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Abstract
Title: The effect of P-glycoprotein on Propranolol absorption using in situ Single-Pass
Intestinal Perfusion technique on rats.
Background: Propranolol HCL (PLH) is a synthetic beta-adrenergic receptor blocking
agent. Regarding its pharmacokinetics behavior, PLH is almost complete and rapid
absorption from gastrointestinal tract, however the oral bioavailability is only 30 % after
oral administration and greatly different between individuals. PLH can be a substrate for
P-glycoprotein distributed along intestinal, which secret actively into the intestine.
Aim: To find out the role of P-glycoprotein that may be effect on absorption of the antihypertensive agent PLH.
Methodology: In Situ Single-Pass Intestinal Perfusion SPIP technique was applied on
rats (weighting 250-300 g and 7-9 week aged) to study the absorption phase. Rats were
divided into three groups. The first group was perfused with PLH only (50 µg/ml). The
second and third groups were perfused PLH in combination with verapamil HCL of
different concentration (400 µg/ml and 2000 µg/ml, respectively). The intestinal luminal
fluid was collected and analyzed by a validated spectroscopic method. SPSS was used to
analyze the obtained data.
Results: The spectroscopic analysis of PLH in intestinal fluid was validated, it was linear
in the range 10-50 µg/ml. The regression line equation is Y = 0.003 X + 0.15,
R2 = 0.999. The method was accurate (% Recovery: 100% to 102.2%) and precise (within
day % RSD: 1.55% to 2.0%, between days % RSD: 1.77% to 1.98%). PLH was stable in
intestinal fluid at room temperature up to 8 hours. The limit of detection (LOD) was 1
µg/ml and the limit of quantification (LOQ) was 5 µg/ml. No interferences were found
from intestinal fluid compound or verapamil HCL at the absorption maximal
319 nm. The method was applied sufficiently in the analysis with the advantage of
avoiding expensive instrumentation. The inter-individual variation within a group was
statistically not significant (P > 0.05). The absorption rate constant ka in first rat group
was 0.18 ± 0.042 h-1. The absorption rate constant ka in second and third group were 0.43
± 0.05h-1 and 0.42 ±0.042 h-1, respectively. A five-fold increase in verapamil HCL
concentration (400 to 2000 µg/ml) has not influenced ka of PLH (no statistically
difference was found between the second and third group, P= 0.065). The increase of ka
value by factor 2.4 of PLH when co-perfused with P-glycoprotein inhibitor (verapamil
HCL) was statistically established (P=0.00).
Conclusion: Verapamil HCL (P-glycoprotein inhibitor) had increased ka of PLH by a
factor of 2.4, indicating that P-glycoprotein plays a role in the absorption of PLH.
P-glycoprotein role can explain the low a bioavailability of PLH after oral administration.

Keyword: Propranolol HCL, P-glycoprotein, Single-Pass Intestinal Perfusion
technique, Verapamil.
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ϲΑήόϟκΨϠϤϟ
ϱΩΎΣϻ ήϳήϤΘϟΔϴϨϘΗϡΪΨΘγΎΑ (PLH)ΪϳέϮϠϛϭέΪϴϫϝϮϟΎϧήΑϭήΒϟ ιΎμΘϣϲϠϋ P-ϦϴΗϭήΑϮϜϴϠΟήϴΛ΄Η :ϥϮϨόϟ
.ϥήΌϔϟϲϓϥΎϜϤϟϲϓϱϮόϤϟ
ΎϤϴϓϭ .ΎΘϴΑωϮϧϦϣϦϴϟΎϨϳέΩϷΕϼΒϘΘδϣϕϼϏΈΑϡϮϘϳΚϴΣˬϊϨμϣ˯ϭΩΪϳέϮϠϛϭέΪϴϫϝϮϟΎϧήΑϭήΒϟήΒΘόϳ :ΔϴϔϠΨϟ
ΔϠϣΎϛϭ Δόϳήγ ΔϳϭΩϷ Ϧϣ ΪϳέϮϠϛϭέΪϴϫ ϝϮϟΎϧήΑϭήΒϟ ήΒΘόϳ ˬϱήθΒϟ ϢδΠϟ ϞΧΩ ϲϛήΤϟ ϪϛϮϠδΑ ϖϠόΘϳ
ˬϥΎδϧϹϡΩϲϓήϬψΗϢϔϟϖϳήρϦϋϝϭΎϨΘϤϟ˯ϭΪϟΔΒδϧϦϣ %30ςϘϓϚϟΫϊϣϭ .ϲϤπϬϟίΎϬΠϟϦϣιΎμΘϣϻ
ϝϮϟΎϧήΑϭήΒϟ ήΒΘόϳ ϱήΧ ΔϴΣΎϧ Ϧϣ .ΩήϓϷ ϦϴΑ ΔΒδϨϟ ϩάϫ ϲϓ ήϴΒϛ ΎϓϼΘΧ ϙΎϨϫ ϥ έΎΒΘϋϻΎΑ άΧϷ ϊϣ
ϞϘϧϲϠϋϞϤόϳΚϴΣˬ˯ΎόϣϷϝϮρϲϠϋήθΘϨϳϱάϟ P-ϦϴΗϭήΑϮϜϴϠΟήϴΛ΄ΗΖΤΗΔόοΎΨϟΩϮϤϟϦϣΪϳέϮϠϛϭέΪϴϫ
.ϱϮόϤϟϞΎδϟϲϟ·ϡΪϟϦϣ˯ϭΪϟΓΩΎϋ·ϭ
Νϼϋ ϲϓ ϡΪΨΘδϤϟ ΪϳέϮϠϛϭέΪϴϫ ϝϮϟΎϧήΑϭήΒϟ ιΎμΘϣ ϲϠϋ P-ϦϴΗϭήΑϮϜϴϠΟ ήϴΛ΄Η ϯΪϣ Ϧϋ ϒθϜϟ :ϑΪϬϟ
.ϡΪϟςϐονήϣ
ΎϣήϤόϟϭˬϡήΟ 300-250ϥίϮϟ)ϥήΌϔϟϞΧΩ ϊϗϮϤϟϲϓϱϮόϤϟήϳήϤΘϟϱΩΎΣΔϴϨϘΗϖϴΒτΘΑ :ϞϤόϟΔϴΠϬϨϣ
ˬΕΎϋϮϤΠϣ 3 ϲϟ· ϥήΌϔϟ ΖϤδϗ .ΪϳέϮϠϛϭέΪϴϫ ϝϮϟΎϧήΑϭήΒϟ ιΎμΘϣ ΔϠΣήϣ ΔγέΪϟ ˬ (ϊϴΑΎγ 9 ϲϟ· 7 ϦϴΑ
ϞϜϟ ϡήΟϭήϜϳΎϣ 50ΰϴϛήΘΑςϘϓΪϳέϮϠϛϭέΪϴϫϝϮϟΎϧήΑϭήΒϟ ˯ϭΩϥήΌϔϟ ˯ΎόϣϞΧΪΑέήϤϳϲϟϭϷΔϋϮϤΠϤϟ
ϲϟ· ΔϓΎοϹΎΑ ΪϳέϮϠϛϭέΪϴϫ ϝϮϟΎϧήΑϭήΒϟ ϥήΌϔϟ ˯Ύόϣ ϞΧΩ έήϣ Ϊϗ ΔΜϟΎΜϟϭ ΔϴϧΎΜϟ ϥΎΘϋϮϤΠϤϟ Ύϣ ˬ ήΘϠϠϣ
ϢΗϱϮόϤϟϞΎδϟΕΎϨϴϋϊϤΟΪόΑ .ΐϴΗήΘϟΎΑˬήΘϠϠϣϞϜϟϡήΟϭήϜϳΎϣ 2000ϭ 400ΰϴϛήΘΑΪϳέϮϠϛϭέΪϴϫϞϴϣΎΑήϴϓ
ΞϣΎϧήΑϡΪΨΘγήϴΧϭ .ΎϘΣϻΔΘΒΜϤϟϲϔϴτϟίΎϬΠϟΔϘϳήρϡΪΨΘγΎΑΪϳέϮϠϛϭέΪϴϫϝϮϟΎϧήΑϭήΒϟ˯ϭΩΰϴϛήΗαΎϴϗ
.ΎϬϴϠϋΎϨϠμΣϲΘϟΕΎϧΎϴΒϟϞϴϠΤΘϟ (SPSS)
ϲϠϣϞϜϟϡήΟϭήϜϳΎϣ 50-10ϦϴΑ (PLH)ΰϴϛήΗϲϔϴτϟίΎϬΠϟϡΪΨΘγΎΑΕΎϨϴόϟϞϴϠΤΗΔϘϳήρϡΪΨΘγϢΗ :ΞΎΘϨϟ
˯ϭΪϟΔΒδϧΖϧΎϛϪϧϲϟ·ΔϓΎοϹΎΑ .0.999=2έˬ0.15+α0.300 =ιϲϫϢϴϘΘδϤϟςΨϟΔϟΩΎόϣϥΚϴΣˬήΘϟ
ϢϟϱήΧΔϴΣΎϧϦϣ .ΕΎϨϴόϟκΤϔΑΔϣΪΨΘδϤϟΔϘϳήτϟΔϗΩϲϠϋϝΪϳάϫϭ %102.2ϲϟ· %100ϦϴΑΎϣΓΩήΘδϤϟ
ϭˬϡϮϴϟβϔϧϲϓςϘϓ %2.0ϲϟ· %1.55ΖϐϠΑϑϼΘΧϻΔΒδϧϥΚϴΣϞϴϠΤΘϟΔϘϳήρϲϠϋήϴΛ΄ΗϱΖϗϮϠϟϦϜϳ
8 ΓΪϤϟ Δϓήϐϟ ΓέήΣ ϞΧΩ ϱϮόϤϟ ϞΎδϟ ϲϓ ΔΘΑΎΛ ˯ϭΪϟ ΔϳέήϘΘγ ΖϧΎϛϭ .ϡΎϳϷ ϦϴΑ %1.98 ϲϟ· %1.77
5 ϲϫ ΎϬΑΎδΣ ϊϴτΘδΗ ˯ϭΩ ΔϴϤϛ Ϟϗ Ύϣ ˬϡήΟ ϭήϜϳΎϣ 1 Ϯϫ ϪμΤϓ ϞϴϠΤΘϟ ΔϘϳήτϟ ϦϜϤϣ ΰϴϛήΗ Ϟϗ .ΕΎϋΎγ
ΪϨϋϱϮόϤϟϞΎδϟϊϣϭΪϳέϮϠϛϭέΪϴϫϞϴϣΎΑήϴϓϊϣ˯ϭΪϟϦϴΑΕϼΧΪΗϱΪΟϮϳϻϪϧϢϠόϟϊϣˬϡήΟϭήϜϳΎϣ
κΤϔϟ ΓΰϬΟ ϡΪΨΘγ ΎϬΒϨΠΗ ϲϟ· ΔϓΎοϹΎΑ ˬΔϴϟΎόϟ ΎϬΗ˯ΎϔϜΑ  ϩάϫ ϞϴϠΤΘϟ ΔϘϳήρ ίΎΘϤΗ . ﻧﺎﻧﻮ ﻣﺘﺮ319 αΎϴϘϟ
ιΎμΘϣϻϝΪόϣΖΑΎΛϲϓϞϴΌοϑϼΘΧϙΎϨϫϥΪΟϭ ˬΕΎλϮΤϔϟΞΎΘϧϲϟ·ϻΎϘΘϧ .ΎϬϠϴϐθΗΔϤϴϗωΎϔΗέΎΑΔϤδΘϤϟ
 ﻟﻜﻞ0.042 ± 0.18ϮϫϲϟϭϷΔϋϮϤΠϤϟϲϓ ιΎμΘϣϻϝΪόϣ ΖΑΎΛΔϤϴϗΎϣ .0.05ϦϣϞϗ ΔϤϴϘΑ ϥήΌϔϟ ϦϴΑ
 ﺑﻜﻞ ﺳﺎﻋﺔ0.042 ± 0.42 ϭ 0.05 ± 0.43ώϠΑΔΜϟΎΜϟϭΔϴϧΎΜϟ ΔϋϮϤΠϤϟϲϓιΎμΘϣϻϝΪόϣ ΖΑΎΛΎϣΔϋΎγ
ϞϜϟϡήΟϭήϜϳΎϣ 2000ϲϟ· 400 )ﻣﻦϑΎόο-5ϝΪόϤΑΪϳέϮϠϛϭέΪϴϫϞϴϣΎΑήϴϓΰϴϛήΗΓΩΎϳίϥΪΟϭϭ .ΐϴΗήΘϟΎΑ
ϦϴΑΔϴΎμΣ·ϪϟϻΩϭΫϑϼΘΧΪΟϮϳϻ)ΪϳέϮϠϛϭέΪϴϫϝϮϟΎϧήΑϭήΒϠϟιΎμΘϣϻϝΪόϣΖΑΎΛϲϠϋήΛΆϳϻ (ﻣﻠﻲ ﻟﺘﺮ
ΪϨϋϑΎόο 2.4ϲϟ·ιΎμΘϣϻϝΪόϣΖΑΎΛϒϋΎπΘϳˬϱήΧΔϴ ﻣﻦ ﻧﺎﺣ.(0.065=PΔΜϟΎΜϟϭΔϴϧΎΜϟϦϴΘϋϮϤΠϤϟ
.(0.0 =P) ΪϳέϮϠϛϭέΪϴϫϝϮϟΎϧήΑϭήΒϟ ΐϧΎΠΑΪϳέϮϠϛϭέΪϴϫϞϴϣΎΑήϴϓ P-ϦϴΗϭήΑϮϜϴϠΟΕΎτΒΜϣήϳήϤΗ
˯ϭΩ ιΎμΘϣ ϝΪόϣ ΖΑΎΛ ΓΩΎϳί ϲϠϋ ϞϤόϳ (P-ϦϴΗϭήΑϮϜϴϠΟ ςΒΜϣ) ΪϳέϮϠϛϭέΪϴϫ ϞϴϣΎΑήϴϓ ΓΩΎϣ :ΝΎΘϨΘγϻ
˯ϭΩ ιΎμΘϣ ϲϠϋ P-ϦϴΗϭήΑϮϜϴϠΟ ήϴΛ΄Η ϯΪϣ οϮϳ άϫϭ ,ϑΎόο 2.4 ϲϟ· ΪϳέϮϠϛϭέΪϴϫ ϝϮϟΎϧήΑϭήΒϟ
Ϧϋ˯ϭΪϟϝϭΎϨΗΪϨϋϲϤπϬϟίΎϬΠϟήΒϋκΘϤΗϲΘϟ˯ϭΪϟΔϴϤϛϦϣϞϠϘϳϪϧΚϴΣ .ΪϳέϮϠϛϭέΪϴϫϝϮϟΎϧήΑϭήΒϟ
.ϲϤπϬϟίΎϬΠϟϖϳήρ
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Chapter 1
INTRODUCTION
1.1 Propranolol HCL and Verapamil HCL
Propranolol hydrochloride (PLH) is a synthetic beta
beta-adrenergic
adrenergic receptor blocking agent
chemically described as 2-Propanol
Propanol 11-[(1-methylethyl) amino]-3-(1-naphthalenyloxy)
naphthalenyloxy)hydrochloride (Fig. 1.1),, (MW = 295.84) .

Figure 1.1: Chemical structure of Propranolol.
PLH soluble in water and ethanol; slightly soluble in chloroform and practically insoluble
in ether, benzene, and ethyl acetate. PLH is stable in acidic media. The optimum stability
is achieved at pH= 3. In alkaline media PLH decomposes rapidly with oxidation of
Isopropyl amine side chain . PLH is optically active and is available in dosage forms as
racemic mixture. Dosage forms are 10 mg, 40 mg tablet and 5 mg \ 5 ml ampoule for I.V.
administration (BP 2009a).
PLH a non selective beta-adrenergic
adrenergic blocker, and anti
anti-arrhythmic drug (Class
Class II)
II has
been widely used in the treatment of hypertension, angina pectoris, cardiovascular
disorders, endocrine disorders, hepatic diseases, neurological disorders, and anxiety
(Parker, Lazo and Brunton,, 2006).
Verapamil HCL is a calcium channel blocker agent, chemically described as (2RS) -2(3,4-Dimethoxyphenyl) -5- [ [2- (3, 4-dimethoxyphenyl)
dimethoxyphenyl) ethyl] (methyl) amino] -2(1methylethyl) pentanenitrile hydrochloride, (MW = 254.6). Verapamil H
HCl
Cl is a white
crystalline powder, which soluble in water and ethanol but practically insoluble in ether.
Verapamil HCl widely used in treatment of hypertension and cardiovascular disease (BP
2009b).
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1.2 P-glycoprotein (P-gp)
The main route of drug absorption is across small intestinal epithelium by paracellular
and transcellular routes. Typically lipophilic drugs are absorbed through transcellular
route and hydrophilic drugs are slowly absorbed via the transcellular pathway or via the
paracellular route. Both passive and active (carrier mediated) processes may contribute
to the permeability of drugs transported by the transcellular pathway (Friend, 2004).

The efficiency of drug absorption is influenced by efflux proteins lining the small
intestine; other enzymes metabolize drugs (reducing bioavailability) as they pass through
the cell (Amo, Heikkinen and Monkkonen, 2008). The influence of such proteins was
being studied in considerable detail. Studies were focused on the action of such efflux
proteins, which were called P-gp (Tamai et al., 1997; Nagare et al., 2011,). Data,
predominantly collected in selected cell lines, suggested that these P-gp is phosphorylated
and glycosylated proteins belonging to a family of plasma membrane proteins encoded by
the multidrug resistance genes (Didziapetris et al., 2003).

P-gp has the ability as a membrane-localized ATP-dependent transporter to return certain
drugs back into the intestinal lumen from blood stream (Friend, 2004).
Presumably, these intestinal epithelial proteins are part of a protective barrier that limits
absorption of potentially toxic substances. In addition to efflux proteins, small intestinal
enterocytes have the ability to metabolize orally ingested substances via cytochrome
P450 (CYP450) (Watkins, 1992). Metabolic enzymes, in particular the isoform
cytochrome P3A4 (CYP3A4), have been implicated in the metabolism of roughly half of
currently prescribed drugs (Thummel and Wilkinson, 1998). The products of metabolic
enzymes are often substrates of efflux proteins, such as P-gp.
The distribution of P-gp increases from the proximal to distal part of human small
intestine (Adachi, Suzuki and Sugiyama, 2003; Li, Sai and Kato, 2003; Mouly and Paine,
2003). Regional variation of P-gp expression in human intestine needs to be set against
the much larger number of studies performed using in vitro cell culture (Li, Sai and Kato,
2003).
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1.3 P-glycoprotein inhibitor
P-gp is an important aspect for drug-drug interaction. P-gp inhibitors e.g. erythromycin,
ketoconazole, verapamil, ritinovire and amiodarone increase the bioavailability of P-gp
substrate drugs e.g. propranolol, colchicine, domperidone, fluoroquinolones, indinavir,
cyclosporin and fexofenadine. Such drug-drug interaction can explain the recorded
toxicity, when drugs of those groups were co-administered (Jambhekar and Breen, 2009).
On the other side P-gp is responsible for food-drug interaction. Grape fruit juice was
mentioned in many studies to have an inhibitory effect on P-gp and hence influenced the
bioavailability. St. John’s Wort extract had P-gp inducing effect, that P-gp substrate drugs
were not therapeutically active (Jambhekar and Breen, 2009).
Recognition of the much broader specificity of P-gp and its functional effects on
intestinal drug transport could lead to strategies for improving absorption, either by
incorporating structural features in drug design that reduce interaction with P-gp or by the
use of specific P-gp inhibitors (Amo, Heikkinen and Monkkonen, 2008).
Studies that concur with absorption phase of drugs and evaluation of P-gp effect on the
rate of absorption and bioavailability have used P-gp inhibitor as verapamil HCL. It was
the drug of choice in pharmacokinetic studies (Sandstrom, Karlsson and Lennernas,
1998). Cyclosporin (Bardelmeijer et al., 2004) and fexofenadine (Kim and Park, 2010)
were used to improve the absorption amount and bioavailability of chemotherapy agents
(Bardelmeijer et al., 2004).

Conversely, other studies had used P-gp inducers such as dexamethaxone and rifampin
to confirm the effect of P-gp in absorption phase of P-gp substrate drugs (Putnam et al.,
2005; Jambhekar and Breen, 2009).

Further studies showed that, many drugs can be classified as P-gp substrate or P-gp
inhibitors (Jambhekar and Breen, 2009).
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1.4 Single-pass intestinal perfusion (SPIP) technique
Among the various techniques available for determination of drug intestinal permeability
in situ, the SPIP method in rats is widely used. The method was reported for studying
gastrointestinal drug absorption from isolated gut segments of the anesthetized rats. SPIP
of a drug in free solution; the amount of drug disappeared from intestine is proportional
to the amount of drug which is absorbed and reached blood. The assumption made in this
approach is that, first-order absorption kinetics occurs (Doluisio et al., 1969).

SPIP is the most frequently used technique, which provides conditions closer to what is
faced following oral administration. SPIP is used to detect the important pharmacokinetic
parameters

such as absorption rate (dc/dt), passive absorption rate constant (ka),

maximal saturable absorption rate (Vm), half life of drug in human body (t1/2), maximum
rate of absorption (Vm), concentration of the drug at which the saturable absorption rate
is half maximal (Km), and detect the model of drug distribution in human body (Salphati
et al.,2001; Crouthamel and Sarapu, 1984).

SPIP was performed routinely on the three segments of small intestine duodenum,
jejunum and ileum to detect differences in absorption site. SPIP technique possesses
a preserved microclimate above the intestinal membrane, which makes it less sensitive to
pH variations (Hogerle and Winne, 1983).
This technique provides the unique advantages of experimental control (compound
concentration and intestinal perfusion rate) and the ability to study regional differences;
factors that may influence the intestinal absorption of a compound (Doluisio et al., 1969).

The main advantage is that the technique produces absorption rates which are realistic
and comparable to those calculated from blood concentration data following oral drug
administration to humans and intact animals. In addition, the experimental technique is
simple, utilizes readily available laboratory equipment, very sensitive and inexpensive.
A single animal yields experimental data suitable for complete quantitative kinetic
analysis. Animal to animal variation of the kinetic results is minimal, and the time
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required to conduct an experiment is moderate (Zakeri-Milania et al., 2007; ZakeriMilani et al., 2006).

1.5 Justification of the study
Pharmacokinetic studies concern with the (Absorption, Distribution, Metabolism and
Execration) ADME phases of a drug after being administered. Absorption phase is an
important one, since it is determinant for bioavailability. PLH is prescribed for
hypertensive patients. Factors affecting relative bioavailability are critical for efficacy.
P-gp may play a role in this concept?

1.6 Problem statement
P-gp is active transporter by which some drugs are secreted from the body. This effect
lead to minimize the desired bioavailability and effectiveness. In case of PLH the effect
of P-gp, as a contributor for the observed poor bioavailability should be studied in rats by
using the SPIP technique.

1.7 Aim

This study focuses on intestinal absorption of PLH after gastrointestinal administration
SPIP technique of in situ rats should be used for this purpose. The role of P-gp in
absorption of PLH should be studied. On the other hand P-gp as possible site for
interaction between PLH and verapamil should be emphasized.
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1.8 Objectives
1. To study the absorption phase of PLH using SPIP in situ rat technique in free
solution.
2. To study the non linearity may be caused by P-gp when PLH is administrated in
over dose concentration in rats.
3. To study the role of P-gp in the absorption of PLH in rats.
Increase the oral bioavailability of PLH using P-gp inhibitors.
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Chapter 2
Literature Review
2.1

Propranolol HCL

PLH is a beta-blocker synthetic substance; compete with endogenous and/or exogenous
beta-adrenergic agonists. PLH is not cardioselective and it has no intrinsic
sympathomimetic activity. It has membrane stabilizing properties and is highly lipid
soluble. At toxic doses, PLH has a pronounced negative chronotropic and inotropic effect
and also a quinidine-like effect on the heart. The cardiovascular system is the main target
organ. PLH decreases sinus rate, atrioventricular conduction, intraventricular conduction
and cardiac contractility. Central nervous system toxicity (coma and convulsions) may
also occur because of its high liposolubility (Parker, Lazo and Brunton, 2006).

Numerous adverse effects during PLH treatment have been reported; include
cardiovascular as sinus bradycardia, atrioventricular block, hypotension, increase of left
ventricular failure, cardiogenic shock and intermittent claudication. Additional to
respiratory adverse effect as bronchospasm, exacerbation of asthmatic symptoms in
known asthmatics and pulmonary oedema. Central nervous system also affected by PLH
as depression, psychosis, convulsions and hallucinations. Plus musculoskeletal side effect
muscle weakness, aggravation of myasthenia gravis and peripheral neuropathy (Parker,
Lazo and Brunton, 2006).

At therapeutic doses (5mg I.V or 10-40mg oral), PLH slightly decreases heart rate (15%),
supra ventricular conduction and cardiac output (15 to 20%). Cardiac work and oxygen
consumption are also decreased. PLH decreases the secretion of rennin (Johnson et al.,
1969). The chemical form of PLH is a racemate, the dextrorotary isomer accounts for
most of the beta-blocking effect, whereas the levorotary isomer has a predominantly
membrane stabilizing effect (Frishman Jacob and Eisenberg, 1979; Parker, Lazo and
Brunton, 2006).
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2.1.1 Pharmacokinetic parameters of PLH
Regarding pharmacokinetic behavior of (PLH); PLH is almost completely and rapidly
absorbed from the gastrointestinal tract. However, because of the high first-pass
metabolism and hepatic tissue binding, the oral bioavailability is only about 30% and
varies greatly between individuals. After oral administration, PLH undergoes satiable
kinetics.
The plasma half-life (t1/2) is 3 to 6 hours. The total body clearance is 800 mL/minute/1.73
m2 (Parker, Lazo and Brunton, 2006).

About 90 to 95% of the drug is bound to plasma proteins. The volume of distribution is
300 L/1.73 m2 or 3.9 L/kg. PLH is highly lipophilic; it crosses the blood-brain barrier and
the placenta. The ratio of concentration in the blood between the fetus and the mother is
1.5. PLH is extensively metabolized by the liver. At least one of the metabolites, the 4hydroxy PLH, is biologically active. The hepatic metabolism is saturable and
bioavailability may be increased in overdoses. Less than 0.5% is excreted unchanged in
urine. The renal clearance is 4 mL/minute/1.73m2. About 20% of the dose is eliminated
in urine mainly as glucuronide conjugates (Parker, Lazo and Brunton, 2006).

2.1.2 Drug-drug interaction:
Many studies investigated the effect of drugs on pharmacokinetic and pharmacodynamic
of PLH. Drugs had effect on pharmacokinetic of PLH through decreased bioavailability
are antacids, via decrease the gastric absorption of PLH, barbiturates, phenytoin and
rifampicin via increase the first-pass clearance of PLH by hepatic enzyme induction.
Conversely plasma PLH concentrations may be increased up to 50% by histamine H2
antagonists and oral contraceptives, which decrease hepatic metabolism (Wood and
Feely, 1983; El-Arini, Shiu and Skelly, 1989).
On the other hand many drugs diminished pharmacodynamic effects of PLH as nonsteroidal anti-inflammatory drugs, which decrease antihypertensive effect of PLH.
8

Nifedipine might exacerbate the symptoms of beta-blocker withdrawal. Conversely,
enhanced pharmacodynamic effect via increase bradycardia as digitalis, amiodarone,
verapamil and diltiazem. Prenylamine, flecainide and disopyramide enhance the negative
inotropic effect of PLH (Frishman, Jacob and Eisenberg, 1979; Parker, Lazo and
Brunton, 2006).

2.1.3 Pharmacokinetic studies of PLH
Many studies were published concerning PLH pharmacokinetic. Studies which concur
with individual differences in peak plasma concentrations have been determined after
both single and multiple oral dosing of PLH. The differences were related to extraction
and metabolism of PLH during the first-pass through the liver.
To elucidate the relative contribution of variations in gastric emptying and first-pass
metabolism to individual differences in plasma PLH concentrations, the following study
was performed. After an overnight fast, PLH (80 mg) was administered orally. A venous
cannula was inserted and blood samples were drawn prior to administration of PLH and
at 15 min intervals thereafter for 2 h. The patient was then positioned under a gamma
camera to studied gastric emptying rate. In the second subject groups, healthy male
received PLH (80 mg) orally on three occasions, each separated by at least 7 days. At the
time of taking PLH an I.V. injection of normal saline, metoclopramide (10 mg) or
propantheline (30 mg) was given. Venous blood samples were collected through 8 h after
dosing. Plasma PL concentrations were measured.
The plasma concentration of PLH varied greatly after oral dosing, is ranged from 24 to
185 mg/ml. In addition, the mean time taken to reach high plasma concentration was 1.5
h after metoclopramide compared to 2.8 h with normal saline and 4.5 h after
propantheline. The rate of gastric emptying was influenced by anticholinergic drugs or
metoclopramide and had some effects on the height of peak concentration (Cmax).
In multiple oral dosing of PLH, no correlation was seen between gastric emptying and
bioavailability of PLH. It was concluded, that individual variation in the bioavailability of
PLH is determined mainly by first-pass metabolism in the liver, rather than by differences
in gastric emptying rate (Castleden, George and Short, 1978).
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PLH was administered I.V., oral and transdermal by rabbits. After I.V. administration of
PLH a linear pharmacokinetic was estimated in a concentration range of 25-80 ng/ml.
(The linearity increase in the steady state phase by increasing I.V. infusion rate). The
drug behavior was described in a two-compartment opened model with a terminal
elimination half-life (t1/2) 1.7 ± 0.12 h. First pass metabolism was investigated. PLH was
rapidly absorbed after oral administration from G.I.T. PLH bioavailability was low and
variable. It was found 12.3 ± 5.9 % of the initial dose. In case of transdermal
administration using adhesive device the bioavailability was greatly improved and
reached 74.8 ± 10.19 %. The study indicated that, hepatic first pass metabolic effect can
be avoided by transdermal delivery of PLH (Corbo, Liu and Chien, 1990).

PLH permeability in different regions of rat intestine was evaluated using SPIP
technique.
PLH (30 ìg/ml) was perfused in situ in separated rat intestinal segments (duodenum,
jejunum, ileum and colon). The effective permeability (Peff) was calculated. The (Peff)
values were 0.3316×10

-4

cm/s, 0.4035×10-4 cm/s, 0.5092×10

-4

cm/s and 0.7167×10-4

cm/s, respectively (Nagare et al., 2011). The perfusion buffer were kept close to
physiological condition in the respect segments to evanescence the pH changed effect.
The highest effective permeability was recorded in the colon.

Similar Peff values were showed using SPIP technique in situ rat and individual intestinal
segments (proximal jejunum, mid-small intestine and distal ileum) (Dahan, West and
Amidon, 2008).

The absorption of PLH was studied using chronic in situ loops technique in dog small
intestine. This technique had the advantages of being simple, realistic and studying
intestinal drug absorption without seriously perturbing normal G.I.T conditions.
The technique depended on measurement of drug disappearance from luminal solution in
the loop of intestine with correction for intestinal water absorption.
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The study was concurred with jejunum and ileum segments. The jejunum had a mean
resting pH at 7.3 and ileum had a resting pH at 7.9 with correction for intestinal water
absorption.
A first order kinetic model was established. PLH absorption was rapid and first order in
both regions, with the ileum showing faster absorption than the jejunum. The data
indicated pH-partition mechanism effect on absorption of PLH (Taylor, Grundy and
Loveday, 1981).

Oral, jejunal and ileal PLH kinetics in human was performed using intubation technique
to compare the absorption characteristics in different segments of G.I.T.
80 mg PLH were administered either directly through tube to the proximal and distal
small intestine or orally (The oral dose was divided in to 4 doses and administered per
hour). The high plasma peak concentration Cmax in distal, proximal and oral rout were
73.3 ± 29, 58.4 ± 23, 60.8 ± 33 ng/mL, respectively. Also the area under the curve (AUC)
parameter for distal dose was significantly higher (30%) than that following oral route.
There were no significant differences for extent but not rate. Concluded the extent of
PLH absorption were increased from lower G.I.T. (Buch and Barr,1998).

The researchers were tried to improve PLH bioavailability and to determine responsible
factors for PLH low bioavailability. An ester as pro-drug (PLH-G3 dendrimer) which
consists of PLH conjugating to lauroyl-G3 dendrimer and Caco-2 model to bypass the
intestinal metabolic effect and enhances the oral bioavailability were used. Caco-2 model
is
a mono-layer cells obtained from colon adenocarcinoma. Caco-2 technique has been
extensively used as a model of the intestinal barrier, which depends on detection of the
rate of drug trans from apical to basolateral side. The rate of drug trans across caco-2
monolayer is similar to the rate of drug trans from luminal intestinal side to blood side.
The apparent permeability coefficient (Papp) was determined from apical to basolateral
side, Papp of PLH was increased from basolateral to apical side, but decreased following
conjugation to lauroyl-G3 dendrimer. Conversely Conjugation of PL to lauroyl-G3
dendrimer further increased Papp from apical to basolateral side. (Emanuele et al., 2004).
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This result indicated that, the P-gp may be responsible to low bioavailability of PLH, and
reducing the effects of intestinal P-gp may improve the oral bioavailability through
trickery of it. This is the major objective of this study.

2.2 P-glycoprotein (P-gp)
2.2.1 Introduction
The P-glycoprotein (P-gp) a drug efflux transporter, was originally discovered in tumor
cells. It was responsible for the observed resistance to cytotoxic drug. (Juliano and Ling,
1976).
P-gp is an ATP dependent efflux transporter, which extrudes a wide variety of chemically
different xenobiotics from cells (Mizuno et al., 2003). P-gp is widely distributed in the
normal human tissue such as intestine, kidney, liver and blood–brain barrier (B.B.B)
(Fojo et al., 1987; Thiebaut et al., 1987; Cordon-Cardo et al., 1989). P-gp may affect
significantly pharmacokinetic and pharmacodynamic of many drugs such as salbutamol
(called P-gp substrates) (Valenzuela et al., 2001). Therefore when drugs are delivered
orally, P-gp may limit the intestinal absorption of the P-gp substrate agent (Lin and
Yamazaki, 2003). Additionally, P-gp affected distribution phases of many drugs such as
asimadoline (Schinkel et al., 1994; Schinkel, 1999).
Other side P-gp was responsible for many drug-drug and food-drug interaction (Soldner
et al., 1999). For this reason, drug candidates are screened for their interaction with P-gp
already during the early stages of drug development (Balimane, Han and Chong, 2006).
P-gp substrates as indinavir, cyclosporin A, fexofenadine and natural compounds (as
alkaloid and peptide) bind with P-gp and shut out to luminal intestinal fluid. (Jambhekar
and Breen, 2009; Kim, 2002). P-gp substrates can be inhibitor or inducer to P-gp . (see
section 2.2.5).

2.2.2 Structure and mechanism of action
P-gp is a protein consists of 1280 amino acid and its molecular weight 170 Kilo-Dalton
of the glycosylated form (Li, Sai and Kato, 2003; Mizuno et al., 2003). P-gp are
composed of two symmetrical parts, each part consists of six transmembrane segments
with one ATP-Binding site (Fig. 2.1) (Amo, Heikkinen and Monkkonen, 2008).
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P-gp belongs to the ATP-binding
binding cassette transporters family ((ABC transporters).
transporters Human
possesses two known P-gp
gp genes,
genes, first P-gp called the multidrug-resistance
resistance-related 1
(MDR1)) or (ABCB1), and second called multidrug
multidrug-resistance-related
related 3 MDR3 or
(ABCB4).
). However, only the MDR1 gene encodes the multidrug
multidrug-resistance
resistance-related P-gp
efflux pump . In mice, P-gp
gp is encoded by mdr1a (abcb1a) and mdr1b (abcb1b)
(
and
mdr2 (abcb4).
). The homology of human MDR1 gene and mouse mdr1a gene about 82 %
with the corresponding value between human MDR1 and mouse mdr1b being 79 % (van
de Vrie et al., 1998).

Figure 2.1: Topology of P-gp.
P-gp
gp is compose of two symmetrical parts, each part consist of six transmembrane segments with
one cytoplasmic nucleotide-binding
binding site (NBD). The N
N-glycosylation
glycosylation sites are located in at
extracellular space (Amo,, Heikkinen and Monkkonen, 2008).

P-gp
gp is a transmembrane protein which depended on the ATP energy to extrude relatively
lipophilic substrates (P-gp
gp substrate compound
compound)) out of the lipid bilayer of the cell
membrane into the extracellular medium, as P
P-gp
gp located in the intestinal membrane
extrude its substrate from blood stream to intestinal luminal fluid. Therefore, P-gp
P
has
been described it function as a hydrophobic vvacuum
acuum cleaner which transports the
substrate from the lipid bilayer directly to the extracellular medium (Gottesman and
Pastan, 1993; Sparreboom et al., 1997; Lown et al., 1997).

2.2.3 P-gp
gp distribution and physiological action
P-gp is over-expressed in most tumor cell lines. Also it is constitutively distributed nearly
in all barrier tissues of the body as in renal proximal tubules, in intestinal membrane
(Hunter Hirst and Simmons, 1993)
1993),, in the hepatic membrane, in the adrenal gland, in
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placenta trophoblast (Maternal
Maternal-fetal barrier),
), and in endothelial brain cells (B.B.B)
(
(Putnam et al., 2005; Lin and Yamazaki, 2003)
2003).
Human MDR1 P-gp
gp is prominent in the brush border of renal proximal tubules, in the
biliary membrane of hepatocytes, in the apical membrane of the epithelial cells of
intestine (Fig. 2.2), in the apical membrane of the capillary endothelial cells of brain and
testis, in adrenal gland and in placental trophoblast (Cordon-Cardo
Cardo et al., 1989; Sugawara
et al., 1988; Thiebaut et al., 1987)
1987).

A

B

Figure .2: Differentiations in P
P-gp function according to site.
A): P-gp
gp located at entrance site of enterocytes, limiting drug absorption through intestinal
barrier.
B): P-gp
gp located at exit site of hepatocytes, eliminating drug into bile. (Wu and Benet, 2005).

The distribution of P-gp
gp is not uniform along the length ooff intestine nor along the villi
within a cross section of mucosa. The P
P-gp distribution study used antibody MRK16 to
evaluation the distribution level of P
P-gp
gp in human jejunum and colon. Both tissues
showed high levels of P-gp
gp on the apical surface of superficial columnar epithelial cells,
but not of crypt cells (Thiebaut
Thiebaut et al., 1987)
1987).
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In mice, the mdr1a P-gp transcript is predominantly distributed in intestine, stomach and
blood capillaries of brain, whereas the mdr1b P-gp is mainly expressed in adrenal,
placenta, ovarian and (pregnant) uterus. Similar levels of mdr1a and mdr1b P-gp
expression are found in kidney and liver (Croop et al., 1989).
The mdr1a and 1b transcripts tissue distribution together closely matches that of human
MDR1 mRNA (Chen, Liu and Smith, 2003; Van de Vrie et al., 1998).
Nevertheless, a comparison of the protein expression pattern of the human P-gp and rats
P-gp remains to be conducted. The levels of P-gp expression have been reported to vary
along the intestine, which increase from proximal to distal regions of the intestine both in
human and mice (Cui et al., 2009; Mouly and Paine, 2003).

In a modern study, the mRNA expression content of P-gp was measured along the all
length of the human G.I.T. The mRNA levels appeared to increase progressively, with
low levels in the stomach (5 arbitrary units), intermediate in the jejunum (20 arbitrary
units) and high levels in colon (30 arbitrary units) (Fricker et al., 1996).

A similar observation was found by other researchers, who measured the levels of MDR1
mRNA in healthy intestinal human tissues. The mRNA level was higher in the colon than
in the jejunum by a factor of 2 (Fojo et al., 1987). These results suggested that, the
expression of P-gp, increased progressively along the length of intestine. This reciprocal
protein concentration gradient of P-gp expression reflects the perfection of Mother
Nature in designing defense systems to protect the body against toxic xenobiotics.

Many studies showed the relatively high inter-individual variation in the P-gp
distribution. Several factors have been suggested to affect the intestinal P-gp expression
levels. Such as genetic polymorphism (Hoffmeyer et al., 2000), age (Cui et al.,
2009),exposure to P-gp inducing chemicals (Van de Kerkhof et al., 2008), intestinal
inflammation (Englund et al., 2007), and circadian rhythm (Murakami et al., 2008).
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P-gp tissue distribution, sub-cellular localization and the extremely wide substrate
specificity suggested that, the P-gp transporter play a protective role, limiting the
absorption from the intestine, reducing the distribution to the central nervous system and
fetus and facilitating the removal in kidney and liver of a wide array of endogenous
metabolites and xenobiotics (Troutman et al., 2002). Moreover, P-gp has been proposed
to be related to other physiological functions such as cytokines secretion and transport of
steroid hormones and ions. (Borst and Schinkel, 1996; Van de Vrie et al., 1998).

2.2.4 Cytochrome P-450 and P-gp
Both cytochrome P450 and P-gp are protecting the body from toxic accumulation of
hydrophobic xenobiotics via metabolism and excretion. Interestingly, literature surveys
revealed a striking overlap between substrates for CYP3A4 and P-gp (Fig. 2.3), including
verapamil, cyclosporin A,

diltiazem, pactaxol and etoposide (Schuetz, Furuya and

Schuetz, 1995; Wacher, Wu and Benet, 1995; Benet et al., 1996; Kusuhara, Suzuki and
Sugiyama, 1997). Moreover , a significant overlap has been identified between inhibitors
of CYP3A4 and P-gp, like, ketoconazole, itraconazole, and erythromycin (Hofsli and
Nissen-Meyer, 1989; Gupta, Kim and Gollapudi, 1991; Siegsmund et al., 1994).
In addition to similarities in inhibitors and substrates, CYP3A4 and P-gp appeared to be
induced by similar inducers, including phenobarbital, rifampin, isosafrole, reserpine and
clotrimazole (Schuetz, Beck and Schuetz, 1996). Dexamethasone, which is a potent
inducer of CYP3A4 (Pichard et al., 1992), has been shown to induce P-gp in human
hepatoma cells and rat hepatocytes (Fardel, Lecureur and Guillouzo, 1993; Zhao et al.,
1995).

In vivo induction of P-gp by rifampin (15 mg/kg peroral, twice daily for 7 days), a potent
CYP3A4 inducer, was observed in monkeys (Gant et al., 1995). The result showed 2- to
4-fold increase in hepatic P-gp mRNA and a 4- to 13-fold increase in liver P-gp.
Similarly, pretreatment of rats with dexamethasone resulted in a 5-fold increase in liver
P-gp (Salphati and Benet, 1998).
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A

C

B

D

Figure 2.3: Functional collaboration between P
P-gp
gp and CYP3A in intestinal membrane.
(Christian, Schmitz and Haschke, 2005).

A) The CYP3A and P-gp are coregulated with the same inducer and inhibitor.
B) P-gp
gp collaboration CYP3A function via increase contact time between drug and CYP3A
through repeat exposure of drug to CYP3A.

C) Metabolite products by CYP3A are better substrate for P
P-gp
gp (increase binding affinity
affin to Pgp).

D) P-gp
gp inhibitor decrease metabolism and increase oral bioavailability of drugs.
However, some evidence suggest that, the expression of CYP3A4 and P-gp
P
is
independently and non coordinately regulated in other organs. No correlation between
intestinal P-gp
gp and CYP3A4 content in 25 kidney transplant patients, who underwent
small bowel biopsy for measurement of CYP3A4 and P
P-gp
gp was determined (Lown et al.,
1997).. Similarly, It was reported that, there was no significant correlation between
expression of P-gp
gp and CYP3A4 proteins in livers from 41 patients ((secondary
secondary hepatic
neoplasm),
), although large variations in the levels of expression of P
P-gp
gp (55-fold)
(55
and
CYP3A4

(37-fold)
fold)

were

noted

(Schuetz

Furuya

and

Schuetz,

1995).
1995

Moreover, a recent study on rats has shown that, hydroxy ethylcyclosporin A (IMM), a
new immunosuppressant, increased or decreased liver CYP3A and P-gp
P
levels,
depending on the dose concentration and duration of treatment. Regardless of the dose,
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the modulation of P-gp levels by IMM did not parallel the changes in CYP3A levels.
IMM treatment for 26 weeks at an oral dose of 10 mg/kg/day resulted in a significant
increase (56 %) in liver CYP3A levels, and decrease (30 %) in liver P-gp in rats. These
results strongly suggested that although P-gp and CYP3A4 may cooperate to reduce
exposure to toxic xenobiotics, they appear to be regulated separately (Vickers et al.
1996).
Independent regulation was observed between P-gp and CYP1A proteins. Doxorubicin
(anticancer drug) increased mdr mRNA and P-gp levels in a dose-dependent manner in
both primary rat hepatocytes and liver epithelial cells. This induction was detected as
early as 4 h after exposure to doxorubicin at 0.5 mg/ml. In contrast to its effect on P-gp,
doxorubicin did not induce CYP1A levels in rat hepatocytes and epithelial cells (Fardel et
al., 1997).
Expression of P-gp and CYP1A1 and 1A2 also were studied in primary cultured human
hepatocytes exposed to 2-acetylaminofluorene (2-AF). Human hepatocytes obtained from
10 individuals exhibited no change in either MDR1 or MDR2 mRNA levels, or in
doxorubicin intracellular retention, in response to 2-AF treatment, whereas both CYP1A1
and 1A2 were induced significantly (Lecureur, Guillouzo and Fardel, 1996).
In another study, the induction of P-gp and CYP1A1 by aromatic hydrocarbons in human
hepatocytes was obtained from 15 individuals. It was concluded that, a novel mechanism
distinct from the classical pathway of CYP1A1 induction by aromatic hydrocarbon to
regulated P-gp in human (Schuetz et al., 1995).
In addition, it was reported that there was no significant correlation between content of
CYP1A1 and P-gp in liver biopsies from 41 patients (Schuetz, Furuya and Schuetz,
1995).

2.2.5 P-gp inhibitors and inducers
P-gp inhibitors were applied in clinical trials in 1981 to minimize P-gp mediated drug
resistance in treatment of cancer. At first, the effect of verapamil as P-gp inhibitor was
discovered, which increased the pharmacodynamic effect on anticancer drugs to tumor
cells (Tsuruo et al., 1981). Verapamil was applied in chemotherapy strategy to improve
drug effectiveness, but cardiovascular toxicity was recorded.(Ozols et al., 1987). There
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was a need to develop new and specific P-gp inhibitors, which affect cancer tissue
(Avendano and Menendez, 2002). Valsopod was developed and was complete P-gp
inhibitor with 5-10 times more potent than cyclosporine A (Lin and Yamazaki, 2003).
Other potent P-gp inhibitors like zosugiudar (LY335979) (Dantzig et al., 1999) and
laniguidar (R101933) (Van Zuylen et al., 2000) were developed.

Many studies documented the effect of common food as Grape fruit in elevation the
bioavailability of many drugs (Lown et al., 1997; Ducharme, Warbasse and Edwards,
1995).
Additionally, the effect of Grape fruit as microsomal enzyme inhibitor in liver, and
intestinal CYP3A inhibitor was established (Lown et al., 1997; Schmiedlin-Ren et al.,
1997; Takanaga et al., 1998; Spahn-Langguth et al., 1998; Benet et al., 1999).

On the other hand P-gp inducers as rifampin (Putnam et al., 2005), dexamethaxone and
St. John’s Wort (Jambhekar and Breen, 2009) were reported.
Usually, P-gp inhibitors are used in studies to ensure the role of P-gp in drug
pharmacokinetic and improvement in the bioavailability of P-gp substrates (as anticancer
drugs). Conversely, minor application of P-gp inducer in studies and in clinical therapy
due to decrease bioavailability of P-gp substrates.

2.2.6 P-gp in diabetics
Diabetes Mellitus is a metabolic disease that characteristic with high blood sugar level.
Diabetes Mellitus symptoms are caused either due to insufficient insulin synthesis and
release from pancreatic cell, or due to peripheral resistant of insulin (Parker, Lazo and
Brunton, 2006).

The effect of diabetes mellitus on P-gp function was investigated on rats using digoxin, a
P-gp substrate and in situ SPIP on rats. Rats were divided into four groups: control,
diabetic, insulin treated and pioglitazone treated rats.
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The effective permeability Peff of digoxin were calculated from the steady state
concentration in the perfusate collected from the outlet. Peff in diabetic rats were
significantly higher than that in normal group. This result indicated alteration in P-gp
function among diabetics.
The effective permeability of digoxin in insulin treated group was lower than that in
diabetic rats, which indicated restoring P-gp function by insulin treatment. No effect was
recorded upon pioglitazone treatment.
These result emphasized possible toxicity in diabetic patients for P-gp substrates (Neerati,
Barla and Bedada, 2011).

2.2.7 Intestinal P-gp and drug absorption
The absorption phase of drugs from the intestinal lumen is a very complex process
influenced by different factors of the G.I.T.
In small intestine, a variety of influx carriers that transport nutrients are capable of
transporting drugs with sufficiently similar molecular structures (Takano, Yumoto and
Murakami, 2006).
On the other hand, efflux transporters such as P-gp, multidrug-resistance-associated
protein 2 (MPRP2; ABCC2), expressed on the apical membrane of intestinal epithelial in
humans , may limit the net absorption of the drugs by pumping them back to the luminal
gut fluid (Takano, Yumoto and Murakami, 2006).
P-gp is able to detect a variety of pharmacologically and structurally unrelated neutral
and positively charged hydrophobic compounds, whereas the range of MRP2 substrates
seems to be somewhat narrower (Mizuno et al., 2003). Therefore, P-gp seems to be an
efflux transporter which could have the most relevant role in limiting the intestinal
absorption of many drugs. For example, once a P-gp substrate drug crosses the apical
membrane of the enterocytes to blood stream, a portion will be effluxed back to the
intestinal lumen by P-gp.
Consequently, the net amount of drug arrived into the mesenteric blood circulation is the
difference between the amount absorbed by the influx process and the sum of the amount
extruded by efflux transport (P-gp). This fraction of drug absorbed enters into the liver
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via the portal vein. The molecule may be transported from the hepatocytes into the bile
by P-gp or continue to the systemic circulation by the hepatic vein distributing in the
organism. The unchanged drug secreted into the bile will be secreted into the duodenum.
In the intestine, the compound could be reabsorbed or excreted (Matheny et al., 2001).

Intestinal P-gp does not only have a role in limiting the absorption of the drug from
intestine, but it can also facilitate the elimination by direct secretion of the drug from the
systemic blood circulation into the intestinal lumen after I.V. dosing, a process called
exsorptional elimination. (Drescher et al., 2003; Jonker et al., 1999; Kim et al., 1998;
Sparreboom et al., 1999).

2.2.8 In vitro and in vivo testing
Many models were developed to illustrate P-gp effect on drug absorption, including in
vitro, and in vivo models.
The effect of P-gp on pharmacokinetics has been extensively investigated by various in
vitro and in vivo models.
In case of in vitro model, the majority used cell lines are the immortalized human
colorectal carcinoma derived Caco-2 cell line, MDR1 (Multi-Drug Resistant) transfected
Madine-Darby Canine Kidney cell MDCKIIC and MDR1 transfected pig kidney cell
LLC-PK1 (Zhang, Bachmeier and Miller, 2003).

The experimental model most frequently used has been the transport assay in monolayer
cell lines cultured on a permeable membrane support matrix.
The permeability rate at of the drug cross through the monolayer cell at both absorptive
direction (apical-to-basal side (A–B)) and secretory direction (basal-to-apical side (B–
A)) are measured. The ratio between secretory direction efflux rate and absorptive
direction efflux rate of the drug (R(B–A/A–B)), usually named the efflux ratio, is
calculated. If the value of efflux ratio higher than 2, then an enhanced transport of the
drug to the secretory direction (B–A) by an active transporter, such as P-gp is
predominant (Hubatsch, Ragnarsson and Artursson, 2007; Polli et al., 2001).
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To confirm the role of P-gp, the efflux ratio in presence of specific P-gp inhibitors
substance (as verapamil) is measured. If the efflux ratio was 1, this confirm the role of
P-gp in secretion the tested drug out to apical cell side. However, the value of efflux ratio
is affected by both absorptive and secretory flux rates and the P-gp has been reported to
modulate the transport of compounds asymmetrically (Troutman and Thakker, 2003).
The ratio of apparent permeability in absorptive direction in the absence and presence of
P-gp-mediated transport (RA–B+ Grape Fruit (GF) /A–B and RA–B parent/A–B transf.)
has been suggested to take the possible asymmetry of P-gp-mediated transport and also
the permeability of absorption direction (passive permeability) of the compound into
account, (Collett et al., 2004) or the relative apparent attenuation of absorptive
permeability by P-gp, termed as absorptive quotient (AQ) (Troutman and Thakker, 2003),
could be used as a quantitative in vitro measure of P-gp-mediated transport in absorption
(Tab. 2.1).

Further, P-gp is able to transport a wide variety of chemically different compounds. Thus,
P-gp substrates passive permeability varies significantly. The total transfer of P-gp
substrates through cell monolayer includes both passive diffusion and P-gp-mediated
transport. Therefore, the P-gp-mediated transport is likely to have a smaller role for high
permeability compounds (Polli et al., 2001). Thus, further RA–B+GF/A–B, RA–B
parent/A–B transf. and AQ parameters are advantageous, since they relate the
quantification of P-gp function into the passive permeability (Tab. 2.1) (Amo, Heikkinen
and Monkkonen, 2008).

Although, the obtained results sing cell lines such as Caco-2 or MDR1 transfected
MDCKII from several laboratories may not be comparable to each other. Significant
variation in cell monolayer properties between laboratories, due to variability in the
culture time, culture conditions, and the differences in experimental set up may lead to
significant differences in calculated parameter (Artursson, Palm and Luthman, 2001).

The role of P-gp in the pharmacokinetic and pharmacodynamic of amisulpride was
studied using in vitro Caco-2 model. [The amisulpride (50 mg kg_1) performance].
22

Prior to experiment, the cells were pre-incubated in transport buffer. The experiment was
performed in triplicate at 370C and under continuous stirring. An amisulpride solution
(0.1mM) was added to the donor side of the monolayer’s either in the absence or in the
presence of verapamil (0.5mM). Samples were taken from the acceptor side at the
beginning, and end of the experiment. Samples were analyzed and the effective
permeability coefficients (Peff) of amisulpride was calculated.

Abbreviation

RB–A/A–B

Definition
Efflux
ratio:
ratio
between
secretion
efflux
rate
and
absorption efflux rate of the drug in
monolayer cells.
R=

RA–B+GF/A–B

RA–B parent/A–B
transf.

AQ

MDR1-transfected cell lines
Mdr1a-transfected cell lines

ܘܘ܉۾.(ିۯ۰)

Caco-2
MDR1-transfected cell lines
Mdr1a-transfected cell lines

ࡼࢇ࢙࢙.(ି)

Mdr1b-transfected cell lines

ࡼ ࢇ.(ି)

Ratio between absorption efflux
rate obtained in the parental
(absence P-gp in monolayer cells)
and in P-gp transfected cell line.
R=

Caco-2

Mdr1b-transfected cell lines

ܘܘ܉۾.(۰ି)ۯ

Ratio between absorption efflux
rate in the presence and absence of
P-gp inhibitor (GF120918).
R=

Cell lines where the in vitro
parameter can be obtained

ܛܛ܉ܘ۾. (ିۯ۰)

Mdr1a-transfected cell lines
Mdr1b-transfected cell lines
corresponding parent cell lines

ܘܘ܉۾. (ିۯ۰)

Relative apparent: relate the
quantification of P-gp function into
the passive permeability.
AQ =

MDR1-transfected cell lines

ࡼࢇ࢙࢙.(ି)ିିۯ(ܘܘ܉۾۰)
ࡼࢇ࢙࢙. (ି)

Caco-2
MDR1-transfected cell lines
Mdr1a-transfected cell lines
Mdr1b-transfected cell lines

Papp: apparent permeability when P-gp is involved.
Ppass: (passive permeability),permeability of absorption direction in presence P-gp inhibitors or
absence P-gp in monolayer cells.
(A–B) and (B–A): apical-to-basal and basal-to-apical direction, respectively.
AQ: Absorptive quotient.
GF: Grape Fruit.

Table 2.1: Description of in vitro parameters used to predict P-gp role in absorption (Amo,
Heikkinen and Monkkonen, 2008).

The amisulpride Peff of absorption rate was 1.96 ± 0.31 x10-6 cm s-1 and was 9.31 ± 0.27
x10-6 cm s-1 for secretion rate. In presence of verapamil HCL the amisulpride Peff of
23

absorption rate was 2.38 ± 1.29 x10-6 cm s-1 and was 3.47 ± 0.05 x10-6 cm s-1 for
secretion rate.
This result showed that amisulpride was a substrate of P-gp, and the absorptive
permeability which is supposed to be increased after P-gp inhibition (schimtt et al.,
2006).
A number of studies aimed at investigation the role of P-gp on intestinal drug absorption
have used Caco-2 cells as a model system. Using Caco-2 cells, both vinblastine and
docetaxel were shown to be substrate of P-gp. The basolateral to apical flux (B–A) of
vinblastine and docetaxel were 10- and 22-fold greater, respectively, than the apical to
basolateral transport (A–B) (Hunter, Hirst and Simmons, 1993).
Other studies with Caco-2 cells also indicated the involvement of P-gp in the absorption
of cyclosporin A. The A–B of cyclosporin A was increased significantly in the presence
of the P-gp inhibitors chlorpromazine and progesterone (Augustijns et al., 1993).

On the other hand, the effect of P-gp on Pharmacokinetic of various drugs using in vivo
models were applied.
Involvement of P-gp in the absorption of digoxin was demonstrated in vivo with mdr1a
(-/-) mice (genetic modified mice, has no P-gp along intestine) (Mayer et al., 1996). After
digoxin I.V. administration, there were no significant differences in the biliary excretion
of digoxin in mdr1a (+/+) mice (normal mice has P-gp distributed along intestine) with a
cannulated gallbladder, which accounted for approximately 20 % of the administered
dose in each case. Intestinal excretion was measured after interruption of bile flow.
Approximately 2 %, 16 %, respectively, of the dose was excreted into the intestine of the
mdr1a (-/-), and in the mdr1a (+/+) over 90 min after I.V. dosing, suggesting the P-gp
role in transporting the drug from the systemic circulation into the intestinal lumen.
Indirectly, these results suggest that P-gp would be expected to inhibit the intestinal
absorption of digoxin (Su and Huang, 1996).

However, more direct evidence for a role of intestinal P-gp in limiting drug absorption
was derived from in vivo studies used mdr1a (-/-) mice. Paclitaxel (Taxol)
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pharmacokinetics were studied in mdr1a (-/-) and mdr1a (+/+) mice (the normal mice
have P-gp distributed along G.I.T).
The AUC of paclitaxel was 2- and 6-fold higher in mdr1a (-/-) mice than in mdr1a (+/+)
mice after I.V. and oral administration, respectively.
Consequently, the oral bioavailability increased from 11 % in mdr1a (+/+) mice to 35 %
in mdr1a (-/-) mice after an oral dose (10 mg/kg). Collectively, these results indicated
that P-gp limited the oral absorption of paclitaxel by excreting the drug from the
epithelial cells into the intestinal lumen (Sparreboom et al., 1997).
Human studies using P-gp inhibitor to demonstrate role of P-gp on absorption. These
were illustrated under section 2.2.3.

2.3

In situ models

2.3.1 Introduction
Among the various preclinical intestinal perfusion models that can be used to study drug
absorption, in situ perfusion of small intestinal segments in anesthetized rats most closely
mimics in vivo rat absorption studies. There are various models of in situ method were
developed which discussion below (see section 2.3.3 and 2.3.4 ).
The advantages of in situ techniques include a maintain blood supply; multiple samples
may be taken, and performed many kinetic studies.
Another point regarding the in situ intestinal perfusion method is that the rat model has
been demonstrated to correlate with in vivo human data (Salphati et al., 2001 ).
Amidon et al. have demonstrated that in situ model can be used to predict absorption for
both passive and active transport (Amidon, Sinko and Fleisher, 1988). However, the
intestinal luminal concentrations used in rat experiments should reflect adequately scaled
and clinically relevant concentrations to ensure optimum permeability determinations
(Lennernas, 1998).
In contrast to for instance other absorption models, the subsequent barriers a compound
has to cross to reach the portal blood circulation contributes to more reliability. Although,
have been reported significant effects of anesthetic regimens on drug absorption in the
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experimental animal (Yuasa, Matsuda and Watanabe, 1993; Uhing and Kimura, 1995),
via minimum decreased in normal blood supply. the intact blood supply and innervations
with minimal interference of the intestinal function and architecture, guarantee optimal
tissue viability, thus reducing the risk of overestimating drug absorption due to an
impaired barrier function. The in situ technique also offers the unique possibility of
studying the intestinal events in isolation segment without the intervention with biliary
excretion and first pass hepatic metabolism (Hu et al., 1998).
Although, the animal has been anaesthetized and surgically manipulated, neural,
endocrine, lymphatic, and mesenteric blood supplies are intact and therefore all the
transport mechanisms present in a live animal should be functional. As a result absorption
rates from these methods may be more realistic in magnitude than those determined from
in vitro techniques.

2.3.2 Intestinal perfusion technique
Intestinal perfusion technique has proved a powerful research tool for the investigation of
intestinal drug absorption. Since originally the study proposed, this model has gained
widespread use and application, owing to its relative simplicity, relative ease of surgical
techniques, and low cost (Schanker et al., 1958).
A number of modifications to the original intestinal perfusion method have been
developed. The drug introduced into ‘closed’ or ‘opened’ model according to the
intestinal segment.
The last study described closed loop perfusion technique (See 2.3.3) (Doluisio et al.,
1969),
a drug solution is placed in an isolated segment of the intestine and the resultant luminal
solution is analyzed at different time points. On the other hand, Ho and Higuchi described
opened loop perfusion technique (See 2.3.4). In this method a continuous fluid flow is
maintained down the intestine, and intestinal permeability is estimated through the
concentration difference in inlet and outlet perfusate at steady state (Ho and Higuchi,
1974). An additional consideration when using in situ techniques is the volume of the
luminal drug solution as water absorption and secretion during the perfusion, which may
cause errors in the luminal concentrations and therefore in the calculated absorption rate.
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So, various water flux correction methods have been published (Sutton, Rinaldi and
Vukovinsky,

2001)

as

co-perfusion of a ‘non-absorbed’ marker such as phenol red or inulin, or use the simpler
gravimetric method. The concentration is calculated using a correction factor (see
equations 1 and 2).
[ࢉ. ࢌ ࡹࢇ࢘ࢋ࢘ ]

Ccorrect out= Cout . [ࢉ.

(1)

ࢌ ࡹࢇ࢘ࢋ࢘ ࢛࢚]

Ccorrect out: the outlet concentration of compound
which is corrected for volume change in the segment .
Cout: outlet concentration.

Ccorrect out= Cout .

ࡽ࢛࢚

(2)

ࡽ

Q in: flow rates entering intestinal segment.
Q out: flow rates exiting intestinal segment.

Other researcher reported that, the gravimetric method may in fact be as accurate as the
marker methods based on non-absorbable markers, with the additional advantages of
avoiding the risk of chemical interactions between drug and marker (e.g. analytical)
and/or the possible effects of markers on membrane function (Sutton, Rinaldi and
Vukovinsky, 2001).

2.3.3 Closed loop intestinal perfusion technique
In the closed loop experiments (Doluisio et al., 1969), the rats weighing 200–300 g are
typically fasted overnight with free access to water.
The rats are anaesthetized, placed on a heating plate to maintain a constant body
temperature of 37 ◦C, and a laparotomy is performed to identify the small intestine. Two
L-shaped cannulas are inserted through small slits at the duodenal and ileal ends. Efforts
are made to minimize handling of the small intestine and to reduce surgery to a minimum
in order to maintain intact blood supply, to prevent enterohepatic recycling the bile duct
may be closed before perfusion.
The cannulas are secured by ligature. Four-centimeter segments of polyethylene tubing
are attached to the exposed ends of both cannulas, and a hypodermic syringe fitted with a
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three-way stopcock and containing perfusion solution, warmed to 37 ◦C, is attached to the
duodenal cannula. The perfusion solution is then passed through the segment to clear
intestinal contents and effluent discarded until running clear, then air pumped through the
intestine until the remaining perfusion solution is then carefully expelled, 10 ml of drug
solution is introduced into the isolated intestinal segment.
At pre-determined time intervals (e.g. 5-min intervals for 30 min), the luminal solution is
sampled by pumping it into either the duodenal or the ilea syringe, removing 0.2 ml
solution, within 10–15 sec.
Assuming sink conditions prevail, drug concentration in the ‘closed’ intestinal segment is
assumed to decrease in a first-order kinetic with time (t) as defined in equation (3),
C = C0 . ࢋିࢇ .

࢚

(3)

C: plasma drug concentration after t time.
C0: initial drug concentration.
ka: drug absorption rate.
t: time.

where C0 is the initial drug concentration. Hence a plot of drug concentration remaining
versus time may be fitted to a first-order equation, to define absorption rate (ka). Also,
Peff can hence be calculated from equation. (3) (Jambhekar and Breen, 2009).

2.3.4 Opened loop intestinal perfusion technique
For the quantitative estimation of absorption parameters, the closed loop experimental
method has suffered from the potential drawback that the drug is exposed to the entire
surface area of the intestinal segment throughout the study, which does not reflect the
true in vivo situation.
The opened loop intestinal perfusion or ‘through and through’ model, is designed to
estimate drug absorption properties with continuous fluid flow through the intestine. It
contrast, opened loop experimental method giving a better control of the hydrodynamics
and increased surface area, than closed loop experimental method (Stewart et al., 1997).
Also, the opened loop intestinal perfusion has been reported to give more reproducible
absorption rate and lower variance inter experiments; however, Peff values obtained from
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both models tend to be similar when normalized for the perfused volumes and intestinal
lengths (Schurgers et al., 1986).
The experimental steps and cannulation of the both intestinal sides are similar to that
described in section 2.3.3. The aqueous drug solution is perfused continuously down a set
length of intestine through the duodenal end cannula and perfusate collected from the
ileal-end cannula, at flow rates of between 0.1 and 0.3 ml/min. The samples collected at
outflow are analyzed for drug concentration. Estimation of the effective intestinal
permeability (Peff) is determined by calculating the concentration difference between inlet
and outlet fluids, until a steady state has been achieved (i.e. when the sample
concentrations of the drug is stable over time). A comparison of both opened and closed
methods is presented in Table 2.2.
The selection of introduce flow rates in perfusion experiments is an important
consideration as it may affect hydrodynamics (Amidon et al., 1980), intestinal radius
(Komiya et al., 1980), intestinal surface area (Scott-Harris et al., 1988), and time to reach
steady-state conditions (Corrigan, Gubbins and O’Driscoll, 2003), all of which can
impact on Peff estimates.

Closed loop

Opened loop

Theoretical basis

Investigating decrease in drug
concentration for intestine
segment time

Investigating concentration
change between inlet and
outlet concentration at
steady state

Fluid volumes

0.5–1.5 ml static over ~30 min

3–100 ml continuous flow
over ~30 min

Intestinal set-up

Intestine is removed initially,
then may be returned to
body during operation.

Intestine is generally located
outside the abdomen during
operation.

Table 2.2: Comparison of closed loop and opened loop intestinal perfusion models (Doluisio
et al., 1969; Ho and Higuchi, 1974).

29

2.3.5 Consideration of intestinal perfusion techniques
There are many limitations of the in situ rat perfusion models. The assumption involved
in derivation of these models that all drug passes into portal vein, that drug disappearance
from luminal fluid reflects drug absorption, may not be valid in some circumstances as
discussed below.
If the tested drug is metabolized by enterocytes, drug disappearance from the lumen will
not reflect drug appearance into the blood circulation. Conventional teaching of drug
metabolism has tended to focus on hepatic metabolism, whereas the influence of
intestinal bio-transformations has traditionally been considered a minor factor.
However, since intestinal cytochrome study reported that a major CYP450 enzyme,
CYP3A4, is relatively abundant in the intestinal mucosa, the potential of the intestinal
enzyme system to significantly reduce oral bioavailability has been a major topic for
discussion (Watkins et al., 1987; Kolars et al., 1992). A study proposed that, despite the
relatively few amount of CYP450 in the intestinal mucosa relative to the liver (i.e. mean
microsomal CYP3A4 contents are reported to be ~50% of the levels found in human
liver) the intestine plays a major role in drug metabolism. The location of the CYP450,
just below the microvillus border, maximizes drug metabolism as it traverses the
intestinal wall.
In addition, another study suggested that the repeat exposure of enterocytes to high drug
concentrations increase the relative importance of intestinal metabolism, since CYP3A4
is a low affinity and high capacity enzyme (Watkins, 1992).

The high level of specific CYP450 becomes of even more importance when it is
recognized that more than 50 % of drugs, for human administration, may be substrates for
CYP450 enzyme (Benet et al., 1996).
Similarly, intestinal perfusion models based on disappearance kinetics from the intestine
segment assume drug transport into the enterocytes is rate limiting (Lennernas, 1998).
This view is most likely true in the passively absorbed case of compounds, but exceptions
to this would include drugs, which are actively transported through enterocytes
membrane.
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For example, if a drug is transported via the intestinal lymphatics (e.g. lipophilic drugs),
associated with intra-cellularly produced lipoproteins appears to be the critical ratelimiting step for access to the systemic circulation (Porter and Charman, 2001; Griffin
and O’Driscoll, 2006).
In general, the intestinal perfusion technique has proved a strong research tool, despite
these shortcomings. Its primary application has been in the determination of Peff. The
model also lends itself to comparing permeability variation from different site along the
intestine,

and

an essential prerequisite for accurately classifying controlled release products (Ungell et
al., 1998).
Cross-over experiments tend to be impractical, given the animal is anaesthetized, and as
such the experimental numbers tend to be quite high to demonstrate significance outside
of inter animal variability. In addition, the model can be used to examine concentration
dependent saturable transport processes, as well as overall paracellular transport
contribution to drug absorption (Nilsson, Fagerholm and Lennernas, 1994; Lennernas,
1995). It is also relatively robust, when compared to cell culture lines (such as Caco 2
cells) (Salphati et al., 2001).
There have been some modifications of the original method, for example, when
investigating absorption phase of actively transported drug. Carrier-mediated transport
processes can be demonstrated by comparing Peff values at increasing drug concentration
in the perfusate, where a reduction in Peff suggests saturation of carrier-mediated influx
(Munoz et al., 2005) and an increasing Peff values suggests saturation of efflux transporter
(Rodriguez-Ibanez et al., 2006).
Co-administration of modulators of enterocyte-based metabolism and/or efflux is
required to provide a more specific insight into the type of transport/elimination
processes involved. The metabolite profile in intestinal perfusate may be assessed to
demonstrate intestinally mediated metabolism/efflux and also the impact of serosa to
mucosa efflux following I.V. administration.
One study reported that, efflux of (±)-nor-verapamil was high after I.V. administration,
suggesting extensive metabolism of parent drug in the enterocyte. The efflux of
metabolite into the lumen was reduced following administration of chlorpromazine
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(a CYP3A4 substrate), suggesting inhibition of enterocyte metabolism and/or efflux
(Sandstrom, Karlson and Lennernas, 1998).
The closed loop technique may in fact offer advantages versus the single-pass technique
in the investigation of low permeability (i.e. high efflux) compounds, given that the entire
contents of the solution are in contact with the lumen for the duration of the experiment
and hence disappearance rates (i.e. absorption rates) are higher. It also facilitates a more
precise control of concentrations of drug and/or inhibitor within the intestinal segment
(Ruiz-Balaguer et al., 2002).

2.4

First-pass intestinal metabolism

The main function of the intestine is to absorb nutrients and water and arrive them to
blood circulation. This is achieved by interaction between food and digestive enzymes
which increase the contact of foodstuffs with the absorptive intestinal cells.
In humans, the length of small intestine is about 5 to 6 m and comprises approximately 1
% of body weight (0.7 kg for adults), which is significantly smaller than the liver (1.5 kg
for adults).
Approximately 6 to 12 liters of partially digested foodstuffs, water, and secretions are
delivered daily to the small intestine. Because of most nutrients, electrolytes, and water
are absorbed through the small intestine, only 10 to 20 % are passed on to the colon.
Absorption and movement of the contents are brought about by the activities of the
absorptive cells of the mucosa and by coordinated contraction of the smooth muscle cells
of the muscular is extern (Weisbradt, 1987).
In addition to this fundamental role, a secondary function of the small intestine arises
from the fact that it is also a major route of entry many xenobiotics into the body
including drugs.
Although the small intestine is regarded as an absorptive organ in the uptake of orally
administered drugs, it also has the ability to metabolize drugs by numerous pathways
involving both phase 1 and phase 2 reactions so small intestine regarding first defensive
body line for foreign material (Caldwell and Marsh, 1982; Ilett et al., 1990; Krishna and
Klotz, 1994).
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Anatomically, the small intestine has a serial relationship with the liver relative to the
absorption and is the anterior organ. The amount of an orally administered drug that
reaches in the systemic circulation can be reduced by both intestinal and hepatic
metabolism. The metabolism of drugs before entering the systemic circulation is referred
to as first-pass metabolism. It has been widely believed that the liver is the major
metabolic site of such first-pass hepatic metabolism because of its relative big size and its
high content metabolism enzymes of drugs.
Recent clinical studies, indicated that the small intestine contributes substantially to the
overall first-pass metabolism of many therapeutic agents as cyclosporine, nifedipine,
midazolam, verapamil, and other certain drugs (Hebert et al., 1992; Wu et al., 1995;
Paine et al., 1996; Holtbecker et al., 1996; Fromm et al., 1996).
Some studies have even suggested that the role of intestinal metabolism is quantitatively
greater than that of hepatic metabolism in the overall first-pass effect (Wu et al., 1995;
Holtbecker et al., 1996; Fromm et al., 1996). Much of the evidence for such claims has
derived indirectly from comparisons of areas under the plasma concentration curves
(AUC) after I.V. and oral administration, with assumptions that have not yet been tested.
In fact, estimation of intestinal metabolism calculated by indirect methods (measure the
remain drug concentration in luminal fluid, to calculate the amount of drug was
absorbed through intestinal tissue) often contradicted those determined from direct
measurements (calculate the absorbed drug amount, through measure the drug
concentration directly in blood stream). For example, nifedipine, a well absorbed drug, is
subject to substantial first-pass metabolism which results in an oral bioavailability of
about 30 to 50 %. Using an indirect method, the nifedipine metabolism study was
concluded that the contribution of intestinal metabolism was quantitatively as important
as that of hepatic metabolism to the overall first-pass metabolism of nifedipine in humans
(Holtbecker et al., 1996).
However, other study have demonstrated that the intestinal metabolism of nifedipine in
patients with a portal caval shunt was absent, because the bioavailability of nifedipine in
these patients was (100%). In these patients, the portal blood circulation bypassed the
liver (Kleinbloesem et al., 1986).
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Similarly, inconsistencies were noted between the direct and indirect estimation of
intestinal metabolism for verapamil in humans (Eichelbaum et al., 1980; Fromm et al.,
1996).
These findings, therefore, raise the question as to whether intestinal metabolism truly
plays such an important role in the first-pass effect, or whether the role of intestinal
metabolism is over emphasized (Lin, Chiba and Baillie, 1997).
The purpose of this review was to examine carefully the physiological, biochemical, and
pharmacokinetic factors that influence the extent of intestinal metabolism.

2.4.1 Factors affecting intestinal metabolism
There are many factors that influence the rate and extent of drug absorption, such as
biological and physiochemical factors. These include gastric and intestinal transit time,
membrane permeability, blood flow rate and first-pass metabolism and lumen pH (Ho et
al., 1983).
The small intestine is consist arbitrarily into three parts: duodenum, jejunum, and ileum.
These regions are not anatomically distinct, although there are differences in their
absorptive and secretory capabilities. Small intestine shares a common histological
pattern. Their wall, from inside outward, is composed of the mucosa, the submucosa, the
muscle layers, and the serosa.
The blood that courses through the human small intestine flows immediately into the
liver by way of the portal vein (500 ml/min). The superior mesenteric arteries supply the
small intestine by way of an arching arterial system. Blood flowing through a small artery
is distributed in the various layers of the small intestine.
The blood flow in each region of the small intestine, as well as in each layer of the gut
wall, is related directly to the metabolic demands of the cells within each region and to
the functional activity.
Because only part of the intestinal blood flow reaches the mucosa, the mucosal blood
flow, rather than the total intestinal blood flow, should be used when attempts are made
to estimate intestinal clearance and extraction (Klippert, Borm and Noordhoek, 1982).
The study of intestinal blood flow using dogs, showed that, approximately three-fourths
of total resting intestinal blood flow is distributed to the mucosa and the remainder to the

34

submucosa, muscularis, and serosa (Bond and Levitt, 1979; Bond, Prenfiss and Levitt,
1979).
Other study using cats and rat showed that, approximately 60 to 70 % of the intestinal
blood flow is distributed into the epithelial mucosal cells (Biber, Lundgren and Svanvik,
1973; Gore and Bohlen, 1977).
After a meal, blood flow increases by 30 to 130 % of basal flow, and the hyperemia is
confined to the segment of intestine exposed to the chyme. Long-chain fatty acids and
glucose are the major stimuli for hyperemia, which is likely mediated by hormones such
as cholecystokinin released from mucosal endocrine cells (Bond, Prenfiss and Levitt,
1979).
In addition, there are a number of factors, operating via neuro-hormonal and local
regulatory mechanisms, which can increase the mucosal blood flow in the small intestine
(Bond, Prenfiss and Levitt, 1979). During heavy exercise, sympathetic vasoconstriction
can shut off the intestinal blood flow for short periods of time. The effect of exercise on
the absorption of midazolam has been investigated in healthy volunteers following a 15
mg oral dose of midazolam. The rate, but not the extent of midazolam absorption, was
affected by exercise (treadmill running for 50 min) (Stromberg et al., 1992).
On the other side, some clinical studies demonstrated that, bioavailability of drugs
affected significantly by first-pass metabolism during absorption was increased after a
meals (Melander and McLean, 1983; Olanoff et al., 1986). After a meal, blood flow to
the small intestine is increased, and as a consequence, hepatic blood flow also is
increased, resulting in an increased bioavailability.
A standardized breakfast increased the bioavailability of PL and metoprolol by 40 to 50
% in normal volunteers (Melander et al., 1977b). The bioavailability of hydralazine was
increased 2-3 folder after a breakfast. Changes in blood flow could not explain the
recorded elevation. Other factors, such as food-induced inhibition of hepatic and
intestinal drug metabolizing enzymes, also may be involved (Melander et al., 1977a).

2.4.2 Drug-metabolizing enzymes
Numerous metabolic reactions occur in the gut wall, including phase 1 and phase 2
processes. Generally, all drug-metabolizing enzymes present in the liver are found also in
the small intestine, but the concentration enzymes are much lower in the small intestine.
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The cytochromes P450 (CYP450) are the essential

enzymes involved in the

biotransformation of drugs.
This super family is subdivided into families and subfamilies that are classified solely on
the basis of amino acid sequence homology. To date, at least 14 CYP450 gene families
have been identified in mammals (Nelson et al., 1996).
However, only three main CYP450 gene families, CYP1, CYP2, and CYP3 currently are
thought to be responsible for drug metabolism.
In liver, CYP450 enzymes distribution are relatively homogeneous (Debri et al., 1995),
but the distribution of these enzymes is heterogeneous along the small intestine. Both the
concentration and activity of CYP450 was higher in the proximal than that in the distal
small intestine (Peters and Kremers, 1989).
On the other hand, glucuronidation and sulfation are phase 2 reactions in the
biotransformation of many drugs. Glucuronidation and sulfation reactions increase the
water solubility of compounds and, therefore, their renal excretion.
UDP glycosyltransferases (UGTs) and sulfotransferases (STs) responsible enzymes for
glucuronidation and sulfation reaction, respectively (Mackenzie et al., 1997).
Both enzyme are distributed in many tissues including the intestine (Pacifici, Franchi and
Bencini, 1988; Cappiello et al., 1989; Cappiello, Giuliani and Pacifici, 1991; Krishna and
Klotz, 1994).
As with the CYP450s, but to a lesser extent, the distribution of UGTs also is
heterogeneous along the intestine (Dubey and Singh, 1988).

2.4.3 Drug absorption and intestinal first-pass metabolism
Oral administration is the most convenient and widely used route for medication, but
there are many disadvantages of oral dosing. One of those disadvantages are that both the
rate and extent of absorption different considerably among individuals.
Inter individual and intra individual variations in oral absorption were best illustrate by
studies on verapamil (Eichelbaum et al., 1981a; Eichelbaum et al., 1981b).
The kinetics of verapamil were studied in six healthy volunteers on two separate
occasions (10 days apart). Verapamil plasma AUC (5-fold) was large inter-individual
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differences, in addition, day-to-day intra-individual variations in plasma AUC were
observed.
To evaluate the ability of intestine to hydrolyze model ester compound used O-isovalerylpropranolol (IVP), the absorption of Propranolol (PL) cross through intestinal region was
measured. This study concur with jejunum region of rat small intestine.
IVP was almost completely hydrolyzed to PL and isovaleric acid in epithelial cells of
small intestine at a rate limited by its uptake. Because of IVP was greater lipophilic, the
membrane permeability of isovaleryl-PL from apical to basolateral intestinal cells side
was greater than that of PL alone. Also depending on pH partitioning, PL and IVA were
transported into both vascular and luminal sides at pH 7.4 and pH 6.5. In addition, PL
appeared in the intestinal luminal fluid at a rate 6-fold greater than that in blood vessels.
Through the appearance rate of PL in the mesenteric vein and the disappearance rate of
PL in the jejunal lumen during perfusion with 300 ìM PL a steady state was achieved
after perfusion for 20 min. (Masaki, Taketani and Imai, 2005).
Concluded, P-gp can hydrolyze the ester form as IVP in small intestine, that lead to
decreased oral bioavailability of many ester drugs form.

Drug absorption across the gut wall can be mediated by either transcellular or
paracellular transport, or a combination of both.
In vitro studies with Caco-2 cells revealed that the relative contribution of the
transcellular pathway of chlorothiazide, furosemide, cimetidine, and PL, were 25 %, 45
%, 85 %, and 99 % respectively. These values correlated well with the lipophilicity of the
compounds in question, (Pade and Stavchansky, 1997).
From these data, it is clear that the absorption of drug into epithelial cells is not
obligatory.
Obviously, only those drugs that are absorbed via the transcellular, but not the
paracellular, pathway are subject to intestinal first-pass metabolism. Regardless of
condition the transcellular or paracellular pathway works, Fick’s law of simple diffusion
described the absorption rates of most drugs. The factors that had effect on the rate
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(amount) of drug absorbed are the coefficient of diffusion, the surface area of the mucosa,
and the concentration gradient of the drug (Friend, 2004).
The concentration gradient reduced drug concentration in the enterocytes via the
unstirred water layer and epithelial plasma membrane. The drug’s lipophilicity and the
thickness of the unstirred water layer, detected the magnitude of the lumen-enterocyte
concentration gradient (Ho, Merkle and Higuchi, 1983).
Drug in the intracellular space will continue to diffuse along a concentration gradient into
capillary blood, and the mucosal capillary blood drains into the mesenteric veins which
converge to form the hepatic partial vein. This leads to reduced drug concentration in the
portal vein before entering the liver. Also before drug passes evenly through the
hepatocytes, the drug concentration in the portal vein will be reduced by intimate mixing
with hepatic arterial blood. So the drug concentration in hepatocytes would be
significantly lower than that in enterocytes. In general, the rate of biotransformation and
the intrinsic clearance are concentration dependent parameters. That mean, the higher the
drug concentration will be lower its intrinsic clearance, and saturable metabolism would
be more likely to occur in the intestine than in the liver during drug absorption.
Thus, At high dose of a given drug, intestinal first-pass metabolism is expected to be
appreciably less than following low doses of the same agent, so the extent of intestinal
first-pass metabolism is highly dependent on the oral dose.

2.4.4 Saturable first-pass metabolism
Enzyme-substrate interaction equation is as follows:
E+S

ࢉࢇ࢚

ES ሱۛሮ

E+P

(4)

E: unoccupied enzyme concentration.
ES: complex enzyme concentration.
P: product concentration.
S: substrate concentration.
k1: constant substrate enzyme affinity.
k-1: constant substrate enzyme dissociation.
kcat: constant rate of product formation.
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Michaelis-Menten equation for simple enzymatic reactions (Jang, Wientjes and Au,
2001):

=܄

]܁[ ܠ܉ܕ܄

(5)

۹ܕା[]܁

V: rate of product formation for single enzyme.
Vmax: maximum product formation rate.
[S]: substrate concentration.
Km: Michaelis-Menten constant.

Kinetically, these parameters can be expressed as:
Vmax = Kcat . Etotal

(6)

Vmax: maximum product formation rate.
Kcat: constant rate of product formation.
Etotal: total enzyme content.

Km = kcat + k-1/k1

(7)

Km: Michaelis-Menten constant.
kcat: constant rate of product formation.
k-1: constant substrate enzyme dissociation.
k1: constant substrate enzyme affinity.

As shown in equations 5 to 7, the rate of product (biotransformation) (v) is determined by
total enzyme content (Etotal), k1, k-1, kcat, and substrate concentration [s].
Metabolism by small intestine or liver, can be expressed as intrinsic clearance (CLint)
according to Michaelis-Menten kinetics (Wilkinson, 1987).


CLint = 

ܠ܉ܕ܄

(8)

ୀ ۹ܕା[]܁

CLint: intrinsic clearance.
Vmax: maximum product formation rate.
Km: Michaelis-Menten constant.
[S]: substrate concentration.
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As shown in equation 8, the CLint can be approximately the summed ratio of Vmax/Km,
and is constant, when the Km for overall metabolism is substantially greater than the drug
concentration [s] at the site of metabolism drugs exhibit linear elimination kinetics.
On the other hand, drugs have nonlinear kinetics when CLint will decrease as the drug
concentration increases, the Km is not appreciably greater than the [s] (Lin, 1994).
A drug with high hepatic and/or intestinal CLint will be subject to significant first-pass
metabolism. Thus, depending on the oral dose administered, both intestinal and hepatic
first-pass metabolism may be saturated when drug concentrations in the enterocytes and
hepatocytes exceed the Km value during oral absorption. Because of the substantial drug
concentration gradient which exists during absorption, saturable firs-pass metabolism is
more likely to occur in the small intestine than in the liver
However, intestinal first-pass metabolism could be substantial when a very low oral dose
is given.
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Chapter 3

Methodology
3.1

Study design

SPIP technique of PLH showed similar permeability values among rat intestinal segments
(duodenum, Jejunum and ileum). This fact had allowed a traditional SPIP technique
compensate to study PLH pharmacokinetic. SPIP should be applied to study the effect of
P-gp on absorption rate of PLH via coadministration of a P-gp inhibitor verapamil HCL.

3.2

Animals and sample size

Fifteen adult Wistar albino male rats (250–300 g) were obtained from Cairo University
(Cairo, Egypt). Food and water were provided add libitum and a 12-hr light–dark cycle
was maintained (light on from 6.00 p.m. until 6.00 a.m.) (Valenzuela et al., 2001).
Animals were housed three per polypropylene cage at relative humidity of 60 %. All
experiments with rats were conducted in accordance to the Canadian guide for the care
and use of laboratory animals and approved by local authorities (Ernest et. al, 1993).
The rats were divided into two groups. The first one (standard group) consists of five
rats. They have administered PLH only through intestinal perfusion at concentration 50
µg/ml. The second group consist of ten rats. They have co-perfused PLH (50 µg/ml) and
verapamil HCL (P-gp inhibitor). Different two concentration of verapamil HCL
(400 and 2000 µg/ml) were given to five rats per concentration.

3.3

Inclusion criteria

Only healthy, fasted and male rats were used. After centrifuged of collected intestinal
luminal fluid sample, the colorless and transparent samples were accepted for analysis
using spectrophotometer.
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3.4

Exclusion criteria

Ill, food full and female rats were rejected for this study. During experimental procedure,
any rat got dead or suffered from bradycardia or apnea was rejected.
Collected intestinal luminal samples mixed with blood were not analyzed.

3.5

Limitation of the study



The limited standard materials as PLH and verapamil HCL.



The lack of albino rats found in Gaza Strip.



The limitation of surgical equipment as three way stop cock.



The lack of fund and high cost of materials and equipments that used in the study.

3.6

Instruments and materials

3.6.1 Instruments
1.

UV-lamp (Vilber Lourmat-France, VL-6LC).

2.

UV-spectrophotometer

(Perkin

Elmer

Spectrophotometer).
3.

Centrifuge (Kokusan, H-103N Series).
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Lambda

25

UV/Visible

3.6.2 Material
Propranolol HCL ampoule (Inderal®: each 1ml contain 1mg PLH; inactive



materials: water for injection, citric acid for adjustment pH) from AstraZeneca
pharmaceutical industry.
Verapamil HCL ampoule (Isoptin®: each 2ml contain 5mg verapamil HCL;



inactive materials: sodium chloride solution, hydrochloric acid for adjustment pH)
from Kahira Pharmaceuticals industry, under licenses from Abbott.
Normal saline 0.9% w/v for I.V. from pharmaceutical solution industry, kingdom



of Saudi Arabia.
Thiopental sodium vial 500 mg, from Egyptian International Pharmaceutical



Industry CO (E.I.P.I.CO.).

3.6.3 Others










3.7

Rat supporter base.
Metal scissors.
Fixing metal scissors.
I.V set.
Canula 22G.
Silk suture 0/1 size.
Micro pipettes 100µl.
Micro pipettes 1000µl.
Eppendorf Cap (2ml).











Needle 21G.
Syringe 10ml.
Syringe 1ml.
Syringe 60ml.
Medical cotton.
Surgical blade.
Roll plaster.
Face mask.
Gloves .

Data analysis

Data will be analyzed by using statistical package of social science (SPSS) (Levesque,
2007) version 13 to estimate the pharmacokinetic parameters, as follows:
1.

Data coding and entry.

2.

Statically examination as Bonferroni test and one-way analysis of variance
(ANOVA) test between and within groups.

3.

The significance of the results were determined according to P-value, F-value,
standard deviation.
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3.8

Analytical procedure

3.8.1 Selection of ëmax


A spectrum of blank solution (intestinal luminal fluid) was recorded.



Spectra of PLH at concentration (20 µg/ml) in normal saline and verapamil HCL
at concentration (2000 µg/ml) in normal saline were recorded.



The selected ëmax was 319 nm, where no interferences with verapamil HCL were
detected.

3.8.2 Preparation of calibration curve


A stock solution of PLH (100 µg/ml) was prepared by diluting an ampoule
content (1mg/ml) in 10 ml volumetric flask with normal saline.



From the stock solution 0.5, 1.0, 1.5, 2.0 and 2.5 ml were transferred into 5 ml
volumetric flask and diluted with intestinal luminal fluid (blank solution), to
produce a series of PLH concentration 10, 20, 30, 40 and 50 µg/ml.



Intestinal luminal fluid (blank) was collected from 5 rats by SPIP technique after
administration of 10 ml normal saline without drugs.



200 µl of diluted solution were mixed well with 2.8 ml normal saline and
centrifuged at 9000 rpm for 15 min.



The supernatant was separated and absorption was measured against blank at
319 nm.



Plotting of absorption against concentration to produce the regression line.

3.8.3 Validation
The validation of the method was carried out by establishing specificity, linearity,
recovery values, limit of detection, limit of quantification and within and between drug
precision and accuracy (ICH, 1996).
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3.8.3.1 linearity


Samples of PLH spiked with intestinal luminal fluid at concentration
(10-50 µg/ml) were analyzed as described above.



The regression line and correlation coefficient were calculated.



The procedure was repeated 5 times.



The standard deviation of slope and intercept were calculated.

3.8.3.2 Limit of detection (LOD)
LOD was defined as the lowest concentration that presented a relative standard deviation
(RSD) that did not exceed 20 %.

3.8.3.3 Limit of quantification (LOQ)
LOQ was defined as the lowest concentration on calibration curve that presented
a relative standard deviation (RSD) that did not exceed 10 %.

3.8.3.4 Accuracy


Three different concentrations of PLH (10, 20, 40 µg/ml) were prepared in
intestinal luminal fluid (see section 3.8.2).



Three samples per concentration were prepared and analyzed according to the
proposed method.



The concentration was calculated.



The accuracy was calculated by percent recovery.

3.8.3.5 Precision





Three different concentrations of PLH (10, 20, 40 µg/ml) were prepared in
intestinal luminal fluid.
For each concentration 6 replicated were analyzed according to the proposed
method on one day to determined within-day precision.
One sample per concentration was assayed once daily for 6 days to determine
between-day precision.
Standard deviation and relative standard deviation were calculated.
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3.8.3.6 Stability of PLH in intestinal fluid


To determine stability of PLH in intestinal fluid at room temperature 3 sets of
PLH spiked samples (10, 30, 50 µg/ml) one set analyzed immediately and taken
as standard 100 %.



Two sets were stored at room temperature for 8 h, then were analyzed.



The results were evaluated by comparing these measurement with those of
standard and expressed as percentage deviation.

3.9

Experimental procedure

3.9.1 Single-pass intestinal perfusion (SPIP)
Single-pass intestinal perfusion studies in rats were performed using established methods
adapted from the literature (Dolusio et al., 1969; Sinko et al., 1995; Sevensson, 1999).
Briefly, male Wistar rats (weight, 250-300 g; age, 7-9 weeks) were maintained on 12 h
light- dark cycle and fasted 12-18 h before experiment with free access to water.
Rats were anaesthetized using an intraperitoneal injection of thiopental (50 mg/kg) and
placed on a heated plate to keep normal body temperature to aid in maintaining its
integrity. The small intestine was surgically exposed by 10 cm midline abdominal
incision and cannulated the small intestine at initiate of duodenum to ileum end with
L-shape plastic cannula (Figure 3.1). The cannula were secured by ligation with silk
suture. The cannula was attached to the perfusion assembly, which consisted of a syringe
pump and a 60 ml syringe. The isolated intestinal segment is covered with cotton pad
soaked normal saline to prevent dryness of intestine. The cannulated segment rinsed with
normal saline (37oC) to clearing the gut, perfusion fluid was then passed slowly through
it and out the ileum cannula and discarded until the effluent solution was clear.
Biliary duct was previous legated by silk suture. Care was taken to handle the small
intestine gently and to minimize the surgery in order to maintain an intact blood supply.
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Figure 3.1: Two bilateral small intestinal cannulated with pump syringe in SPIP technique
(Dolusio et al., 1969).

The remaining perfusion solution was carefully expelled from the intestine by 10 ml of
air pumped via syringe, and 10 ml of drug solution was immediately introduced into
the small intestine segment by the syringe The stopwatch was started and collected
200 µl of luminal fluid sample at 5, 10, 15, 20, 25 and 30 min.

3.9.2 Absorption of PLH
Five rats were prepared by SPIP technique for PLH absorption study. 10 ml contain PLH
at a concentration of (50 µg/ml) in normal saline is perfused into small intestine segment.
200 µl of intestinal fluid were collected at 5, 10, 15, 20, 25 and 30 minutes. The samples
were diluted to 3 ml with normal saline, then centrifuged and the supernatant was
separated until being analyzed on same day.

3.9.3 Absorption of PLH with P-gp inhibitor
The SPIP process is repeated using 2 group of rats, each consisted of 5 rats. Each group is
injected with 10 ml of normal saline containing verapamil HCL (400 µg/ml and 2000
µg/ml) in combination with 50 µg/ml PLH. 200 µl intestinal fluid were collected at 5, 10,
15, 20, 25 and 30 minutes. Intestinal luminal fluid samples were obtained directly from
duodenum and ileum, alternatively. The samples were diluted to 3 ml with normal saline,
then centrifuged at 9000 rpm for 15 minutes. The supernatant was separated until being
analyzed on same day. The absorption was measured at 319 nm against blank. The
concentration of PLH was calculated using calibration curve.
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3.10 Pharmacokinetic parameters evaluation
Using programs mentioned in section 3.7, the recorded data was used to calculated ka
(absorption rate constant).
ka can be calculated, assuming that absorption follows first-order kinetic according to the
following equation:

ln Xt = ln Xo – ka . t

(9)

ln Xt : intestinal luminal drug concentration collect at time (t).
ln Xo : initial drug concentration before perfusion.
t : time.
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Results
Chapter 4
4.1 Analytical procedure
4.1.1 Selection of ëmax

Absorbance

As shown in Figure 4.1 no interference was noticed between intestinal luminal fluid
(blank),
), PLH and verapamil HCL at ëmax 319 nm.

A

Absorbance

Wavelength (nm)

B

Absorbance

Wavelength (nm)

Figure 4.1: Spectra of A: Blank

C

B: PLH (20 µg/ml) in normal saline

(2000 µg/ml) in normal saline.
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Wavelength (nm)
C: Verapamil HCL

4.1.2 Calibration curve
A linear relationship between concentration and absorption of PLH in intestinal luminal
fluid collected from rats at 319 nm was established over a concentration range
10 – 50 µg/ml within a correlation coefficient R2 = 0.999.
The regression line equation was y = 0.003 X + 0.15, R2 = 0.999.

4.1.3 Validation
4.1.3.1 Linearity
The calibration curve was established for 5 times. The calculated regression lines in the
range 10 – 50 µg/ml of PLH are reported in Table 4.1.

Table 4.1: Data of calculated regression lines for PLH (n = 5).
Curve

Slope

intercept

R2

1

0.004

0.148

0.996

2

0.002

0.150

0.999

3

0.003

0.153

0.997

4

0.005

0.148

0.998

5

0.001

0.153

0.998

-

Average = 0.003
SD = 0.0015

Average = 0.1504
SD = 0.0024

Average = 0.999
SD = 0.0011

SD: Standard Deviation.

4.1.3.2

LOD:

The limit of detection according to definition under 3.8.3.2 was 1 µg/ml.

4.1.3.3

LOQ:

The limit of quantification according to definition under 3.8.3.3 was 5 µg/ml.

4.1.3.4 Accuracy
Analysis of 3 concentration of PLH in intestinal fluid (low: 10 µg/ml, medium 20 µg/ml
and high 40 µg/ml). Data of accuracy are listed in Table 4.2.
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Table 4.2: Accuracy data for analysis of PLH. (n = 3).
Concentration measurement (µg/ml)

PLH µg/ml

Recovery
%

1

2

3

X ± SD

10

09.66

10.33

10.66

10.22 ± 0.51

102.2

20

19.33

20.66

20.33

20.11 ± 0.69

100.6

40

40.30

40.00

39.66

39.99 ± 0.32

100.0

The percent recovery was < 2% indicating accurate analytical procedure.

4.1.3.5

Precision

Precision (Repeatability) was examined within-day by analyzing PLH by proposed
method six times per concentration and to examine between day precision one sample
was analyzed for six successive days. The precision data are listed in Table 4.3.
Table 4.3: Within-day and between-day precision of PLH in intestinal fluid samples (n = 6).

PLH concentration
(µg/ml)

Within - day

Between - day

Mean

± SD

RSD%

Mean

± SD

RSD%

10

10.33

0.207

2.00%

9.83

0.193

1.96%

20

19.99

0.376

1.88%

20.11

0.360

1.79%

40

40.16

0.620

1.55%

39.99

0.790

1.98%

SD: standard deviation.

RSD: relative standard deviation.

The precision results in Table 4.3 showed acceptable RSD, which was < 2%, indicating a
precise analytical procedure.

4.1.3.6

Stability of PLH in intestinal fluid

The stability of PLH was examined at room temperature after 8 hr. The results are
showed in Table 4.4.
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Table 4.4: Stability of PLH at room temperature (n = 3).
PLH concentration
(µg/ml)

Stability % (8hr)

10

96.12 %

30

97.09 %

50

96.31 %

The samples of PLH spiked in intestinal fluid were stable over 8 hr at room temperature.

4.2 Absorption of PLH
After perfusion of 10 ml PLH in normal saline through SPIP technique in rats the
intestinal luminal fluid samples were collected at different times. The remnant, predicted
and residual concentrations were measured and applied for 5 rats. The remnant
concentrations were calculated according to the first-order kinetic model prescribed in the
equation (9) (section 3.10). The results for each rat shown in Tables 4.5, 4.7, 4.9, 4.11
and 4.13. Also, absorption rate behavior for each rat are demonstrated in Figures 4.2, 4.3,
4.4, 4.5 and 4.6.
ln. Remnant concentration was plotted against sampling time, and the best fit line was
evaluated. Ka (absorption constant rate), the estimated line inclination of the rectal line
(Ao%) and correlation coefficient (R) were calculated. The results for each rat are shown
in following Tables 4.6, 4.8, 4.10, 4.12 and 4.14 .

Table 4.5: Results after perfusion of 50 µg/ml PLH in rat No. 1.
Time
(minute)

ln. Remnant
concentrations
(µg/ml)

ln. Predicted
concentrations
(µg/ml)

ln. Residual
concentrations
(µg/ml)

05
10

3.88
3.87

3.88
3.87

0.00
0.00
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15
20
25
30

3.83
3.82
3.81
3.79

3.84
3.83
3.81
3.80

0.01
0.01
0.00
0.01

Table 4.6: Calculated parameters of PLH in rat No. 1.
ka

Ao%

R

0.18h-1

97.6%

0.943

Table 4.7: Results after perfusion of 50 µg/ml PLH in rat No. 2.
Time
(minute)

ln. Remnant
concentrations
(µg/ml)

ln. Predicted
concentrations
(µg/ml)

ln. Residual
concentrations
(µg/ml)

05
10
15
20
25
30

3.89
3.88
3.87
3.86
3.83
3.83

3.89
3.88
3.87
3.85
3.84
3.83

0.00
0.00
0.00
-0.01
0.01
0.00

Table 4.8: Calculated parameters of PLH in rat No. 2.
ka

Ao%

R

0.12h-1

99.39%

0.958

Table 4.9: Results after perfusion of 50 µg/ml PLH in rat No. 3.
Time
(minute)

ln. Remnant
concentrations
(µg/ml)

ln. Predicted
concentrations
(µg/ml)

ln. Residual
concentrations
(µg/ml)

05
10
15
20

3.87
3.85
3.83
3.81

3.88
3.84
3.82
3.80

0.01
-0.01
-0.01
-0.01
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25
30

3.79
3.77

3.79
3.77

0.00
0.00

Table 4.10: Calculated parameters of PLH in rat No. 3.
ka

Ao%

R

0.24h-1

98.01%

0.991

Table 4.11: Results after perfusion of 50 µg/ml PLH in rat No. 4.
Time
(minute)

ln. Remnant
concentrations
(µg/ml)

ln. Predicted
concentrations
(µg/ml)

ln. Residual
concentrations
(µg/ml)

05
10
15
20
25
30

3.87
3.86
3.85
3.84
3.82
3.81

3.87
3.86
3.85
3.84
3.82
3.81

0.00
0.00
0.00
0.00
0.00
0.00

Table 4.12: Calculated parameters of PLH in rat No. 4.
ka

Ao%

R

0.18h-1

97.72%

0.995

Table 4.13: Results after perfusion of 50 µg/ml of PLH in rat No. 5.
Time
(minute)

ln. Remnant
concentrations
(µg/ml)

ln. Predicted
concentrations
(µg/ml)

ln. Residual
concentrations
(µg/ml)

05
10
15
20

3.88
3.87
3.84
3.83

3.88
3.86
3.85
3.83

0.00
-0.01
0.01
0.00
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25
30

3.82
3.80

3.82
3.80

0.00
0.00

ln. Remnant concentrations
(µg/ml)

Table 4.14: Calculated parameters of PLH in rat No. 5.
ka

Ao%

R

0.18h-1

98.31%

0.996

3.92
3.9
3.88
3.86
3.84
3.82
3.8
3.78
3.76
3.74
0

5

10

15

20

25

30

35

40

Time (Min.)

Figure 4.2: Plot of the fit of the apparent First-order equation to the data (remaining luminal
concentrations of PLH versus time) in rat No. 1.
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ln. Remnant concentrations
(µg/ml)

3.92
3.9
3.88
3.86
3.84
3.82
3.8
0

10

20

30

40

Time (Min.)

Figure 4.3: Plot of the fit of the apparent First-order equation to the data (remaining luminal

ln. Remnant concentrations (µg/ml)

concentrations of PLH versus time) in rat No. 2.

3.9
3.88
3.86
3.84
3.82
3.8
3.78
3.76
3.74
0

5

10
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35

40

Time (Min.)

Figure 4.4: Plot of the fit of the apparent First-order equation to the data (remaining luminal
concentrations of PLH versus time) in rat No. 3.
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ln. Remnant concentrations
(µg/ml)

3.89
3.88
3.87
3.86
3.85
3.84
3.83
3.82
3.81
3.8
3.79
0

5

10

15

20
25
Time (Min.)

30

35

40

Figure 4.5: Plot of the fit of the apparent First-order equation to the data (remaining luminal

ln. Remnant concentrations (µg/ml)

concentrations of PLH versus time) in rat No. 4.

3.92
3.9
3.88
3.86
3.84
3.82
3.8
3.78
3.76
0

10

20
Time (Min.)

30

40

Figure 4.6: Plot of the fit of the apparent First-order equation to the data (remaining luminal
concentrations of PLH versus time) in rat No. 5.
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Table 4.15: Remnant concentration of PLH after perfusion of 50 µg/ml PLH in 5 rats.

ln. Remnant concentrations (µg/ml)

Time
(minute)
Rat No. 1

Rat No. 2

Rat No. 3

Rat No. 4

Rat No. 5

05
10
15
20
25
30

3.88
3.87
3.83
3.82
3.81
3.79

3.89
3.88
3.87
3.86
3.83
3.83

3.87
3.85
3.83
3.81
3.79
3.77

3.87
3.86
3.85
3.84
3.82
3.81

3.88
3.87
3.84
3.83
3.82
3.80

Mean ± SD
3.878 ± 0.008
3.866 ± 0.011
3.844 ± 0.016
3.832 ± 0.019
3.814 ± 0.015
3.800 ± 0.022

Ka (h-1)
A0 %
R

0.18
97.6
0.943

0.12
99.39
0.958

0.24
98.01
0.991

0.18
97.72
0.995

0.18
98.31
0.996

0.18 ± 0.0424
98.20 ± 0.716
0.976 ± 0.024

SD: Standard deviation.
%COV: Coefficient of variation.
%Ao: Estimated inclination of the rectal absorption line.

%C.O.V
0.21 %
0.29 %
0.43 %
0.50 %
0.39 %
0.58 %

ka: Absorption rate constant.
R: Correlation coefficient.

Ka calculated from experimental ranged from 0.12 to 0.24 h-1. The mean of Ao% was
98.20 ± 0.716%, correlation coefficient was R = 0.976 ± 0.024 and coefficient of
variation (C.O.V) < 1% (Table 4.15).

4.3 Absorption of PLH in the presence of P-gp inhibitor

4.3.3 Co-perfusion with verapamil HCL (400 µg/ml)
After co-perfusion of 10 ml PLH with verapamil HCL (400 µg/ml) in normal saline
through SPIP in rats the intestinal luminal fluid samples were collected at different times.
The remnant, predicted and residual concentrations were measured and applied for 5 rats.
The remnant concentrations were calculated according to the first-order kinetic model
prescribed in the equation (9) (section 3.10). The results for each rat shown in Tables
4.16, 4.18, 4.20, 4.22 and 4.24. Absorption rate behavior for each rat was demonstrated in
Figures 4.7, 4.8, 4.9, 4.10 and 4.11.
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After plotting ln. remnant concentration against sampling time, the best fit line was
evaluated. Ka (absorption constant rate), the estimated line inclination of the rectal line
(Ao%) and correlation coefficient were calculated. The results are shown in Tables 4.17,
4.19, 4.21, 4.23 and 4.25.
Table 4.16: : Results after co-perfusion of 50 µg/ml PLH and 400 µg/ml verapamil HCL in rat
No. 6.

Time
(minute)

ln. Remnant
concentrations
(µg/ml)

ln. Predicted
concentrations
(µg/ml)

ln. Residual
concentrations
(µg/ml)

05
10
15
20
25
30

3.90
3.88
3.79
3.76
3.74
3.70

3.90
3.86
3.82
3.77
3.73
3.69

0.00
-0.02
0.03
0.01
-0.01
-0.01

Table 4.17: Calculated parameters of PLH in the presence of 400 µg/ml verapamil HCL in rat
No. 6.
ka

Ao%

R

0.48 h-1

102%

0.952

Table 4.18: Results after co-perfusion of 50 µg/ml PLH and 400 µg/ml verapamil HCL in rat
No. 7.

Time
(minute)

ln. Remnant
concentrations
(µg/ml)

ln. Predicted
concentrations
(µg/ml)

ln. Residual
concentrations
(µg/ml)

05
10
15
20
25
30

3.90
3.81
3.80
3.78
3.72
3.71

3.88
3.84
3.80
3.77
3.73
3.70

-0.02
0.03
0.00
-0.01
0.01
-0.01
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Table 4.19: Calculated parameters of PLH in the presence of 400 µg/ml verapamil HCL in rat
No. 7.
ka

Ao%

R

0.42 h-1

100%

0.918

Table 4.20: Results after co-perfusion of 50 µg/ml PLH and 400 µg/ml verapamil HCL in rat
No. 8.

Time
(minute)

ln. Remnant
concentrations
(µg/ml)

ln. Predicted
concentrations
(µg/ml)

ln. Residual
concentrations
(µg/ml)

05
10
15
20
25
30

3.87
3.87
3.79
3.78
3.73
3.69

3.88
3.85
3.81
3.77
3.73
3.69

0.01
-0.02
0.02
-0.01
0.00
0.00

Table 4.21: Calculated parameters of PLH in the presence of 400 µg/ml verapamil HCL in rat
No. 8.
ka

Ao%

R

0.48 h-1

101%

0.954

Table 4.22: Results after co-perfusion of 50 µg/ml PLH and 400 µg/ml verapamil HCL in rat
No. 9.

Time
(minute)

ln. Remnant
concentrations
(µg/ml)

ln. Predicted
concentrations
(µg/ml)

ln. Residual
concentrations
(µg/ml)

05
10
15
20
25
30

3.89
3.84
3.79
3.78
3.73
3.70

3.88
3.84
3.81
3.77
3.73
3.70

-0.01
0.00
0.02
-0.01
0.00
0.00
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Table 4.23: Calculated parameters of PLH in the presence of 400 µg/ml verapamil HCL in rat
No. 9.
ka

Ao%

R

0.42 h-1

100%

0.979

Table 4.24: Results after co-perfusion of 50 µg/ml PLH and 400 µg/ml verapamil HCL in rat
No. 10.

Time
(minute)

ln. Remnant
concentrations
(µg/ml)

ln. Predicted
concentrations
(µg/ml)

ln. Residual
concentrations
(µg/ml)

05
10
15
20
25
30

3.87
3.81
3.79
3.78
3.74
3.71

3.86
3.83
3.80
3.77
3.74
3.71

-0.01
0.02
0.01
-0.01
0.00
0.00

Table 4.25: Calculated parameters of PLH in the presence of 400 µg/ml verapamil HCL in rat
No. 10.
ka

Ao%

R

0.36 h-1

97.33%

0.957
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ln. Remnant concentrations (µg/ml)
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Figure 4.7: Plot of the fit of the apparent First-order equation to the data (remaining luminal

ln. Remnant concentrations (µg/ml)

concentrations of PLH with 400 µg/ml verapamil HCL versus time) in rat No. 6.
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Figure 4.8: Plot of the fit of the apparent First-order equation to the data (remaining luminal
concentrations of PLH with 400 µg/ml verapamil HCL versus time) in rat No. 7.
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ln. Remnant concentrations (µg/ml)

3.95
3.9
3.85
3.8
3.75
3.7
3.65
3.6
0

5

10

15

20

25

30

35

40

Time (min.)

Figure 4.9: Plot of the fit of the apparent First-order equation to the data (remaining luminal

ln. Remnant concentrations (µg/ml)

concentrations of PLH with 400 µg/ml verapamil HCL versus time) in rat No. 8.
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Figure 4.10: Plot of the fit of the apparent First-order equation to the data (remaining luminal
concentrations of PLH with 400 µg/ml verapamil HCL versus time) in rat No. 9.
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ln .Remnant concentrations (µg/ml)
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Figure 4.11: Plot of the fit of the apparent First-order equation to the data (remaining luminal
concentrations of PLH with 400 µg/ml verapamil HCL versus time) in rat No. 10.

The recorded results in 5-rats are summarized in Table (4.26).
Table 4.26: Remnant concentration of PLH after co-perfusion with verapamil HCL (400 µg/ml)
in 5 rats.

Time
(minute)

ln. Remnant Concentrations (µg/ml)

5
10
15
20
25
30

3.90
3.88
3.79
3.76
3.74
3.70

3.90
3.81
3.80
3.78
3.72
3.71

3.87
3.87
3.79
3.78
3.73
3.69

3.89
3.84
3.79
3.78
3.73
3.70

3.87
3.81
3.79
3.78
3.74
3.71

Mean ± SD
3.886 ±0.020
3.842 ±0.030
3.792 ±0.004
3.776 ±0.009
3.732 ±0.008
3.702 ±0.008

Ka (h-1)
A0 %
R

0.48
102
0.952

0.42
100
0.918

0.48
101
0.954

0.42
100
0.979

0.36
97.33
0.957

0.432 ± 0.05
99.27 ± 3.42
0.952 ± 0.02

Rat No. 1 Rat No. 2 Rat No. 3 Rat No. 4 Rat No. 5

SD: Standard deviation.
%COV: Coefficient of variation.
%Ao: Estimated inclination of the rectal absorption line.

%C.O.V
0.35%
0.76%
0.11%
0.21%
0.20%
0.20%

ka: Absorption rate constant.
R: Correlation coefficient.

Ka calculated in experiment ranged from 0.36 to 0.48 h-1. The mean of Ao% was
99.27 ± 3.42, correlation coefficient was R = 0.952 ± 0.02 and coefficient of variation
(C.O.V) < 1% (Table 4.26).

64

4.3.2 Co-perfusion with verapamil HCL (2000 µg/ml)
After co-perfusion of 10 ml PLH with verapamil HCL (2000 µg/ml) in normal saline
through SPIP in rats the intestinal luminal fluid samples were collected at different times.
The remnant, predicted and residual concentrations were measured for 5 rats. The
remnant concentrations were calculated according to the first-order kinetic model
prescribed in the equation (9) (section 3.10). The results for each rat are shown in Tables
4.27, 4.29, 4.31, 4.33 and 4.35. Absorption rate behavior for each rat is demonstrated in
Figures 4.12, 4.13, 4.14, 4.15 and 4.16.
Plotting of ln. remnant concentration against sampling time. The best fit line was
evaluated. Ka (absorption constant rate), the estimated line inclination of the rectal line
(Ao%) and correlation coefficient were calculated. The results are shown in Tables 4.28,
4.30, 4.32, 4.34 and 4.36.

Table 4.27: Results after co-perfusion of 50 µg/ml PLH with 2000 µg/ml verapamil HCL in rat
No. 11.

Time
(minute)

ln. Remnant
concentrations
(µg/ml)

ln. Predicted
concentrations
(µg/ml)

ln. Residual
concentrations
(µg/ml)

05
10
15
20
25
30

3.89
3.88
3.79
3.76
3.74
3.72

3.89
3.85
3.82
3.78
3.74
3.70

0.00
-0.03
0.03
0.02
0.00
-0.02

Table 4.28: Calculated parameters of PLH in the presence of 2000 µg/ml verapamil HCL in rat
No. 11.
ka

Ao%

R

0.42 h-1

101 %

0.924
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Table 4.29: Results after co-perfusion of 50 µg/ml PLH with 2000 µg/ml verapamil HCL in rat
No. 12.

Time
(minute)

ln. Remnant
concentrations
(µg/ml)

ln. Predicted
concentrations
(µg/ml)

ln. Residual
concentrations
(µg/ml)

05
10
15
20
25
30

3.87
3.81
3.80
3.78
3.72
3.71

3.86
3.83
3.80
3.77
3.73
3.70

-0.01
0.02
0.00
-0.01
0.01
-0.01

Table 4.30: Calculated parameters of PLH in the presence of 2000 µg/ml verapamil HCL in rat
No. 12.
ka

Ao%

R

0.36 h-1

98 %

0.949

Table 4.31: Results after co-perfusion of 50 µg/ml PLH with 2000 µg/ml verapamil HCL in rat
No. 13.

Time
(minute)

ln. Remnant
concentrations
(µg/ml)

ln. Predicted
concentrations
(µg/ml)

ln. Residual
concentrations
(µg/ml)

05
10
15
20
25
30

3.87
3.87
3.80
3.79
3.73
3.69

3.89
3.85
3.81
3.77
3.73
3.70

0.02
-0.02
0.01
-0.02
0.00
0.01

Table 4.32: Calculated parameters of PLH in the presence of 2000 µg/ml verapamil HCL in rat
No. 13.
ka

Ao%

R

0.48 h-1

101 %

0.954
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Table 4.33: Results after co-perfusion of 50 µg/ml PLH with 2000 µg/ml verapamil HCL in rat
No. 14.

Time
(minute)

ln. Remnant
concentrations
(µg/ml)

ln. Predicted
concentrations
(µg/ml)

ln. Residual
concentrations
(µg/ml)

05
10
15
20
25
30

3.86
3.84
3.78
3.76
3.72
3.64

3.86
3.83
3.79
3.76
3.72
3.69

0.00
-0.01
0.01
0.00
0.00
0.05

Table 4.34: Calculated parameters of PLH in the presence of 2000 µg/ml verapamil HCL in rat
No. 14.
ka

Ao%

R

0.42 h-1

98.6 %

0.985

Table 4.35: Results after co-perfusion of 50 µg/ml PLH with 2000 µg/ml verapamil HCL in rat
No. 15.

Time
(minute)

ln. Remnant
concentrations
(µg/ml)

ln. Predicted
concentrations
(µg/ml)

ln. Residual
concentrations
(µg/ml)

05
10
15
20
25
30

3.81
3.80
3.74
3.72
3.68
3.65

3.82
3.78
3.75
3.72
3.68
3.65

0.01
-0.02
0.01
0.00
0.00
0.00

Table4.36: Calculated parameters of PLH in the presence of 2000 µg/ml verapamil HCL in rat
No. 15.
ka

Ao%

R

0.42 h-1

94 %

0.970
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Figure 4.12: Plot of the fit of the apparent First-order equation to the data (remaining luminal

ln. Remnant concentrations (µg/ml)

concentrations of PLH with 2000 µg/ml verapamil HCL versus time) in rat No. 11.
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Figure 4.13: Plot of the fit of the apparent First-order equation to the data (remaining luminal
concentrations of PLH with 2000 µg/ml verapamil HCL versus time) No. 12.
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Figure 4.14: Plot of the fit of the apparent First-order equation to the data (remaining luminal

ln. Remnant concentrations (µg/ml)

concentrations of PLH with 2000 µg/ml verapamil HCL versus time) No. 13.
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Figure 4.15: Plot of the fit of the apparent First-order equation to the data (remaining luminal
concentrations of PLH with 2000 µg/ml verapamil HCL versus time) No. 14.
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Figure 4.16: Plot of the fit of the apparent First-order equation to the data (remaining luminal
concentrations of PLH with 2000 µg/ml verapamil HCL versus time) No. 15.

The results of co-perfusion of PLH and verapamil HCL (2000 µg/ml) in 5-rats are
summarized in Table 4.37.
Table 4.37: Remnant concentration of PLH after co-perfusion with verapamil HCL
(2000 µg/ml) in 5 rats.

Time
(minute)

ln. Remnant concentrations (µg/ml)
Rat No. 1

Rat No. 2

Rat No. 3

Rat No. 4

Rat No. 5

5
10
15
20
25
30

3.89
3.88
3.79
3.76
3.74
3.72

3.87
3.81
3.80
3.78
3.72
3.71

3.87
3.87
3.80
3.79
3.73
3.69

3.86
3.84
3.78
3.76
3.72
3.69

3.81
3.80
3.74
3.72
3.68
3.65

Mean ± SD
3.860 ± 0.030
3.780 ± 0.138
3.782 ± 0.025
3.762 ± 0.027
3.718 ± 0.023
3.692 ± 0.027

Ka (h-1)
A0 %
R

0.42
101
0.924

0.36
98
0.949

0.48
101
0.954

0.42
98.6
0.985

0.42
94
0.978

0.42 ± 0.042
98.52 ± 2.87
0.958 ± 0.02

SD: Standard deviation.
%COV: Coefficient of variation.
%Ao: Estimated inclination of the rectal absorption line.

%C.O.V
0.67%
0.82%
0.59%
0.64%
0.55%
0.65%

ka: Absorption rate constant.
R: Correlation coefficient.

Ka calculated in experiment ranged from 0.36 to 0.48 h-1. The mean of Ao% was
98.52 ± 2.87, correlation coefficient was R = 0.958 ± 0.02 and coefficient of variation
(C.O.V) < 1% (Table 4.37).
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4.4 Statistical evaluation of data
One-way analysis of variance (ANOVA) is a parametric test used to compare the mean of
two or more samples. One-way ANOVA is used to test the homogeneity within each
group (PLH alone, PLH with P-gp inhibitor at 400 µg/ml and PLH with 2000 µg/ml of
P-gp inhibitor) as given in Table 4.38. Results show that there are a homogeneity within
each group at 0.05 level of significance where the P-value is greater than 0.05 for each
group.
Table 4.38: One way ANOVA test for the homogeneity within each group.

Group

n

F-value

p-value

PLH alone 50µg/ml

5

1.337

0.284

PLH + 400µg/ml verapamil HCL

5

0.022

0.999

PLH + 2000µg/ml verapamil HCL

5

0.840

0.513

Bonferroni test which is a sample comparison test is used to identify the source of
differences between the three groups as given in Table 4.39.
The results in Table 4.39 show that there is a significant difference between the mean of
concentrations PLH perfused alone and PLH co-perfused with 400 µg/ml of verapamil
HCL, and between the mean concentrations of PLH perfused alone and PLH co-perfused
with 2000 µg/ml of verapamil HCL.
On the other hand, there was non-significant difference between the mean of
concentrations when PLH co-perfused with 400 µg/ml or 2000 µg/ml of verapamil HCL.
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Table 4.39: A multiple comparisons Bonferroni test between the three groups.
(I) Group

(J) Group

Mean
Difference (I-J)

Standard
Significant
Error

PLH + 400µg/ml
verapamil HCL

0.0507*

0.00539

0.000

PLH + 2000µg/ml
verapamil HCL

0.0633*

0.00539

0.000

PLH alone 50µg/ml

-0.0507*

0.00539

0.000

PLH + 2000µg/ml
verapamil HCL

0.0127

0.00539

0.065

PLH alone 50µg/ml

-0.0633*

0.00539

0.000

PLH + 400µg/ml
verapamil HCL

-0.0127

0.00539

0.065

PLH alone 50µg/ml

PLH + 400µg/ml
verapamil HCL

PLH + 2000µg/ml
verapamil HCL

* Statistically significant at 0.05 level of significance.

Plotting of ln. mean remnant concentrations of rats perfused PLH and rats co-perfused
with verapamil HCL at 400 µg/ml and 2000 µg/ml, against time are shown in Figure 4.17
and 4.18 respectively.
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Figure 4.17: Graphical representation Plot of the fit of the apparent First-order equation to the
mean data (remaining luminal concentrations of 50 µg/ml PLH , and co-perfusion with 400
µg/ml of verapamil HCL

).
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Figure 4.18: Graphical representation Plot of the fit of the apparent First-order equation to the
mean data (remaining luminal concentrations of 50 µg/ml PLH
µg/ml of verapamil HCL ).
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, and co-perfusion with 2000

Chapter 5

Discussion
5.1 SPIP and Absorption
Drugs cross intestinal membrane (absorption process) either by passive processes or by
other mechanisms including the active participation of components across the membrane.
The most common passive transfer ways are passive diffusion of drugs across the liquid
membranes, and passive diffusion between cells via the aqueous pores through at the
tight junctions, which are referred to as transcellular and paracellular absorption,
respectively
(Lipinski et al., 2001).
On the other hand, active transport (carrier-mediated membrane transport) is the second
important drug absorption mechanism through intestine. Active transport is characterized
by selectivity, competitive inhibition by congener substrates, energy dependency,
saturability, and movement against an electrochemical gradient concentration. Drugs are
usually absorbed by different transport mechanisms. The relative importance of each
pathway depends on a variety of physicochemical drug properties (Knipp et al., 1997).
The SPIP technique is reported method for studying gastrointestinal drug absorption from
isolated gut segments of the anaesthetized rat in situ. The experimental technique is
simple, inexpensive with minimal time required to conduct the experiment and the
obtained results are closely reproducible and yield absorption rates which are realistic in
terms of the known absorption behavior of drugs in humans (Doluisio et al., 1969).
In vitro and in situ absorption models, such as SPIP technique in rats are applied to study
absorption phase of drugs (Amidon et al., 1995). In situ approaches provided
experimental conditions closer to what is encountered following oral administration, with
a lower sensitivity effect to pH variations due to a preserved microclimate above the
epithelial cells (Hogerle and Winne, 1983; Shiau et al., 1985). This technique maintained
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a normal intact blood supply to the intestine, and can be used to estimate the impact of
clearance pathways, such as transporters and enzymes, that are found in the gut.
Moreover, drug permeability (Zhang et al., 2003), drug metabolizing enzymes and
transporters present along the intestinal tract (Hakkak, Ronis and Badger, 1993;
Zhang et al., 1996), which can be investigated using intestinal perfusion of the different
regions. The SPIP procedure assumes that loss of drug during the perfusion is due to
permeation to the intestine.

5.2 Analytical procedure and validation
The analytical method used was simple, rapid and not expensive. The absorption of PLH
was measured at 319 nm, where no interferences were identified. Since the samples were
intestinal luminal fluid collected after drug perfusion in rats, the analytical procedure was
validated for spiked samples with intestinal fluid collected from rats in the same manner
when no drug was given (ICH, 1996).
The validation parameter showed linearity in the examined range (10 – 50 µg/ml) of
PLH, and the regression line was Y = 0.003X + 0.15, R2=0.999.
The method was precise and accurate. % recovery ranged from 100% to 102.2%. The
relative standard deviation for within-day and between-day precision was < 2%.
The spiked samples showed stability up to 8 hr, which was the longest period for standing
at room temperature.
The above discussed parameter allowed application of the simple, spectroscopic method
efficiently.

5.3 Absorption of PLH
Absorption of PLH studies have confirmed that, the loss of PLH in the SPIP was due to
intestinal absorption, and the absorption rate was calculated. The intestinal absorption
rate constant represents a direct measurement of the local absorption rate and reflects the
transport amount across the epithelial barrier (Abushammala et al., 2006).
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In the recent study PLH was introduced into the whole rat intestine by SPIP technique,
since no differences in absorption through intestinal segments were reported (Nagare et
al., 2011).
PLH has a low bioavailability, which may be caused by P-gp distributed a long small
intestine (Buch and Barr, 1998; Nagare et al., 2011). The aim of our study was to find out
if
P-gp is a contributor for low absorption of PLH.
The absorption rate constant (ka) obtained for was 0.18 ± 0.042 h-1 (Table 4.15),
regarding the involvement of a carrier-mediated process. The gradual decrease of
remnant PLH concentrations along time, indicated that PLH absorption followed firstorder

kinetic

(see equation 9).
Introduction of PLH in 5 rats showed a low inter-individual variation among rats. The
sample showed homogeneity, % coefficient of variation (COV) was < 5% (see table
4.15). One way ANOVA test showed the homogeneity also within a group (see table
4.38).
In addition, as an important confidence is the potential age-dependency of rat intestinal
permeability. Although, an age-dependent intestinal permeability might be confirmed for
very young and very old rats, no influence of age on the small intestinal permeability in
the rat within the age interval of 1 - 9 weeks has been reported (Lindahl et al., 1997).
Anesthetic agent can reduce the intestinal absorption in rats and hence reduce the
absorption rate of a drug. In fact surgery and anesthesia may cause reduction in blood
flow and motility. Moreover, anesthetic agents may directly affect on cell membranes
which cause decreases of both passive and active transport. (Yuasa, Matsuda and
Watanabe, 1993).

5.4 Absorption of PLH in the presence of verapamil HCL
The transport of propranolol by active mediated efflux transporter was reported
(Yang, Kim and Lee, 2000; Emanuele et al., 2004). Other study reported that propranolol
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was transported by simple diffusion without the participation of P-gp in Caco-2 cell
monolayer at apical pH 7.4 (Masaki, Taketani and Imai, 2005). Although another study
reported that, propranolol stimulated ATPase of P-gp. (Collett et al., 2004).
The present results indicates that, P-gp is playing a crucial role in the reuptake of PLH
from the intestine. PLH absorption rate in free solution was a necessary step for
absorption process and to compare these results with those obtained by using P-gp
inhibitor. The inhibition studies were performed to validate the P-gp transporter effect.
Verapamil HCL was selected as an specific efflux P-gp inhibitor (Woodland et al., 2003;
Pauli-Magnus et al., 2000). Verapamil produces a significant increase in absorption rate
constant of PLH. The P-gp inhibitor in this study differed substantially in their
concentration to study its concentrations dependency effect.
It was demonstrated that, PLH could be a substrate for rat intestinal P-gp, because
absorption rate constant values (ka) of PLH at 50 ìg/mL were increased by co-perfusion
of the P-gp inhibitor verapamil, suggesting that PLH can be efficiently transported by Pgp in the gut wall (reuptake).
Verapamil HCL reduced the remnant PLH concentrations in intestinal luminal rats fluid
(Table 4.26 and 4.37 ). The absorption rate of PLH increased from 0.18 ± 0.042 h-1 to
0.43 ± 0.05 h-1 and 0.42 ± 0.042 h-1 in presence of verapamil HCL at concentrations 400
and
2000 µg/ml, respectively. The results are graphically presented in Figure 4.17 and 4.18,
respectively.
Similar effect of P-gp inhibitor (verapamil HCL) on other beta-receptor substrate,
as salbutamol (selective beta2-receptor agonist) was manifested. An increase in
absorption rate constant (ka) 2-3 fold was recorded in presence of verapamil HCL (P-gp
inhibitor) at concentration 10-20 mM, respectively (Valenzuela et al., 2001). Absorption
rate constant of labetalol (beta-receptor blocker) drug was increased also from 1.30 ±
0.16 h-1 to 2.39 ± 0.33 h-1 in presence verapamil HCL at 7 mM (Abushammala et al.,
2006).
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The present study emphasized clearly the role played by P-gp on propranolol absorption
through intestine, and that P-gp contribute to low bioavailability of PLH.
The results of this study agreed with the last published paper. The research group
illustrated that, PLH effective permeability increased through intestinal segments
(duodenum, jejunum and illume), which was explained by reduce P-gp distribution in the
intestinal segments (Nagare et al., 2011).
Another study conducted on human subjects showed a lower Cmax (highest concentration
detected in blood after oral administration) of PLH in proximal- than distal region; they
were 58.4 ± 23 ng/ml and 60.8 ± 33 ng/ml, respectively. The difference in Cmax was
explained by the lower abundance of P-gp in the distal intestinal region compared with
proximal region (Buch and Barr, 1998).
Beneferroni-test showed there was a statistically significant difference, when PLH was
perfused alone and when co-perfused with verapamil HCL.
A five-fold increase in verapamil HCL concentration (from 400 – 2000 µg/ml) showed
statistically no significant difference on PLH absorption rate (Table 4.39). An increase of
P-gp inhibitor concentration had not affected the absorption of PLH due to saturation of
transport-protein (P-gp). So we can decreasing the treatment dose of PLH to 2.4 and
avoiding PLH adverse effect, by co-administration with verapamil HCL (P-gp inhibitor).
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Chapter 6
Conclusions



A minimal inter-individual variation was recorded among male, 5-week aged rats.



Propranolol absorption through intestine was studied through the whole intestine
in rats using SPIP, and a simple, rapid and validated spectroscopic method.



P-gp plays a role (as efflux-pump) in the secretion of propranolol.



The active secretion of PLH to intestinal luminal fluid is a critical factor
responsible for the low peroral bioavailability.



The absorption rate constant of PLH (ka) was increased 2.4-folds in the presence
of specific P-gp inhibitor.



An increase of P-gp inhibitor concentration had not affected the absorption of
PLH due to saturation of transport-protein (P-gp).



Drug-drug interaction between propranolol and other P-gp inhibitor is predicted
and beneficial.



We can decrease the dose of PLH 2.4 fold in presence of verapamil HCL.
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Chapter 7
Recommendations



Since the SPIP experimental technique cannot completely investigate transport
mechanism (i.e. inability to conduct directional transport mechanism studies), further
studies with Caco-2 monolayer culture cells or isolated tissue are necessary to
identify the particular reason for the poor PLH bioavailability and study the effect of
different P-gp inhibitor substrate.



Cautions should be taken when propranolol (anti-hypertensive agent) is
co-administered with P-gp inhibitors.



Decrease the dose of PLH in presence of verapamil HCL, lead to decrease the adverse
effect of PLH.



Studying the effect of another P-gp inhibitors such as grapefruit juice.



Design a study to determine the best place for absorption of PLH in the small
intestine (Jejunum, duodenum and ileal) named absorption window.



Design formulation new dosage form of PLH in combination with verapamil HCL.

80

References
Abushammala I., Garrigues T., Casabo V., Nacher A. and Martin-Villodre A.
(Labetalol absorption kinetics: Rat small intestine and colon studies) J. Pharm.
Sci. (2006) 95:1733-1741.
Adachi Y., Suzuki H. and Sugiyama Y. (Quantitative evaluation of the function of
small intestinal P-glycoprotein: comparative studies between in situ and in vitro)
Pharm. Res. (2003) 20:1163-1169.
Amidon G., Kou J., Elliot R. and Lightfoot E. (Analysis of models for determining
intestinal wall permeabilities) J. Pharm. Sci. (1980) 69:1369-1373.
Amidon G., Lennernas H., Shah V. and Crison J. (A theoretical basis for a
biopharmaceutic drug classifi cation: The correlation of in vitro drug product
dissolution and in vivo bioavailability) Pharm. Res. (1995) 12:413-420.
Amidon G., Sinko P. and Fleisher D. (Estimating human oral fraction dose
absorbed: A correlation using rat intestinal membrane permeability for passive
and carrier-mediated compounds) Pharm. Res. (1988) 5:651-654.
Amo E., Heikkinen A. and Monkkonen J. (In vitro–in vivo correlation in
P-glycoprotein mediated transport in intestinal absorption) Eur. J. Pharm. Sci.
(2008) 36:200-211.
Artursson P., Palm K. and Luthman K. (Caco-2 monolayer’s in experimental and
theoretical predictions of drug transport) Adv. Drug Deliv. Rev. (2001) 46:27-43.
Augustijns P., Bradshaw P., Gan L., Hendren R. and Thakker D. (Evidence for
a polarized efflux system in Caco-2 cells capable of modulating cyclosporine A
transport) Biochem. Biophys. Res. Commun. (1993) 197:360-365.
Avendano C. and Menendez J. (Inhibitors of multidrug resistance to antitumor
agents (MDR)) Current Med. Chem. (2002) 9:159-193.
Balimane P., Han Y. and Chong S. (Current industrial practices of assessing
permeability and P-glycoprotein interaction) A.A.P.S. J. (2006) 8:1-13.
Bardelmeijer H., Ouwehand M., Beijnen J., Schellens J. and Tellingen O. (Efficacy
of novel P-glycoprotein inhibitors to increase the oral uptake of paclitaxel in
mice) Invest. New Drugs (2004) 22:219-229.

81

Benet L., Izumi T., Zhang Y., Silverman J. and Wacher V. (Intestinal MDR
transport proteins and P-450 enzymes as barriers to oral drug delivery)
J. Controlled Release (1999) 62:25-31.
Benet L., Wu C., Hebert M. and Wacher V. (Intestinal drug metabolism and
antitransport process: A potential shift in oral drug delivery) J. Control Release
(1996) 39:139-143.
Biber B., Lundgren O. and Svanvik J. (The influence of blood flow on the rate of
absorption of 85 Kr from the small intestine of the cat) Acta. Physiol. Scand.
(1973) 89:227-238.
Bond J. and Levitt M. (Use of microsphere to measure small intestinal villus blood
flow in the dog) Am. J. Physiol. (1979) 236:E577-E583.
Bond J., Prenfiss R. and Levitt M. (The effects of feeding on blood flow to the
stomach, small bowel and colon of the conscious dog) J. Lab. Clin. Med.
(1979) 93:594-599.
Borst P. and Schinkel A. (What have we learnt thus far from mice with disrupted
P-glycoprotein genes?) Eur. J. Cancer (1996) 32A:985-990.
British Pharmacopoeia, monographs P: medicinal and pharmaceutical substances
Volume I & II (2009a) P:5038-5042.
British Pharmacopoeia, monographs P: medicinal and pharmaceutical substances
Volume I & II (2009b) P:6321-6328.
Buch A. and Barr W. (Absorption of propranolol in humans following oral,
jejunal and ileal administration) Pharm. Res. (1998)15:953-957.
Caldwell J. and Marsh M. (Metabolism of drugs by the gastrointestinal tract, in
clinical pharmacology and therapeutics: Presystemic drug elimination)
Butterworths, London (1982) 29-42.
Cappiello M., Franchi M., Giuliani L. and Pacifici G. (Distribution of 2-naphthol
sulphotransferase and its endogenous substrate adenosine 39-phosphate
59-phosphosurphate in human tissues) Eur. J. Clin. Pharmacol. (1989)
37:317-320.
Cappiello M., Giuliani L. and Pacifici G. (Distribution of UDP-glucuronosyl
transferase and its endogenous substrate uridine 59-diphosphoglucuronic acid in
human tissues) Eur. J. Clin. Pharmacol. (1991) 41:345-350.
82

Castleden M., George C. and Short M. (Contribution of individual differences in
gastric emptying to variability in plasma propranolol concentration)
Br. J. Clin. Pharmacol. (1978) 5:121-122.
Chen C., Liu X. and Smith B. (Utility of Mdr1-gene deficient mice in assessing the
impact of P-glycoprotein on pharmacokinetics and pharmacodynamics in drug
discovery and development) Curr. Drug Metab. (2003) 4:272-291.
Christian U, Schmitz V. and Haschke M. (Functional interaction between Pglycoprotein and CYP3A in drug metabolism) Drug Metab. Toxicol. (2005) 4:641654.
Collett A., Tanianis-Hughes J., Hallifax D. and Warhurst G. (Predicting
P-glycoprotein effects on oral absorption: Correlation of transport in Caco-2
with drug pharmacokinetics in wild-type and mdr1a(−/−) mice in vivo)
Pharm. Res. (2004) 21:819-826.
Corbo M., Liu J. and Chien W. (Bioavailability of propranolol following oral and
transdermal administration in rabbit) J. Pharm. Sci. (1990) 79:584-587.
Cordon-Cardo C., O’Brien P., Casals D., Rittman-Grauer L., Biedler L., Melamed R.
and Bertino R. (Multidrug-resistance gene (P-glycoprotein) is expressed by
endothelial cells at blood-brain barrier sites) Proc. Natl. Acad. Sci. U.S.A. (1989)
86:695-698.
Corrigan O., Gubbins R. and O’Driscoll C. (Estimation of absorption parameters
from the non-steady state phase in the rat gut perfusion model)
J. Pharm. Pharmacol. (2003) 55:487-493.
Croop J., Raymond M., Haber D., Devault A., Arceci R., Gros P. and Housman D.
(The three mouse multidrug resistance (mdr) genes are expressed in a tissuespecific manner in normal mouse tissues) Mol. Cell. Biol. (1989) 9:1346-1350.
Crouthamel W. and Sarapu A. (Animal models for oral drug delivery in man: In
situ and in vivo approaches) J. Pharm. Sci. (1984) 73:1676-1678.
Cui Y., Cheng X., Miao Weaver Y. and Klaassen C. (Tissue distribution, genderdivergent expression, ontogeny and chemical induction of multidrug resistance
transporter genes (mdr1a, mdr1b, mdr2) in mice) Drug Metab. Dispos. (2009)
37:203-210.

83

Dahan A., West B. and Amidon G. (Segmental-dependent membrane permeability
along the intestine following oral drug administration: Evaluation of a triple
single-pass intestinal perfusion (TSPIP) approach in the rat) Eur. J. Pharm. Sci.
(2008) 36:320-329.
Dantzig, A., Shepard R., Law,K., Tabas L., Pratt S., Gillespie J., Binkley S., Kuhfeld
M., Starling J. and Wrighton, S. (Selectivity of the multidrug resistance modulator,
LY335979, for P-glycoprotein and effect on cytochrome P-450 activities) J.
Pharmacol. Exp. Ther. (1999) 290:854-862.
Debri K., Boobis A., Davies D. and Edwards R. (Distribution and induction of
CYP3A1 and CYP3A2 in rat liver and extrahepatic tissues) Biochem. Pharmacol.
(1995) 50:2047-2056.
Didziapetris R., Japertas P., Avdeef A. and Petrauskas A. (Classification analysis of
P-glycoprotein substrate specificity) J. Drug. Targeting (2003) 11:391-406.
Doluisio J., Billups N., Dittert L., Sudita E. and Swintoskt J. (Drug absorption I:
An in situ rat gut technique yielding realistic absorption rates) J. Pharm. Sci.
(1969) 58:1196-1200.
Drescher S., Glaeser H., Murdter T., Hitzl M., Eichelbaum M. and Fromm M.
(P-glycoprotein-mediated intestinal and biliary digoxin transport in humans)
Clin. Pharmacol. Ther.(2003) 73:223-231.
Dubey R. and Singh J. (Localization and characterization of drug metabolizing
enzymes along the villus-crypt surface of the rat small intestine II conjugates)
Biochem. Pharmacol. (1988) 37:177-184.
Ducharme M., Warbasse L. and Edwards D. (Disposition of intravenous and oral
cyclosporine after administration with grapefruit juice) Clin. Pharmacol. Ther.
(1995) 57:485-491.
Eichelbaum M., Albrecht M., Kliems G., Schafer K. and Somogyi A. (Influence of
meso-caval shunt surgery on verapamil kinetics, bioavailability and response)
Br. J. Clin. Pharmacol. (1980) 10:527-530.
Eichelbaum M., Dengler H., Somogyi A. and Van-Unruh G. (Superiority of stable
isotope techniques in the assessment of the bioavailability of drugs undergoing
extensive first-pass elimination: Studies of the relative bioavailability of
verapamil tablets) Eur. J. Clin. Pharmacol. (1981a) 19:127-131.

84

Eichelbaum M., Somogyi A., Van-Unruh G. and Dengler H. (Simultaneous
determination of the intravenous and oral pharmacokinetic parameters of
D, L-verapamil using isotope-labelled verapamil) Eur. J. Clin. Pharmacol. (1981b)
19:133-137.
El-Arini S., Shiu G. and Skelly J. (An in vitro study of possible food-drug
interactions of the controlled-release propranolol products) Int. J. Pharm. (1989)
55:25-30.
Emanuele A., Jevprasesphant R., Penny J. and Attwood D. (The use of a dendrimerpropranolol prodrug to bypass efflux transporters and enhance oral
bioavailability) J. Controlled Release (2004) 95:447-453.
Englund G., Jacobson A., Rorsman F., Artursson P., Kindmark A. and Ronnblom A.
(Efflux transporters in ulcerative colitis: Decreased expression of BCRP
(ABCG2) and P-gp (ABCB1)) Inflamm. Bowel Dis. (2007) 13:291-297.
Ernest D., Alfert E., Brenda M., Cross B. and Mc-William A. (Guide to the care
and use of experimental animals) Canadian Council on Animal Care (1993)
Volume 1.
Fardel O., Lecureur V. and Guillouzo A. (Regulation by dexamethasone of
P-glycoprotein expression cultured rat hepatocytes) F.E.B.S. Lett. (1993)
327:189-193.
Fardel O., Lecureur V., Daval S., Corlu A. and Guillouzo A. (Up-regulation of
P-glycoprotein expression in rat liver cells by acute doxorubicin treatment)
Eur. J. Biochem.(1997) 246:186-192.
Fojo T., Ueda K., Slamon J., Poplack G., Gottesman M. and Pastan I. (Expression of
a multidrug-resistance gene in human tumors and tissues) Proc. Natl. Acad. Sci.
U.S.A. (1987) 84: 265-269.
Fricker G., Drewe J., Huwyler J., Gutmann H. and Beglinger C. (Relevance of
P-glycoprotein for the enteral absorption of cyclosporin A: In vitro-in vivo
correlation.) Br. J. Pharmacol. (1996) 118:1841-1847.
Friend D. (Drug delivery to the small intestine) Current Gastroenterology Reports,
(2004) 6:371-376.
Frishman W. and Silverman R. (Clinical pharmacology of the new B-adrenergic
blocking drugs (part 4-adverse effects). Choosing a B-adrenergic blocker)
Am. Heart J. (1979) 98:256-257.
85

Frishman W., Jacob H. and Eisenberg E. (Clinical pharmacology of the new
beta-adrenergic blocking drugs. Part. 8. Self-poisoning with beta-adrenoreceptor
blocking agents: Recognition and management.) Am. Heart J. (1979) 98:798-811.
Fromm M., Busse D., Kroemer H. and Eichelbaum M. (Differential induction of
prehepatic and hepatic metabolism of verapamil by rifampin) Hepatology (1996)
24:796-801.
Gant T., O’Connor C., Corbitt R., Thorgeirsson U. and Thorgeirsson S. (In vivo
induction of liver P-glycoprotein expression by xenobiotics in monkeys)
Toxicol. Appl. Pharmacol. (1995) 133:269-276.
Gore R. and Bohlen H. (Microvascular pressures in rat intestinal muscle and
mucosal villi) Am. J. Physiol. (1977) 233:H685-H693.
Gottesman M. and Pastan I. (Biochemistry of multidrug resistance mediated by
the multidrug transporter) Ann. Rev. Biochem. (1993) 62:385-427.
Griffin B. and O’Driscoll C. (A comparison of intestinal lymphatic transport and
systemic bioavailability of saquinavir from three lipid-based formulations in the
anaesthetized rat model) J. Pharm. Pharmacol. (2006) 58:917-925.
Gupta S., Kim J. and Gollapudi S. (Reversal of daunorubicin resistance in
p388/ADR cells by itraconazole) J. Clin. Invest. (1991) 87:1467-1469.
Hakkak R., Ronis M. and Badger T. (Effects of enteral nutrition and ethanol on
cytochrome P450 distribution in small intestine of male rats) Gastroenterology
(1993) 104:1611-1618.
Hebert M., Roberts J., Prueksaritanont T. and Benet L. (Bioavailability of
cyclosporine with concomitant rifampin administration is markedly less than
predicted by hepatic enzyme induction) Clin. Pharmacol. Ther. (1992) 52:453-457.
Ho N. and Higuchi W. (Theoretical model studies of intestinal drug absorption
I.V.) J. Pharm. Sci. (1974) 63:686-690.
Ho N., Merkle H. and Higuchi W. (Quantitative, mechanistic and physiological
lyrealistic approach to the biopharmaceutical design of oral-drug delivery
systems) Drug Dev. Ind. Pharm. (1983) 9:1111-1184.

86

Ho N., Park J., Ni P. and Higuchi W. (Advancing quantitative and mechanistic
approaches in interfacing gastrointestinal drug absorption studies in animals
and humans, in animal models for oral drug delivery in man: In situ and in vivo
approaches) Am. Pharmaceutics Association (1983) 27-106.
Hoffmeyer S., Burk O., von Richter O., Arnold H., Brockmoller J., Johne A.,
Cascorbi I., Gerloff T., Roots I., Eichelbaum M. and Brinkmann U. (Functional
polymorphisms of the human multidrug-resistance gene: multiple sequence
variations and correlation of one allele with P-glycoprotein expression and
activity in vivo) Proc. Natl. Acad. Sci. U.S.A. (2000) 97:3473-3478.
Hofsli E. and Nissen-Meyer J. (Reversal of drug resistance by erythromycin:
Erythromycin increases the accumulation of actinomycin D and toxorubicin in
multidrug-resistant cells) Int. J. Cancer. (1989) 44:149-154.
Hogerle M. and Winne D. (Drug absorption by the rat jejunum perfused in situ.
Dissociation from the pH-partition theory and role of microclimate-pH and
unstirred layer) Naunyn Schmiedebergs Arch. Pharmacol. (1983) 322: 249-255.
Holtbecker N., Fromm M., Kroemer H., Ohnhms E. and Heidemann H. (The
nifedipine-rifampin interaction: Evidence for induction of gut wall metabolism)
Drug. Metab. Dispos. (1996) 24:1121-1123.
Hu M., Roland K., Ge L., Chen J., Li Y., Tyle P. and Roy S. (Determination of
absorption characteristics of AG337, a novel thymiddylate synthase inhibitor,
using a perfused rat intestinal model.) J. Pharm. Sci. (1998) 87:886-897.
Hubatsch I., Ragnarsson E. and Artursson P. (Determination of drug permeability
and prediction of drug absorption in Caco-2 monolayers) Nat. Protoc. (2007)
2:2111-2119.
Hunter J., Hirst B. and Simmons N. (Drug absorption limited by P-glycoprotein
mediated secretory drug transport in human intestinal epithelial Caco-2 cell
layers) Pharm. Res. (1993) 10:74-749.
ICH International conference on Harmonization, Commission of the European
Communities. (Validation of analytical procedure ) (1996).
Ilett K., Tee L., Reeves P. and Minchin R. (Metabolism of drugs and other
xenobiotics in the gut lumen wall) Pharmacol. Ther. (1990) 46:67-93.
Jambhekar S. and Breen P. (Basic Pharmacokinetics) 1st Ed. Pharmaceutical Press
(2009) P: 329-339.
87

Jang S., Wientjes M. and Au J. (Kinetics of Pglycoprotein mediated efflux of
paclitaxel) J. Pharmacol. Exp. Ther. (2001) 298:1236-1242.
Johnson G., De-Guzman M., Bergman H. and Sannerstedt R. (The haemodynamic
effects of alprenolol and propranolol at rest and during exercise in hypertensive
patients) Pharmacol. Clin. (1969) 2:34-39.
Jonker J., Wagenaar E., Van-Deemter L., Gottschlich R., Bender H., Dasenbrock J.
and Schinkel A. (Role of blood–brain barrier P-glycoprotein in limiting brain
accumulation and sedative side-effects of asimadoline, a peripherally acting
analgaesic drug) Br. J. Pharmacol. (1999) 127:43-50.
Juliano R. and Ling V. (A surface glycoprotein modulating drug permeability in
Chinese hamster ovary cell mutants) Biochim. Biophys. Acta (1976) 455:152-162.
Kim K. and Park J. (Effect of metronidazole on the pharmacokinetics of
fexofenadine, a P-glycoprotein substrate, in healthy male volunteers)
Eur. J. Clin. Pharmacol. (2010) 66:721-725.
Kim R. (Drugs as P-glycoprotein substrates, inhibitors, and inducers)
Drug Metab. Rev. (2002) 34: 47-54.
Kim R., Fromm M., Wandel C., Leake B., Wood A., Roden D. and Wilkinson G.
(The drug transporter P-glycoprotein limits oral absorption and brain entry of
HIV-1 protease inhibitors) J. Clin. Invest. (1998) 101:289-294.
Kleinbloesem C., Van-Hartan J., Wilson J., Danhof M., Van-Brummek P. and
Breimer D. (Nifedipine: Kinetics and hemodynamic effects in patients with liver
cirrhosis after intravenous and oral administration) Clin. Pharmacol. Ther. (1986)
40:21-28.
Klippert P., Borm P. and Noordhoek J. (Prediction of intestinal first-pass effect of
phenacetin in the rat from enzyme kinetic data: Correlation with in vivo data
using mucosal blood flow) Biochem. Pharmacol. (1982) 31:2545-2548.
Knipp G., Ho N., Barsuhn C. and Borchardt R. (Paracellular diffusion in Caco-2
cell monolayers: Effect of perturbation on the transport of hydrophilic
compounds that vary in charge and size) J. Pharm. Sci. (1997) 86:1105-1110.
Kolars J., Schmiedlin-Ren P., Schuetz J., Fang C. and Watkins P. (Identification of
rifampin-inducible P450IIIA4 (CYP3A4) in human small bowel enterocytes)
J. Clin. Invest. (1992) 90:1874-1878.

88

Komiya I., Park J., Kamani A., Ho N. and Higuchi W. (Quantitative mechanistic
studies in simultaneous fluid flow and intestinal absorption using steroids as
model solutes) Int. J. Pharm. (1980) 4:249-262.
Krishna D. and Klotz U. (Extrahepatic metabolism of drugs in humans)
Clin. Pharmacokinet. (1994) 26:144-160.
Kusuhara H., Suzuki H. and Sugiyama Y. (The role of P-glycoprotein in the liver)
Nippon, Rinsho (1997) 55:1069-1076.
Lecureur V., Guillouzo A. and Fardel O. (Differential regulation of mdr genes in
response to 2-acetylaminofluorene treatment in cultured rat and human
hepatocytes) Carcinogenesis (1996) 17:1157-1160.
Lennernas H. (Does fluid flow across the intestinal mucosa affect quantitative
oral drug absorption? Is it time for a re-evaluation?) Pharm. Res. (1995)
12:1573-1582.
Lennernas H. (Human intestinal permeability) J. Pharm. Sci. (1998) 87:403-410.
Levesque R. (SPSS programming and data management: A guide for SPSS and
SAS users) (2007) 4th Ed.
Li Q., Sai Y. and Kato Y. (Influence of drugs and nutrients on transporter gene
expression levels in Caco-2 and LS180 intestinal epithelial cell lines) Pharm. Res.
(2003) 20:1119-1124.
Lin J. (Dose-dependent pharmacokinetics: Experimental observations and
theoretical considerations) Biopharm. Drug. Dispos. (1994) 15:1-31.
Lin J. and Yamazaki M. (Role of P-glycoprotein in pharmacokinetics: Clinical
implications) Clin. Pharmacokinet. (2003) 42:59-98.
Lin J., Chiba M. and Baillie T. (In vivo assessment of intestinal metabolism)
Drug Metab. Dispos. (1997) 25:1107-1109.
Lindahl A., Krondhal E., Gruden A., Ungell A. and Lennernas H. (Is the jejunal
permeability in rats age-dependent?) Pharm. Res. (1997) 14:1278-1281.
Lipinski C., Lombardo F., Dominy B. and Feeney P. (Experimental and
computational approaches to estimate solubility and permeability in drug
discovery and development settings) Adv. Drug Deliv. Rev. (2001) 46:3-26.

89

Lown K., Mayo R., Leichtman A., Hsiao H., Turgeon K., Schmiedlin-Ren P., Brown
M., Guo W., Rossi S., Benet L. and Watkins P. (Role of intestinal P-glycoprotein
(mdr1) in interpatient variation in the oral bioavailability of cyclosporine)
Clin. Pharmacol. Ther. (1997) 62:248-260.
Mackenzie P., Owens I., Burchell B., Bock K., Bairock A., Belanger A.,
Fournel-Gigleux S., Green M., Hum D., Iyanagi T., Lancet D., Louisot P.,
Magdalou J., Chowdhury J., Ritter J., Schachter H., Tephly T., Tipton K. and
Nebert D. (The UDP glycosyl transferase gene superfamily: Recommended
nomenclature update based on evolutionary divergence) Pharmacogenetics (1997)
7:255-269.
Masaki K., Taketani M. and Imai T. (First-pass hydrolysis of a propranolol ester
derivative in rat small intestine) Drug Metab. Dispos. (2005) 34:398-404.
Matheny C., Lamb M., Brouwer K. and Pollack G. (Pharmacokinetic and
pharmacodynamic implications of P-glycoprotein modulation) Pharmacotherapy
(2001) 21:778-796.
Mayer U., Wagenaar E., Beijnen J., Smit J., Meijer D., Van-Asperen J., Borst P. and
Schinkel A. (Substantial excretion of digoxin via the intestinal mucosa and
prevention of long-term digoxin accumulation in the brain by the mdr1a
P-glycoprotein) Br. J. Pharmacol. (1996) 119:1038-1044.
Melander A. and Mc-Lean A. (Influence of food intake on presystemic clearance
of drugs) Clin. Pharmacokinet. (1983)8:286-296.
Melander A., Danielson K., Hanson D., Rudell B., Schersten B., Thulin T. and
Wahlin E. (Enhancement of hydralazine bioavailability by food)
Clin. Pharmacol. Ther. (1977a) 22:104-107.
Melander A., Danielson K., Scherstein B. and Wahlin E. (Enhancement of the
bioavailability of propranolol and metoprolol by food) Clin. Pharmacol. Ther.
(1977b) 22:108-112.
Mizuno N., Niwa T., Yotsumoto Y. and Sugiyama Y. (Impact of drug transporter
studies on drug discovery and development) Pharmacol. Rev. (2003) 55:425-461.
Morse M. and Stoner G. (Cancer chemoprevention: Principles and prospects)
Carcinogenesis (1993) 14:1737-1746.
Mouly S. and Paine M. (P-glycoprotein increases from proximal to distal regions
of human small intestine) Pharm. Res. (2003) 20:1595-1599.
90

Munoz M., Merino-Sanjuan M., Lledo-Garcia R., Casabo V., Manez-Castillejo F. and
Nacher A. (Use of nonlinear mixed effect modeling for the intestinal absorption
data: Application to ritonavir in the rat) Eur. J. Pharm. Biopharm. (2005)
61:20-26.
Murakami Y., Higashi Y., Matsunaga N., Koyanagi S. and Ohdo S. (Circadian
clock-controlled intestinal expression of the multidrug-resistance gene MultiDrug Resistant 1a in mice) Gastroenterology (2008) 135:1636-1644.
Nagare N., Damre A., Singh K., Mallurwar S., Iyer S., Naik A. and Chintamaneni M.
(Determination of site of absorption of propranolol in rat gut using in situ
single-pass intestinal perfusion) Indian J. Pharm. Sci. (2011) 72:625-629.
Neerati P., Barla R., and Bedada S. (Influence of Diabetes Mellitus on
P-Glycoprotein Function in Rat Intestine) Pharmacologia (2011) 3:293-298.
Nelson D., Koymans L., Kamataki T., Stegeman J., Feyereisen R., Waxman D.,
Waterman M., Gotoh O., Coon M., Estabrook R., Gunsalus I. and Nebert D. (The
P450 superfamily, update on new sequences, gene mapping, accession number
and nomenclature) Pharmacogenetics (1996) 6:1-42.
Nilsson D., Fagerholm U. and Lennernas H. (The influence of net water absorption
on the permeability of antipyrine and levodopa in the human jejunum)
Pharm. Res. (1994) 11:1540-1544.
Olanoff L., Walle T., Cowart T., Walle U., Oexmann M. and Conradi E. (Food
effects on propranolol systemic and oral clearance: Support for a blood flow
hypothesis) Clin. Pharmacol. Ther. (1986) 40:408-414.
Ozols R., Cunnion R., Klecker R., Hamilton T., Ostchega Y., Parrillo J. and Young R.
(Verapamil and adriamycin in the treatment of drug-resistant ovarian cancer
patients) J. Clin. Oncol. (1987) 5:641-647.
Pacifici G., Franchi M. and Bencini F. (Tissue distribution of drug metabolizing
enzymes in human) Xenobiotica. (1988) 18:849-856.
Pade V., Stavchansky S. (Estimation of the relative contribution of trans cellular
and paracellular pathway to the transport of passively absorbed drugs in the
Caco-2 cell culture model) Pharm. Res. (1997) 14:1210-1215.
Paine M., Shen D., Kunze K., Perkins J., Marsh C., McVicar J., Barr D., Gillies B.
and Thummel K. (First-pass metabolism of midazolam by the human intestine)
Clin. Pharmacol. Ther. (1996) 60:14-24.
91

Parker K., Lazo J. and Brunton L., (Goodman and Gilman’s The pharmacological
basis of therapeutics) 11th Ed. Mc-Graw Hill Professional (2006) P: 178-198.
Pauli-Magnus C., Von-Richter O., Burk O., Ziegler A., Mettang T., Eichelbaum M.
and Fromm M. (Characterization of the major metabolites of verapamil as
substrates and inhibitors of P-glycoprotein) J. Pharmacol. Exp. Ther. (2000)
293:376-382.
Peters W. and Kremers P. (Cytochromes P450 in the intestinal mucosa of man)
Biochem. Pharmacol. (1989) 38:1535-1538.
Pichard L., Fabre I., Danjat M., Domergue J., Joyeux H. and Maurel P. (Effect of
corticosteroids on the expression of cytochrome P450 and on cyclosporin A
oxidase activity in primary cultured human hepatocytes) Mol. Pharmacol. (1992)
41:1047-1055.
Polli J., Wring S., Humphreys J., Huang L., Morgan J., Webster L. and Serabjit-Singh
C. (Rational use of in vitro P-glycoprotein assays in drug discovery)
J. Pharmacol. Exp. Ther. (2001) 299:620-628.
Porter C. and Charman W. (In vitro assessment of oral lipid based formulations)
Adv. Drug Deliv. Rev. (2001) 50:S127-S147.
Putnam W., Woo J., Huang Y. and Benet L. (effect of the MDR1 C3435T variant
and
P-glycoprotein
induction
on
dicloxacillin
pharmacokinetics)
J. Clin. Pharmacol. (2005) 45:411-421.
Rodriguez-Ibanez M., Sanchez-Castano G., Montalar-Montero M., Garrigues T.,
Bermejo M. and Merino V. (Mathematical modelling of in situ and in vitro efflux
of ciprofloxacin and grepafloxacin) Int. J. Pharm. (2006) 307:33-41.
Ruiz-Balaguer N., Nacher A., Casabo V. and Sanjuan M. (Intestinal transport of
cefuroxime axetil in rats: Absorption and hydrolysis processes) Int. J. Pharm.
(2002) 234:101-111.
Salphati L. and Benet L. (Modulation of P-glycoprotein expression by cytochrome
P450 3A inducers in male and female rat livers) Biochem. Pharmacol. (1998)
55:387-395.
Salphati L., Childers K., Pan L., Tsutsui K. and Takahashi L. (Evaluation of
a single-pass intestinal perfusion method in rat for the prediction of absorption
in man) J. Pharm. Pharmacol. (2001) 53:1007-1013.

92

Sandstrom R., Karlsson A. and Lennernas H. (The Absence of stereoselective
P-glycoprotein-mediated transport of R/S-verapamil across the rat jejunum)
J. Pharm. Pharmacol. (1998) 50:729-735.
Schanker L., Tocco D., Brodie B. and Hogben C. (Absorption of drugs from the rat
small intestine) J. Pharmcol. Exp. Ther. (1958) 123:81-88.
Schimtt U., Abo El-Ela A., Guo L., Glavinas H., Krajcsi P., Baron J., Tillmann C.,
Hiemke C., Langguth P. and Hartter S. (Cyclosporine A (CSA) affects the
pharmacodynamics and pharmacokinetics of the atypical antipsychotic
amisulpride probably via inhibition of P-glycoprotein (P-gp)) J. Neural. Transm.
(2006) 13:787-801.
Schinkel H. (P-glycoprotein, a gatekeeper in the blood–brain barrier)
Adv. Drug Deliv. Rev. (1999) 36:179-194.
Schinkel H., Smit J., Van Tellingen O., Beijnen H., Wagenaar E., Van-Deemter L.,
Mol A., Van-Der-Valk A., Robanus-Maandag C. and Te-Riele P. (Disruption of the
mouse mdr1a p-glycoprotein gene leads to a deﬁciency in the blood–brain
barrier and to increased sensitivity to drugs) Cell (1994) 77:491-502.
Schmiedlin-Ren P., Thummel K., Fisher J., Paine M., Lown K. and Watkins P.
(Expression of enzymatically active CYP3A4 by Caco-2 cells grown on
extracellular matrix-coated permeable supports in the presence of 1a,
25-dihydroxyvitamin D3) Mol. Pharmacol. (1997) 51:741-754.
Schuetz E., Beck W. and Schuetz J. (Modulation and substrates of P-glycoprotein
and cytochrome P450 3A coordinately up-regulated these proteins in human
colon carcinoma cells) Mol. Pharmacol. (1996) 49:311-318.
Schuetz E., Furuya K. and Schuetz J. (Interindividual variation in expression of
P-glycoprotein in normal human liver and secondary hepatic neoplasms)
J. Pharmacol. Exp. Ther. (1995) 275:1011-1018.
Schuetz E., Schuetz J., Thompson M., Fisher R., Madariage J. and Strom S.
(Phenotypic variability in induction of P-glycoprotein mRNA by aromatic
hydrocarbons in primary human hepatocytes) Mol. Carcinog. (1995) 12:61-65.
Schurgers N., Bijdendijk J., Tukker J. and Crommelin D. (Comparison of four
experimental techniques for studying drug absorption kinetics in the
anesthetized rat in situ) J. Pharm. Sci. (1986) 75:117-119.

93

Scott-Harris M., Kennedy J., Siegesmund K. and Yorde D. (Relationship Between
Distension and Absorption in Rat Intestine.) Gastroenterology (1988) 94:11641171.
Sevensson U. (High in situ rat intestinal permeability of artemisinin unaffected
by multiple dosing and with no evidence of P-gp involvement)
Drug Metab. Dispos. (1999) 27:227-232.
Shiau Y., Fernandez P., Jackson M. and Mc Monagle S. (Mechanisms maintaining a
low-pH microclimate in the intestine) Am. J. Physiol. (1985) 248:G608-617.
Siegsmund M., Cardarell C., Aksentijevich I., Sugimoto Y., Pasten I. and
Gottesman M. (Ketoconazole effectively reverses multidrug resistance in highly
resistant KB cells) J. Urol. (1994) 151:485-491.
Sinko P., Hu P., Waclawski A. and Patel N. (Oral absorption of anti-AIDS
nucleoside analogues. 1. Intestinal transport of didanosine in rat and rabbit
preparations) J. Pharm. Sci. (1995) 84: 959-965.
Soldner A., Christians U., Susanto M., Wacher V., Silverman J. and Benet L.
(Grapefruit juice activates P-glycoprotein-mediated drug transport) Pharm. Res.
(1999) 16:478-485.
Spahn-Langguth H., Baktir G., Radschuweit A., Okyar A., Terhaag B., Ader P.,
Hanafy A. and Langguth P. (P-glycoprotein transporters and the gastrointestinal
tract: Evaluation of the potential in vivo relevance of in vitro data employing
talinolol as model compound) Int. J. Clin. Pharmacol. Ther. (1998) 36:16-24.
Sparreboom A., Planting A., Jewell R. , Van-Der-Burg M. , Van-Der-Gaast A.,
De- Bruijn P., Loos W., Nooter K., Chandler L., Paul E., Wissel P. and Verweij J.
(Clinical pharmacokinetics of doxorubicin in combination with GF120918,
a potent inhibitor of MDR1 P-glycoprotein) Anticancer Drugs (1999) 10:719-728.

Sparreboom A., Van-Asperen J., Mayer U., Schinkel A., Smit J., Meijer D., Borst P.,
Nooijen W., Beijen J. and Van-Tellingen O. (Limited oral bioavailability and
active excretion of paclitaxel (Taxol) caused by P-glycoprotein in the intestine.)
Proc. Natl. Acad. Sci. U.S.A. (1997) 94:2031-2035.
Stewart B., Helen Chan O., Jeayk N. and Fleisher D. (Discrimination between drug
candidates using models for evaluation of intestinal absorption)
Adv. Drug Deliv. Rev. (1997) 23:27-45.
94

Stromberg C., Vanakoski J., Olkkola K., Lindgvist A., Seppalao T. and Laitinen L.
(Exercise alters the pharmacokinetics of midazolam) Clin. Pharmacol. Ther.
(1992) 51:527-532.
Su S. and Huang J. (Inhibition of the intestinal digoxin absorption and exsorption
by quinidine) Drug Metab. Dispos. (1996) 24:142-147.
Sugawara I., Kataoka I., Morishita Y., Hamada H., Tsuruo T., Itoyama S. and Mori S.
(Tissue distribution of P-glycoprotein encoded by a multidrug-resistant gene as
revealed by a monoclonal antibody, MRK 16) Cancer Res. (1988) 48:1926-1929.
Sutton S., Rinaldi M. and Vukovinsky K. (Comparison of the gravimetric, phenol
red, and 14CPEG-3350 methods to determine water absorption in the rat
single-pass intestinal perfusion model) A.A.P.S. Pharm. Sci. (2001) 3:25-26.
Takanaga H., Ohnishi A., Matsuo H. and Sawada Y. (Inhibition of vinblastine
efflux mediated by P-glycoprotein by grapefruit juice components in Caco-2
cells) Biol. Pharm. Bull. (1998) 21:1062-1066.
Takano M., Yumoto R. and Murakami T. (Expression and function of efflux drug
transporters in the intestine) Pharmacol. Ther. (2006) 109:137-161.
Tamai I., Saheki A., Saitoh R., Sai Y., Yamada I. and Tsuji A. (Nonlinear intestinal
absorption of 5-hydroxytryptamine receptor antagonist caused by absorptive
and secretory transporters) J.P.E.T. (1997) 283:108-115.
Taylor C., Grundy R. and Loveday B. (Chronic dog intestinal loop model for
studying drug absorption as exemplified by beta-adrenorecepter blocking
agents, atenolol and propranolol) J. Pharm. Sci. (1981) 70: 516-521.
Thiebaut F., Tsuruo T., Hamada H., Gottesman M., Pastan I., and Willingham C.
(Cellular localization of the multidrug resistance gene product P-glycoprotein in
normal human tissues) Proc. Natl. Acad. Sci. U.S.A. (1987) 84:7735-7738.
Thummel K. and Wilkinson G. (In vitro and in vivo drug interactions involving
human CYP34A) Annu. Rev. Pharmacol. Toxicol. (1998) 38:389-430.
Troutman M. and Thakker D. (Novel experimental parameters to quantify the
modulation of absorptive and secretory transport of compounds by
P-glycoprotein in cell culture models of intestinal epithelium) Pharm. Res. (2003)
20:1210-1224.

95

Troutman M., Luo G., Gan L. and Thakker D. (The role of P-glycoprotein in drug
disposition: Significance to drug development) Drug–Drug Interactions (2002)
1:295-357.
Tsuruo T., Iida H., Tskagoshi S. and Sakurai Y. (Overcoming of vincristine
resistance in P388 leukemia in vivo and in vitro through enhanced cytotoxicity of
vincristine and vinblastine by verapamil) Cancer Res. (1981) 41:1967-1972.
Uhing M. and Kimura R. (The effect of surgical bowel manipulation and
anesthesia on intestinal glucose absorption in rats.) J. Clin. Invest. (1995)
95:2790-2798.
Ungell A., Nylander S., Bergstrand S., Sjoberg A. and Lennernas H. (Membrane
transport of drugs in different regions of the intestinal tract of the rat)
J. Pharm. Sci. (1998) 87:360-366.
Valenzuela B., Nacher A., Casabo V. and Martin-Villodre A. (The influence of
active secretion processes on intestinal absorption of salbutamol in the rat) Eur.
J. Pharm. Biopharm. (2001) 52:31-37.
Van-De-Kerkhof E., De-Graaf I., Ungell A. and Groothuis G. (Induction of
metabolism and transport in human intestine: Validation of precision-cut slices
as a tool to study induction of drug metabolism in human intestine in vitro)
Drug Metab. Dispos. (2008) 36:604-613.
Van-De-Vrie W., Marquet R., Stoter G., De-Bruijn E. and Eggermont A. (In vivo
model
systems
in
P-glycoprotein-mediated
multidrug
resistance)
Crit. Rev. Clin. Lab. Sci. (1998) 35:1-57.
Van-Zuylen L., Nooter K., Sparreboom A. and Verweij J. (Development of
multidrug resistance convertors: sense or nonsense?) Invest. New Drugs (2000)
18:205-220.
Vickers A., Alegret M., Meyer E., Smiley S. and Guerter J. (Hydroxy
ethylcyclosporin A induces and decreases P450 3A and P-glycoprotein level in
rat livers) Xenobiotica. (1996) 26:27-39.
Wacher V., Wu C. and Benet L. (Overlapping substrate specificities and tissue
distribution of cytochrome P4503A and P-glycoprotein: Implications for drug
delivery and activity in cancer chemotherapy) Mol. Pharmacol. (1995)
13:129-134.

96

Watkins P. (Drug metabolism by cytochromes P450 in the liver and small bowel)
Gastrointest. Pharmacol. (1992) 21:511-526.
Watkins P., Wrighton S., Schuetz E., Molowa D. and Guzelian P. (Identification of
glucocorticoid cytochrome P450 in the intestinal mucosa of rats and man)
J. Clin. Invest. (1987) 80:1029-1036.
Weisbradt N. (Motility of the small intestine, in physiology of the gastrointestinal
tract) Raven Press (1987) 2:631-663.
Wilkinson G. (Clearance approaches in pharmacology) Pharmacol. Rev. (1987)
39:1-47.
Wood J. and Feely J. (Pharmacokinetic drug interactions with propranolol)
Clin. Pharmacokinet. (1983) 8:253-262.
Woodland C., Koren G., Wainer I., Batist G. and Ito S. (Verapamil metabolites:
Potential P-glycoprotein-mediated multidrug resistance reversal agents) Can J.
Physiol. Pharmacol. (2003) 81:800-805.
Wu C., Benet L., Hebert M., Gupta S., Rowland M., Gomez D. and Wacher V.
(Differentiation of absorption and first-pass gut and hepatic metabolism in
humans: Studies with cyclosporine) Clin. Pharmacol. Ther. (1995) 58:492-497.
Wu Y. and Benet Z. (Predicting drug disposition via application of BCS:
transport/absorption/elimination
interplay
and
development
of
a biopharmacetics drug disposition classification system) Pharm. Res. (2005)
22:11-23.
Yang J., Kim J. and Lee V. (Role of P-glycoprotein in restricting propranolol
transport in cultured rabbit conjunctival epithelial cell layers). Pharm. Res.
(2000) 17:533-538.
Yuasa H., Matsuda K. and Watanabe J. (Influence of anesthetic regimens on
intestinal absorption in rats.) Pharm. Res. (1993) 10:884-888.
Zakeri-Milani P., Valizadeh H., Azarmi Y., Barzegar-Jalali M. and Tajerzadeh H.
(Simultaneous determination of metoprolol, propranolol and phenyl red in
samples from rat in situ intestinal perfusion studies) DARU (2006) 14:102-108.

97

Zakeri-Milania P., Valizadeha H., Tajerzadehc H., Azarmia Y., Islam-Bolchilara Z.,
Barzegara S. and Barzegar-Jalalia M. (Predicting human intestinal permeability
using single-pass intestinal perfusion in rat) J. Pharm. Pharmaceut. Sci. (2007)
10:368-379.
Zhang Y., Bachmeier C. and Miller D. (In vitro and in vivo models for assessing
drug efflux transporter activity) Adv. Drug Deliv. Rev. (1996) 55:31-51.
Zhao J., Ikeguchi M., Eckersberg T. and Kuo M. (Modulation of multidrug
resistance gene expression by dexamethasone in cultured hepatoma cells)
Endocrinology (1995) 133:521-528.

98

