulphate concentra-
ions corresponding to 104 Wistar rats (six concentrations per
at) were used in this analysis. In total, 43 models of varying
omplexities were subsequently tested to evaluate the salbu-
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Table 1
Description of the model selection process to quantify the salbutamol sulphate absorption

Model Absorption modela ATP inhibition Reference model Degree of freedom �MVOF p-Value

1 Pasiveb Direct – – – –
2 Active Direct 1 1 −28.43 <0.001
3 Combined Direct 2 1 −46.40 <0.001
4 Pasive Indirect 1 1 −3.03 0.082
5 Active Indirect 2 1 −12.13 <0.001
6 Combined Indirect 3 1 −0.17 0.680

a Passive absorption was characterized by first-order absorption. Active absorption was characterized by Michaelis–Menten absorption. Combined was characterized
by a simultaneous passive and active absorption.

b MVOF = −3503.116.

Fig. 1. Schematic of the salbutamol sulphate model.

tamol sulphate absorption in rat small intestine. The model
selection process is summarized in Table 1 and a scheme of the
final model is represented in Fig. 1. The first-order absorption
model successfully fitted the data. Substantial further improve-
ment of the fit was achieved by considering a Michaelis–Menten
absorption or a combined passive diffusion and active absorp-
tion processes from lumen to enterocyte. Consequently, when
an instantaneous dynamic equilibrium in salbutamol sulphate
concentrations is achieved between luminal and enterocyte, the
salbutamol sulphate absorption process was best described by
a combined passive diffusion and active absorption processes
from intestinal lumen to enterocyte, simultaneous to an active
capacity-limited efflux from enterocyte to intestinal lumen.

The effect of P-gp inhibitors was well characterized with
a competitive agonism model on the active secretion process
from enterocyte to intestinal lumen. Not statistical significant
differences were found between direct (model 3) and indirect
(model 6) mechanisms of the NaN3 inhibitory effect (Table 1),

when passive and combined absorption models were compared.
However, statistical significant differences were found between
direct and indirect mechanism when active absorption model
was combined. Diagnostic plots of models 3 and 6 showed ran-
dom, uniform scatter around the identity line and indicated an
absence of bias in this model (data not shown). As a conse-
quence models 3 and 6 were selected to evaluate the inclusion
of interindividual random effects.

Only interindividual random effects on ka and FR were iden-
tifiable, consequently all other effects were fixed to zero. Further
hypothesis testing revealed that the correlation between ka and
FR random effects was not different from 1, and therefore was
fixed to 1. Tables 2 and 3 show the population pharmacoki-
netic estimates parameters of the salbutamol sulphate for the
models 3 and 6, respectively. Based on the parsimony principle,
model 3 was selected as the final population pharmacokinetic
model for salbutamol sulphate absorption in rat small intestine.
Observed salbutamol sulphate concentrations and individual and
population model predictions versus time in absence or pres-
ence of grapefruit juice, verapamil and NaN3 are displayed in
Figs. 2 and 3, respectively. Diagnostic plots are presented in
Fig. 4 and showed random, uniform scatter around the line of
identity and suggested the absence of any trend or bias, while
histogram of individual random effect showed approximately
normal distribution (data not shown). These plots clearly demon-
strated the adequacy of the final population pharmacokinetic
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odel to describe the absorption of salbutamol sulphate in rats
fter the in situ administration.

Nonparametric and parametric bootstrap analyses were used
s internal model evaluation techniques to qualify the salbutamol
ulphate absorption model. The results of both analyses are pre-
ented in Tables 2 and 3 for models 3 and 6, respectively. From
he 1000 replicates of model 3, 20.8 and 3.3% failed to minimize
uccessfully in the non-parametric and parametric bootstrap,
espectively. From the 1000 replicates of model 6, 41.3 and
7.5% failed to minimize successfully in the non-parametric
nd parametric bootstrap, respectively. In both models, the pop-
lation estimates for the final model were similar to the mean of
he non-parametric and parametric bootstrap replicates, respec-
ively, and were contained within the 95% confidence intervals
btained from the both bootstrap analyse. The precision of the
ONMEM parameter estimates was also acceptable as derived

rom the 95% confidence intervals of Tables 2 and 3. These
ndings suggested a high accuracy of the NONMEM parameter
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Table 2
Population pharmacokinetic parameters of salbutamol sulphate from in situ data in rats and the stability of the model parameters using non-parametric and parametric
bootstraps (model 3)

Model parameters Original dataset Non-parametric bootstrap (N = 792 replicates) Parametric bootstrap (N = 967 replicates)

Estimate Mean 95% CI lower limit 95% CI upper limit Mean 95% CI lower limit 95% CI upper limit

Structural model
FR (%) 79.5 79.5 78.5 80.5 79.1 78.1 80.1
ka (h−1) 0.636 0.630 0.606 0.654 0.636 0.612 0.660
VMax (mM/h)a 0.726 0.936 0.330 2.310 0.785 0.366 1.452
Km (mM)a 0.540 0.710 0.202 1.744 0.582 0.221 1.170
V ′

Max (mM/h)a 0.678 0.816 0.378 1.806 0.712 0.402 1.182
K′

m (mM)a 0.357 0.445 0.162 1.042 0.370 0.170 0.679
ID50 (mM) 7.330 7.889 3.128 15.60 7.510 4.080 12.600
INF 1.450 1.465 1.260 1.780 1.470 1.290 1.690
IM50 (mM) 0.077 0.072 0.016 0.142 0.080 0.001 0.197

Interindividual variability (%)
ηKa 7.80 7.57 5.91 9.05 7.45 5.85 8.94
ηFR 28.00 27.68 23.07 32.55 27.32 23.44 31.33

Residual variability (%)
Exponential error 1.03 1.03 0.89 1.20 1.03 0.96 1.10

Correlation between ka and FR is set to 1.
a Units referred to salbutamol sulphate concetrations.

Table 3
Population pharmacokinetic parameters of salbutamol sulphate from in situ data in rats and the stability of the model parameters using non-parametric and parametric
bootstraps (model 6)

Model parameters Original dataset Non-parametric bootstrap (N = 587 replicates) Parametric bootstrap (N = 625 replicates)

Estimate Mean 95% CI lower limit 95% CI upper limit Mean 95% CI lower limit 95% CI upper limit

Structural model
FR (%) 79.3 79.3 78.3 80.3 78.9 78.0 79.8
ka (1/h) 0.636 0.639 0.616 0.666 0.639 0.612 0.666
VMax (mM/h)a 0.678 0.734 0.323 1.550 0.692 0.325 1.320
Km (mM)a 0.494 0.528 0.207 1.143 0.505 0.192 1.032
k0 (1/h) 18.96 18.00 9.40 36.54 16.22 7.49 28.14
V ′

Max (mM/h)a 0.642 0.687 0.367 1.290 0.649 0.374 1.134
K′

m (mM)a 0.333 0.351 0.158 0.678 0.336 0.149 0.630
ID50 (mM) 7.13 7.48 3.05 14.4 7.02 3.57 11.58
INF 1.46 1.49 1.28 1.82 1.49 1.32 1.77
IM50 (mM) 0.074 0.075 0.025 0.134 0.072 0.00 0.183

Interindividual variability (%)
ηKa 7.82 7.46 5.94 8.84 7.33 5.81 8.86
ηFR 27.8 27.6 22.8 32.6 26.9 23.1 30.7

Residual variability (%)
Exponential error 1.03 1.01 0.88 1.12 1.03 0.96 1.10

Correlation between ka and FR is set to 1.
a Units referred to salbutamol sulphate concetrations.

estimates for both models, and confirmed that the current study
design supports the estimation of model parameters for model 3
but not for model 6.

4. Discussion

Rat has been widely used as an animal model to project the
intestinal permeability in humans and to investigate the mech-
anism of intestinal transport of drugs by in situ and in vivo
experimental studies (Chiou and Barve, 1998). Human perfu-
sion studies have demonstrated an excellent correlation between

intestinal permeability of the both species for a variety of com-
pounds (Amidon et al., 1995). In this study, a rat model and
Doluisio techniques were selected to investigate the absorption
process and the intestinal transport characteristics of salbutamol
sulphate over an extensive range of concentrations. In order to
detect non-linearities in the absorption process, a 120-fold range
of concentrations was covered with seven different concentra-
tion levels ranging from 0.15 to 18 mM, including concentrations
well beyond the allometric dose of salbutamol sulphate in rat.

The stability of salbutamol sulphate in the intestinal media
was checked to unequivocally ascribe the losses to the absorption
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Fig. 2. Observed salbutamol sulphate concentrations (circles) and individual (lines) and population (bold line) model predictions vs. time in absence of inhibitors.
Salbutamol refers to salbutamol sulphate.

process (Valenzuela et al., 2001). However, a correction fraction
(FR) was introduced in the model to account for the fraction of
initial concentration perfused available for the absorption from
intestinal lumen to enterocyte. Process such as initial membrane
adsorption of the solute, sample dilution and/or presence of rapid
luminal metabolism of salbutamol sulphate, can produce that the

calculated concentration at time 0 is usually lower than the initial
concentration perfused.

The role of active secretion from enterocyte to intestinal
lumen, mediated by P-gp efflux pump, was studied by per-
forming salbutamol sulphate absorption studies in presence of
metabolic inhibitors (NaN3) and P-gp inhibitors (verapamil and

F nes) a
S

ig. 3. Observed salbutamol sulphate concentrations (circles) and individual (li
albutamol refers to salbutamol sulphate.
nd population (bold line) model predictions vs. time in presence of inhibitors.
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Fig. 4. Goodness of fit plots for the final model: scatter plots of the observed salbutamol sulphate concentrations vs. the population model predictions (A) and the
individual model predictions (B), scatter plots of the population weighted residuals vs. the population model predictions (C) and time (D). Salbutamol refers to
salbutamol sulphate.

grapefruit juice). This complex experimental design covered dif-
ferent conditions, which were integrated all together in order to
properly identify and characterize the potential sources of non-
linearity in the absorption process of salbutamol sulphate.

Population pharmacokinetic approach using NONMEM has
been widely employed to investigate pharmacokinetics pro-
cesses using data from in situ studies in rats (Fernandez-Teruel
et al., 2005; Leal et al., 2005; Muñoz et al., 2005). Using this
approach, the model selection process suggested that salbutamol
sulphate absorption was best described by a combined passive
diffusion and active absorption processes from intestinal lumen
to enterocyte, with an active capacity-limited efflux from entero-
cyte to intestinal lumen. The evidence of the salbutamol sulphate
active secretion process along the whole length of the rat small
intestine is mediated by P-gp, has been reported previously in
two articles (Valenzuela et al., 2001; Valenzuela et al., 2004).
However, to the best of our knowledge no evidence of com-
bined passive diffusion and active absorption processes has been
reported up to date. This mechanism of absorption suggests the
involvement of ATP in the salbutamol sulphate absorption and
hence it supports the existence of an active carrier-mediated pro-
cess. Recently, it was suggested that OCT family is involved in
bronchoephitelial salbutamol transport (Ehrhardt et al., 2005).
Examination of tissue distribution of the OCT family also indi-
cates that OCT1 and OCT3 are expressed in the small intestine
of rats (Katsura and Iuni, 2003). Therefore, OCT transporters
c

c
d
p
t
l
i

cess (Ruı́z-Balaguer et al., 1997; Rodrı́guez-Ibáñez et al., 2003;
Muñoz et al., 2005). In order to evaluate this assumption, a
non-instantaneous equilibrium between enterocyte and intesti-
nal lumen was tested. The non-instantaneous equilibrium model
did not provide substantial improvement of the fit relative to an
instantaneous equilibrium model.

The effect of P-gp inhibitors was well characterized with
a competitive agonism model on the active secretion process
from enterocyte to intestinal lumen. The data available did not
allow discriminating between a direct (model 3) and indirect
(model 6) mechanism of the inhibitory effect of NaN3. Also, an
exhaustive literature review failed to find any paper that sup-
ports or detracts the direct or indirect inhibitory mechanism
of the inhibitory effect of NaN3. The depletion model of ATP
in presence of sodium azide was published first by Valenzuela
(Valenzuela, 2003) and, later on used to quantify the sarafloxacin
absorption process from in situ data (Fernandez-Teruel et al.,
2005). In both cases, the value of k0 obtained was similar to the
results obtained in the present paper (18.96 h−1). The half-life
associated with k0 was shorter than 5 min, the time to collect
the first sample. It reflects a relatively fast process to achieve a
dynamic equilibrium between drug concentration in the intesti-
nal lumen and the enterocyte. In this situation, model 6 collapses
to model 3. In addition, parametric bootstrap demonstrated that
the study design was not good enough to fully characterize the
model 6 because approximately 37.5% of the parametric boot-
s
t
b
m
p

o
c

ould be involved in the salbutamol absorption in rats.
The model described above assumed that salbutamol sulphate

oncentrations in the enterocyte and the intestinal lumen were in
ynamic equilibrium after 5 min and, therefore, salbutamol sul-
hate concentration in the enterocyte were assumed to be propor-
ional to the salbutamol sulphate concentrations in the intestinal
umen. This phenomenon has been described frequently when
n situ studies are used to investigate the drug absorption pro-
trap replicates failed to get convergence. It is probably due to
he overparameterization of model 6 and/or the relative fast inhi-
ition process mediated by sodium azide. For all these reasons,
odel 3 was selected as the final salbutamol sulphate absorption

rocess in rat small intestine.
The model developed did not consider the effect on NaN3

n the salbutamol passive absorption pathway. However, high
oncentration of NaN3 could affect the overall enterocyte mem-
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brane integrity. As a consequence the paracellular absorption of
salbutamol would increase. In order to evaluate this hypothesis,
the current final model was modified to account for the potential
effect of NaN3 on the first-order absorption rate from intestinal
lumen to enterocyte according to Eq. (19):

ka = k∗
a

(
1 + kmaxM

SM50 + M

)
(19)

where, ka is the first-order absorption rate from intestinal lumen
to enterocyte; k∗

a the first-order absorption rate from intestinal
lumen to enterocyte in absence of NaN3; kmax the maximal k∗

a
increase in presence of NaN3 (M) and SM50 is the sodium azide
concentration at which the k∗

a increase half-maximal. The mag-
nitude of the NaN3 effect on the paracellular absorption process
was negligible as the maximal increase in the absorption rate
was lower than 0.01%. Furthermore, statistical analysis evi-
denced that the modified model did not significantly improve
the goodness-of-fit. Therefore, the data available did not sup-
port the enhancement of paracellular absorption of salbutamol
in presence of NaN3.

The reliability of the results obtained from population phar-
macokinetic analyses were explored through the model evalu-
ation process. In the absence of a new data set, parametric and
non-parametric bootstrap techniques are two of the internal eval-
uation methods that may be especially useful for this purpose
(
s
t
t
e

s
c
0
V
d
t

secretion rate over the entire range of salbutamol sulphate con-
centrations studied. In fact, the difference in the absorption and
secretion rates (net absorption) increased with salbutamol sul-
phate concentrations. Therefore, the yield of the net absorption
process increase at higher concentrations, and it is optimal at
concentrations higher than 10 mM, where the secretion process
is completely saturated (Fig. 5). However, it’s very unlikely to
have similar concentrations in the clinical setting as 10 mM is
a 30-fold higher dose than the allometric dose of salbutamol in
rat.

In presence of grapefruit juice, verapamil at concentrations
of 10 and 20 mM, the K′

m values were shifted to 0.52, 0.84 and
1.33 mM, respectively (Fig. 5). Therefore, the presence of P-gp
competitive inhibitors increases the amount of salbutamol sul-
phate in the enterocyte. The extent of this effect is higher for
verapamil 20 mM and lower for grapefruit juice. In presence
of NaN3 at concentrations of 0.3, 3 and 6 mM, the maximum
capacity of the active absorption and secretion is reduced by
79.58, 97.50 and 98.53%, respectively. These values are well
above 50% inhibition, which is translated into a poor preci-
sion of IM50 estimate as no data from concentrations inhibiting
ATP-synthetase by less than 50% were available. Based on the
point estimates, the salbutamol sulphate absorption in presence
of NaN3 concentrations equal or higher than 3 mM is character-
ized by a first-order absorption with an approximate absorption
rate constant of 0.636 h−1, which yield a net absorption rate
v
0
r
0
r
B
t
6
i

g

) inhib
Ette, 1997). Both bootstrap analyses conducted in the current
tudy, yielded mean model parameters that were comparable to
he estimates of the original data set, indicating the stability of
he developed model and supporting the study design for param-
ter estimation of model 3.

According to the final pharmacokinetic model, Table 2
hows that salbutamol sulphate has higher affinity and lower
apacity for the secretion process (K′

m = 0.357 mM, V ′
Max =

.678 mM/h) than active absorption process (Km = 0.540 mM,
Max = 0.726 mM/h). Considering the contribution of the passive
iffusion (0.636 h−1) to the global salbutamol sulphate absorp-
ion process, in average, the absorption rate is faster than the

Fig. 5. Effect of P-gp (left) and metabolic (right
ery similar relative to the presence of grapefruit juice (range:
.636–0.671 h−1), but in the low range of apparent absorption
ate constant observed in presence of verapamil 10 mM (range:
.636–1.162 h−1) and 20 mM (range: 0.636–1.450 h−1) over a
ange of salbutamol sulphate concentration from 0.01 to 20 mM.
ased on these results, the extent of salbutamol sulphate absorp-

ion in rat small intestine can be improved by NaN3 0.3, 3 and
mM, grapefruit juice and verapamil 10 and 20 mM, in ascend-

ng order.
In summary, the population approach has been used to inte-

rate the pharmacokinetic knowledge gathered from preclinical

itors on the salbutamol sulphate rate constants.
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studies. The model developed was suitable to describe the com-
plex salbutamol sulphate absorption in rat small intestine and
characterized the effect of NaN3, grapefruit juice and verapamil.
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