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Abstract
The purpose of this study was to investigate labetalol as a potential high permeability reference
standard for the application of Biopharmaceutics Classification Systems (BCS). Permeabilities of
labetalol and metoprolol were investigated in animal intestinal perfusion models and Caco-2 cell
monolayers. After isolating specific intestinal segments, in situ single-pass intestinal perfusions
(SPIP) were performed in rats and mice. The effective permeabilities (Peff) of labetalol and
metoprolol, an FDA standard for the low/high Peff class boundary, were investigated in two
different segments of rat intestine (proximal jejunum and distal ileum), and in the proximal
jejunum of mouse. No significant difference was found between Peff of metoprolol and labetalol in
the jejunum and ileum of rat (0.33±0.11 ×10−4 vs. 0.38±0.06 ×10−4 and 0.57±0.17 ×10−4 vs.
0.64±0.30 ×10−4 cm/s, respectively) and in the jejunum of mouse (0.55±0.05 ×10−4 vs. 0.59±0.13
×10−4 cm/s). However, Peff of metoprolol and labetalol were 1.7 and 1.6 times higher in the
jejunum of mouse, compared to the jejunum of rat, respectively. Metoprolol and labetalol showed
segmental dependent permeability through the rat intestine, with increased Peff in the distal ileum
in comparison to the proximal jejunum. Most significantly, Peff of labetalol was found to be
concentration dependent. Decreasing concentrations of labetalol in the perfusate resulted in
decreased Peff compared to Peff of metoprolol. The intestinal epithelial permeability of labetalol
was lower than that of metoprolol in Caco-2 cells at both apical pH 6.5 and 7.5 (5.96±1.96 ×10−6

vs. 9.44±3.44 ×10−6 and 15.9±2.2 ×10−6 vs. 23.2±7.1 ×10−6 cm/s, respectively). Labetalol
exhibited higher permeability in basolateral to apical (BL-AP) compared to AP-BL direction in
Caco-2 cells at 0.1 times the highest dose strength (HDS) (46.7±6.5 ×10−6 vs. 14.2±1.5 ×10−6 cm/
s). The P-gp inhibitor, verapamil significantly increased AP-BL and decreased BL-AP direction
transport of labetalol. Overall, labetalol showed high Peff in rat and mouse intestinal perfusion
models similar to metoprolol at a concentration based on HDS. However, the concentration
dependent permeability of labetalol in mice due to P-gp and the inhibition study with verapamil in
Caco-2 cells indicated that labetalol is not an ideal reference standard for BCS classification.
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1. Introduction
Worldwide, numerous regulatory bodies are responsible for ensuring safety, quality and
efficacy of drug products essential for public health. Therefore, the marketing authorization
process for ensuring the therapeutic performance of drug products following manufacturing
changes and for approval of generic drug product efficacy claims relies on the demonstration
of bioequivalence (BE) based on comparative in vivo bioavailability (BA) using
pharmacokinetic (PK) endpoints.1, 2 BE is defined as the absence of a significant difference
in the rate and extent to which the active ingredient or active moiety in pharmaceutical
equivalents or pharmaceutical alternatives becomes available at the site of drug action when
administered at the same molar dose under similar conditions in an appropriately designed
study.1

Since the Biopharmaceutics Classification System (BCS) was first introduced in 1995, it has
had an increasing impact on regulatory practice for oral BE.3, 4 BCS is a scientific
framework for classifying drugs into four groups according to their aqueous solubility and
their intestinal permeability: class I (high solubility-high permeability), class II (low
solubility-high permeability), class III (high solubility-low permeability) and class IV (low
solubility-low permeability).3 Recently, BCS has been implemented for waiving BE studies
on the basis of the solubility and gastrointestinal (GI) permeability of drug substance.2, 5, 6

The US Food and Drug Asministration (FDA) and the European Medicine Agency (EMA)
have issued guidelines related to the BCS biowaivers.2, 6 Current FDA has promoted the
BCS as a scientific approach to permit waiver of in vivo BE testing for immediate release
solid dosage forms for Class I drugs (high solubility and high permeability), when such drug
products also exhibit rapid dissolution.6 The 2010 EMA BE Guideline further extends its
discussion of biowaivers to Class III drugs (high solubility and low permeability) with very
rapid dissolution2. Thus, a BCS-based biowaiver has become an important and cost saving
tool for the pharmaceutical industry throughout drug discovery and development.7–9

A drug substance is considered highly permeable when the extent of absorption in humans is
determined to be more than 90% (or 85% according to EMA) of an administered dose based
on a mass balance determination or in comparison to an intravenous (I.V.) reference dose in
the absence of evidence suggesting instability in the GI tract.2, 6

Various methods can be used for the determination of the permeability of a drug from the GI
tract. These methods include in vivo intestinal perfusion studies in humans, in vivo or in situ
intestinal perfusion studies in animals, in vitro permeation studies using excised human or
animal intestinal tissues and in vitro permeation studies across a monolayer of cultured
epithelial cells.6

Among the nonclinical methods, in situ intestinal perfusion in a suitable animal model and/
or in vitro permeability methods using monolayers of suitable epithelial cells have been
widely utilized to predict the extent of intestinal absorption of drugs in humans.10–14 Using
permeability methods, a test drug substance is classified as highly permeable when its
permeability is equal to or greater than that of the selected internal standard (IS) with high
permeability.6 The FDA BCS Guidance includes a list of model drugs and/or chemicals
suggested for use in establishing suitability of a permeability method.6 On the other hand,
other drugs for which there is sufficient information available on the mechanism of
absorption and reliable estimates of the extent of drug absorption in humans may also be
used for this purpose. Metoprolol, an FDA reference drug for the low/high permeability
class boundry, has been widely used as a reference to categorize the drugs into the proper
permeability class in permeability studies.11, 15, 16 However, metoprolol is a conservative
reference standard, as it is absorbed completely in human based on the urinary excretion of
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the unchanged compound and its total radioactive metabolites after oral and I.V.
administration in healthy volunteers.17

The aim of the present study was to assess labetalol as a potential high permeability
reference standard for the application of BCS. Labetalol has been used as a reference for
classifying drugs according to their permeabilities in some in vitro permeability studies.18–20

This drug has been selected as a potential high permeability internal standard (HP-IS), with
permeability in close proximity to the low/high class boundary, from the model drugs used
in these studies.

In the present study, in situ intestinal perfusion and in vitro cell culture methods were
performed for the determination of permeability of labetalol. The intestinal epithelial
permeability of metoprolol and labetalol was investigated across Caco-2 cell monolayers in
both apical (AP)-basolateral (BL) and BL-AP directions. The effective permeability (Peff)
was investigated in the in situ single-pass intestinal perfusion (SPIP) in rats and mice.
Metoprolol, an FDA reference drug was coperfused with labetalol for the direct comparison
of permeability.

2. Materials and Methods
2.1. Materials

Labetalol, metoprolol, verapamil, phenol red, calcium chloride, magnesium chloride, sodium
dihydrogen phosphate, D-glucose, 2-morpholinoethanesulfonic acid (MES), 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and trifluoroacetic acid (TFA)
were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). Potassium chloride,
sodium chloride and HPLC grade acetonitrile were obtained from Fisher Scientific Inc.
(Pittsburgh, PA). Physiological saline solution was purchased from Hospira Inc. (Lake
Forest, IL). Cell culture reagents were obtained from Gibco® Life Technologies Inc.
(Carlsbad, CA) and cell culture supplies were from Corning Costar Co. (Corning, NY). All
other chemicals were of analytical grade.

2.2. Methods
2.2.1. Single-Pass Intestinal Perfusion (SPIP) Studies in Rats and Mice—All
animal experiments were conducted using protocols approved by the University of Michigan
Committee of Use and Care of Animals (UCUCA). The animals were housed and handled
according to the University of Michigan Unit for Laboratory Animal Medicine guidelines.
Male Wistar rats (Charles River, IN) weighing 250–310 g and male BALB/c mice (Charles
River, IN) weighing 20–25 g were used for all perfusion studies. Prior to each experiment,
the rats and mice were fasted over night (12–18 h) with free access to water. Animals were
randomly assigned to the different experimental groups.

The procedures for the in situ SPIP were performed on Wistar rats and BALB/c mice
according to previously published reports.11, 21 Briefly, rats and mice were anesthetized with
an intramuscular injection of 5 mg/kg xylazine and 80 mg/kg ketamine. After they were
placed on a heated surface maintained at 37°C (Harvard Apparatus Inc., Holliston, MA), the
abdomen was opened by a midline incision of 3–4 and 1.5 cm for rats and mice,
respectively. For in situ SPIP in rats, the proximal jejunal segment (~3 cm average distance
of the inlet from the ligament of Treitz) or the distal ileal segment (~3 cm average distance
of the outlet from the ligament of cecum) of approximately 10 cm was carefully exposed and
cannulated on two ends with flexible PVC tubing (2.29 mm i.d., Fisher Scientific Inc.,
Pittsburgh, PA). For in situ SPIP in mice, the proximal jejunal segment of approximately 8
cm was exposed and glass cannulas (2.0 mm o.d.) were inserted at each end of the jejunal
segment and cannulated with flexible PVC tubing (2.06 mm i.d., Fisher Scientific Inc.,
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Pittsburgh, PA). Care was taken to avoid disturbing the circulatory system and the exposed
segment was kept moist with 37°C normal saline solution. All solutions were incubated in a
37°C water bath. The isolated segment was rinsed with normal saline solution in order to
clean out any residual debris.

Two perfusion solutions, containing 5 mM MES, pH 6.5 and 5 mM HEPES, pH 7.5 were
used for the corresponding segments, jejunum and ileum, respectively. Perfusion buffers
were prepared with 1 mM calcium chloride, 0.5 mM magnesium chloride, 145 mM sodium
chloride, 1 mM sodium dihydrogen phosphate, 3 mM potasium chloride and 5 mM D-
glucose. Drug concentrations in the perfusion solution were based on the highest dose
strength (HDS) of the drug product dissolved in 250 ml water. At the start of the study, the
perfusion solution containing labetalol (1200 μg/ml), metoprolol (400 μg/ml) and phenol
red (0.17 mM) was perfused through the intestinal segment (Watson Marlow Pumps 323S,
Watson-Marlow Bredel Inc., Wilmington, MA), at a flow rate of 0.2 and 0.1 ml/min for rats
and mice, respectively. Metoprolol and labetalol were also tested at 0.1 and 0.01 times the
HDS dissolved in 250 ml water in a separate intestinal perfusion study in mice.

Phenol red was added to the perfusion buffer as a nonabsorbable marker for water flux
measurements. Metoprolol was coperfused with labetalol as a reference standard for
permeability in close proximity to the low/high permeability class boundry. The perfusion
buffer was first perfused for 1 h in order to ensure steady state conditions. After reaching
steady state, perfusion samples were taken in 10 min intervals for 1 h. All samples were
frozen immediately after collection and stored at −20°C until analyzed. Drug concentrations
in all samples and perfusion solutions were analyzed by high performance liquid
chromatography (HPLC). The length of each perfused intestinal segment was accurately
measured at the end of the experiment.

2.2.2. Net Water Flux Measurement—The net water flux in the SPIP studies was
determined by measuring phenol red, a nonabsorbed and nonmetabolized marker. The
measured Cout/Cin ratio was corrected for water transport according to Eq. 1:

(1)

where Cin phenol red and Cout phenol red are equal to the concentrations of phenol red in the
inlet and outlet samples, respectively.

2.2.3. Caco-2 Cell Culture and Permeability Studies—Caco-2 cells (passage 33–38)
from American Type Culture Collection (Rockville, MD) were routinely maintained in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco® Life Technologies, Carlsbad, CA)
containing 10% fetal bovine serum, 1% nonessential amino acids, 1 mM sodium pyruvate
and 1% L-glutamine. Cells were grown in an atmosphere of 5% CO2 and 90% relative
humidity at 37°C.

Caco-2 cells were seeded on collagen treated PTFE membrane inserts with 0.4 μm pore size
and 24 mm diameter (6-well Transwell plate, Corning Costar® Co., Corning, NY). The cells
on the inserts were cultured for 21 days at 37°C in a humidified incubator containing 5%
CO2 in air. The differentiation status of the formed monolayer was evaluated by measuring
the transepithelial electrical resistance (TEER) (Millicell-ERS epithelial Voltohmmeter,
Millipore Co., Bedford, MA). Permeability studies were conducted with the monolayers that
developed TEER values >300 Ω cm2 following 21 days in cell culture.
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The transport buffers (pH 6.5 and 7.5) were identical to the buffers used in the in situ SPIP
studies. HEPES buffer (pH 7.5) was used in the basolateral (BL) side in Caco-2 permeability
studies. The effect of pH conditions on the permeability across the cells in both AP-BL and
BL-AP directions was investigated using MES buffer, pH 6.5 and HEPES buffer, pH 7.5 in
the AP side. Drug concentrations used in the permeability studies were based on the HDS of
the drug product dissolved in 250 ml water. The effect of verapamil, a known P-gp inhibitor
on the bidirectional transport of labetalol across Caco-2 cell monolayers was investigated at
0.1 times the HDS dissolved in 250 ml water. The AP pH 7.5 was used in the inhibition
study. 0.1 mM verapamil was added to the drug solution in the buffer.

On the day of the experiment, DMEM was removed and the monolayers were rinsed and
incubated with a blank transport buffer for 15 min. Following 15 min incubation, blank
transport buffer was removed from the AP side and replaced by 1.5 ml of the drug solution
in the buffer (pH 6.5 or 7.5) and 2.5 ml of uptake buffer (pH 7.5) was added to the receiver
compartment on the BL side in the AP-BL direction studies. In the BL-AP direction studies,
2.5 ml of drug solution in HEPES buffer was added to the BL side and 1.5 ml of blank
buffer was added to the receiver compartment on the AP side. Throughout the experiment,
the transport plates were kept in an incubator at 37°C. Samples (100 μl) were taken from the
receiver side at 15., 30., 45., 60., 75., 90., and 120. min and similar volumes of blank buffer
were added following each sample withdrawal. Samples were taken from the donor side at
60. and 120. min. The appearance rates of the drugs on the receiver side were obtained under
sink conditions. (i.e., the overall transported amount does not exceed 10% of the amount in
the donor solution). Drug concentrations in the samples were immediately analyzed by
HPLC.

2.2.4. Data Analysis—The effective permeability (Peff, cm/s) through the rat and mouse
gut wall in the SPIP studies was determined assuming the “plug flow” model expressed in
Eq. 222:

(2)

where Q is the perfusion buffer flow rate (0.2 and 0.1 ml/min for rats and mice,
respectively), C′out/C′in is the ratio of the outlet and inlet concentration of the tested drug
that has been adjusted for water transport, R is the radius of the intestinal segment (set to 0.2
and 0.1 cm for rats and mice, respectively) and L is the length of the intestinal segment.

The apparent permeability (Papp, cm/s) across Caco-2 cell monolayers was calculated from
the linear plot of drug accumulated in the receiver side versus time using Eq. 3:

(3)

where dQ/dt is the steady-state appearance rate of the drug on the receiver (serosal in the
case of AP-BL studies or mucosal in the case of BL-AP studies) side, C0 is the initial
concentration of the drug in the donor side and A is the monolayer growth surface area (4.67
cm2). Linear regression was carried out to obtain the steady-state appearance rate of the drug
on the receiver side.

The efflux ratio, ER was determined by calculating the ratio of Papp in the secretory (BL-
AP) to the absorptive (AP-BL) direction according to the Eq. 4:
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(4)

2.2.5. Analytical Methods—The simultaneous analysis of labetalol and metoprolol in
Caco-2 medium and in the mouse/rat perfusion buffer with phenol red was performed using
a HPLC system (Waters 2695 Separation Module) with a photodiode array UV dedector
(Waters 996). Separations were carried out using XTerra, RP18, 5 μm, 4.6 × 250 mm
column (Waters Co., Milford, MA). Perfusion aliquots of 20 μl or Caco-2 medium aliquots
of 100 μl were injected into the HPLC system. The mobile phase consisted of 0.03 or 0.1%
TFA in water and 0.1% TFA in acetonitrile with the organic phase gradient changing from
23 to 30% over 9 min and 10 to 50% over 6 min for the analysis of the perfusion and Caco-2
samples, respectively. The flow rate was 1 ml/min at room temperature. The detection
wavelengths were 275, 224 and 265 nm for metoprolol, labetalol and phenol red,
respectively. The retention times of metoprolol, labetalol and phenol red were 5.0, 6.4 and
7.2 min for the perfusion samples; 8.7 and 10.0 min for Caco-2 samples, respectively.
Separate standards curves were used for each experiment. Between-day and within-day
precisions expressed as coefficient of variation were less than 1.0%.

2.2.6. Statistical Analysis—All animal experiments were performed in either
quadruplicate or sextuplicate and all Caco-2 experiments were performed in triplicate. The
data are presented as mean ± SD. The independent t-test and one-way Anova were used to
assess differences for two groups and multiple comparisons, respectively. Differences were
considered statistically significant at p<0.05.

3. Results
3.1. In Situ Permeability in the Single-Pass Intestinal Perfusion (SPIP) Model in Rats and
Mice

Peff values obtained for labetalol and metoprolol in small intestinal segments at
physiological pH of each region in rats and mice are presented in Fig. 1 and summarized in
Table 1. The permeabilities of labetalol and metoprolol are approximately two times greater
in the ileum than in the jejunum, suggesting an intestinal site dependency for the absorption
of these drugs. The in situ permeabilities of metoprolol and labetalol obtained from SPIP
models were comparable. No significant difference was found between Peff of metoprolol
and labetalol in the jejunum and ileum of rat and in the jejunum of mouse at concentrations
based on HDS. However, Peff of metoprolol and labetalol were 1.7 and 1.6 times higher in
the jejunum of mouse than in the jejunum of rat, respectively.

To determine the pH effect on the permeability of metoprolol and labetalol in the jejunum
and ileum, Peff values were measured in two additional pH conditions. Fig.2 compares the
drugs’ jejunal and ileal permeabilities at the physiological pH of the segments (pH 6.5 and
7.5, respectively) vs. the alternate pH 7.5 and 6.5, respectively. This experiment showed that
the change of pH did not significantly affect the permeabilities of metoprolol and labetalol
in the jejunum and ileum of rat. Labetalol and metoprolol exhibited segmental dependent
permeability through the rat intestine, with increased Peff in the distal ileum in comparison
to the proximal region of the intestine at the HDS of these drugs.

Peff values of labetalol and metoprolol obtained following in situ SPIP in the mouse
jejunum, at different initial drug concentrations (0.1 and 0.01 times the HDS dissolved in
250 ml water) are presented in Fig. 3. No significant difference was found between the Peff
values of metoprolol in all experimental groups (p>0.05). However, labetalol displayed a
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two fold decreased permeability which was lower than that of metoprolol following the
perfusion of low drug concentrations compared to the concentration based on HDS.

3.2. Transport Studies Across Caco-2 Monolayers
The result of the transport studies for labetalol and metoprolol across Caco-2 cell
monolayers in the absorptive (AP-BL) and the secretory (BL-AP) directions is presented in
Fig.4. The effect of efflux transporter inhibitor, verapamil on the permeability of labetalol
and metoprolol across Caco-2 cell monolayers is presented in Fig. 5. Labetalol exhibited
significantly higher permeability in the BL-AP in comparison to the AP-BL direction at 0.1
times the HDS (46.7±6.5 ×10−6 vs. 14.2±1.5 ×10−6 cm/s, p=0.001). Efflux ratio (ER) was
3.3. The P-gp inhibitor, verapamil caused a 1.5 times increase and a 2.3 times decrease in
the AP-BL and BL-AP direction transports of labetalol, respectively. ER approached 1 in the
presence of 0.1 mM verapamil. Verapamil showed no effect on the permeability of
metoprolol across Caco-2 cell monolayers in the AP-BL and BL-AP directions.

4. Discussion
It has been known that to demonstrate the suitability of a permeability method intended for
the application of the BCS, a rank order relationship between test permeability values and
the extent of drug absorption data in human subjects should be established using a sufficient
number of model drugs. After demonstrating the suitability of a method, a low and a high
permeability model drug should be used as an IS and then the method can be used to classify
a drug substance’s permeability. It is apparent that careful selection of a HP-IS may simplify
the permeability classification of a test drug. Therefore, the purpose of this study was to
investigate the intestinal permeability of labetalol and compare the drug with metoprolol, an
FDA high permeability reference drug to assess the suitability of labetalol as a reference for
permeability methods.

Metoprolol is a well absorbed drug, which was demonstrated by means of an intestinal
intubation technique in humans. It was reported that approximately 60% of the drug is
absorbed from the duodenum and about 50% of that leaving the duodenum is absorbed from
the first part of the jejunum.24 It was shown that the absorption rates of metoprolol are
similar in jejunum and ileum.25 About 95% of the oral dose of metoprolol is excreted in the
urine within 72 h, mainly in the metabolized form. The fraction of dose absorbed (Fabs) for
metoprolol is well documented based on the fractions of the radioactive dose excreted as the
parent compound and metabolites after oral and I.V. administration.17

On the other hand, from the radiochemical analysis of urine and faeces for labetalol, it is
known that 55 and 60% of the orally administered dose of radioactivity was excreted by
urine within 24 h in two subjects who took an 200 mg oral dose of labetalol. The remainder
of the dose radioactivity (12.4 and 27.4%) was excreted by faeces for 48 and 97 h after the
administration of dose in these subjects, respectively. The percentage of the dose excreted in
the urine as unchanged drug is up to 5% in man. The plasma levels of radioactivity and high
urinary excretion show that labetalol is well absorbed by man but extensively metabolized
during its passage through the gut and liver.26 In this respect, it resembles highly
metabolized metoprolol. When given orally both drugs undergo significant first pass
metabolism.17, 26 Systemic BA of the labetalol varies from 11 to 86% (mean 33%) in
hypertensive subjects.27 Labetalol is also absorbed rapidly with a time to reach maximum
plasma concentration (tmax) of 0.8 h after the administration of 100 mg oral dose in healthy
volunteers.28 According to the PK data compilation in literature, it is stated that labetalol is a
well absorbed drug with Fabs >90 reported elsewhere.23, 26, 29–31 Surprisingly, the mass
balance or PK data supporting Fabs >90 are not publicly available, though stated as such in
references.20, 23 Labetalol has been categorized as Class I (high solubility-extensive

Incecayir et al. Page 7

Mol Pharm. Author manuscript; available in PMC 2014 March 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



metabolism) drug according to the Biopharmaceutics Drug Disposition Classification
System (BDDCS) proposed by Wu and Benet. 32 However, data concerning the extent of
metabolism for labetalol following I.V. dose in humans are not available.

It is also stated that the drug is completely absorbed from the GI tract in the FDA product
information of Trandate® (labetalol hydrochloride).33 On the other hand, the FDA draft
guidance on labetalol hydrochloride recommends single-dose, two-way crossover in vivo
study.34 In contrast to the FDA current approach, it has been categorized as BCS Class I
drug on the basis of the in vitro permeability measured using the Caco-2 cell line and
solubility data.35

In the FDA laboratory, Volpe et al. validated a traditional Caco-2 cell permeability assay
with over 20 model drugs with an initial drug concentration based on the HDS in 250 ml of
water.19 Labetalol, near the low/high permeability class boundary, was determined to be the
HP-IS within their laboratory. The assay was then employed to correctly classify four
fluoroquinolone drugs (ciprofloxacin, levofloxacin, lomefloxacin and ofloxacin) as high or
low permeability.18 Based on comparison to labetalol, ciprofloxacin was classified as a low
permeability drug, whereas lemofloxacin, levofloxacin and ofloxacin were classified as high
permeability drugs by the investigator although Caco-2 permeabilities of these drugs were
lower than metoprolol’s. However, it was stated that the data showed active transport and/or
efflux for these fluoroquinole drugs in the Caco-2 cells. Therefore, the use of a cellular
model would not be acceptable for a biowaiver application with these drugs according to the
BCS Guidance.

In another study by Thiel-Demby et al., labetalol was used as the reference drug defining the
low/high permeability class boundary for the validated in vitro permeability assay using the
MDCKII-MDR1 cell line to classify drugs according to the FDA Guidance on BCS.20 The
investigators demonstrated a rank order relationship for BCS permeability classification and
standardized the method according to the cell type, pH conditions, transport direction,
incubation time, drug concentration and reference standards. Metoprolol, pindolol, labetalol
and ranitidine were used as reference standards to show assay reproducibility in that study.20

In the present study, the intestinal permeability of labetalol compared to metoprolol was
determined using both mouse and rat SPIP models. It was previously demonstrated that rat
permeability data can be used to predict Fabs in human based on the correlation between the
human and rat intestinal permeability of drugs with both carrier-mediated absorption and
passive diffusion mechanism.10 On the other hand, in situ SPIP technique has also been
applied in mouse model to determine the intestinal permeability of drugs in literature.36–38

Mouse perfusions generally require less active pharmaceutical ingredient (API) or drug
candidate and may be a more useful preclinical model for predicting human absorption and
BCS classification. More recently, Escribano et al. have assessed the intestinal perfusion
technique in mouse using five model drugs proposed by FDA for establishing the suitability
of a permeability method.39 The investigators showed a high correlation between Peff values
of the model drugs in mouse and human. They also found that drug permeabilities in mouse
were more similar to the values in human than those obtained in rat, suggesting the use of
the mouse perfusion model to classify drugs into their appropriate BCS permeability class.39

In the present study, the jejunal Peff values obtained for metoprolol and labetalol were 1.7
and 1.6 times higher in mouse compared to rat, respectively. Thus, the in situ mouse
intestinal perfusion is a suitable model to determine the permeability of drugs and to predict
Fabs in human.

The present study showed that metoprolol and labetalol have similar permeabilities in the
jejunal segments of rat and mouse, suggesting a rapid absorption of labetalol from the
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proximal jejunum like metoprolol. Therefore, the upper intestinal site in the GI tract seems
to be the main absorption site for labetalol.

The physicochemical properties of drugs are of great impact on the GI absorption. In this
respect, the chemical structure and physicochemical properties of metoprolol and labetalol
can explain the high permeabilities of both drugs through the GI tract. The lipophilicities of
metoprolol and labetalol are similar as the compounds have similar values of Log P and S
+Log P (2.2 vs. 3.09 and 1.96 vs. 2.30, respectively) (Table 2). While metoprolol possesses
a basic secondary amine functionality (pKa: 9.5140), labetalol is a diprotic molecule and has
two acidity constants, which strengthen its amphiprotic behaviour. The first pKa value (7.4)
can be attributed to the ionisation of the phenolic group, taking into account this group has
more acid character than the secondary amine group.41 The unionized fraction (fu) of
metoprolol is zero at low pH (up to pH 5.5) due to the protonation of the secondary amine
and as pH rises, the fu increases to give the sigmoidal profile (~pH 11). The fu of labetalol is
also zero at low pH (up to pH 4.5) due to protonation of the secondary amine. As pH rises,
the fu of labetalol gradually increases, reaching a maximum at the isoelectric point of
labetalol (pH=8.4). However, the isoelectric point of labetalol is beyond the physiologically
relevant pH range. As pH is increased further above the isoelectric point, fu gradually
decreases again to zero (~pH 11) as labetalol is ionized due to the presence of a phenolic
group. Therefore, the high log P (3.09) and fu of labetalol can explain its high permeability
at pH 6.5 and 7.5 observed in the present in situ study.

The present study also showed that while labetalol and metoprolol exhibited similar in situ
permeabilities, the permeability of labetalol was lower than that of metoprolol in Caco-2
cells at both AP pH 6.5 and 7.5. This was due to the P-gp-mediated efflux mechanism in the
absorption of labetalol, since labetalol is known to be a substrate of P-gp.20, 44 It was also
confirmed by the inhibition of P-gp-mediated transport of labetalol using verapamil in
Caco-2 cells in the present study. The involvement of a carrier-mediated process in the
absorption of labetalol was suggested in another study in which labetalol absorption kinetics
was studied in rat small intestine and colon.44 The investigators found that labetalol is well
absorbed from the intestine by means of a combined process of saturable absorption and
passive diffusion. The inhibition studies showed that it is secreted from the enterocyte by the
P-gp. They showed that verapamil produces a significant increase in the apparent absorption
rate constant of labetalol according to the concentration of drug and the intestinal site. At the
lowest concentration (10 mM), an increase of about 84% was observed, while at the highest
concentration (100 mM) of labetalol, the increase was about 53% at the small intestine. It
was also shown that the secretion process is saturated before the active one (around 500
mM), as explained by the corresponding Michaelis-Menten constants.44

It is well known that the carrier-mediated intestinal absorption of drugs is poorly predicted
using Caco-2 cell model. It primarily measures the passive drug transport (both transcellular
and paracellular), which is one of the limitations of Caco-2 cell model.

In the present study, Caco-2 permeabilities of metoprolol and labetalol decreased
significantly as the pH of the AP side buffer was decreased (p=0.039 and p=0.004 for
metoprolol and labetalol, respectively). The ER of metoprolol and labetalol increased
remarkably (3.6 and 6.2 times, respectively) under AP pH 6.5. This can be easily
misinterpreted as an indicator of active efflux.45 Since metoprolol is an apparently passively
transported drug46 and it does not interact with P-gp20 while labetalol is a substrate of P-
gp.20, 44 Thus, low AP pH may not be appropriate to study active efflux mechanism for
basic drugs.45
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The effect of AP pH on the absorptive permeability of 24 test compounds in rabbit intestinal
tissue and Caco-2 monolayers were investigated in another study.47 The investigators found
that Caco-2 permeability of acidic and basic compounds changed significantly upon the AP
pH changed from 7.4 to 6.5. However, the rabbit intestinal permeability did not change,
which was attributed to the presence of mucous layer that retains its microclimate pH
regardless of the luminal pH. The investigators suggested that Caco-2 permeability at pH 7.4
is a good qualitative predictor for the physiological intestinal permeability from duodenum
to colon.47

The result of the present SPIP study conducted in mice clearly showed that the in situ
permeability of labetalol was dependent on the initial drug concentration. Decreasing
concentrations of labetalol resulted in decreased permeability compared to the permeability
of metoprolol, which may also be attributed to the P-gp effect on the drug absorption.
However, it is known that the transporter effects may not be always clinically relevant.
Since it is believed that almost all drugs are substrates for some transporters.48 Moreover, it
has been shown that the P-gp plays a minimal role in the intestinal absorption process of the
high permeability drugs like verapamil, although P-gp affects the BA of those drugs due to
the drug efflux function in the liver and other organs.49

Investigations showed that the P-gp protein expression follows a gradient pattern, increasing
from the proximal to the distal intestinal segments of intestine.50, 51 Therefore, it is also
possible that the regional differences in the enzyme activity of the P-gp efflux function
might contribute to the regional dependency for the absorption of labetalol at low
concentrations. However, this process appears not to have a significant impact on the rate
and extent of in vivo intestinal absorption of labetalol at therapeutic doses, as it is highly
permeabl and the secretion process will be saturated at the high drug concentrations. The
present study clearly showed that the in situ intestinal permeability of labetalol was similar
to that of metoprolol at HDS. It is very likely that the passive diffusion dominates its
intestinal absorption. In addition, there is no publicly available in vivo human data
confirming the extent of absorption for labetalol.

At this time, there is no acceptance criterion for the degree of intestinal efflux or active
transport that may be present in a permeability test system. It is clear that the variability of
P-gp expression in various laboratories makes labetalol more risky to use as a reference
compound for BCS in Caco-2 cell models.

It should be noted that metoprolol is a reliable high permeability reference standard based on
explicit in vivo human data on the extent of absorption compared to labetalol. However,
metoprolol is known to be a conservative reference for the low/high permeability class
boundry, as it is absorbed completely. This is of great importance especially for the
borderline drugs, which have permeabilities close to that of the internal reference standard.
The permeability classification of these drugs is not easy because of the variability of the
method used to determine permeability. The choice of internal reference standard can
significantly impact the borderline between high and low permeability. To overcome this,
statistical analysis employing the “0.8–1.25” confidence interval rule (in situ BE) was
suggested to compare a drug’s in situ permeability with that of the IS.15 FDA 90% Fabs
criterion is also considered to be conservative. EMA states that complete absorption is
considered to be established where measured extent of absorption is ≥85%. An ≥85% cut-off
is recommended and it is still under discussion.

In conclusion, the present study clearly demonstrated that labetalol exhibits high in situ
intestinal permeability at the highest clinical dose, ensuring its high permeability
classification. However, the IS intended to be used for BCS classification of drugs should
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not be subject to active or efflux transport processes. Thus, labetalol is not an ideal candidate
for a high permeability IS for BCS classification, due to the concentration dependent
permeability indicating the P-gp efflux process involved in its intestinal absorption.
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Figure 1.
Effective permeability (Peff, cm/s) values obtained for labetalol and metoprolol following in
situ single-pass intestinal perfusion (SPIP) to the rat proximal jejunum at pH 6.5 and distal
ileum at pH 7.5 and to the mouse jejunum at pH 6.5. Drug concentrations in the perfusate
are 400 and 1200 μg/ml for metoprolol and labetalol, respectively. Data are presented as the
mean ± SD; n = 6 and 4 in each experimental group for rat and mouse, respectively.
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Figure 2.
Comparison of the effective permeability (Peff, cm/s) values obtained for labetalol and
metoprolol in the rat jejunum and ileum at the physiological pH of the segments (pH 6.5 and
7.5, respectively; n = 6) vs. the alternate pH of 7.5 and 6.5, respectively (n = 6). Drug
concentrations in the perfusate are 400 and 1200 μg/ml for metoprolol and labetalol,
respectively. Data are presented as the mean ± SD. (p = 0.583 and p = 0.385 for metoprolol,
p = 0.898 and p = 0.372 for labetalol at the physiological pH vs. the alternate pH in the
jejunum and ileum, respectively.)
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Figure 3.
Effective permeability (Peff, cm/s) values obtained for different perfusate concentrations of
labetalol and metoprolol following in situ single-pass intestinal perfusion (SPIP) to the
mouse proximal jejunum at pH 6.5. Data are presented as the mean ± SD, n = 4 in each
experimental group.
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Figure 4.
The apparent permeability (Papp, cm/s) of labetalol (1200 μg/ml) and metoprolol (400 μg/
ml) in the absorptive (AP-BL) and the secretory (BL-AP) directions. Data are presented as
the mean ± SD, n = 3 in each experimental group.
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Figure 5.
The apparent permeability (Papp, cm/s) of labetalol (x 0.1 Highest Dose Strength, 120 μg/
ml) and metoprolol (x 0.1 Highest Dose Strength, 40 μg/ml) in the absorptive (AP-BL) and
the secretory (BL-AP) directions in the presence of 0.1 mM verapamil. Data are presented as
the mean ± SD, n = 3 in each experimental group.
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Table 2

Physicochemical properties of metoprolol and labetalol

Compound Chemical Structure pKa Log P S+Log Pa

Metoprolol 9.5140 2.242 1.96

Labetalol 7.35 (OH), 9.42 (NH)41 3.0943 2.30

a
Calculated values using MedChem Designer™ Version 1.0.1.15, Simulations Plus, Inc.
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