International Journal of Pharmaceutics 551 (2018) 148-157

Contents lists available at ScienceDirect

International Journal of Pharmaceutics

journal homepage: www.elsevier.com/locate/ijpharm

Determination of intestinal permeability using in situ perfusion model in
rats: Challenges and advantages to BCS classification applied to digoxin

Check for
updates

Tamires Guedes Caldeira™”", Alejandro Ruiz-Picazo™', Isabel Lozoya-Agullo?,
Dénia Antunes Satide-Guimaries®, Marta Gonzalez-Alvarez®, Jacqueline de Souza®,
Isabel Gonzalez-Alvarez™*, Marival Bermejo®

2 Department of Engineering, Pharmaceutics and Pharmaceutical Technology Area, Universidad Miguel Herndndez de Elche, Alicante, Spain

P Laboratério de Controle de Qualidade, Escola de Farmdcia, Universidade Federal de Ouro Preto, Ouro Preto, Minas Gerais, Brazil
€ Laboratério de Plantas Medicinais, Escola de Farmdcia, Universidade Federal de Ouro Preto, Ouro Preto, Minas Gerais, Brazil

ARTICLE INFO ABSTRACT

The purpose of this work was to describe the closed loop in situ perfusion method in rats and to compare the
difficulties and advantages with other methods proposed by regulatory agencies for BCS classification and finally
to illustrate its application to evaluate the permeability of digoxin at relevant clinical concentrations. Digoxin
was evaluated at two concentration levels: 1.0 ug/ml (with and without sodium azide 65.0 ug/ml) and 6.0 pg/
ml. These concentrations correspond to the ratio of the highest dose strength (0.25 mg) and the highest single
dose administered (1.5 mg) and the 250 ml of water. In situ closed loop perfusion studies in rats were performed
in the whole small intestine and also in duodenum, jejunum and ileum segments to evaluate the relevance of P-
gp secretion in the overall permeability. A kinetic modelling approach involving passive permeation and efflux
transport mechanism allowed the estimation of the passive diffusional component and the Michaelis-menten
parameters. The estimated K, value demonstrated that at clinical luminal concentrations the efflux process is not
saturated and then it could be inhibited by other drugs, excipients or food components leading to the already
reported clinical drug-drug and drug-food interations. The present data confirms from a mechanistic point of
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view these interactions.

1. Introduction

According to the European Medicines Agency (EMA), BCS
(Biopharmaceutic Classification System) permeability classification of a
drug requires absolute bioavailability or mass balance studies.
However, the Food and Drug Administration (FDA) and World Health
Organization (WHO) accept for BCS classification the results from other
methods able to predict the extent of drug absorption in humans, such
as in vivo or in situ intestinal perfusion in animal models (e.g. rats), or in
vitro permeability methods using intestinal tissues or monolayers of
suitable epithelial cells (EMA, 2010, FDA, 2015, WHO, 2015).

According to the BCS, solubility, permeability and dissolution rate
from dosage form are the fundamental parameters that control drug
absorption rate and extent. Based on this concept, drugs were grouped
into four classes: class I, high solubility and high permeability, class II,
low solubility and high permeability, class III, high solubility and low

permeability and class IV, low solubility and low permeability (Amidon
et al., 1995).

Among the different methods used to evaluate the permeability, in
situ intestinal perfusion has been widely used due to its similarity with
in vivo conditions such as the presence of blood irrigation, innervation,
active transporters, metabolizing enzymes and compatibility with
complex solvent systems (Balimane et al., 2000, Volpe, 2010,
Stappaerts et al., 2015).

In addition, in situ perfusion in rats can also be used to investigate
drug absorption in the presence of pathophysiological changes, for in-
stance, changes in motility and intestinal barrier integrity associated
with parasitic diseases. Fast and fed states can also be simulated in the
perfusion method by changing the perfusion media (since there is a
change in the pH and composition of intestinal fluids in postprandial
conditions) (Lautenschléger et al., 2010, Stappaerts et al., 2015).

In situ intestinal perfusion in rats presents a good correlation with
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human intestinal permeability, for passively absorbed drugs, and
moderate correlation between the expression levels of transporters in
the rat and human, which provides similar molecular mechanisms for
the absorption of drugs between the two species. Therefore, the per-
meability of passively transported compounds can be predicted with a
particularly high degree of accuracy. However, special care must be
taken for drugs with a carrier-mediated transport mechanism, and a
scaling factor has to be used (Lennernds, 1997, Cao et al., 2006,
Lennernés, 2014, Lozoya-Agullo et al., 2015b).

Then, a well-established protocol for permeability studies using the
in situ intestinal perfusion can clarify the transport mechanisms of a
drug through the intestinal barrier, contributing to its adequate bio-
pharmaceutical classification and correlating, in a reliable way, with
the process of oral bioavailability and therapeutic action of the drug
(Dezani et al., 2017).

Therefore, the purpose of this work is to describe the in situ closed-
loop perfusion method in rats (Doluisio et al., 1969), and to discuss the
difficulties and advantages in comparison with other methods proposed
by regulatory agencies for BCS classification, illustrating its application
to evaluate the permeability of digoxin as model drug. Digoxin is a
cardiac glycoside with capacity to increase the contractile force of the
myocytes due to positive inotropic effect. Digoxin has a narrow ther-
apeutic index (NTI) and in order to obtain an adequate response and
avoid toxicity, the oral dosage can vary from 0.25mg to 1.5mg, in
patients with normal body weight and renal function (Neuhoff et al.,
2013). It is a well-known substrate of P-glycoprotein (Gandia et al.,
2004, Yao and Chiou, 2006, Suzuki et al., 2014, Nielsen et al., 2016,
Oda and Murakami, 2017), but most of the permeability reported data
in the literature have been obtained at concentrations that exceed the
clinically relevant concentrations in lumen reflecting mainly the passive
diffusional component of its membrane transport. Thus, in addition to
demonstrating the applicability of the in situ closed-loop perfusion
method in rats and determining the permeability of digoxin at clinically
relevant concentrations, the saturation level of the transporter was
evaluated, which could explain the reported drug-drug and drug-food
reported interactions (Hanratty et al., 2000, Yao and Chiou, 2006).

2. Materials and methods
2.1. Materials

Digoxin and sodium azide were purchased from Sigma-Aldrich (St
Louis, MO, USA). Acetonitrile HPLC grade was purchased from VWR
Chemicals (Fontenay-sous-Bois, France). Water was obtained from a
Millipore purification system. All other chemicals were of analytical
grade or higher.

2.2. Perfusion solution

Perfusion solution used in the in situ intestinal perfusion studies was
prepared with phosphate buffer 50 mM ajusted to pH 6.8.

Digoxin was evaluated at two concentration levels: 1.0 ug/ml (with
and without sodium azide 65.0pg/ml) and 6.0 pg/ml. These con-
centrations were obtained by dividing the highest dose strength
(0.25 mg) and the highest single dose administered (1.5 mg) of digoxin
that can be administered with 250 ml of water (volume of water gen-
erally used for the administration of a drug product in bioequivalence
studies).

Perfusion solutions were maintained at 37 °C until use.

2.3. Animals

Male Wistar rats weighting 250-300 g (n = 4-6) were used for all in
situ permeability studies. Animal experiments were approved by the
Scientific Committee of the Faculty of Pharmacy, Miguel Hernandez
University, and followed the guidelines described in the EC Directive
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86/609, the Council of the Europe Convention ETS 123 and Spanish
national laws governing the use of animals in research.

2.4. Intestinal perfusion of digoxin

Effective permeability of digoxin was determined in the complete
small intestine at concentrations of 1.0 pg/ml and 6.0 pg/ml and in
duodenum, jejunum and ileum only at the concentration of 1.0 ug/ml
using in situ closed-loop perfusion based in Doluisio method (Doluisio
et al., 1969) modified to evaluate in each intestinal segment (Lozoya-
Agullo et al., 2016). In addition, the passive permeability of the drug
was evaluated in the ileum with the perfusion solution of digoxin
1.0 pg/ml and sodium azide 65.0 pg/ml.

Rats were anesthetized with intraperitoneal injection of pento-
barbital (40 mg/kg) and divided into two groups. In the first group, an
abdominal midline incision was made and the complete small intestine
(approximately 100 cm) was identified and cannulated at both ends
using glass cannulae attached to silicone tubing for conection with
stopcock valves and glass syringes. In the second group, segments of
duodenum (approximately 10 cm), jejunum (approximately 45 cm) and
ileum (approximately 45cm) were identified and cannulated, in the
same animal, at both ends using also glass cannulae linked with glass
syringes. In both groups, the bile duct was ligated to prevent the release
of bile salts into the intestinal lumen.

In order to remove all the intestinal contents, each segment was
gently washed with perfusion solution free of drug. After complete re-
moval of the intestinal contents, syringes with three-way stopcock valve
were coupled to the cannulae and the perfusion solution containing
digoxin was introduced into the segment: 2 ml for duodenum, 4 ml for
jejunum and ileum, and 10 ml for complete small intestine.

150 ul of the perfusion solution were collected every 5min for
30 min, alternating the collection end, without replacement. The
sample withdrawn volume was, later on, taken into account for water
reabsorption estimation.

At the end of the experiment the animals were euthanized by cer-
vical dislocation, the samples were centrifuged at 10000 rpm for 5 min
and quantified by HPLC. In addition, the remaining perfusion solution
in the intestine was collected to evaluate the degree of water absorption
presented by the animal. Water reabsorption was characterized as an
apparent order zero process and the water reabsorption constant (kq)
was calculated as described in Eq. (1).
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where V, is the volume of perfusion solution introduced into the in-
testinal segment at the beginning of the experiment, Veq is the volume
of perfusion solution measured at the end of the experiment, t.,q is the
total time of experiment (30 min). ko value was used to estimate the
remaining water volume at each time point (V,).

Thus, the experimental concentration (C.) was corrected at each
time point using the Eq. (2):
C=0C,X A4
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where C, represents the drug concentration in the absence of water
reabsorption at time t, and C, represents the correct experimental value.
C, values were used to calculate the real absorption rate coefficients
(Tugcu-Demiroz et al., 2014).

The absorption rate coefficient (k,) was determined by nonlinear
regression analysis of the remaining concentrations in lumen of seg-

ment intestinal (C;) versus time (Eq. (3)).
C, = Cy x e~kat 3

From the k, value is possible to calculate the effective permeability
(Pegr) using Eq. (4):
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where r is the radius of the intestinal segment. r was calculated con-
sidering the intestinal segment as a cylinder (Volume = sir®L). Estima-
tion was done using the perfusion volume for each intestinal segment.

Ry =

2.5. Kinetic parameter estimation

A kinetic modelling approach to estimate permeability transport
components was applied to the data. The kinetic model was fitted to the
whole dataset simultaneously (duodenum, jejunum, ileum and ileum in
presence of sodium azide), by keeping in common the shared para-
meters across segments/conditions and estimating separately the non-
shared ones.

This procedure is based in the following assumptions:

a) Same passive diffusion component on the apparent permeability
along the complete small intestine, as the experiments were per-
formed at the same luminal pH value.

b) Same K, value as index of the affinity for the transporter in all in-
testinal segments.

c) Maximal efflux velocity (V,,,) was modelled as a function of Pgp
expression level. The procedure is described in Gonzaléz-Alvarez
et al. (2007): a baseline value was taken to be the expression level in
ileum (V,,I). The value of maximal velocity in duodenum (V,,,D) and
jejunum (V,J) was calculated from the baseline value and a cor-
rection factor (Ef), based on mRNA-MDRI1 expression reported for
Wistar rats (Takara et al., 2003). According to Takara et al. (2003),
the expression level in the duodenum is 3.25-fold lower than ileum
and 1.44-fold lower in jejunum versus ileum. Then, Ef in duodenum
was 1/3.25 and Ef in jejunum was 1/1.44.

The kinetic model is based on four differential equations, one per
segment/condition as the next one:

Segments
dé; 2 2 Ve X G
o | Zpy |+
dt Ty re Ky + G (5)
Ileum in presence of sodium azide
dcilaz ( 2 )
dt , diff ilaz (6)

where C; represents the digoxin concentration, Py the passive diffusion
permeability, and K, is the Michaelis-Menten constant. r represents the
effective radius and accounts for the volume/surface ratio. The sub-
script x refers to segment in question: V,p for duodenum, V,,; for je-
junum, and V,; for ileum.

The maximal velocity was estimated to be the product of the
baseline value (in ileum) and the expression factor (Ef) for the segment
according to Eq. (7) and (8).

VmD = EfD X VmI (7)

(8

Curve fitting procedures were performed in Berkeley-Madonna
8.3.23.0. (apparent permeability values at each concentration/condi-
tion) and in Phoenix-Winnonlin 8.0.0.3176. The winnonlin ASCII code
is provided in the Table Al.

VmJ = Ef} X Vm[

2.6. Chromatographic conditions

Digoxin was quantified using HPLC system (Waters Alliance®
2695, Milford, MA, USA) with UV detector at 218 nm (Waters 2487,
Milford, MA, USA). Using as mobile phase a mixture of 72:28 (v/v)
water:acetonitrile and column Nova Pak® Waters (C18 3.9 X 150 mm;
4.0 um). Temperature was set at 25 °C. Injection volume was 50 pl and
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flow of 1 ml/minute. The method was previously validated with ade-
quate linearity, precision, accuracy (R > 0.99 and coefficient of var-
iation < 5%) and LLOQ of 0.33 pg/ml.

2.7. Statistical analysis

Permeability values are expressed as mean * standard deviation
(SD). Statistical analysis was performed using Graphpad Prism version
5.1 (Graphpad Software, INC., La Jolla, CA, USA). Analysis of variance
(ANOVA) and Tukey tests were used for statistics. A value of p < 0.05
was considered statistically significant.

3. Results and discussion
3.1. Permeability studies

Cultures of suitable epithelial cells or animal tissues and in situ in-
testinal perfusion in rats are well characterized experimental methods
to evaluate intestinal drug permeability in preclinical studies
(Lennernds, 2014, Hens et al., 2016). These methods are accepted by
some regulatory agencies to BCS drug classification with regulatory
purposes (EMA, 2010, FDA, 2015, WHO, 2015).

Among the epithelial cells, Caco-2 cells deserve attention. Caco-2
cells are derived from human colon adenocarcinoma and were first
isolated by Fogh et al. (Fogh and Trempe, 1975). Initially they were
used in the investigation of tumor mechanisms of cancer cells and
studies on anti-neoplastic therapy (Pinto et al., 1983).

Since the 1980s, Caco-2 cells have become a promising tool for
permeability studies because they presente many characteristics of in-
testinal absorption cells, such as: microvillus, hydrolysis enzymes, ion,
peptide and sugar transporters. In addition, to performing both passive
and some types of active drug transport (Pinto et al., 1983, Hilgers
et al., 1990, Balimane et al., 2000, Souza et al., 2009, Gongalves et al.,
2012).

Despite these characteristics, permeability studies using Caco-2 cells
present some disadvantages, such as the long period to obtain viable
cells for the tests (usually 21 days) and the significant difference be-
tween the expression level of transporters in Caco-2 cells and human
intestine. In addition, some experimental problems related to the un-
stirred water layer, the adherence of highly lipophilic drugs in poly-
carbonate filters, the pH of donor/receptor media and use of co-sol-
vents, can change the results and make difficult the interlaboratory
reproducibility (Balimane et al., 2000, Souza et al., 2007, Goncalves
et al., 2012).

The use of intestinal tissues is also very common. Two techniques
for the evaluation of permeability were developed from animal tissues.

Everted intestinal assay utilizes portions of animals intestine, gen-
erally rats, in everted form, which are immersed in a buffer solution
containing the drug, in order to evaluate the transport from the mucosal
to the serosal side (Wilson and Wiseman, 1954, Balimane et al., 2000,
Souza et al., 2007).

The second technique uses of intestinal segments in bicompart-
mental apparatus, usually, Ussing chambers (horizontal) or Franz cells
(vertical). The mucosal side faces the donor compartment and the ser-
osal portion faces the receiver one. Absorption is based on the ap-
pearance of the drug on the serosal side from disappearance on the
mucosal side (Ussing and Zerahn, 1951, Balimane et al., 2000, Souza
et al., 2007).

Although these techniques control many of the variables found in
the absorption process, they suffer with the main disadvantage of in
vitro studies: lack of innervation and blood supply. The drug must dif-
fuse not only through the membrane barrier but also through the
muscle, connective tissue, fatty tissue, and other structures of intestinal
wall. So, as a result, absorption rates measured by these in vitro tech-
niques can be slow and accumulation of drug in the “membrane” can be
extremely large. In addition, in vitro preparations show rapid loss of cell
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viability due to morphological changes (Doluisio et al., 1969, Balimane
et al., 2000).

In situ intestinal perfusion in rats is performed with several methods
but essentially in all of them drug solutions are introduced in the in-
testinal segment of interest with the animal under anestesia. Absorption
is evaluated from the disappearance of the drug from the intestinal
lumen. In addition to evaluate the permeability, this technique allows
the analysis of the kinetic mechanism of drug absorption (Doluisio
et al., 1969, Balimane et al., 2000, Tugcu-Demiroz et al., 2014, Lozoya-
Agullo et al., 2016).

Blood supply and innervation are maintained, thus the technique is
able to mimic the in vivo conditions. However, some limitations are
observed as the fact that the absorption is correlated only with the
disappearance of the compound from the intestinal lumen, thus dis-
regarding any pre-systemic or luminal metabolism (Doluisio et al.,
1969, Balimane et al., 2000).

In recent years, in situ intestinal perfusion in rats with blood sam-
pling has gained focus on permeability studies of substances.
Cannulation of the mesenteric vein allows determining the appearance
of compounds in the blood and is of great use, especially, when eval-
uating the absorption of compounds submitted to intestinal metabo-
lism. In addition, rats expres intestinal transporters and P450 enzymes,
then, in situ intestinal perfusion in rats has been used to study the in-
testinal absorption of drugs that are affected by intestinal metabolism
and efflux transporters. For some compounds, it is possible to monitor
the appearance of metabolites, originating from intracellular metabo-
lism, in the perfusion media. These metabolites can reach the intestinal
lumen by active or passive transport processes and serve as a measure
of the metabolism (Stappaerts et al., 2015, Dezani et al., 2017).

To compare the prediction of drug absorption by different methods,
Lozoya-Agullo et al. (2015a) evaluated the permeability of several
compounds using in situ intestinal perfusion and Caco-2 cells. Differ-
ences in permeability ranges in cell culture compared to in situ perfu-
sion models were observed for all drugs. This is a reflection of the
difference in the surface area available for transport (in the cellular
model there are only villus, while in the animal model there are villus
and folds) and in the expression of transporters (Lozoya-Agullo et al.,
2015a).

Although human data are considered most reliable in comparison
with in vitro and in situ intestinal perfusion studies, ethical and bu-
reaucratic issues, besides the high cost of studies, should not be ignored.
Ethical issues are also involved in the use of animals and experimental
protocols must be approved by ethics committees. However, in situ in-
testinal perfusion is a simple, inexpensive and fast method, and presents
a good correlation with the permeability and absorbed fraction data in
humans when compared to other in vitro studies, mainly for drugs ab-
sorbed by passive diffusion (main route for drug absorption) (Balimane
et al., 2000, Cao et al., 2006, Volpe, 2010, Lozoya-Agullo et al., 2015b).
Futhermore, this method can be used to evaluate the carrier-mediated
mechanisms on permeation process (Cao et al., 2006, Dezani et al.,
2017). A single animal produces suitable experimental data for com-
plete kinetic analysis, being four animals the minimum number for
obtaining relevant, reliable and safe data (Doluisio et al., 1969).

3.2. Variations of in situ intestinal perfusion

In order to improve and become closer to the reality of the human
organism, several variations were developed for in situ intestinal per-
fusion technique: single-pass intestinal perfusion (Amidon et al., 1981),
recirculating perfusion (Van Rees et al., 1974), oscillating perfusion
(Schurgers and De Blaey, 1984) and closed-loop method (Doluisio et al.,
1969). Among them, single-pass intestinal perfusion and closed-loop or
Doluisio method have more widespread application.

In single-pass intestinal perfusion (SPIP), the drug solution is per-
fused, at a constant flow through a cannula, into 10-15 cm of intestinal
segment. Samples are collected in the distal region, in which the
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intestine was cannulated, at predetermined times (Amidon et al., 1981).
Effective permeability (P.g) is calculated from the relationship between
the initial and final concentrations of the drug, the flow and the in-
testinal segment area, according to Eq. (9) (Dahan et al., 2009).

-Q. ln(%fi)

By =
4 2nrL

©)]
where Q is the perfusion flow rate, Cf/Ci is the ratio of the final and the
initial concentration of drug that has been adjusted for water absorp-
tion. r is the radius of the intestinal segment and L is the length of the
perfused intestinal segment.

In the closed-loop method, the intestinal segment is completely
isolated with two cannulas at the beginning and at the end of the
segment. Drug solution is perfused and samples are collected at pre-
determined times. The results are highly reproducible and produce
absorption rates realistic and comparable to those calculated from
blood concentration from oral administration of drug to humans and
animals. The disappearance of drug from the intestinal lumen in the
time frame of the experiments (30-60 min) follows an apparent first-
order kinetic process. Moreover, the experimental technique is simple,
utilizes readily available laboratory equipment and small volume of
perfusion solution, when compared to SPIP, an advantage when only
small amounts of compound are available (Doluisio et al., 1969).

In SPIP method permeability is estimated from the ratio of inlet and
outlet concentration in the intestinal segment after reaching steady-
state while in Closed loop method used in this study we are not under
steady-state conditions and we are estimating permeability from the
disappearance rate. We have performed a extensive research in order to
compare both perfusion methods and calculation approaches and we
have demonstrated a very good correlation between both experimental
approach, not only for digoxin but also for a extensive dataset of
compounds of different physicochemical characteristics and in difer-
ente rat intestinal segments. Both techniques perform similarly in terms
of the obtained Peff values which are comparable in range and in
variability.

Lozoya-Agullo et al. (2015b) evaluated the in situ intestinal perfu-
sion of 15 model drugs with different permeability characteristics (low,
moderate, and high, as well as passively and actively absorbed), in both
SPIP and Doluisio (closed-loop) methods. An excellent correlation
(coefficient of determination (r2) of 0.93) was obtained for the P
values using the two techniques. Consequently, the absorbed fraction
predicted from the permeability values showed a good correlation with
human data. In addition, for 14 of the 15 drugs evaluated, the perme-
ability class according to BCS presented, for both methods, was similar
to the data reported in the literature (Lozoya-Agullo et al., 2015b).

The comparison of SPIP and Doluisio method has also been per-
formed using intestinal segments such as upper jejunum, mid-small
intestine, ileum and colon. Good correlation between the SPIP and
Doluisio approaches was obtained for jejunum (r? = 0.95) and mid-
small intestine (r? = 0.9), while for ileum (r?> = 0.85) and colon
(r? = 0.81), lower values were reported (Lozoya-Agullo et al, 2015b,
Lozoya-Agullo et al., 2016, Lozoya-Agullo et al., 2017).

Permeability is dependent on the intestinal region (Dahan et al.,
2009), due to this fact, despite the good correlations between SPIP and
Doluisio, the second method makes it possible to use any length of in-
testinal segment (SPIP can only use 10-15 cm), and thus to evaluate the
action of transporters better.

It is known that the expression of transporters changes throughout
the gastrointestinal tract. For example, two efflux transporters of the
small intestine stand out: multidrug-resistance protein 2 (MRP2) and P-
glycoprotein (Pgp). Both are located in apical region of the enterocytes,
however, MRP2 shows greater expression in proximal region of the
small intestine while Pgp has increased expression along the gastro-
intestinal tract, presenting a higher concentration in the ileum (Yao and
Chiou, 2006, Tamaki et al., 2011, Dahan et al., 2012).
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Table 1
Absorption rate coefficients and effective permeability values obtained by in situ
perfusion method in rat for digoxin (mean + SD).

Concentration ka (min~1) P (cm/s)

1.0 pg/ml 0.016 + 0.008  2.36 x 107> + 1.25 x 10°°
6.0 g/ml 0.031 * 0.005 457 x 107° + 7.96 x 10~°
1.0 p g/ml with sodium azide ~ 0.040 + 0.020  5.58 x 107> * 2.61 x 107>
Intestinal segment

Duodenum 0.013 + 0.003  3.61 x 107° + 553 x 10~°
Jejunum 0.018 + 0.006  2.69 x 107° + 7.37 x 10”°
Tleum 0.009 + 0.005 1.35x10°° + 7.45x 10" °

Intestinal perfusion in rats using both closed-loop and single-pass
methods provided similar effective permeability values, demonstrating
the robustness of the techniques and the possibility of combining data
from different laboratories (Lozoya-Agullo et al., 2015b). However, due
to the technical simplicity, greater speed and good correlation, the
closed-loop method was chosen to carry out the study of digoxin.

3.3. A digoxin study

Permeability of digoxin was evaluated throughout the complete
small intestine and in the intestinal segments duodenum, jejunum and
ileum.

Absorption rate coefficients (k,) and effective permeability (Peg)
values obtained for digoxin using the in situ intestinal perfusion tech-
nique in rats are shown in Table 1.

Fig. 1 shows comparative graphs of P values obtained for digoxin
at the different concentrations (1.0 ug/ml with and without sodium
azide and 6.0 pg/ml) used in the study. Sodium azide is a non-specific
metabolic inhibitor that produces a decrease in ATP levels due to in-
terference in the transport of electrons in the mitochondrial matrix.
Therefore, as the transport system in the rat model was ATP-dependent,
sodium azide is able to inhibit the digoxin transport by any type of
carrier (uptake and efllux), resulting in the passive permeability of the
drug (Valenzuela et al., 2001, Fernandez-Teruel et al., 2005). The
passive permeability of digoxin in presence of sodium azide was about
2-fold higher than effective permeability with both components passive
plus secretion carrier-mediated.

Fig. 2 shows comparative graphs of P.¢ values obtained for digoxin
1.0 ug/ml in the different intestinal segments. No statistically sig-
nificant differences were observed between duodenum and jejunum,
however statistically significant differences were observed between
jejunum and ileum (p < 0.05) and between duodenum and ileum
(p < 0.01).

In order to estimate the kinetic parameters, in addition to the P.g
values obtained for clinical doses of digoxin, P.g data of digoxin at
10.0 uM (7.8 ug/mL) were reported from Lozoya-Agullo et al. (2016).
According to Lozoya-Agullo et al. (2016), digoxin at 10.0 uM showed
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(+ 1.19x 107, 218 x10™° (* 8.14 x 10™®), in the intestinal
segments duodenum, jejunum and ileum, respectively. Table 2 shows
the estimated parameters from the kinetic model described in Eq.
(5)-(8).

As it can be seen in Table 2 the estimated passive diffusional com-
ponent Pg;¢ is closer to the experimental value obtained in presence of
sodium azide when all the carrier-mediated processes are inhibited. On
the other hand, the estimated Ky, value is higher than the experimental
concentration used in this study and similar to the concentration used
by Valizadeh et al. (2012). This fact confirms that the efflux component
is not saturated at the clinically relevant concentrations.

A previous attempt to characterize the permeability of digoxin in
intestinal segments of rats was performed by Stephens et al. (2001),
using excised segments. A P-gp mediated efflux was also demonstrated,
which was higher in ileum in accordance with the higher expression
levels in this segment, and estimated K, values ranged from 51 to
81 uM (Stephens et al., 2001). This divergence between K, values (in
this work and in Stephens et al. (2001)) can be due to the differences in
experimental conditions (excised segment versus in situ perfusion, and
different perfusion buffer). On the other hand the V,,, values reported in
jejunum and ileum (4.7 and 9.3 nmol/cm?/h) are closer to our range
observed for Vm (1.48 and 2.13 nmol/cm?/h), which is a reasonable
difference considering all the changes in experimental variables.

As shown in Fig. 3, the kinetic model presents a good predictive
performance considering the simplicity of the assumptions, the diffu-
sional component is corrected based on the surface/volume ratio by
using a different radius value (0.25 cm for duodenum; 0.18 cm for je-
junum and 0.17 for ileum) and the expression levels reported by Takara
et al. (2003) to estimate the Vy, in each segment.

Digoxin is rapidly absorbed, with peak serum concentrations oc-
curring within 1.5-6h after administration of the oral dose. Tablets
have a bioavailability of 70-80%, while gel capsules and elixirs ap-
proach 100%. The bioavailability of digoxin does not appear to change
significantly with advancing age, although the rate of absorption is
faster in younger patients (Borron et al., 1997, Hanratty et al., 2000).

From effective permeability values for digoxin (lower than meto-
prolol), the fraction absorbed (F,) in humans was predicted by Lozoya-
Agullo et al. (2015b). Digoxin had F, predicted in the range of 72-81%,
i.e., values closer to the tablets bioavailability and to the reported in the
literature (81%) by Varma et al. (2012). Regarding to capsules and
elixirs, the increased bioavailability can be related to the presence of
excipients able to inhibit the efflux transporter thus leading to a higher
permeability value and to a complete fraction absorbed.

Digoxin has a molecular weight of 780.9 g/mol, LogP of 1.46 and
1.95, CLogP of 1.27 and apparent linear absorption, therefore it is
considered a lipophilic drug absorbed mainly by passive transcellular
route (Kasim et al., 2004). There are reports suggesting the involvement
of the OATP-mediated mechanism in the uptake of digoxin. While it is
well known that digoxin is a substrate of the P-glycoprotein (Pgp), ef-
flux transporter located on the apical surface of enterocytes and re-
sponsible for pumping drugs back into the intestinal lumen (Gandia

E3 1.0 ug/ml
6.0 ug/ml

B 1.0 ug/ml with sodium azide

Per (%= SD) of 387 x107% (+ 1.01 x107%, 293x10°°
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Fig. 1. P values obtained by in situ perfusion method in rats (n = 4-6) for digoxin 1.0 ug/ml, 6.0 ug/ml and 1.0 ug/ml with sodium azide (mean * SD). No

statistically significant differences were observed (p > 0.05).
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B3 Digoxin 1.0 pg/ml in duodenum
B2 Digoxin 1.0 pg/ml in jejunum
B3 Digoxin 1.0 pg/ml in ileum
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Fig. 2. P values obtained by in situ perfusion method in rats (n = 4-6) for digoxin 1.0 pg/ml in the intestinal segments duodenum, jejunum and ileum
(mean = SD). * Significant difference between jejunum and ileum (p < 0.05). ** Significant difference between duodenum and ileum (p < 0.01).

Table 2

Parameters obtained by curve fitting of Egs. (5)—(8) to the
experimental data (concentrations versus time profiles in
the three studied segments).

Parameter Value

Paife 5.97 x 10 °cm/s
Kmn 10.73 pg/ml

VD 1.77 x 10~ 3 pg/ml/s
Vid 4.00 x 10~ % ug/ml/s
Vil 5.77 x 1073 ug/ml/s
r 0.968

SSR 0.206

r = coefficient of correlation and SSR = residual sum of
squares.

et al., 2004, Yao and Chiou, 2006, Suzuki et al., 2014, Nielsen et al.,
2016, Oda and Murakami, 2017).

P-glycoprotein (Pgp) is widely distributed in the body and is found
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in epithelial and endothelial tissues, such as the intestinal mucosa and
blood-brain barrier, and in organs, such as the liver and kidney.
Increasing its importance in drug interactions involving digoxin and in
the secretion of the drug along the tissues in the organism (Thiebaut
et al., 1989, Fenner et al., 2009, Cook et al., 2010, Suzuki et al., 2014).

Regarding drug interactions, Fenner et al. (2009) and Cook et al.
(2010) evaluated the clinical relevance of drug-drug interactions
mediated through Pgp using digoxin as model drug. These authors
identified that many coadministered drugs (co-meds) with digoxin are
cardiovascular agents, which caused a clinically significant drug in-
teraction (25% change in AUC ratio). The presence of cardiovascular
agents may alter cardiac output and/or renal activity, acting alone or
being additional components to increase digoxin exposure along with
Pgp interaction (Fenner et al., 2009, Cook et al., 2010).

Analysis of 123 study reports examining digoxin pharmacokinetics
in the presence and absence of co-meds (substrates or inhibitors of Pgp)
showed only small changes in pharmacokinetic parameters. In addition,
inhibition of Pgp is more pronounced in the intestine, since systemic

Fig. 3. Mean experimental concentrations (@) ob-
tained by in situ perfusion method in rats (n = 4-6)
for digoxin and the model (Eq (5)-(8) predicted ones
(A) in: (A) duodenum, (B) jejunum, (C) ileum and
(D) ileum in presence of sodium azide.

ff}f!?
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inhibition would cause an increase in exposure < 25% (Fenner et al.,
2009).

Digoxin administered as tablets is approximately 70% absorbed. If
Pgp only limits the absorption of digoxin, then a maximum increase of
42% in exposure (AUC) would be expected when coadministered with a
potent inhibitor acting only in the intestine. In contrast, digoxin ad-
ministered as soft gelatin capsule is almost completely absorbed, not
expecting changes in exposure when coadministered with a similar
inhibitor, thus being less susceptible to clinically important interac-
tions. Less drug-drug interactions were observed after intravenous ad-
ministration of digoxin, suggesting that interactions resulting in digoxin
toxicities may be a greater concern with tablets rather than capsules
(complete absorption in the upper gastrointestinal tract) (Fenner et al.
2009, Cook et al., 2010).

In the intestine, inhibition of the Pgp by coadministration of drugs
can increase the absorption of its drug substrates. Due to its narrow
therapeutic index, interactions with digoxin are particularly important
because any inhibition of the Pgp action can lead to potentially toxic
increases in systemic circulation. Pgp is also expressed at high levels in
the liver, kidneys and blood-brain barrier, then, interactions mediated
by the competitive inhibition of this efflux transporter can also have
significant effects on tissue excretion and distribution, especially in the
penetration of drugs into the brain (Collett et al., 2005, Fenner et al.,
2009).

Intestinal secretion of drugs is an important clearance mechanism
that also affects the oral bioavailability of many drugs. Intestinal se-
cretory capacity does not only affect absorption kinetics but also con-
tributes to total clearance of cardiac glycosides (Hunter and Hirst,
1997).

Mayer et al. (1996) showed this by evaluating the excretion of di-
goxin and its distribution along the tissues in wild-type mices and in
mices with a disrupted mdrla gene (mdrla (—/—) mice), i.e., mices
without expression of Pgp (Mayer et al., 1996).

Intestinal Pgp contributes to a substantial excretion of digoxin
through the intestinal epithelium, not only being important for the
elimination of the drug from the systemic circulation, but also for a
decrease in the intestinal re-uptake of digoxin after biliary excretion,
modulating its absorption along the intestine (Mayer et al., 1996).

In the brain of wild-type mices, digoxin levels remained very low,
while in mdrla (—/—) mices these levels gradually increased over
3 days, resulting in approximately 200-fold difference from wild-type
mices in the same period. The prolonged accumulation of digoxin in
brains of mdrla (—/—) mices reinforces the pharmacological im-
portance of Pgp in the blood-brain barrier, making doctors and scien-
tists aware of a possible increased risk of toxicity in patients exposed to
coadministration of substrates or inhibitors of Pgp with digoxin (Mayer
et al., 1996).

Many studies performed to provisionally classify drugs according to
the BCS, only evaluate solubility data and LogP (experimental) or
CLogP (predicted) values, which frequently can overestimate or infra-
estimate experimental permeability if there are carrier-mediated pro-
cesses, as the lipophilicity is a good predictor only of the passive dif-
fusional component. For example, digoxin is often provisionally
classified as BCS class I or II (Kasim et al., 2004, Lindenberg et al., 2004,
Wu and Benet, 2005, Butler and Dressman, 2010).

Other studies using different techniques have demonstrated the di-
vergence regarding the permeability of digoxin.

Varma and Panchagnula (2005) evaluated the permeability for
several compounds, among them, digoxin, using in situ single-pass
perfusion method in rat. Intestinal perfusion of digoxin at 20uM
(15.6 ng/ml) was performed along 12-15 cm of ileum, and showed P
equal to 0.04 x 10~ *cm/s. This value indicates low permeability be-
cause only drugs with P higher than 0.2 x 10~ % cm/s are completely
absorbed (Varma et al., 2004, Varma and Panchagnula, 2005).

Valizadeh et al. (2012) evaluated the permeability of digoxin using
in situ permeation studies in rats in 10 cm of jejunum and four different

International Journal of Pharmaceutics 551 (2018) 148-157

concentrations of digoxin. Effective permeability (cm/s) of digoxin at
concentrations of 5, 10, 15 and 20 uM (3.9, 7.8, 11.7 and 15.6 pg/ml)
were 3.0 X 107>, 2.9 x 107>, 3.2 x 107 ° and 2.4 x 10™>, respec-
tively. Digoxin was classified as BCS class IV, because it presented, in
addition to Peg < 5.09 X 10> cm/s (on the basis of the relationship
between human and rat intestinal permeability, P.g values in rats >
5.09 X 10" >cm/s correspond to Fa > 85%), a dose number (Do)
greater than 1 (Zakeri-Milani et al., 2009, Valizadeh et al., 2012).

In a third study, permeability values of digoxin were determined
using the 2/4/A1 cell line (2/4/A1 is rat fetal intestinal epithelial cell
and has a paracellular permeability comparable with human small in-
testinal epithelium, showing a better correlation with human effective
permeability). The cutoff value for high permeability compounds is
55 x 10 %cm/s in this cell line. So, digoxin (range from 0.1 mM
(78.0 pg/ml) to 1.0mM (780.0 ug/ml)) with P,,, equal to 56,
1 x 10~ °cm/s was considered highly permeable (Zaki et al., 2010).

Transport studies across the rat ileum using Ussing chambers were
performed and it was observed that only about 3-4% of perfused di-
goxin (10 uyM-7.8 ug/ml) was absorbed. Demonstrating Py, between 8
and 10 x 10~ ®cm/s (Oga et al., 2013). While in an intestinal absorp-
tion study in rats using in situ closed-loop perfusion method, digoxin at
concentrations of 10 (7.8 ug/ml) and 100 uM (78.0 pg/ml), presented
an estimated absorption of 27 and 53%, respectively (Suzuki et al.,
2014).

Due to this divergence of values and to the fact that most studies
have been performed at concentrations higher than clinical con-
centrations (i.e dose/administered volume assuming complete dissolu-
tion) not ensuring the saturation of efflux transporters, and conse-
quently overestimating permeability values, it was decided to perform
the permeability studies of digoxin, in clinical doses/concentration,
using in situ closed-loop perfusion method in rats.

The results obtained (Table 1) for P of digoxin were analyzed by
comparison with the Py values obtained for metroprolol (high per-
meability standard). Drugs that have permeability values below the P
value of metoprolol are considered poorly permeable.

Ruiz-Picazo et al. (2017) using in situ perfusion in rats study based
in Doluisio method found that metoprolol shows Pgy of
6.24 x 10" °cm/s, 6.85 x 10~ °cm/s and 9.05 x 10~ cm/s for com-
plete small intestine, jejunum and ileum, respectively (Ruiz-Picazo
et al., 2017).

Beyond to the comparison with metoprolol, the P¢ values obtained
for digoxin were evaluated according to the guidelines established by
Zakeri-Milani et al. (2009): a drug is highly permeable when exhibits
P (rat) > 5.09 X 10 %cm/s, and of low permeability when P
(rat) < 4.2 x 10> cm/s. Drugs with effective permeability between
4.2 x 107> and 5.09 x 10 °cm/s were considered as borderline
(Zakeri-Milani et al., 2009).

Clinical doses of 0.25mg (1.0 ug/ml) and 1.5mg (6.0 ug/ml)
showed P below the P value for metoprolol (6.4 X 10~ °cm/s) as
well as below the limits established by Zakeri-Milani et al. (2009). In
addition, both concentrations had P.g values below the passive per-
meability of digoxin (digoxin with sodium azide) indicating that ad-
ministration of these two doses did not saturate the efflux transporter.

Regarding the intestinal segments, a greater effective permeability
was observed in the duodenum and jejunum (no statistically significant
differences were observed between these two segments p > 0.05)
when compared to ileum (Table 1 and Fig. 2).

Permeability is dependent on the intestinal region. In addition to the
heterogeneous expression of efflux transporters (e.g. MRP2 and Pgp),
the regional permeability is determined by the physicochemical prop-
erties of the drug and the function of the membrane and the pH of
intestinal fluids. The intestinal segments differ in many aspects, being
the total lipid surface area, tight junctional resistance and area, enzy-
matic activities, amount and capacity of transporters, water flow, un-
stirred water layer and capillary blood flow, the main factors affecting
permeability (Fagerholm et al., 1997, Ungell et al., 1998). However, the
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segmental absorption of digoxin points out the differential contribution
of the efflux component associated with the different expression level.
Distribution of P-glycoprotein is not homogeneous along the intestine
and there is a progressive increase in the function/expression of Pgp
from duodenum to ileum (Yao and Chiou, 2006, Nishimura et al.,
2008). Incorporating in the mathematical model the reported expres-
sion levels has permitted a good prediction of the concentrations versus
time digoxin intestinal profiles.

Such in the complete small intestine, the P.g values obtained for
digoxin in the intestinal segments were lower than P values for me-
toprolol and the limit imposed by Zakeri-Milani et al. (2009) for highly
permeable drugs.

Therefore, the results obtained using in situ perfusion technique
based on Doluisio method, in these experimental conditions, along with
the paremeter estimation based in a kinetic model involving passive
and efflux mechanism suggest the low permeability of digoxin at the
clinical concentrations, with a decrease in the drug permeation along
the small intestine.

4. Conclusion

Among the techniques recommended by regulatory agencies for the
classification of drugs according to BCS, intestinal perfusion in rats has
been widely used due to simplicity, low cost and throughput when
compared to in vivo studies in humans. In comparison with Caco-2 cells
method, even if the cell culture could provide a higher throughput for
screening, the rat presents more similar expression of transporters and
the advantage of segmental comparisons. In summary, it shows good

Appendix

See

Table Al
Winnonlin ASCII code.

Model 1

remark

remark Developer: Marival Bermejo
remark Digoxin absorption model in rat intestinal segments at
remark different initial concentrations and in presence of sodium azide
remark Model Date: 07-26-2017
remark

remark — define model-specific commands
COMMANDS

NFUNCTIONS 4

NDERIVATIVES 4

NPARAMETERS 3

PNAMES 'Pdiff','’km','vm'

Ncons 3

END

remark — define temporary variables
TEMPORARY

Pdiff = P(1)

km = P(2)

vm = P(3)

A = con(1)

el = con(2)

e2 = con(3)

remark A = Lduo/lileon 0.222

remark el = 1/3.25 and e2 = 1/1.44 from Takara et al.

t=x

END

remark — define differential equations starting values
START

Z(1) = 0.55

Z(2) = 0.7082

155
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correlation with human data, due to physiological and morphological
similarities between the two species.

The application of the in situ perfusion technique in rats allowed the
evaluation of the effective permeability of digoxin, in clinically relevant
concentrations (i.e dose/250 ml), suggesting the low permeability of
this drug, due to lower P.¢ values when compared with metoprolol and
to the cutoff value proposed by Zakeri-Milani et al. (2009). The esti-
mated K, value demonstrated that at clinical concentrations the efflux
process is not saturated and then it could be inhibited by other drugs,
excipients or food components leading to the already reported clinical
drug-drug and drug-food interations. The present data confirms from a
mechanistic point of view these interactions.

It should be emphasized that the techniques used to classify the
permeability of drugs according to the guidelines of the BCS must be
standardized. It is essential to know the variables and possible mod-
ifications in the experimental procedure, in order to apply the most
suitable model to optimize the results, generating data as close as
possible to the reality of the human organism.
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Table A1l (continued)

Model 1
Z(3) = 1.58
Z(4) = 1.59
END

remark - define differential equations

rema Z(1) duodenum Z(2) jejunum

rema Z(3) ileum Z(4) ileum + azida

DIFF

DZ(1) = —A*(2* (Pdiff/0.25) * Z(1)) + (el * Vm * Z(1)/(km + Z(1)))
DZ(2) = —(2* (Pdiff/0.18) * Z(2)) + (e2 * vm * Z(2)/(km + Z(2)))
DZ(3) = —(2* (Pdiff/0.17) * Z(3)) + (vm * Z(3)/(km + Z(3)))
DZ(4) = —2* (Pdiff/0.17) * Z(4)

END

remark — define algebraic functions

FUNCTION 1

F=17Q1)

END

FUNCTION 2

F=17(2)

END

FUNCTION 3

F=17()

END

FUNCTION 4

F=17(4)

END

EOM
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