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Abstract

Title: The Effect of Diltiazem on Propranolol Absorption Using in situ Single Pass
Intestinal Perfusion Technique in Rats.
Introduction: Propranolol HCl is a synthetic non selective β-adrenergic receptor-blocking
agent. Regarding its pharmacokinetic behavior propranolol HCl has almost complete and
rapid absorption from gastrointestinal tract; however, its bioavailability is approximately
25% after oral administration. Propranolol HCl is a substrate for a distributed Pglycoprotein along intestine that can secrete it back into intestinal lumen.
Aim: To investigate the influence of diltiazem HCl as P-glycoprotein (P-gp) inhibitor on
the level of intestinal absorption of propranolol HCl, namely on absorption rate constant
(ka).
Methodology: Single Pass Intestinal Perfusion (SPIP) technique in rats was conducted on
three groups of Wistar albino rats (n=6 per group). The first group was perfused with
propranolol HCl (75 μg/mL) alone, while the second and the third group were perfused
with propranolol HCl (75μg/m/) and diltiazem HCL (250 μg/mL) and (1000 μg/mL)
respectively. Whole small intestinal segment of anaesthetized rats were cannulated and
perfused by propranolol HCl in normal saline at 37 °C in absence and presence of diltiazem
HCl in perfusion solution. Samples were obtained from outlet tubing at different time
intervals, propranolol HCl remnant concentration assayed using UV-spectrophotometric
method, and the absorption rate constant (ka) values of the drug were calculated.
Results: The absorption rate constant (ka) value of propranolol HCL in the absence of
diltiazem HCl was 0.810 ± 0.014 hr-1. The absorption rate constant ka values of propranolol
HCL in the presence of diltiazem HCl (250 μg/mL and 1000 μg/mL) were 0.778 ± 0.012
hr-1 and 0.857±0.030 hr-1, respectively. No significant difference in ka values of
propranolol HCl was observed when the drug has been co-perfused with P-gp inhibitor
(diltiazem HCl) at two different concentrations level (P>0.05).

III

Conclusion: The probable explanation for the null effect of P-gp inhibitor on propranolol
ka is that P-gp plays a minimal role in the in situ intestinal absorption process of propranolol
with high water solubility and high membrane permeability.
Keywords: Absorption Rate Constant (ka), Diltiazem HCl, Efflux, P-glycoprotein (P-gp),
Pharmacokinetics, Propranolol HCl, Single-Pass Intestinal Perfusion technique (SPIP).

IV

الملخص العربي
العنوان :تأثير الديلتيازيم على امتصاص البروبرانولول باستخدام تقنية الحقن المعوي أحادي التمرير على الفئران.
المقدمة  :يعتبر البروبرانولول هيدروكلورايد دواء صناعي المصدر حيث يمنع تأثير مستقبالت بيتا عن طريق االرتباط بها
وإغالقها .يوصف هذا الدواء بأنه سريع وكامل االمتصاص من القناة الهضمية باالعتماد على سلوكه الدوائي الحركي داخل الجسم،
وعلى الرغم من ذلك فإن ما يعادل  % 52فقط من هذا الدواء يصل إلى الدم إلعطاء تأثيره الدوائي .يعتبر البروبرانولول
هيدوكلورايد مادة خاضعة لتأثير جليكوبروتين النفاذية المنتشر خالل األمعاء والذي من الممكن ان يعمل على إعادة ضخ الدواء
من الدم إلي التجويف المعوي.
الهدف :الكشف عن مدى تأثير الديلتيازيم هيدروكلورايد كمثبط لعمل جليكوبروتين النفاذية على االمتصاص المعوي لدواء
البروبرانولول هيدروكلورايد وخاصة على ثابت معدل االمتصاص.
طريقة العمل :تم تطبيق تقنية الحقن المعوي أحادي التمرير على ثالث مجموعات من فئران التجارب (ستة فئران لكل مجموعة).
تم حقن المجموعة األولى معويا بدواء البروبرانولول هيدروكلورايد فقط بتركيز  52ميكروجرام/مل ،بينما حقنت المجموعة الثانية
والثالثة معويا بدواء البروبرانولول هيدروكلورايد باإلضافة الى دواء الديلتيازيم هيدروكلورايد بتركيزي  522ميكروجرام /مل
و 0222ميكروجرام /مل ،بالترتيب .تم حقن األمعاء للفئران المخدرة بدواء البروبرانولول هيدروكلورايد المحضر بمحلول ملحي
على درجة حرارة  75درجة سيليزية سواء بوجود أو غياب الديلتيازيم هيدروكلورايد في محلول الحقن .وجمعت العينات على
فترات زمنية محددة وفحصت التراكيز المتبقية من دواء البروبرانولول هيدروكلورايد باستخدام طريقة الجهاز الطيفي ،ثم حددت
قيم ثابت معدل االمتصاص للدواء.
النتائج :أظهرت نتائج الدراسة أن قيمة ثابت معدل االمتصاص للبروبرانولول هيدروكلورايد في المجموعة األولى (في غياب
الديلتيازيم هيدروكلورايد) عبارة عن0.81014
 4858 ± 0.014لكل ساعة .بينما كانت قيمة ثابت معدل االمتصاص للدواء في وجود الديلتيازيم هيدروكلورايد 522
ميكروجرام/مل عبارة عن 0.778 ± 0.012لكل ساعة وفي وجود الديلتيازيم هيدروكلورايد  0222ميكروجرام/مل عبارة عن
 0.857±0.030لكل ساعة .لم يالحظ أي زيادة ذات داللة إحصائية في قيمة ثابت معدل االمتصاص بين المجموعات الثالث.
االستنتاج :يعزى عدم تأثير الديلتيازيم هيدروكلورايد كمثبط لجليكوبروتين النفاذية على معدل ثابت االمتصاص لدواء البروبرانول
هيدروكلورايد إلى أن جليكوبروتين النفاذية يلعب دور غير أساسي في االمتصاص المعوي لدواء البروبرانول ذي الذوبانية العالية
في الماء والنفاذية العالية لألغشية.
الكلمات الدالة :ثابت معدل االمتصاص ،ديلتيازيم هيدروكلورايد ،جليكوبروتين النفاذية ،حركية الدواء ،بروبرانولولول
هيدروكلورايد ،تقنية الحقن المعوي أحادي التمرير.
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Chapter 1
Introduction
Absorption is the complex kinetics process that is dependent on many physiological,
physicochemical, and dosage form factors. Ho et al. announced that the absorption
characteristics of a drug are determined by the physicochemical properties of the drug as
well as by the biophysicochemical properties of the gastrointestinal barrier membrane (Ho
et al., 1977).
Over the years, extensive exploration of these principals leads to the establishment of a
Biopharmaceutical Classification System (BCS). Regarding BCS a drug absorption
characteristics are classified on the basis of solubility and membrane permeability
characteristics (Amidon et al., 1995).
Several well-established methods are available to determine absorption rate constant (ka),
among these methods, using in situ absorption models such as Single Pass Intestinal
Perfusion (SPIP) technique. The rat in situ intestinal perfusion is a commonly used
technique for the assessment of permeability of drugs, ka, and the functional role of
permeability glycoprotein (P-gp) on kinetics of drug transport through the whole intestine
(Acra & Ghishan, 1991; Barthe et al., 1999; Salphati et al., 2001). The term in situ refers
to the technique in which the animal’s blood supply is kept intact, thus the rate of
absorption determined by such method would be more correlated with the in vivo situation
whilst comparing with other in vitro techniques (Amidon et al., 1988).

P-gp, multidrug resistance protein 1 (MDR1), is an efflux transporter where it

is

characterized in many pharmacokinetic barriers such as intestine, liver, kidneys, brain,
testis, placenta ,and lung and it is also found in ocular tissue (Litman et al., 2001; Leslie et
al., 2005; Senthilkumari et al., 2008). P-gp is the major efflux transporter protein
responsible for reduced absorption of many drugs (Matheny et al., 2001). Though much
effort have been pursued in the process of establishing the P-gp role in multidrug resistance
in chemotherapy failure and cancer cells. Only in the recent times, it is gaining importance
in improvement of absorption due to its selective distribution at the site of drug absorption.
Broad substrate recognition by this protein and clinical significance of its inhibition have
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revolutionized drug-drug interactions leading to spend more attention in drugs acting as Pgp inhibitors. Recently, the application of these inhibitors in enhancement intestinal
absorption of peroral drugs has gained special interest. Accordingly, more investigations
on P-gp effect on absorption will enhance our understanding of drug- drug interactions, as
many drugs are P-gp substrates while others are inhibitors (Varma et al., 2003).
Many clinically important drugs are identified as P-gp substrates. Propranolol, a β-blocker
drug, is considered one of characterized P-gp substrate (Yang et al., 2000; D'Emanuele et
al., 2004; Wang et al., 2010). β-blockers have long been used for a tremendous array of
indications such as the treatment of hypertension, angina pectoris, and cardiac arrhythmias,
as well as for a number of other indications including migraine, hyperthyroidism, and
tremors. Propranolol was the first β-blocker and it is still used over the world (McNamara
et al., 2006). Propranolol pharmacokinetics have been studied quite extensively (Ludden,
1991).The possibility of propranolol transport by P-gp in intestine playing a significant
role in pharmacokinetics by extruding it from their intended site of action (Yang et al.,
2000).

Diltiazem was identified as P-gp inhibitor (Cornwell et al., 1987), which could be setting
off an opportunity in improving absorption of P-gp substrate by inhibiting P-gp in intestine.
Therefore, the effect of co-administration of diltiazem HCl on the oral pharmacokinetics
namely ka of propranolol HCl is the subject of current investigation of thesis.

1.1 Justification
Intestinal absorption is a critical factor affecting the bioavailability of oral drugs. As the
oral administration is the most suitable and used route for drug delivery, prediction of drug
absorption is a very important for the drug success of an oral medication. P-gp is known as
an efflux transporter of certain drugs including propranolol, which may extrude it back to
the intestinal lumen and limits its absorption. Propranolol, which indicated for many
serious medical conditions, may interact with other drugs such as calcium channel blocker
diltiazem (P-gp inhibitor) so propranolol absorption may be affected.

2

1.2 Problem Statement
Intestinal absorption is an important parameter for the practical use and therapeutic efficacy
of many drugs. Dictated inhibition of intestinal P-gp efflux transporter may improve
intestinal absorption of the P-gp substrate .In case of propranolol, P-gp substrate, the effect
of P-gp inhibitor on absorption level can be studied in rats by using in situ SPIP technique.

1.3 Goals
This study attempts to determine the effect of P-gp inhibition on intestinal absorption of
propranolol HCl using in situ SPIP technique in rats. P-gp as possible site for interaction
between P-gp substrate propranolol HCl and inhibitor diltiazem HCl should be investigated
and clarify the possible influence of diltiazem HCl

on the intestinal absorption of

propranolol HCl in situ in rats.
1.4 Objectives
1. Studying the absorption phase of propranolol HCL alone using in situ SPIP technique
in rats.
2. Studying the absorption phase of propranolol HCl in presence of P-gp inhibitor
diltiazem HCl at different concentrations using in situ SPIP technique in rats.
3. Studying the role of P-gp in the absorption of propranolol HCl using in situ SPIP
technique in rats.

3

Chapter 2
Literature Review

2.1 Intestinal Absorption
Oral drug administration is the most preferred and convenient route for chronic drug
therapy (Lennernäs & Abrahamsson, 2005). The primary site for most drug absorption is
the small intestine, with over 99% of oral administered drugs being absorbed in this region
(Davis et al., 1986). Absorption is the rate and extent at which drugs reach the systemic
circulation from the site of administration (Allen et al., 1982).
Drug absorption across the intestinal barrier occurs either via transcellular or paracellular
routes (Friend, 2004). Intestinal drug absorption is the culmination of a number of steps,
including drug dissolution in the gastrointestinal tract (GIT), absorption across intestinal
mucosa, followed by delivery into the systemic circulation. Prediction of the in vivo
performance of a drug following oral administration depends essentially on the
physiochemical and physiological factors that affecting drug absorption (Griffin &
O’Driscoll, 2008).
The BCS has specified that drug solubility and intestinal permeability are the key
biopharmaceutical characteristics affecting drug absorption from the GIT (Amidon et al.,
1995). The accurate intestinal permeability for drugs is hard to be directly studied in human
and it is also illogical to predict the ability of a drug molecule to pass the intestinal barrier
from simple physicochemical measurements; therefore several in vitro and in situ
experimental models have been established which investigate the intestinal absorption of a
drug (Amidon et al., 1988; Artursson & Karlsson, 1991; Rubas et al., 1993; Hillgren et al.,
1995; Salphati et al., 2001; Cook & Shenoy, 2003).

4

2.1.1 Mechanisms of Transport of Molecules across the Intestinal Epithelium
Absorption process of oral drug across the intestinal membrane is a complex and dynamic
process. It includes paracellular and transcellular transport. Transcellular transport can be
further divided into passive diffusion, endocytosis, and carrier-mediated transport.
Paracellular transport is the transport of solute without passage through the intestinal
epithelium cell membrane (Higuchi & Ho, 1988; Ungell et al., 1998). Drug transport
mechanisms are illustrated in Figure 2.1 (Cao et al., 2008).

Figure 2.1 Drug transport and site of action.

2.1.1.1 Passive Transcellular Pathway
Passive transcellular is the most common drug permeation route in the intestine. Drugs
transported by the passive transcellular route are rapidly , completely absorbed, and
commonly lipophilic in nature with fast distribution into the cell membranes of the
intestinal epithelium (Pappenheimer & Reiss, 1987). Transport of drug following Fick’s
first law by which the absorption rate is proportional to the drug concentration and the
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surface area (Seydel & Schaper, 1981). Fick’s first law of diffusion is described in
Equation 2.1.

𝑱=

𝒅𝑴
𝑨𝒅𝒕

=

𝑫(𝑪𝟏−𝑪𝟐)

Equation 2.1

𝒉

Where
J: the flux (amount of material flowing through a unit cross section)
M: the drug mass (g. mol)
A: the surface area (cm2)
t: the time (s)
D: the diffusion coefficient (diffusivity, cm2 s−1)
C1: the drug concentration at membrane wall in intestinal lumen (mol l−1)
C2: the drug concentration at membrane wall in blood side (mol l−1)
h: the membrane thickness (cm)
2.1.1.2 Passive Paracellular Pathway
Paracellular transport assigns to transport solutes in between cells, without passage through
the epithelial cells themselves. Leaky intercellular junctions between epithelial cells are
allowing paracellular transport of small molecules (Daugherty & Mrsny, 1999; Trischitta
et al., 2001). Hydrophilic molecules pass between the cells crossing the tight-junctions,
however the tight junctions represent only 0.1 % of the surface area of the intestine
(Nellans, 1991).
2.1.1.3 Carrier-mediated Transport
Intestinal epithelial cell membrane is highly polarized. Apical membrane is toward the
external intestinal lumen with many microvilli to enhance absorption by increasing the
membrane surface area. Many membrane transporters are found in the apical side
supporting transport for most nutrients and many drugs, while basolateral membrane faces
blood (Rouge et al., 1996; Shin et al., 2003; Anderle et al., 2004). According to the
direction and category of transported solutes, drug-transport carrier can be classified into
uniporter, symporter, and antiporter. Uniporter is the carrier-mediated transporter that
facilitates the transport of single solute, symporter acts as the transporter of two solutes
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with same direction, in contrast antiporter is the transporter that facilitates the transport of
two solutes with opposite directions. Based on the concentration gradient of the solutes and
energy involved in the process, there are two types of carrier mediated transports active
and passive (Cao et al., 2008).



Active Transport

The active carrier-mediated transport is the primary pathway by which substrates are
transported against electrical and/or chemical concentration gradients utilizing metabolic
energy. The process relies on a membrane bound protein molecule that associates
reversibly to the solute molecule at a specific site. The complex then undergoes a
conformational change that translocates the solute to the opposite side of the membrane.
Usually small hydrophilic molecules utilize this pathway. Similar to enzyme kinetics,
active transport is characterized as a saturable mechanism, and can be inhibited by similar
structural analogs (Cao et al., 2008). Enzyme kinetics can be best described by Michaelis–
Menten equation Equation 2.2:
𝑱=

𝑽𝒎𝒂𝒙 𝑪

Equation 2.2

𝑲𝒎+𝑪

Where
J: the drug flux (mol/L. s)
Vmax: the maximum drug flux
C: the drug concentration (mol/L)
Km: the drug affinity to carrier (mol/L)
At low concentration, C << Km, first order absorption prevails as in Equation 2.3:
𝑱=

𝑽𝒎𝒂𝒙
𝑲𝒎

𝑪

Equation 2.3

At high concentration, C >> Km, zero-order absorption prevails as in Equation 2.4:
𝑱 = 𝑽𝒎𝒂𝒙

Equation 2.4
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Unlike passive diffusion, drugs with active transport absorption mechanism may obey a
concentration dependent and/or dose-dependent absorption. Drug flux can be inhibited by
competitive substrates (Cao et al., 2008). Some hydrophilic drugs whose chemical
structures similar to those of various nutrients can be transported by active carriermediated transport across the intestinal epithelium (Lennernas et al., 1993).


Facilitated Diffusion

Facilitated diffusion is passive carrier-mediated transport. It does not need metabolic
energy and it is similar to passive diffusion driven by the concentration gradient of
substrate. However, facilitated diffusion has higher transport rate compared to that of
passive diffusion alone (Cainelli et al., 1974; Feher, 1983).
2.1.1.4 Endocytosis
Endocytosis is a process in which a substance or compound enters into a cell without
passing through the lipid cell membrane. Depending on the mechanisms and molecules
involved, this process can be classified into different types: pinocytosis, phagocytosis, and
receptor-mediated endocytosis. In each case, endocytosis leads to an intracellular vesicle
formation by the invagination of the plasma membrane and membrane fusion. Drugs can
be transported into the cells inside by this process (Hansen et al., 2005; Liang et al., 2006).
Under physiological conditions, several mechanisms of oral drug absorption may
contribute to drug absorption in small intestine at the same time; commonly the fastest
route dominates the absorption of a particular compound (Burton et al., 2002; Cao et al.,
2005). In general, passive diffusion is the most used route for absorption of many lipophilic
compounds, while the carrier-mediated pathway dedicates the absorption of transporter
substrates. In some cases, paracellular pathway is the mechanism for absorption of some
small hydrophilic compounds with molecular weight less than 300. In small intestine,
various influx carriers that transport nutrients and endogenous compounds can transport
drugs with sufficiently similar molecular structures. In contrast , efflux transporters such
as P-gp, multidrug-resistance-associated protein 2 (MRP2; ABCC2), and breast cancer
resistance protein (BCRP; ABCG2) are found in the apical membrane of intestinal
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epithelial in humans and rodents, may reduce the net absorption of the drugs by extruding
them back to the gut lumen (Takano et al., 2006).
2.1.2 Factors Governing Intestinal Absorption
Many factors dedicate absorption of a drug. These factors can be classified into
fundamental and secondary.
2.1.2.1 Fundamental Factors Influence Intestinal Absorption of Oral Drug
Permeability, solubility, and dissolution are the primary factors that affect oral drug
absorption in the intestine (Zhou et al., 2005). Permeability reflects the physiological
properties of membrane that mainly influence absorption. Solubility is the main
physicochemical property of drug molecules to affect drug absorption. The drug molecules
have to be dissolved in solution in order to be absorbed in the intestinal tract. Dissolution
is the dosage form factor to determine the rate and extent of drug dissolved in solution (Cao
et al., 2008). If both drug solubility and permeability are promoted, there will be a great
increase in the oral absorption rate and extent (Amidon et al., 1995).



Membrane Permeability

The first-order absorption rate constant (ka) may be directly related to the effective
permeability coefficient (Peff). ka can be expressed in Equation 2.5 as the following:
𝐴

2𝜋𝑅𝐿

𝑉

𝜋𝑅 2 𝐿

𝐾𝑎 = 𝑃 = 𝑃

=

2𝑃

Equation 2.5

𝑅

Where
ka: the absorption rate constant with unit 1 s−1
P: the permeability (cm s−1)
A: the membrane surface area (cm2)
V: the volume of absorption compartment (cm3)
R: radius of absorption compartment (cm)
L: length of absorption compartment.
However this equation tends to overestimate absorption by 12.5-fold, so ka = P/(1πR) may
be more realistic (Cao et al., 2008).
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Solubility

The solubility of a solute refers to the maximum quantity of solute that can be dissolved in
a certain quantity of solvent or quantity of solution at a specified temperature. Solubility is
the most important physicochemical property of drug molecules, which can affect the drug
absorption. The drug molecules have to be solubilized in the solution in order for
absorption to occur in the intestinal tract. The ionization extent and oil/water partition
coefficient (K) of the drug affect both drug solubility and membrane permeability.
Generally, low K suggests high solubility in water and high K suggests high solubility in
lipid. However, the drug molecules with high lipid solubility commonly have high
membrane permeability (Cao et al., 2008).
Ionization and pH play an essential role in drug water solubility (Zhou et al., 2005). Ionized
form is usually more water soluble than unionized form, but unionized form is absorbed in
the GIT by passive diffusion easier than ionized form. For weakly basic drugs, predominant
unionized form would be in intestine at high pH (5–8), which enhances the absorption. For
weakly acid drug, predominant ionized form would be found in intestine. Theoretically,
the ionized weak acid is not preferred for absorption in intestine, however the larger surface
area of intestine will compensate this weakness resulting in complete absorption for many
weakly acidic drug (Cao et al., 2008).


Dissolution of Solid Dosage Forms

Dissolution of solid dosage forms in the GIT must take place before drug absorption. Low
solubility and high dose drugs possess slow dissolution so the dissolution rate will be the
rate-limiting step for absorption. Factors that influence dissolution will dedicate the whole
absorption process (Cao et al., 2008). Noyes–Whitney equation describes the dissolution
rate as following in Equation 2.6:
𝒅𝒎
𝒅𝒕

𝑫

= 𝑨 𝒉 (𝑪𝒔 − 𝑪)

𝒄 = 𝟎 𝒂𝒕 𝒔𝒊𝒏𝒌 𝒄𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏

Where
dm/dt: the rate of solid dissolution
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Equation 2.6

A: the solid surface area
D: the diffusion coefficient
h: the thickness of unstirred boundary layer
Cs: the drug aqueous solubility
C: the concentration at h

2.1.2.2 Secondary Factors Influence Intestinal Absorption of Oral Drug


Physiological Factors of Gastrointestinal Tract

GIT plays essential role in absorption process. Many physiological factors, such as gastric
emptying, gastric and intestinal pH, Gastrointestinal (GI) content, GI motility, GI surface
area, and blood flow can influence drug absorption (Fleisher et al., 1990).


Gastric Emptying Time

Gastric emptying time is the time required for the stomach to empty the total initial stomach
contents. Generally, anything that slows down gastric emptying seems to slow down the
rate (not extent) of drug absorption, and thus influences onset of the therapeutic response.
For high solubility and high membrane permeability drugs, gastric emptying rate will
govern the absorption rate and onset of the drugs. A direct relation between gastricemptying rate and maximal plasma concentration is found, and an inverse relation between
gastric-emptying rate and the time required achieving maximal plasma concentrations (Cao
et al., 2008).


Surface Area

Surface area of different areas of GI affects drug absorption. The presence of folds of
mucosa, villi, and microvilli in small intestine lends it the largest effective surface area for
drug absorption. For carrier-mediated drug absorption, small intestine is the most
significant region for most drug transporters that are also expressed in this area. On the
other hand, stomach and large intestine lack villi, microvilli, with less transporter
expression (Cao et al., 2008).
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Gastrointestinal Transit Time

GI transit time or mean resident time (MRT) can also affect oral drug absorption.
Increasing GI residence time (or decrease of motility) enhances drug absorption potential.
Stomach MRT is approximately 1.3 hr while the small intestine MRT is around 3 hr. The
longer MRT in small intestine will contribute to a higher drug absorption potential (Cao et
al., 2008).


Intestinal Motility

Intestinal movement involves propulsion and mixing. Propulsive movement determines the
intestinal transit time and influences release of slow, enteric-coated drug, release dosage
forms that are only released in intestine, slowly dissolving drugs, and carrier mediated
absorption. Mixing movement increases dissolution rate by creating new faces of contact
between molecule and endothelial surface area for absorption (Cao et al., 2008).


Food

Food could influence drug absorption for example grapefruit juice inhibits P-gp efflux
pump and increases bioavailability of P-gp substrates (Cao et al., 2008).


Blood Flow

High vascularization of GIT enhances the higher drug absorption, particularly for highly
permeable and those active absorption mediated (Cao et al., 2008).


Dosage Factors Influencing Absorption

Both excipients and dosage forms are dosage form factors that may affect drug absorption
(Rouge et al., 1996; Badawy et al., 2006).The disintegrants can increase absorption by
enhancement of the dissolution rate of the drugs. Surfactants such as Tween-80 may
support drug solubility and drug absorption of poorly soluble drugs through increasing drug
permeability. The controlled release dosage form have an absorption profile differs from
that of an immediate release dosage forms (Cao et al., 2008).
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2.2 P-gp
2.2.1 Introduction
Ling and co-workers had noted that cells selected for resistance to colchicine also displayed
resistance to other structurally unrelated compounds, a phenomenon known as multi drug
resistance (MDR). In 1976, this resistance phenotype was attributed to P-gp, which also
known as MDR1 for its ability to reduce the apparent cellular permeability of drugs
(Juliano & Ling, 1976). It was first isolated in MDR Chinese hamster ovary cells by Ling
and co-workers (Ling & Thompson, 1974).
P-gp is a 170 kDa protein belonging to the ATP binding cassette (ABCB1) subfamily and
is coded by MDR1 gene in humans (Pastan & Gottesman, 1987; Ueda et al., 1987). P-gp
is synthesized in the endoplasmic reticulum as a150 kDa-core glycosylated intermediate,
then modified in the Golgi apparatus prior to the export to the cell surface (Loo & Clarke,
1999).
P-gp is a membrane transporter that depends on ATP efflux of a wide variety of
amphipathic substrates (Higgins & Gottesman, 1992) across biological membranes
(plasma membrane, intracellular membranes of the endoplasmic reticulum, peroxisome,
and mitochondria) and against their concentration gradients, therefore limiting the cellular
accumulation of their substrates (Borst & Elferink, 2002; Chang, 2003; DeGorter et al.,
2012). P-gp is found in the epithelia of liver, kidney, intestine, placenta and also expressed
in the endothelium of the blood brain barrier and blood (Thiebaut et al., 1987; Beaulieu et
al., 1997; Melaine et al., 2002; Gil et al., 2005). From an evolutionary point of view, P-gp
is considered as cellular defense mechanism that decreases the permeation and
accumulation of cytotoxic drugs in many vital organs of the body (Gatlik-Landwojtowicz
et al., 2004).
P-gp can directly affect the pharmacokinetics of an administered drug such as central
nervous system (CNS) penetration, intestinal absorption, hepatic clearance, renal clearance
and thus the compound’s total distribution and bioavailability (Ueda et al., 1987; A.
Schinkel, 1998; Gottesman et al., 2002). In tumor cells, expression of P-gp results in
decreasing of intracellular drug concentrations with resultant reduction in the cytotoxicity
13

of a broad spectrum of antitumor drugs as anthracyclines, vinca alkaloids,
podophyllotoxins, and taxanes (e.g. taxol) (Krishna & Mayer, 2000). On the other hand,
over expression of P-gp in human cancer cells can lead to multidrug resistance
development and hence play a main role in chemotherapeutic failure (Gottesman et al.,
2002).
2.2.2 P-gp Gene Family
P-gp belongs to ABCB multidrug resistance subfamily of transporters. The ABCB
subfamily is composed of eleven transporters divided into four full transporters (at least
two trans membrane domains (TMDs) and two nucleotide binding domains (NBDs)) and
seven half transporters (containing one of each domain), serving it the only human
subfamily having both types of transporters (Dean et al., 2001a).
P-gp exists in three different isoforms (P-gp class I, II and III) with two isoforms expressed
in humans, and three isoforms in rodents. P-gp class I and III have been characterized in
different normal human tissues that play potential role in the normal physiology of these
tissues.

In humans, P-gp is encoded by two MDR genes, MDR1/ABCB1 and

MDR3/ABCB4 (also designated MDR2), which are located adjacent to each other, on the
long arm of chromosome 7 (7q21) and resulted from a duplication event. Whereas three
MDR genes members (mdr1a/abcb1a, mdr1b/abcb1b and mdr2/abcb4) are found in
animals (Callen et al., 1987; Chin et al., 1989; Lee et al., 1993). The MDR1 isoform is
considered as MDR phenotype (Hennessy & Spiers, 2007), whereas the human MDR3
isoform highest expression in liver is in the canalicular membranes of hepatocytes which
acts as a phosphatidylcholine translocase, or“flippase”, secreting this phospholipid into
the bile (Ruetz & Gros, 1994; Helvoort et al., 1996). However, under certain circumstances
, the human MDR3 characterized to transport some MDR1 substrates, albeit inefficiently
(Smith et al., 2000).There is 82% homology of human MDR1 and mouse mdr1a, while
those between human MDR1 and mouse mdr1b being 79% (Vrie et al., 1998).
2.2.3 Tissue Distribution and Physiological Role of P-gp
P-gp is highly expressed in the plasma membrane of cancer cells, where it causes MDR by
extruding their substrates out of the cell, with common detection in colon, renal, and
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adrenal carcinomas; seldom in lung, gastric carcinomas, and certain germ cell tumors; and
it is unnoticeable in breast and endometrial carcinomas. Few sarcomas and none of the
melanomas, neuroblastomas, gliomas, and pheochromocytomas have striking P-gp
expression (Cordon-Cardo et al., 1990).
Although P-gp was found expressed in most human and rodent tissues at low levels, it was
found and concentrated in limited specific sites of normal human tissues. Definite cell types
in liver, pancreas, kidney, colon, and jejunum demonstrated definite localization of P-gp
(Thiebaut et al., 1987; Croop et al., 1989).
In liver, P-gp is characterized in the biliary canalicular front of hepatocytes and on the
apical surface of epithelial cells in small biliary ductules exclusively. In pancreas, P-gp is
expressed only on the apical surface of the epithelial cells of small ductules. In kidney, Pgp is found in a high concentration on the apical surface of epithelial cells of the proximal
tubules. Both colon and jejunum represent high P-gp expression on the apical surfaces of
superficial columnar epithelial cells. Adrenal gland shows high levels of P-gp, distributed
on the surface of both the cortex and medulla cells (Thiebaut et al., 1987). It is suggested
that the P-gp pump may have a physiological role in the elimination of xenobiotics or some
endogenous metabolites, so some specialized secretory or excretory epithelial cells
expressed P-gp as trophoblasts in the placenta, and on endothelial cells of capillary blood
vessels at blood-tissue barrier sites (Cordon-Cardo et al., 1990); and in the blood-brain
barrier (BBB). P-gp is oriented in these cells to transport substrates towards the blood, so
limiting their crossing into the brain, thus protecting against noxious effects of P-gp
substrates (Schinkel et al., 1994; Schinkel et al., 1995; Schinkel et al., 1996; Schinkel,
1999). P-gp has also been found expressed in the capillary endothelial cells of the cochlea
and vestibule which plays a role in the blood-inner ear barrier (Saito et al., 1997).
In addition, P-gp is characterized in the gastrointestinal epithelium, epithelia of the
bronchi, mammary gland, prostate gland, salivary gland, and sweat glands of the skin (
Valk et al., 1990). Additionally, the luminal surface of secretory epithelial cells in the
pregnant endometrium have high levels of P-gp expression (Arceci et al., 1988) as well as
in the placenta (Gil et al., 2005) where it is protecting the fetus from the toxicity of various
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endogenous and exogenous molecules (Kalabis et al., 2005). Even, it is expressed in the
human fetus in the apical border of fetus-derived epithelial cells facing the maternal
circulation, suggesting that it has a pivotal role in physiology of various organs already in
early phases of fetus development (Kalken et al., 1992; Lankas et al., 1998). Moreover, Pgp has been suggested to be related to other physiological functions such as the transport
of steroid hormones, transport of ions, and secretion of cytokines (Borst & Schinkel, 1996;
Vrie et al., 1998).
2.2.4 Topology and Structure of P-gp
P-gp is a single 170 kDa polypeptide, consisting of 1280 amino acids organized in two
repeated homologous and symmetrical halves of 610 amino acids joined by a linker region
of ~60 amino acids (Juliano & Ling, 1976; Kartner & Ling, 1983; Chen et al., 1986).
As many other ABC transporters (Schmitt & Tampé, 2002; P. Jones & George, 2004), Pgp typically comprises two ATP-binding domains, which known as NBDs that bind and
hydrolyze ATP where located in the cytoplasm. In addition to two hydrophobic TMDs,
normally made up of six membrane-spanning α-helices (Dean et al., 2001b; Hennessy &
Spiers, 2007; Sharom, 2008; Sharom, 2011).Figure 2.2 showing the two homologous
halves, each with one TMD, containing six highly hydrophobic transmembrane α-helices ,
and one NBD located on the cytoplasmic side of the membrane (Dean et al., 2001a).

Figure 2.2 Topological model of P-gp.

The NH2- and COOH-termini, as well as the NBDs, are facing interior of the cell, and the
first extracellular loop is N-glycosylated (Zhou, 2008). Each NBD domain contains three
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regions: Walker A, B, and signature C motifs. Walker A and B motifs, which are
characterized in many proteins that bind and hydrolyze ATP and guanine tri phosphate
(GTP); and a LSGGQ signature C motif, which is unique to the ABC superfamily (Walker
et al., 1982). These motifs are directly employed in the binding and hydrolysis of
nucleotides (Sharom, 2008; Zhou, 2008; Sharom, 2011).
P-gp is synthesized in the endoplasmic reticulum as a core-glycosylated intermediate with
a 150 kDa molecular weight, which modified in the Golgi apparatus prior to the release to
the cell surface (Loo & Clarke, 1999) . P-gp is glycosylated on its first extracellular loop,
It seems likely that this glycosylation may alter trafficking and stability of P-gp within the
plasma membrane, but it does not affect substrate transport (Hennessy & Spiers, 2007).
NBDs of P-gp indeed form the “ATP sandwich dimer” observed for other ABC proteins
in order to hydrolyze ATP (Rosenberg et al., 2005). In this concept, the NBDs are arrayed
in a head-to-tail pattern, with two ATP molecules bound along the interface; the Walker A
and B motifs of one NBD and the signature C motif of the other NBD are anticipated to
hold one nucleotide in place , which thus form a composite binding site (Jones & George,
1999). While ATP enhances dimerization of NBDs, adenosine di phosphate (ADP) causes
dissociation of dimer (Sauna et al., 2007).
2.2.5 P-gp Mechanism of Action
The exact site of substrate interaction with the P-gp, as well as the exact mechanism by
which P-gp couples the ATP hydrolysis to the efflux of drugs across the plasma membrane
have puzzled the researchers (Ambudkar et al., 1999; Kimura et al., 2004; Sharom et al.,
2005). Many models are suggested to explain the mechanism of P-gp efflux. The two
common theories are flippase theory and hydrophobic vacuum cleaner (HVC) theory
(Varma et al., 2003; Hennessy & Spiers, 2007). Both models have been found a wide
acceptance (Varma et al., 2003; Hennessy & Spiers, 2007; Sharom, 2011) and they are
harmonious with the tertiary structural data for P-gp, elucidating that substrates get access
to the pore from the lipid phase of the membrane (Rosenberg et al., 1997; Rosenberg et al.,
2001).
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2.2.5.1 Hydrophobic Vacuum Cleaner Model
The relative hydrophobicity of P-gp pump substrates is one feature that makes theses
substrates readily soluble in lipid bilayers, and it is now widely accepted that they partition
into the membrane before interacting with the P-gp pump (Seelig & Landwojtowicz, 2000).
Moreover, drugs gain access to P-gp binding sites which contained within TMDs after
partitioning into the lipid bilayer (Raviv et al., 1990). Thus, the HVC model was firstly
suggested by Higgins and Gottesman in which P-gp recognizes hydrophobic compounds
embedded in the inner leaf of the plasma membrane and extrudes them from the membrane
into the extracellular aqueous environment (Higgins & Gottesman, 1992). This efflux
activity generates a concentration gradient across the plasma membrane, with a higher drug
concentration in the external aqueous medium. The P-gp is able to pump substrates before
they have chance to enter the cytosol, thus preventing potentially toxic molecules from
accumulation inside the cell (Sharom, 2011).This model suggests that substrates access to
their binding sites through “gates” formed between TMHs 5/8 and 2/11in human (Loo et
al., 2003b) and TMs 4/ 6 and10/12 in mouse P-gp (Aller et al., 2009). Figure 2.3 represents
HVC model of P-gp where TMDs 5 and 8 (A) and TMDs 2 and 11 (B) form gateway for
drug enter to the binding cavity of human P-gp (Loo & Clarke, 2005).

Figure 2.3 Hydrophobic Vacuum Cleaner model of P-gp.

2.2.5.2 The flippase Model
The flippase model supposes that P-gp flips its substrates from the inner leaflet of plasma
membrane to either the outer leaflet of the plasma membrane or directly to the extracellular
medium (Higgins & Gottesman, 1992). Therefore, the flippase model necessitates that drug
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substrates localize to one cytoplasmic leaflet of the membrane (close to NBDs) from where
the flipping happens, rather than to the hydrophobic core of the membrane. This model
also requires a low rate of spontaneous movement of substrates between the two leaflets of
the lipid bilayer to allow P-gp to give rise a drug concentration gradient across membrane.
Actually, the slow rate of movement of many P-gp substrates across a lipid bilayer have
been shown to range from minutes to hours (Eytan et al., 1996).
It should be noted that both these models described previously suppose that partition of Pgp substrates into the lipid bilayer is the primary determinant of specificity prior to
interacting with substrate-binding site being of secondary importance. This leads to
unusually broad substrate specificity of P-gp (Hennessy & Spiers, 2007). In addition, both
biochemical and structural data elucidate that P-gp can act as either a vacuum cleaner or a
flippase model since the P-gp substrate binding pocket is located within the trans
membrane regions of the protein that contact the cytoplasmic membrane leaflet (Shapiro
& Ling, 1997b; Qu & Sharom, 2002; Lugo & Sharom, 2005; Aller et al., 2009). However,
it is difficult to differentiate the “hydrophobic vacuum cleaner” from “ flippase” models
experimentally (Hennessy & Spiers, 2007). Figure 2.4 showing both models of P-gp
mechanism of action (Sharom, 2011).

Figure 2.4 The Role of P-gp as a Hydrophobic Vacuum Cleaner and a Flippase
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2.2.6. P-gp Substrate and ATP Binding Sites
2.2.6.1 P-gp Substrate Binding Sites
At least two distinguished binding sites for P-gp substrates have been suggested by several
researchers (Dey et al., 1997; Shapiro & Ling, 1997b, 1997c, 1998; Loo et al., 2003a; Wang
et al., 2003). Shapiro and Ling observed unexpected allosteric interactions between
fluorescent dyes Hoechst 3342 and Rhodamine 123. Both were transported at the same
time in Chinese hamster ovary cell vesicles, which indicates that molecules bind
simultaneously to different binding subsites within the binding pocket. According to
substrates names, the two binding sites have been named R- (Rhodamine 123) and H(Hoechst 33342) site (Shapiro & Ling, 1997c). Further, Aller et al. indicated that P-gp can
occupy at least two molecules of (QZ59-SSS) at the same time (Aller et al., 2009). It was
demonstrated that the two specific R- and H- binding sites have different substrate
selectivity. P-gp substrates can affect transport rate of Hoechst 33342 and Rhodamine 123
in different manner. In P-gp-expressing vesicles, the same molecules that can increase the
transport rate of Rhodamine 123 in concentration dependent manner, they also can decrease
the transport rate of Hoechst 33342. Perhaps due to one part of the molecules interact to
the R-site and other part interact to the H-site (Shapiro & Ling, 1997c).
Many studies proposed that there are even more than two binding sites (Shapiro et al.,
1999; Martin et al., 2000). In plasma membrane vesicles, Shapiro and co-workers group
noticed that when Hoechst 33342 was administered with both Rhodamine 123 and prazosin
or progesterone, its transport rate was stimulated additively. In contrast, transport rate of
Rhodamine 123 was not stimulated if it was administered with both prazosin and Hoechst
33342. It seems that prazosin and progesterone bind to third, allosteric binding site, which
can affect H- and R-site in different manner.
Four different binding sites for P-gp ligands is another option suggested by Martin et al. ;
of which one site has solely a regulatory function that modifies P-gp function and
allosterically alters the conformation of the transport binding sites for substrates from low
to high affinity state, thus increasing the rate of transport. Whereas the H-site acts as both
regulatory and transport site (Martin et al., 2000). Figure 2.5 represents the P-gp two
binding sites (H- and R-site) which can function simultaneously and additively and an
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allosteric binding site. A) Hoechst 33342 binds to H-site and Rhodamine 123 to the R-site
to be transported. B) When both molecules are present they increase each other’s transport
rate C) Binding to allosteric site increases transport of Hoechst 33342. Arrow indicates
transport rate (Suvanto, 2014).

Figure 2.5 P-gp two binding sites (H- and R-site) which can function simultaneously and additively
and an allosteric binding site.

2.2.6.2 Binding of ATP to P-gp
It is clear that ATP hydrolysis is essential step for transporting P-gp substrates (Al-Shawi
& Senior, 1993; Kimura et al., 2004). As mentioned previously, P-gp possesses two
nucleotide binding sites which are hydrophilic in nature and located in cytosol (Rosenberg
et al., 2005). Both ATP molecules play crucial role in the catalytic cascade that tightly
coupled to substrate transport (Dey et al., 1997; Wang et al., 2003; Sauna et al., 2007). Pgp possesses a high level of constitutive (basal) ATPase activity, which is demonstrated
in the plasma membrane vesicles from MDR cells (Doige et al., 1992; Al-Shawi & Senior,
1993) and insect cells overexpressing recombinant P-gp (Sarkadi et al., 1992; Rao, 1995),
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and purified P-gp (Shapiro & Ling, 1994; Urbatsch et al., 1994; Sharom et al., 1995) that
lack added P-gp substrates. Mg+2 is the major divalent cation required for ATP hydrolysis
although both Mn+2 and Co+2 can support ATP hydrolysis at lower rates (Urbatsch et al.,
1995).
Three different modulation patterns of the basal ATPase activity of P-gp have been
observed. Drug substrates and modulators can modulate basal ATPase activity of P-gp as
discussed below. A biphasic pattern have been shown by many drugs, which stimulate
ATPase activity at low concentrations, and inhibit it in varying degrees at higher
concentrations. Some substrates appear to produce only stimulation of activity; for
example, many linear peptides, cyclic peptides, and ionophores stimulate P-gp ATPase
activity up to 2.5-fold (Sharom et al., 1995). On the other hand, some compounds have
been characterized to only inhibit P-gp ATPase activity. The molecular basis of these
various patterns of ATPase modulation is unknown. The biphasic pattern might arise from
the overlapping between a “stimulatory” drug binding site and another “inhibitory” drug
binding site (Gottesman et al., 1996).
Several inhibitors of P-gp ATPase activity have been characterized, including diverse
sulfhydryl-modifying agents and ortho-vanadate. Sulfhydryl-modifying agents including
maleimides,7-chloro-4-nitrobenzo-2-oxa-1,3-diazole(NBD-Cl),p chloro mercuri benzene
sulfonate, HgCl2, etc. Sulfhydryl reagents can covalently modify both cysteine residues,
one in each Walker A motif (cysteine 431 and 1074 in human P-gp) (Loo & Clarke, 1995),
and as a result of steric interference, ATP catalysis is inhibited , although ATP binding still
takes place (Liu & Sharom, 1996). The Pi analog ortho-vanadate (Vi) can rapidly and
completely inhibit the ATPase activity of P-gp in the presence of ATP. Vi is held after a
single catalytic turnover in only one NBD (Urbatsch et al., 1995), as the complex
ADP+Vi+M+2, where M+2 is a divalent cation, usually Mg+2. The trapped complex can also
arise from ADP and Vi, but at a lower rate. The Vi-trapped complex inhibits ATPase
activity, proposing that both ATP catalytic sites must be active for ATP hydrolysis to occur
(Sauna et al., 2007).
Senior et al. suggested that P-gp operates by an alternating sites mechanism, whereby ATP
binds to both nucleotide-binding sites but is hydrolyzed at different time at the two binding
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sites. Thus only one catalytic site can be in the transition state conformation at any time,
and the two sites alternate in catalysis and transport substrates by turns (Senior et al., 1995).
This catalytic cycle of ATP hydrolysis leads to conformational change of the P-gp structure
and may change the affinity of the substrates to P-gp. In accordance, NBDs are formed
dimer by the effect of ATP (Sauna et al., 2007).Figure 2.6 showing two ATP molecules
catalyze dimerization of P-gp by turns and causes conformational change in P-gp structure.
One of two ATP molecules is occluded to ATP site (step I) and hydrolyzed to ADP (step
II) which causes electrostatic repulsion and simultaneous release of ADP and occlusion of
ATP to ATP site 2 (step III). The cycle (steps I-III) is repeated in ATP site 2 (steps IV-VI)
(Sauna et al., 2007).

Figure 2.6 Conformational change in P-gp structure caused by ATP binding.
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ATP hydrolysis can alter the substrate affinity to two binding sites from low to high affinity
fashion (Dey et al., 1997; Wang et al., 2003). Dey and co-workers suggested that the two
binding sites of P-gp are “ON” (C-terminal) and “OFF” (N-terminal) site.
The substrate movement from favorable “ON” site to the “OFF”-site necessitates the
energy from ATP hydrolysis and causes transport of the substrates. The catalytic cycle of
P-gp is explained more closely in Figure 2.7. In the catalytic cycle of P-gp, binding sites
alter from high to low affinity in different phases of ATP hydrolysis. Squares represent
TMDs, circles ATP-binding sites and ovals substrate interacting sites. Step I: no drug is
bound. Step II: drug can bind to the “ON”-site without demanding energy from ATP. Step
III: affinity of substrate to the “ON”-site is decreased in consequence of conformational
change catalyzed by ATP-hydrolysis and a drug moves to the “OFF”-site. Step IV: drug is
released from the “OFF”-site to the exterior of the cell.

Figure 2.7 The Catalytic cycle of P-gp binding sites.

2.2.7 P-gp Substrates
A large number of therapeutically and structurally unrelated drugs are substrates for P-gp.
The list of substrates is continually growing and includes anticancer drugs such as
anthracyclines (doxorubicin, daunorubicin), various drugs using for CNS, cardiovascular
system and antimicrobials alkaloids (reserpine, vincristine, and vinblastine). In addition,
specific

peptides

(valinomycin,

cyclosporine),
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steroid

hormones

(aldosterone,

hydrocortisone), and local anaesthetics (dibucaine). Dye molecules (Rhodamine 12) and
many pharmaceutical excipients exhibited P-gp substrate activity. Few of them were
identified to be P-gp inhibitors, setting off an opportunity in MDR reversal (Hunter & Hirst,
1997; Schinkel, 1999;Asperen et al., 1997).
2.2.8 P-gp Inhibitors
P-gp inhibitors also called modulators or chemosensitizers. While a P-gp substrate binds
to protein’s transport site and gets extruded, competitive inhibitors compete with the
substrate drugs for efflux and occupy all the available protein transport sites leaving no
chance for the P-gp and substrate interaction. Non-competitive inhibitors called nontransported inhibitors because they neither bind to protein’s transport site nor are extruded
by the protein efflux. Instead, they non-competitively inhibit the protein efflux by binding
to an allosteric modulatory site (Jang et al., 2001; Varma et al., 2003). In general, P-gp can
be inhibited by several modes (1) by inhibiting drug binding site competitively or
allosterically, (2) interfering ATP hydrolysis (Shapiro & Ling, 1997a) and by (3) changing
integrity of cell membrane lipids (Drori et al., 1995).

2.2.8.1 First Generation Inhibitors
First generation inhibitors developed based on screening among the available compounds.
This class involved those pharmacological drugs, which were solely used for other
indications but later have been shown to be P-gp inhibitors. These includes verapamil,
diltiazem

(antihypertensive

calcium

channel

blockers),

cyclosporine

(an

immunosuppressant), other antihypertensives such as quinidine, reserpine, and yohimbine.
In addition, antiestrogenic tamoxifen and toremifene, and antineoplastic vincristine. The
usage of many of these compounds is limited by their toxicity due to their P-gp inhibitory
concentrations reaches high serum concentrations. In addition, they obviously were nonselective and less potent. Most of these compounds have been considered as P-gp substrates
themselves, and hence they acted as competitive inhibitors (Dantzig et al., 2003).
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2.2.8.2 Second Generation Inhibitors
The second generation inhibitors developed based on parent molecule optimizations. The
first generation inhibitors were modified by alteration in their chirality to achieve a null
innate pharmacological activity to reduce the toxicity of the parent molecules. These
inhibitors were remained P-gp substrates themselves with low protein affinity and
inhibition dose of P-gp was not tolerable. Several first generation drug derivatives or
analogues fall under this category; Dexverapamil, the R-isomer of verapamil lacking any
pharmacological activity and, PSC 833 (valspodar), a cyclosporine A analogue without
immunosuppressive character. As such, their P-gp inhibitory dose was far beyond the
tolerable dose levels, these inhibitors cause significant drug- drug interactions resulted
from the chiral optimization. Due to chiral optimization second-generation inhibitors were
metabolized by cytochrome P450 3A4 (CYP450 3A4), which made them compete with the
co-administered anticancer P-gp substrate drugs whose metabolism was also influenced by
the same system so required alterations in the chemotherapy doses. All these drawbacks
restricted the use of this class of inhibitors (Thomas & Coley, 2003).
2.2.8.3 Third Generation Inhibitors
The third generation inhibitors developed based on chemical synthesis by combinational
chemistry approaches. The compounds of this class have 10-fold potency more than the
first and second generations. These inhibitors are identified to be highly specific, selective
inhibitors of P-gp, null of interactions with CYP450 3A4 system, and required no
alterations in the chemotherapy doses. Many compounds discovered belonging to this class
include VX-710 (biricodar, a cyclopropyldibenzosuberane modulator, developed by Eli
Lilly company), GF 120918 (elacridar, an acridonecarboxamide derivative, developed by
GlaxoSmithKline), OC 144-093, mitotane (NSC-38721), annamycin, R101933, ONT-093,
and LY335979 (zosuquidar) (Ozben, 2006).
2.2.8.4 Other P-gp inhibitors
Compounds inhibiting ATP hydrolysis could be considered as better P-gp inhibitors, since
they do not be transported by P-gp, and used at low dose which is well suitable to use
locally at gut lumen. Quercitin, a naturally occurring flavonoid, has been shown to block
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P-gp activity by an obscure mechanism but in general by interfering ATPase function
(Shapiro & Ling, 1997a).
Several pharmaceutical inert additives and functional excipients are emerging as a different
class of P-gp inhibitors, which act by modulating integrity of membrane lipid where the Pgp actually resides. Commonly used safe and non- toxic pharmaceutical agents either of
natural or synthetic origin that belong to various classes like the cosolvents, surfactants,
polymers, and lipid excipients were identified to possess the P-gp inhibitory activity
(Buggins et al., 2007). Surfactants and polymers act indirectly and non-specifically by
altering hydrophobic environment of lipid bilayer. They solubilize and stabilize the drug
molecule. Furthermore, some surfactants can diminish the P-gp ATPase activity. A few act
by both the mechanisms at the same time. Pluronic block copolymers and other amphiphilic
diblock copolymers alter P-gp activity by enhancing the membrane permeability through
decreasing membrane microviscosity and also by reduction of cellular ATP levels (Bansal
et al., 2009). Vesicular transport of substrates by micellar structures, block P-gp action
mostly at concentrations more than the critical micelle concentrations (Li et al., 2008).
Development of novel drug delivery systems (DDS) with P-gp evading activity have a
great interest at the present. DDS involve many pharmaceutical formulations like
microspheres, nanoparticles and liposomes (Kim & Lim, 2002). The stealth particles
(stealth liposomes) block P-gp efflux due to saturation of the P-gp carrier, and thus
introduce concentrated drug levels across the plasma membrane (Krishna & Mayer, 2000).
Polymeric conjugates and mixed micelles can avoid the P-gp extrusion since they are
transported into the cells via receptor-mediated endocytosis in contrast to the typical free
drug transport through diffusion. The degradation products of polymers or carriers may
also reverse P-gp mediated efflux by direct interaction and inhibition (Dabholkar et al.,
2006; Kobayashi et al., 2007). Surfactant polymer nanoparticles have been shown to bypass
P-gp mediated efflux by undergoing endocytic vesicular transport (Chavanpatil et al.,
2007). As such, an exploitation of both the approaches together where the novel DDS are
applied as well as P-gp inhibiting excipients may function as more potent P-gp inhibitors.
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2.2.9 Efflux Kinetics of P-gp
The efflux action of P-gp follows active carrier mediated transport mechanism. In this
route, P-gp utilizes energy released from the ATP hydrolysis for extrusion process. As Pgp extrudes the substrate out of the cells into the extracellular space and can transfer only
one molecule at a time, it functions as both a uniporter and a unidierectional carrier protein.
The number of P-gp carriers is limited, so the transport system is capacity limited. The
efflux kinetics can be expressed by the (Equation 2.2), as Michaelis Menten or mixedorder kinetics or saturation or non-linear dose dependent kinetics (Jang et al., 2001).
At low drug concentrations, where Km >> C, the efflux follows first order kinetics
(Equation2.3). The efflux rate is proportional to the drug concentration and increases
linearly with the drug concentration.
At high drug concentrations, where Km << C, the protein carriers become saturated and
the efflux occurs at constant rate (Equation2.4). In other words, the efflux rate process
approaches an asymptote and becomes independent of drug concentration, so the efflux
follows zero order kinetics.
In cases where Km = C, the efflux rate is half its maximum velocity and assumes mixed
order (exhibiting zero and first order kinetics together) kinetics. Figure 2.8 showing P-gp
efflux kinetics obtained by plotting a graph between substrate concentration (X-axis) and
P-gp efflux rate (Y-axis). The mechanism of action of the competitive and non-competitive
inhibitors has also been represented (Srivalli & Lakshmi, 2012).

28

Figure 2.8 P-gp Efflux kinetics and the mechanism of action of the competitive and non-competitive
inhibitors.

2.2.10 Structure Activity Relationship of P-gp Substrates
The establishment of specific structural characteristics common to all P-gp substrates has
met with limited success. There is no prevalent pharmacophore that can be used to
recognize a certain drug as a P-gp substrate. In general, substrates that interact to P-gp are
large (200-1900 Dalton) organic molecules, weakly amphipathic and liposoluble, and they
often (but not always) have aromatic ring systems. Some P-gp substrates are uncharged,
and many other possess a positively charged N atom at physiological pH (Sharom,
1997;Schinkel & Jonker, 2003; Sharom, 2011). However, it is difficult to make
generalizations about the attributes of compounds that bind with P-gp, and many substrates
have been identified that do not strictly consent with these properties. For example, many
linear and cyclic peptides and ionophores are known to interact with the P-gp and some
peptides are smaller than typical substrates and frequently lack aromatic rings (Loe &
Sharom, 1994; Sharom et al., 1995; Sharom et al., 1996).
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Seelig and co-workers tested over 100 compounds known to interact with P-gp and
classified them based on the number and separation distance of electron donor groups (
Seelig, 1998). All compounds examined have been shown to possess either 2 or 3 electron
donor groups separated by 2.5 ± 0.3 or 4.6 ± 0.6 Å. It was concluded that when the number
and “strength” of hydrogen bonding groups increased the probability of drug being a P-gp
substrate increased. Also, Pajeva and Wiese suggested that when number of wide spread
hydrophobic groups increased the probability of drug being a P-gp substrate increased
(Pajeva & Wiese, 2002). Other researchers subsequently proposed approaches that
combined electron donors, hydrophobic groups, and/or aromatic rings in particular spatial
arrangement (Ekins et al., 2002b; Ekins et al., 2002a; Pajeva & Wiese, 2002). Another
approach proposed that molecules possess two H-bond acceptors 11.5 Å apart and two Hbond donors 16.5 Å apart would be P- gp substrates (Cianchetta et al., 2005).
2.2.11 Interplay Role of CYP3A/3A4 and P-gp
Because of its localization at membrane barriers and its wide substrate spectrum, P-gp is
an important determinant of pharmacokinetics and an important mediator of transportermediated drug-drug interactions (Konig et al., 2013). An interesting aspect of P-gp and
CYP3A4 is sharing many substrates and inhibitors; and having a common tissue
distribution. The isozyme CYP3A4 attributed to approximately 70% of the total CYP
activity in the intestine, and P-gp may interplay with CYP3A4 to decrease bioavailability
of orally administered drugs. A shared substrate for both P-gp and CYP3A4 interior the
enterocyte may be exposed to an absorption directly into the systemic circulation,
metabolism by CYP3A4 in the enterocyte, or pumped back into the intestinal lumen by Pgp. Drug secreted back into the lumen may be reabsorbed at a distal site and subjected
again to any of the three pathways previously mentioned. This may produce enteroentericrecycling effect and prolong the MRT in the intestinal lumen (Watkins, 1992; Wacher et
al., 1995).
2.3 Models Describing the Gastrointestinal Absorption of Drugs
There are a variety of methods available for studying drug intestinal absorption without
the need for human studies, and understanding the rate-limiting processes affecting drug
absorption so that oral drug delivery strategies can be established (Sinko et al., 1991).
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2.3.1 Human Colon Carcinoma cell line Caco-2
The Caco-2 cell line, which is polarized epithelial cells, is considered a good tool in
intestinal permeability screening. This in-vitro model expresses most of the transporters
that are pertinent for intestinal drug absorption in humans, making it useful to study distinct
absorption mechanisms. Moreover, for compounds that are absorbed by passive diffusion
and show low intestinal metabolism, permeability values observed in the Caco-2 model
provide good predictions of the absorbed fraction of the administered dose of a drug in
humans (Artursson et al., 2001).
Nevertheless, Caco-2 model may fail to address the complexity of intestinal processes that
eventually determine in vivo intestinal absorption. The major drawbacks of using Caco-2
cells are the low expressed levels of P450 enzymes, and the absence of a protective mucus
layer that renders the Caco-2 cells more sensitive to pH changes of the apical media. So
the Caco-2 model cannot be used for regional absorption studies (Lee et al., 2005).
2.3.2 In-situ Intestinal perfusion techniques
In situ models offer advantages over in vitro models. Absorption rates from in situ methods
may be more realistic in magnitude compared to those obtained from in vitro techniques;
since neural, endocrine, lymphatic, and mesenteric blood supplies are intact and therefore
all the transport mechanisms of intestinal absorption present in a live animal should be
effective (Lawrence et al., 1996). In situ intestinal perfusion techniques provide a direct
determination of fraction of dose absorbed on the basis of disappearance kinetics from an
intestinal segment.
A small intestinal segment can be perfused in open loop or closed loop set-up of in situ
intestinal perfusion. In closed loop experiments, originally proposed by Doluisio et al. a
drug solution is introduced into an isolated intestinal segment and the resultant luminal
perfusion solution is analyzed at pre-determined time points (Doluisio et al., 1969).
In the open loop or ‘through and through’ perfusion techniques, described by Higuchi
and co-workers, continuous fluid flow is maintained down the intestine, and intestinal
permeability is determined via the concentration difference in inlet and outlet perfusate at
steady state (Ho & Higuchi, 1974).
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In the open loop configuration, the perfusion solution that exits the isolated segment goes
directly to waste. However, when perfusion media are slight (e.g., when using intestinal
fluids), the closed loop set-up can be used; in this configuration, the perfusion solution is
continuously recirculated through the intestinal segment, and donor concentration will
decrease during the experiment. Therefore, frequent sampling of the perfusion solution is
required (Doluisio et al., 1969). Whereas in the open loop set-up, the donor concentration
will generally be constant if the compound of interest is stable in the perfusion medium.
Therefore, determining the concentration of the donor solution at the beginning and the
end of the experiment is usually sufficient (Ho & Higuchi, 1974). Figure 2.9 exhibits a
schematic representation of the open and closed loop set-up (Stappaerts et al., 2015).

Figure 2.9 Schematic representation of the open loop (left) and the closed loop (right) intestinal
perfusion.

The volume of the luminal drug solution is an important issue when using in situ techniques
as water absorption and secretion during the perfusion may cause errors in the luminal
concentrations and therefore in the estimated absorption. Various correction methods of
water flux have been proposed including the co-administration of a ‘non-absorbed’ marker
such as phenol red, inulin, or 14C PEG 4000 using Equation 2.7 (Sutton et al., 2001).
𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝑴𝒂𝒓𝒌𝒆𝒓 𝒊𝒏

𝑪 𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅 𝒐𝒖𝒕 = 𝐂 𝐨𝐮𝐭 . 𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝑴𝒂𝒓𝒌𝒆𝒓 𝒐𝒖𝒕

Equation 2.7

Another option is a simpler gravimetric method may also be carried out using Equation
2.8.
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𝐂 𝐜𝐨𝐫𝐫𝐞𝐜𝐭𝐞𝐝 𝐨𝐮𝐭 = 𝐂 𝐨𝐮𝐭 .

𝐐 𝐨𝐮𝐭

Equation 2.8

𝐐 𝐢𝐧

Where Q in and Q out are the measure flow rates entering and exiting the intestinal isolated
segment.
The gravimetric method considered as accurate as the ‘marker’ methods based on nonabsorbable markers, in addition, it avoids the risk of interactions between drug and marker
(e.g. analytical) and/or the possible effects of markers on membrane function (Sutton et al.,
2001).
2.3.2.1 Closed Loop Intestinal Perfusion Technique
In the closed loop experiments, the rats weighing 250–350 g are typically fasted overnight
with free access to water. It is considered a good practice to allow animals to acclimatize
for typically 1 week prior to experiment. The rats are anaesthetized, placed on a heating
pad 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 an intact blood supply. The cannulas
are secured by ligature. Four-centimeter segments of polyethylene tubing are attached to
the exposed ends of both cannulas, and a 30-ml hypodermic syringe fitted with a 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. The remaining perfusion solution is
then carefully expelled, by means of air pumped through the intestine, 10 ml of drug
solution is introduced into the isolated intestinal segment, and a second hypodermic syringe
is attached to the ileal cannula. At pre-determined time intervals (e.g. 5 min intervals for
30 min), the lumen solution is sampled by pumping it into either the duodenal or the ileal
syringe, removing ∼0.1 ml solution, and returning the lumen solution within 10–15 s. The
method may be modified by the addition of an in-line peristaltic pump, which facilitates
constant and gradual mixing of the medium in the lumen, without the mechanical trauma
likely to be exerted upon the intestine, each time the syringe contents are alternated (i.e.
recirculation apparatus). Assuming sink conditions prevail, drug concentration in the
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‘closed’ intestinal segment is assumed to decrease in a first-order fashion. The potential
drawback of Doluisio method is 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 condition
(i.e. single-pass intestinal fluid flow)(Stewart et al., 1997).
2.3.2.2 Single Pass Intestinal Perfusion Technique
The single-pass perfusion or ‘through and through’ model, is designed to estimate drug
absorption properties with continuous fluid flow through the intestine. It is generally
considered superior to the Doluisio method giving better control of the hydrodynamics and
increased surface area (Ho et al., 1983; Stewart et al., 1997). In general, both models tend
to be similar when normalized for the perfused volumes and intestinal lengths; however,
the single-pass perfusion may give more reproducible absorption rate and lower variance
within experiments (Schurgers et al., 1986).
The experimental set-up and cannulation of the intestinal segment is similar to that
described in section 2.3.2.1. The drug solution is perfused continuously (via an infusion
pump) 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 content. In some experiments, to prevent
entero-hepatic recycling the bile duct may be closed before perfusion. Estimation of the
intestinal absorption depends on calculating the concentration difference between inlet and
outlet fluids, once steady state has been achieved (i.e. when the outlet concentrations of the
compound are stable over time) (Ho et al., 1983).Table 2.1 exhibits many comparison
aspects between closed loop and single-pass (open loop) intestinal perfusion models
(Griffin & O’Driscoll, 2008).
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Table 2.1 Comparison of closed loop and single-pass (open loop) intestinal perfusion models.
Comparison
aspect

Closed loop
Determining

decrease

Open loop
in

drug

Determining concentration drop between

Theoretical
basis

concentration for segment of intestine

inlet and outlet concentration at steady

over time.

state.

Fluid volumes

5–10 mL static over ∼30 min.

3–100 mL continuous flow over ∼30 min.

Intestinal setup

Intestine is removed initially and may be

Intestine is generally located outside the

returned to intestine during perfusion.

abdomen during perfusion.

Amidon et al. have demonstrated that in situ intestinal perfusion techniques can be used to
predict absorption for both passive and carrier-mediated substrates (Amidon et al., 1988).
However, the intestinal luminal concentrations administered in rat experiments should
reflect adequately scaled and clinically relevant concentrations to ensure adequate
absorption determinations (Lennernäs, 2000).
Many limitations of the in situ rat perfusion models have been reported. The assumption
involved in derivation of these models that all drug passes into portal vein, that is drug
disappearance reflects drug absorption, may not be proper in some conditions. If the drug
under study is subjected to intestinal metabolism, drug disappearance from the intestinal
lumen will not reflect drug appearance into the blood. Hence the model assumption that
intestinal metabolism is not significant may in many circumstances be invalid (Watkins,
1992). In addition, assumption that disappearance of drug from intestine segment is due to
its transport into the enterocyte (i.e. through the apical membrane) is rate limiting
(Lennernäs, 1998). This view is most likely true in the case of passively absorbed
compounds but exceptions to actively transported compounds through the basolateral
membrane. In general, the in situ intestinal perfusion model has proved a powerful research
tool, despite these shortcomings.
Some useful modifications of the original method have been established, especially when
examination of carrier-mediated drug transport in drug absorption. Carrier-mediated
transport processes can be elucidated by comparing Peff values at increasing drug
concentration in the perfusate, where a decreasing in Peff indicates saturation of carrier-
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mediated influx (Munoz et al., 2005) and an increasing Peff values proposes saturation of
efflux transporters (Rodriguez-Ibanez et al., 2006).
Co-administration of modulators of enterocyte-based metabolism and/or efflux is an
important issue that can declare the type of transport/elimination processes involved. The
metabolite profile in intestinal perfusate may determine intestinally mediated
metabolism/efflux and also the impact of serosal to mucosa efflux following IV
administration (Lindalhl et al., 1998). Sandström and co-workers reported that efflux of
R/S-nor-verapamil was significant after IV administration of R/S verapamil, suggesting
extensive metabolism of parent drug in the enterocyte. The efflux of metabolite into the
intestinal lumen was diminished following administration of chlorpromazine (a CYP3A4
substrate), suggesting inhibition of enterocyte metabolism and/or efflux. (Sandsrtöm et al.,
1998)
The closed loop technique may in fact offer advantages versus the single-pass technique in
the examination of low permeability (i.e. high efflux) compounds, given that the whole
contents of the perfusion solution are in contact with the lumen for the duration of the
experiment and hence higher disappearance rates (i.e. absorption rates) are obtained. It
also facilitates a more precise control of concentrations of drug and/or inhibitor within the
isolated intestinal segment (Ruiz-Balaguer et al., 2002).
2.4 Propranolol HCl
2.4.1 Introduction
Propranolol HCl (PLH), a synthetic prototype classical non-selective β-adrenergic
blocking agent, belongs to the first generation of β blockers. It has been widely used in the
treatment of hypertension, angina pectoris, phaeochromocytoma, cardiac arrhythmias,
many other cardiovascular disorders, and migraine. Chemically described as (2RS)-1-[(1Methylethyl) amino]-3-(naphthalen-1-yloxy) propan-2-ol hydrochloride. (Molecular
Weight = 295.84) Chemical structure of PLH is represented in Figure 2.10 (Martindale,
1996; Brunton et al., 2011).
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Figure 2.10 Propranolol HCl

PLH has been applied therapeutically as a racemic mixture of 50% R- and 50% S. It is a
highly soluble and highly permeable drug and belongs to Class I compounds of the BCS
(Kim et al., 2006).
2.4.2 Pharmacokinetic Parameters of Propranolol HCl
The absorption of orally administered PLH is essentially complete in the intestine with no
intestinal metabolism. Passive transport driven by the strong lipophilic nature of the
substance, makes the existence of such an absorption window unlikely (Shand & Rangno,
1972). However, only about 25% reaches the systemic circulation due to extensive hepatic
metabolism (Routledge & Shand, 1978). PLH has a large volume of distribution (4
liters/kg) and enters the CNS readily, placenta, and may distribute into breast milk. About
90 - 95% of drug in the circulation is bound to plasma proteins (albumin and α1 acid
glycoprotein) (Brunton et al., 2011). PLH binding to plasma proteins is enantiomerselective. The S(-)-enantiomer is preferentially bound to α1 glycoprotein and the R(+)
enantiomer preferentially bound to albumin. R(+) Preferentially eliminated from humans,
although same half-life (t 1/2) as S(-) due to larger volume of distribution that resulted from
preferential protein and/or tissue binding (Walle et al., 1988).

Peak plasma concentrations of PLH occur about 1 to 4 hr after an oral dose and the plasma
t 1/2 ranges from 3 to 6 hr. Despite its short t ½ in plasma, antihypertensive effect of PLH is
sufficiently long-lived to allow administration twice daily. PLH plasma concentration
monitoring is rarely applied since the clinical endpoints (reduction of blood pressure and
heart rate) are usually measured (Brunton et al., 2011).
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After oral administration of PLH, the liver is the main site of extensive pre-systemic and
systemic metabolism (Walle et al., 1978). It undergoes high first-pass metabolism in the
liver mediated mainly by CYP2D6, CYP2C19, and CYP1A2, leading to only 25% of the
dose reaching the systemic circulation unchanged. The drug is eliminated almost entirely
by metabolism and metabolized through three main routes: aromatic hydroxylation (mainly
4-hydroxylation which also has some β-adrenergic receptor blocking effects), Ndealkylation followed by further side-chain oxidation, and direct glucuronidation. It has
been suggested that the percentage contributions of these pathways to total metabolism are
42%, 41%, and 17%, respectively, but with considerable variability between individuals
(Marathe et al., 1994). Most metabolites excreted in the urine mainly as glucuronide
conjugates, and less than 0.05% of the intact drug is found in the urine (Paterson et al.,
1970). Figure 2.11 showing the main metabolism pathways of PLH in humans (Marathe
et al., 1994).

Figure 2.11 Schematic presentation of main routes of propranolol HCl metabolism in humans.

Renal clearance of propranolol is 4 mL/ min/1.73m2 (Brunton et al., 2011). S(-)enantiomer
100 times more antagonistic effect on β-adrenergic receptors than R(+) enantiomer (Barrett
& Cullum, 1968).
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2.4.3 Drug – drug interaction
Many studies have examined pharmacokinetic and pharmacodynamic drug – drug
interactions of PLH. Cholestyramine and colestipol may blunt the absorption of PLH
(Hibbard et al., 1984). Cimetidine and oral contraceptive may increase PLH effect by
decreasing its hepatic metabolism. On the other hand, many enzyme inducers as
barbiturates, phenytoin, and rifampin may decrease PLH effect by decreasing its plasma
concentration. Nonsteroidal anti-inflammatory drugs such as indomethacin oppose
antihypertensive response of PLH and other prostaglandin inhibitors may also interact
(Trevor et al., 2010). Amiodarone , digitalis , diltiazem, and verapamil may increase
bradycardia of PLH, while disopyramide , flecainide, and prenylamine enhance its
inotropic effect (Brunton et al., 2011).
2.4.4 Pharmacokinetic Studies of Propranolol
The pharmacokinetics of propranolol differ according to the route and duration of
administration. After IV administration, the decrease in drug concentrations is biphasic and
the liver clears the drug very efficiently, so that its removal depends mainly on liver blood
flow. Although 90-95% of drug is bound to plasma proteins, avid hepatic elimination
allowing extraction of both bound and free forms. Consequently, hepatic elimination is
unaffected by drug binding to plasma proteins. In contrast, the distribution of drug into the
body tissues is diminished by plasma proteins binding, so that drug t ½, which varies from
11 to 2-3 hr among individuals is more prolonged in individuals with relatively low plasma
proteins binding. Variations in plasma proteins binding lead to differences in the response
among individuals, since the drug's effects being a function of free (unbound) drug in
plasma water. After the administration of single oral doses, hepatic elimination remains
high and much of the dose is extracted from hepatic portal blood during transfer from the
intestine, so that small amount of drug reaches the systemic circulation. In addition,
significant amounts of an active metabolite, 4-OH propranolol, are generated so that 2 hr
after propranolol administration, the drug appears more potent than that its plasma levels
would suggest. With continuous administration, saturation of avid elimination process
occurs so extraction ratio falls and propranolol accumulates to 2-fold. Under these
conditions drug t

1/2

is prolonged to 3-6 hr and the ratio of propranolol to its active
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metabolite increases so that most of its effects can be attributed to the parent drug. Perhaps
the most important kinetic fact to emerge is the 20-fold variation in plasma levels found
after chronic administration of the same oral dose to different patients (Shand, 1975).
A clinical study showed that combining chemotherapeutic drugs, such as 5-fluorouracil or
paclitaxel at the lowest effective concentration, with propranolol (from 50-100 μM) in
breast cancer patients, could increase both relapse-free and overall survival (+19% and
+79%

in median survival for the combination as compared with fluorouracil alone and

paclitaxel alone, respectively; p<0.05). The co-administration of propranolol with
chemotherapy resulted in synergistic, additive or antagonistic anti-proliferative effects in
vitro depending on the cell type and the dose of chemotherapy used. Low concentrations
of propranolol (10 –50 μM) enhanced the anti-angiogenic effects of fluorouracil and
paclitaxel (Pasquier et al., 2011).
A clinical evidence in gastric cancer cells in vitro has suggested that the use of propranolol
concurrently with radiotherapy led to an increase in radiotherapy-induced apoptosis (Liao
et al., 2010).
The transport of a dendrimer-propranolol prodrug (by conjugating to generation 3 (G3) and
lauroyl-G3 polyamidoamine dendrimers) across Caco-2 cell lines was examined by
D'Emanuele et.al (D'Emanuele et al., 2004). Propranolol- G3 dendrimer conjugates were
synthesised by surface attachment of two, four or six propranolol molecules. Propranolol
is a known substrate of the P-gp efflux transporter with poor solubility characters. The
apical (A) to basolateral (B) apparent permeability coefficient, Papp, of propranolol was
increased and B-A Papp decreased following conjugation to lauroyl-G3 dendrimers. The
study has showed that the A-B Papp of propranolol conjugates was decreased in the
presence of the endocytosis inhibitor colchicine and was lower at 4 ֯C than at 37 ֯C,
proposing that the enhancement mechanism involves endocytosis-mediated transepithelial
transport. While the A-B Papp of conjugated propranolol was not altered in the presence of
the P-gp inhibitor cyclosporine A. Therefore, study findings suggesting that conjugation of
drug to dendrimer allows the bypassing of the efflux transporter and dendrimer-drug
prodrug may be exploited to avoid drug efflux transporters, therefore increasing drug
bioavailability (D'Emanuele et al., 2004).
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In SPIP study, the permeability of propranolol and verapamil in the different regions of the
intestine was examined. Their permeability has not shown any significant regional
dependency between the jejunum and ileum. The results suggest that due to the high
lipophilicity of propranolol and verapamil it is possible that both drugs are mainly absorbed
by the passive diffusion effectively in intestine in vivo (Cao et al., 2005).
A modified approach to the traditional SPIP rat model was evaluated to investigate
segmental-dependent permeability along the intestine following oral drug administration.
Regarding the traditional model, one single segment of the intestine is perfused, but in the
modified model, three individual segments have been simultaneously perfused of each rat
intestine: proximal jejunum, mid-small intestine and distal ileum, allowing obtaining
tripled data from each rat compared to the traditional model. Propranolol was used to
evaluate the model and it showed similar Peff values in the modified model in all segments.
Similar Peff values for propranolol were obtained in the traditional method, illustrating that
the modified model is as accurate as the traditional. As a result, the triple SPIP model can
reduce the number of animals utilized in segmental-dependent permeability research
without compromising the quality of the data obtained (Dahan et al., 2009).
In a study of SPIP in rats to estimate permeability and determine site of intestinal
absorption of propranolol. Measurement of drug permeability in different regions of rat
intestine namely duodenum, jejunum, ileum, and colon was achieved. Propranolol (30
μg/ml) solution was perfused in situ in each intestinal segment of rats. Peff values of
propranolol in each segment were estimated and site of absorption was determined. The
Peff values of propranolol in rat duodenum, jejunum, ileum, and colon were calculated to
be 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. The study findings suggest that permeability of propranolol was highest
through colon compared to other intestinal sites (Nagare et al., 2010).
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Chapter 3
Methodology
3.1 Chemicals and Reagents
Propranolol HCl (PLH) and diltiazem HCl (DLH) were purchased from sigma Chemical
Company (3 Plaut street., Park Rabin, Israel). Thiopental sodium vial 500 mg was obtained
from Rotex Medica, Trittau, Germany. Normal Saline was purchased from B.Braun
Melsungen AG, Germany.
Others:
Rat supporter base, Metal scissors, Fixing metal scissors, IV extension, Cannula 22G, Silk
suture 0/1 size, Micro pipettes: 100µL and 1000µL, Eppendorf Cap (2mL), Needle 21G,
Syringe 10 mL, 1 mL and 60 mL, Medical cotton, Surgical blade, Roll plaster, Face mask,
and Gloves.
3.2 Animals and Legal Prerequisite
Eighteen adult wistar albino male rats (250-300 g and 7-9 weeks aged) were obtained from
Harlan laboratory (Israel). Food and water were provided add libitum and kept in an
environmentally controlled room (temperature: 25 ± 2 °C, humidity: 50 ± 5%, 12 hr dark–
light cycle) for at least 1 week before the experiments. Three groups of rats were treated as
following: The first one (standard group) consisted of six rats. They have administered
PLH only through intestinal perfusion at concentration 75 µg/mL. The second and third
groups consisted of twelve rats. They have co-perfused PLH (75 µg/mL) and DLH (P-gp
inhibitor). Different two concentrations of DLH (250 and 1000µg/mL) were administered
to six rats per concentration.
3.3 Instrumentation and UV-Spectrophotometric Conditions
The UV-spectrophotometric system consists mainly of UV-lamp (Vilber Lourmat-France,
VL-6LC)

and

UV-spectrophotometer

(Perkin

Elmer

Lambda

25

Spectrophotometer). In addition to Centrifuge (Kokusan, H-103N Series).
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UV/Visible

3.4 Spectrophotometric Analytical procrdure
3.4.1 Selection of Wave Length (ƛmax)
Spectra of blank solution (intestinal luminal fluid), PLH at concentration 50 µg/mL in
normal saline solution, and DLH at concentration 250 µg/mL were recorded. The selected
λmax was 319 nm where no interference between PLH and DLH was detected.
3.4.2 Preparation of calibration curve
The UV-spectrophotometric method applied in the analysis was validated previously by
AbuShammala et.al (Abushammala et al., 2013) . Calibration samples were prepared by
spiking mixed working standard solution in blank intestinal perfusion fluid. Triplicate
calibration curves were constructed in the range 10–50 µg/mL as the following:


A stock solution of PLH (400 µg/mL) was prepared by dissolving 10 mg of standard
PLH powder with normal saline solution in 25 mL volumetric flask. Then 12.5ml
taken from the stock solution and transferred into 50mL volumetric flask and
diluted with normal saline to obtain solution of PLH (100 µg/mL).



Intestinal luminal fluid (blank) was collected from rats by SPIP technique after
administration of 10 mL normal saline.



From the PLH solution (100 µg/mL), 0.5, 1, 1.5, 2, and 2.5 mL were transferred
into 5 mL volumetric flasks and diluted with intestinal luminal fluid (blank); to
produce a series of PLH concentration 10, 20, 30, 40, and 50 µg/mL respectively.



300 µL sample from each solution (10, 20, 30, 40, and 50 µg/mL) was centrifuged
at 5000 rpm for 10 min.



200 µL from supernatant of each centrifuged sample was analyzed using UVphotospectrometric method.



The absorbance of PLH was measured against blank at 319 nm.



Plotting of absorbance against concentration to produce the regression line.

3.5 Composition of Intestinal Perfusion Solution and Preparation of Standard
Solutions
At the starting point of each experiment, perfusion solution containing the investigated
drug and normal saline was incubated in a 37 ֯ C water bath to maintain temperature and
perfused through the intestinal segment.
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3.5.1 Propranolol HCl (75 μg/mL)
75 mg PLH were accurately weighed and dissolved in 100 mL volumetric flask with
normal saline (0.75 mg/mL). From the solution, 10 mL were transferred in 100 mL
volumetric flask and diluted with normal saline.
3.5.2 Propranolol HCl (75 μg/mL) in Combination with Diltiazem HCl (150 μg/mL)
75 mg PLH and 250 mg DLH were accurately weighed and dissolved in 100 mL volumetric
flask. From the solution, 10 mL were transferred in 100 mL volumetric flask and diluted
with normal saline.
3.5.3 Propranolol HCl (75 μg/mL) in Combination with Diltiazem HCl (2000 μg/mL)
75 mg PLH and 1.000 g DLH were accurately weighed and dissolved in 100 mL volumetric
flask with normal saline. From the solution, 10 mL were transferred in 100 mL volumetric
flask and diluted with normal saline.
3.6 Application to in situ ka study
The ka of the PLH using the SPIP model was conducted using protocols approved by
established methods adapted from the literature (Doluisio et al., 1969; Sinko et al., 1995).
Briefly, male wistar rats (weight, 250-300 g; age, 7-9 weeks) were maintained on 12 hr
light- dark cycle and fasted 12-18 hr 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 in order to maintain its integrity. Upon
verification of the loss of pain reflex, a 3 cm- midline longitudinal abdominal incision was
made and the small intestine was cannulated with L-shape plastic cannula through two
incisions: the first at the beginning of duodenal segment, and the second at the end of the
ileum segment. Figure 3.1 showing the set-up for SPIP technique (Barthe et al., 1999). The
cannulas were secured by ligation with silk suture and attached to the perfusion assembly,
which consisted of a syringe pump and a 60 mL syringe. This experimental set up ensures
the isolation of the small intestine, drug solution introduction, and sampling. The isolated
intestinal segment is covered with cotton pad soaked in normal saline (37 ֯C) to prevent
peritoneal liquid evaporation and heat loss. In addition, a small lamp placed over the area
to kept rat warm. The cannulated intestinal segment flushed with normal saline (37 ֯C) to
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remove all intestinal contents, and the effluent solution that exists the ileum discarded until
running clear. The bile duct was previously ligated in order to avoid drug enterohepatic
circulation and the presence of bile salts in lumen. Care was taken to handle the small
intestine gently and to minimize the surgery in order to avoid disturbance of the intestinal
blood supply. 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 with the aid of the syringe. The stopwatch was
started and 300 µL of luminal fluid samples were collected every 5 min up to a period of
30 min .Samples were centrifuged at 5000 rpm for 10 min and 200 µL of supernatant was
taken for analysis. PLH concentrations in the samples were read against linearity curve of
PLH in the concentration range of 10 to 50 μg/mL.

Figure 3.1 set up for the in situ study of drug uptake by the single pass perfusion technique.

3.7 Data Treatment
The statistical analysis was performed using statistical package of social science (SPSS)
version 13 (Levesque, 2007). The Duncan test was used to examine homogeneity variances
between and within groups. One-way analysis of variance (ANOVA) analysis was used to
compare the various means of PLH concentration between and within groups. All values
are expressed as mean ± standard deviation. Means were assumed to be statistically
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significant when p < 0.05. The recorded data were used to calculated ka. Assuming that
absorption follows first-order kinetic, ka can be calculated according to the Equation 3.1:
ln Xt = ln Xo - ka . t

Equation 3.1

ln Xt: intestinal luminal drug concentration collected at time (t)
ln Xo: initial drug concentration before perfusion
t: time (hr)
ka: absorption rate constant (hr-1)
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Chapter 4
Results
4.1 Calibration Curve
A linear relationship between concentration and absorbance of PLH in intestinal luminal
fluid collected from rats at ƛmax 319 nm was established over a concentration range 10-50
µg/mL within a correlation coefficient of determination R2=0.999. The regression line
equation was y = 194.75x - 2.1257, R2= 0.999
4.2 Determination of ka for Propranolol HCl (75 µg/mL) Alone Using in Situ SPIP
Technique in Rats
Applying in situ SPIP technique for the first rats group (n=6), a perfusion of 10 mL PLH
(75 µg/mL) alone in normal saline was applied, and the intestinal luminal fluid samples
were collected over a total period of 30 minutes. ln remnant, ln predicted, and residual
concentrations were measured and applied for the six rats. ln remnant concentrations were
calculated according to the first-order kinetic model prescribed in the Equation 3.1
(section 3.7). The absorption kinetic results obtained for each rat shown in Tables 4.1,
4.3, 4.5, 4.7, 4.9, and 4.11. In addition, absorption rate behavior for each individual rat is
demonstrated separately in Figures 4.1, 4.2, 4.3, 4.4, 4.5, and 4.6; and for all six rats in
Figure 4.7. ln remnant concentration was plotted against sampling time, and the best-fit
line was evaluated. Absorption rate constant (ka), percentage of estimated inclination of
the absorption line (%Ao), and linear correlation coefficient (R) were calculated and the
results for each rat are shown in the following Tables 4.2, 4.4, 4.6, 4.8, 4.10, and 4.12.
Mean of ln remnant concentration for all six rats is represented in Figure 4.8.
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Table 4.1: The absorption kinetic results obtained after perfusion of propranolol HCl (75µg/mL) in
rat No. 1.
Time
(min)
05

ln Remnant concentrations
(µg/mL)
4.1726

ln Predicted concentrations
(µg/mL)
4.18530

Residual concentrations
(µg/mL)
0.0127

10

4.1575

4.1168

0.0406

15

4.0617

4.0485

0.0132

20

3.9176

3.9801

0.0624

25

3.8981

3.9117

0.0135

30

3.8782

3.8433

0.0343

Table 4.2: Calculated absorption kinetic parameters for propranolol HCl (75 µg/mL) in rat No. 1.
ka

%Ao

R

0.822 hr-1

96.42 %

0.958

Figure 4.1: Plot of the fit of the apparent first-order equation to the data [remaining luminal
concentrations of propranolol HCl (75 µg/mL) versus time] in rat No. 1.
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Table 4.3: The absorption kinetic results obtained after perfusion of propranolol HCl (75 µg/mL) in
rat No. 2.
Time
(min)
05

ln Remnant concentrations
(µg/mL)
4.1266

ln Predicted concentrations
(µg/mL)
4.1709

Residual concentrations
(µg/mL)
0.04438

10

4.0947

4.1048

0.01009

15

4.0783

4.0386

0.03969

20

4.0101

3.9724

0.03768

25

3.9741

3.9062

0.06786

30

3.7493

3.8400

0.0907

Table 4.4: Calculated absorption kinetic parameters for propranolol HCl (75 µg/mL) in rat No. 2.
ka

%Ao

R

0.792 hr-1

95.29 %

0.903

Figure 4.2: Plot of the fit of the apparent first-order equation to the data [remaining luminal
concentrations of propranolol HCl (75 µg/mL) versus time] in rat No. 2.
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Table 4.5: The absorption kinetic results obtained after perfusion of propranolol HCl (75 µg/mL) in
rat No. 3.
Time
(min)
05

ln Remnant concentrations
(µg/mL)
4.1727

ln Predicted concentrations
(µg/mL)
4.1789

Residual concentrations
(µg/mL)
0.0063

10

4.1422

4.1109

0.0312

15

4.0276

4.0429

0.0154

20

3.9557

3.9750

0.0193

25

3.8981

3.9071

0.0089

30

3.8578

3.8391

0.0187

Table 4.6: Calculated absorption kinetic parameters for propranolol HCl (75 µg/mL) in rat No. 3.
ka

%Ao

R

0.816 hr-1

96.51 %

0.987

Figure 4.3: Plot of the fit of the apparent first-order equation to the data [remaining luminal
concentrations of propranolol HCl (75µg/mL) versus time] in rat No. 3.
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Table 4.7: The absorption kinetic results obtained after perfusion of propranolol HCl (75 µg/mL) in
rat No. 4.
Time
(min)
05

ln Remnant concentrations
(µg/mL)
4.0448

ln Predicted concentrations
(µg/mL)
4.0559

Residual concentrations
(µg/mL)
0.0112

10

3.9741

3.9888

0.0148

15

3.9557

3.9217

0.0340

20

3.8578

3.8546

0.0031

25

3.7942

3.7875

0.0067

30

3.7024

3.7203

0.0171

Table 4.8: Calculated absorption kinetic parameters for propranolol HCl (75 µg/mL) in rat No. 4.
ka

%Ao

R

0.804 hr-1

95.61 %

0.988

Figure 4.4: Plot of the fit of the apparent first-order equation to the data [remaining luminal
concentrations of propranolol HCl (75µg/mL) versus time] in rat No. 4.
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Table 4.9: The absorption kinetic results obtained after perfusion of propranolol HCl (75 µg/mL) in
rat No. 5.
Time
(min)
05

ln Remnant concentrations
(µg/mL)
4.1876

ln Predicted concentrations
(µg/mL)
4.1989

Residual concentrations
(µg/mL)
0.0113

10

4.1576

4.1323

0.0252

15

4.0783

4.0657

0.0126

20

3.9557

3.9990

0.0433

25

3.9368

3.9324

0.0043

30

3.8782

3.8656

0.0124

Table 4.10: Calculated absorption kinetic parameters for propranolol HCl (75 µg/mL) in rat No. 5.
ka

%Ao

R

0.798 hr-1

96.69 %

0.981

Figure 4.5: Plot of the fit of the apparent first-order equation to the data [remaining luminal
concentrations of propranolol HCl (75µg/mL) versus time] in rat No. 5.
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Table 4.11: The absorption kinetic results obtained after perfusion of propranolol HCl (75
µg/mL) in rat No. 6.
Time
(min)
05

ln Remnant concentrations
(µg/mL)
4.1422

ln Predicted concentrations
(µg/mL)
4.1237

Residual concentrations
(µg/mL)
0.0185

10

4.0617

4.0549

0.0068

15

3.9557

3.9860

0.0303

20

3.8981

3.9172

0.0191

25

3.8578

3.8484

0.0094

30

3.7942

3.7795

0.01467

Table 4.12: Calculated absorption kinetic parameters for propranolol HCl (75 µg/mL) in rat No. 6.
ka

%Ao

R

0.828 hr-1

96.64 %

0.988

Figure 4.6: Plot of the fit of the apparent first-order equation to the data [remaining luminal
concentrations of propranolol HCl (75µg/mL) versus time] in rat No. 6.
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Table 4.13: The absorption kinetic results obtained after perfusion of propranolol HCl (75 µg/mL)
alone in six rats over a total period of 30 minutes using in situ SPIP technique.
Time
(min)

ln Remnant concentrations (µg/mL)

05

Rat No.
1
4.1726

Rat No.
2
4.1266

Rat No.
3
4.1727

Rat No.
4
4.0448

Rat No.
5
4.1876

Rat No.
6
4.1422

Mean ±
%R.S.D
SD
4.141 ±
1.26
0.052
4.098±
1.75
0.072
4.026 ±
1.43
0.058
3.933 ±
1.35
0.053
3.893 ±
1.61
0.063
3.810 ±
1.93
0.074
0.822
0.810 ± 0.014

10

4.1575

4.0947

4.1422

3.9741

4.1576

4.0617

15

4.0617

4.0783

4.0276

3.9557

4.0783

3.9557

20

3.9176

4.0101

3.9557

3.8578

3.9557

3.8981

25

3.8981

3.9741

3.8981

3.7942

3.9368

3.8578

30

3.8782

3.7493

3.8578

3.7024

3.8782

3.7942

ka
(hr-1)
%Ao

0.822

0.792

0.816

0.804

0.798

0.828

96.42

95.29

96.51

95.61

96.69

96.64

96.19 ± 0.006

R

0.958

0.903

0.987

0.988

0.981

0.988

0.968 ± 0.034

SD: Standard deviation.
%R.S.D: Percentage of relative standard deviation.
ka: Absorption rate constant.
%Ao: Percentage of estimated inclination of the absorption line.
R: Linear Correlation coefficient.

The data revealed that perfusion of PLH (75 µg/mL) alone using SPIP technique in six rats
obtained ka values range from 0.792 to 0.828 hr-1. The mean of %Ao is 96.19 ± 0.006, R
= 0.968 ± 0.034, and %R.S.D less than 2% (Table 4.13).
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Figure 4.7: Plot of the fit of the apparent first-order equation to the data [remaining luminal
concentrations of propranolol HCl (75 μg/mL) versus time] in all six rats.

Figure 4.8: Mean of remnant concentrations of propranolol HCl (75 µg/mL) after in situ SPIP in six
rats over a total period of 30 minutes.
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4.3 Determination of ka for Propranolol HCl in the Presence of P-gp Inhibitor
4.3.1 The Effect of Diltiazem HCL (250 µg/mL) on Absorption Kinetics of
Propranolol HCl (75μg/mL)
Applying in situ SPIP technique for the second rats group (n=6), a co-perfusion of 10 mL
PLH (75 µg/mL) with diltiazem HCl (DLH) (250 µg/mL) in normal saline was applied,
and the intestinal luminal fluid samples were collected over a total period of 30 minutes.
ln remnant, ln predicted, and residual concentrations were measured and applied for the six
rats. ln remnant concentrations were calculated according to the first-order kinetic model
prescribed in the Equation 3.1 (section 3.7). The absorption kinetic results obtained for
each rat shown in Tables 4.14, 4.16, 4.18, 4.20, 4.22, and 4.24. In addition, absorption rate
behavior for each individual rat is demonstrated separately in Figures 4.9, 4.10, 4.11, 4.12,
4.13, and 4.14; and for all six rats in Figure 4.15. ln remnant concentration was plotted
against sampling time, and the best-fit line was evaluated. Absorption rate constant (ka),
percentage of estimated inclination of the absorption line (%Ao), and linear correlation
coefficient (R) were calculated and the results for each rat are shown in the following
Tables 4.15, 4.17, 4.19, 4.21, 4.23, and 4.25. Mean of ln remnant concentration for all six
rats is represented in Figure 4.16.
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Table 4.14: The absorption kinetic results obtained after co-perfusion of propranolol HCl (75 µg/mL)
with diltiazem HCl (250 µg/mL) in rat No. 1.
Time
(min)
05

ln Remnant concentrations
(µg/mL)
4.1108

ln Predicted concentrations
(µg/mL)
4.1066

Residual concentrations
(µg/mL)
0.0042

10

4.0448

4.0411

0.0036

15

3.9741

3.9757

0.0016

20

3.8782

3.9103

0.0321

25

3.8782

3.8449

0.0333

30

3.7720

3.7795

0.0074

Table 4.15: Calculated absorption kinetic parameters after co-perfusion of propranolol HCl (75
µg/mL) with diltiazem HCl (250 µg/mL) in rat No. 1.
ka

%Ao

R

0.786 hr-1

97.03 %

0.985

Figure 4.9: Plot of the fit of the apparent first-order equation to the data [remaining luminal
concentrations of propranolol HCl (75 µg/mL) co-perfused with diltiazem HCl (250 µg/mL) versus
time] in rat No. 1.
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Table 4.16: The absorption kinetic results obtained after co-perfusion of propranolol HCl (75 µg/mL)
with diltiazem HCl (250 µg/mL) in rat No. 2.
Time
(min)
05

ln Remnant concentrations
(µg/mL)
4.1727

ln Predicted concentrations
(µg/mL)
4.1507

Residual concentrations
(µg/mL)
0.0219

10

4.0783

4.0847

0.0064

15

4.0101

4.0186

0.0085

20

3.9177

3.9526

0.0349

25

3.8981

3.8865

0.0115

30

3.8370

3.8200

0.0167

Table 4.17: Calculated absorption kinetic parameters after co-perfusion of propranolol HCl (75
µg/mL) with diltiazem HCl (250 µg/mL) in rat No. 2.
ka

%Ao

R

0.792 hr-1

99.66 %

0.986

Figure 4.10: Plot of the fit of the apparent first-order equation to the data [remaining luminal
concentrations of propranolol HCl (75 µg/mL) co-perfused with diltiazem HCl (250 µg/mL) versus
time] in rat No. 2.
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Table 4.18: The absorption kinetic results obtained after co-perfusion of propranolol HCl (75 µg/mL)
with diltiazem HCl (250 µg/mL) in rat No. 3.
Time
(min)
05

ln Remnant concentrations
(µg/mL)
4.1266

ln Predicted concentrations
(µg/mL)
4.1348

Residual concentrations
(µg/mL)
0.0081

10

4.0783

4.0692

0.0091

15

4.0101

4.0036

0.0064

20

3.9177

3.9380

0.0203

25

3.8981

3.8725

0.0256

30

3.7942

3.8060

0.0127

Table 4.19: Calculated absorption kinetic parameters after co-perfusion of propranolol HCl (75
µg/mL) with diltiazem HCl (250 µg/mL) in rat No. 3.
ka

%Ao

R

0.786 hr-1

95.46 %

0.990

Figure 4.11: Plot of the fit of the apparent first-order equation to the data [remaining luminal
concentrations of propranolol HCl (75 µg/mL) co-perfused with diltiazem HCl (250 µg/mL) versus
time] in rat No. 3.
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Table 4.20: The absorption kinetic results obtained after co-perfusion of propranolol HCl (75 µg/mL)
with diltiazem HCl (250 µg/mL) in rat No. 4.
Time
(min)
05

ln Remnant concentrations
(µg/mL)
4.2450

ln Predicted concentrations
(µg/mL)
4.2446

Residual concentrations
(µg/mL)
0.0073

10

4.1876

4.1798

0.007

15

4.0947

4.1154

0.02069

20

4.0617

4.0509

0.0107

25

3.9923

3.9865

0.0057

30

3.9177

3.9220

0.0043

Table 4.21: Calculated absorption kinetic parameters after co-perfusion of propranolol HCl (75
µg/mL) with diltiazem HCl (250 µg/mL) in rat No. 4.

ka

%Ao

R

0.772 hr-1

97.92 %

0.995

Figure 4.12: Plot of the fit of the apparent first-order equation to the data [remaining luminal
concentrations of propranolol HCl (75 µg/mL) co-perfused with diltiazem HCl (250 µg/mL) versus
time] in rat No. 4.
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Table 4.22: The absorption kinetic results obtained after co-perfusion of propranolol HCl (75 µg/mL)
with diltiazem HCl (250 µg/mL) in rat No. 5.
Time
(min)
05

ln Remnant concentrations
(µg/mL)
4.1108

ln Predicted concentrations
(µg/mL)
4.0954

Residual concentrations
(µg/mL)
0.0154

10

4.0101

4.0321

0.0220

15

3.9923

3.9687

0.0235

20

3.8782

3.9054

0.0272

25

3.8370

3.8421

0.0053

30

3.7942

3.7788

0.0154

Table 4.23: Calculated absorption kinetic parameters after co-perfusion of propranolol HCl (75
µg/mL) with diltiazem HCl (250 µg/mL) in rat No. 5.
ka

%Ao

R

0.762 hr-1

97.02 %

0.984

Figure 4.13: Plot of the fit of the apparent first-order equation to the data [remaining luminal
concentrations of propranolol HCl (75 µg/mL) co-perfused with diltiazem HCl (250 µg/mL) versus
time] in rat No. 5.
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Table 4.24: The absorption kinetic results obtained after co-perfusion of propranolol HCl (75 µg/mL)
with diltiazem HCl (250 µg/mL) in rat No. 6.
Time
(min)
05

ln Remnant concentrations
(µg/mL)
4.1266

ln Predicted concentrations
(µg/mL)
4.1062

Residual concentrations
(µg/mL)
0.0203

10

4.0276

4.0422

0.0146

15

3.9923

3.9782

0.0140

20

3.8782

3.9142

0.0360

25

3.8370

3.8502

0.0132

30

3.8158

3.7862

0.0295

Table 4.25: Calculated absorption kinetic parameters after co-perfusion of propranolol HCl (75
µg/mL) with diltiazem HCl (250 µg/mL) in rat No. 6.

ka

%Ao

R

0.768 hr-1

95.57 %

0.978

Figure 4.14: Plot of the fit of the apparent first-order equation to the data [remaining luminal
concentrations of propranolol HCl (75µg/mL) co-perfused with diltiazem HCl (250µg/mL) versus
time] in rat No. 6.
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Table 4.26: Absorption kinetic results obtained after co-perfusion of propranolol HCl (75 µg/mL)
with diltiazem HCL (250µg/mL) in six rats over a total period of 30 minutes using in situ SPIP
technique.
Time
(min)

ln Remnant concentrations (µg/mL)
Rat No.
1
4.1108
4.0448
3.9741
3.8782
3.8782
3.772

Rat No.
2
4.1727
4.0783
4.0101
3.9177
3.8981
3.837

Rat No.
3
4.1266
4.0783
4.0101
3.9177
3.8981
3.7942

Rat No.
4
4.2450
4.1876
4.0947
4.0617
3.9923
3.9177

Rat No.
5
4.1108
4.0101
3.9923
3.8782
3.837
3.7942

Rat No.
6
4.1266
4.0276
3.9923
3.8782
3.837
3.8158

ka
(hr-1)
%Ao

0.786

0.792

0.786

0.772

0.762

0.768

0.778 ± 0.012

97.03

99.66

95.46

97.92

97.02

95.57

97.11 ± 0.016

R

0.985

0.986

0.990

0.995

0.984

0.978

0.987 ± 0.006

05
10
15
20
25
30

Mean ± SD

%R.S.D

4.149 ± 0.052
4.071 ± 0.063
4.012 ± 0.043
3.922 ± 0.071
3.890 ± 0.057
3.822 ± 0.052

1.26
1.55
1.06
1.81
1.47
1.36

SD: Standard deviation.
% R.S.D: Percentage of relative standard deviation.
ka: Absorption rate constant.
% Ao: Percentage of estimated inclination of the absorption line.
R: Linear correlation coefficient.

The data revealed that co-perfusion of PLH (75 µg/mL) with DLH (250 µg/mL) using SPIP
technique in six rats obtained ka values range from 0.762 to 0.792 hr-1. The mean of %Ao
is 97.11 ± 0.016, R = 0.987 ± 0.006and % R.S.D less than 2 %. The results show
insignificant effect of DLH (250 µg/mL) on ka value of PLH (75 µg/mL) (P>0.05).
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Figure 4.15: Plot of the fit of the apparent first-order equation to the data [remaining luminal
concentrations of propranolol HCl (75 μg/mL) co-perfused with diltiazem HCl (250 μg/mL) versus
time] in all six rats.

Figure 4.16: Mean of remnant concentrations of propranolol HCl (75 µg/mL) after co-perfused with
diltiazem HCl (250 µg/mL) in situ SPIP in six rats over a total period of 30 minutes.
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4.3.2 The Effect of Diltiazem HCL (1000 µg/mL) on Absorption Kinetics of
Propranolol HCl (75μg/mL)
Applying in situ SPIP technique for the third rats group (n=6), a co-perfusion of 10 mL
PLH (75 µg/mL) with DLH (1000 µg/mL) in normal saline was applied, and the intestinal
luminal fluid samples were collected over a total period of 30 minutes. ln remnant, ln
predicted, and residual concentrations were measured and applied for the six rats. ln
remnant concentrations were calculated according to the first-order kinetic model
prescribed in the equation (1.3) (section 3.7). The absorption kinetic results obtained for
each rat shown in Tables 4.27, 4.29, 4.31, 4.33, 4.35, and 4.37. In addition, absorption rate
behavior for each individual rat is demonstrated separately in Figures 4.17, 4.18, 4.19,
4.20, 4.21, and 4.22; and for all six rats in Figure 4.23. ln remnant concentration was
plotted against sampling time, and the best-fit line was evaluated. Absorption rate constant
(ka), the percentage of estimated inclination of the absorption line (%Ao) and linear
correlation coefficient (R) were calculated. The results for each rat are shown in the
following Tables 4.28, 4.30, 4.32, 4.34, 4.36, and 4.38. Mean of ln remnant concentration
for all six rats is represented in Figure 4.24.
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Table 4.27: The absorption kinetic results obtained after co-perfusion of propranolol HCl (75 µg/mL)
with diltiazem HCl (1000 µg/mL) in rat No.1.
Time
(min)
05

ln Remnant concentrations
(µg/mL)
4.0448

ln Predicted concentrations
(µg/mL)
4.0602

Residual concentrations
(µg/mL)
0.0154

10

3.9920

3.9927

0.0069

15

3.9367

3.9251

0.0115

20

3.8782

3.8576

0.0206

25

3.7942

3.7901

0.0041

30

3.7024

3.7225

0.0201

Table 4.28: Calculated absorption kinetic parameters after co-perfusion of propranolol HCl (75
µg/mL) with diltiazem HCl (1000 µg/mL) in rat No. 1.
ka

%Ao

R

0.810 hr-1

93.81 %

0.992

Figure 4.17: Plot of the fit of the apparent first-order equation to the data [remaining luminal

concentrations of propranolol HCl (75 µg/mL) co-perfused with diltiazem HCl (1000 µg/mL) versus
time] in rat No. 1.
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Table 4.29: The absorption kinetic results obtained after co-perfusion of propranolol HCl (75 µg/mL)
with diltiazem HCl (1000 µg/mL) in rat No. 2.
Time
(min)
05

ln Remnant concentrations
(µg/mL)
4.1422

ln Predicted concentrations
(µg/mL)
4.1297

Residual concentrations
(µg/mL)
0.0124

10

4.0448

4.0556

0.0108

15

3.9741

3.9815

0.0073

20

3.9177

3.9074

0.0103

25

3.8158

3.8332

0.0174

30

3.7720

3.7591

0.0128

Table 4.30: Calculated absorption kinetic parameters after co-perfusion of propranolol HCl (75
µg/mL) with diltiazem HCl (1000 µg/mL) in rat No. 2.
ka

%Ao

R

0.888 hr-1

95.29 %

0.995

Figure 4.18: Plot of the fit of the apparent first-order equation to the data [remaining luminal
concentrations of propranolol HCl (75 µg/mL) co-perfused with diltiazem HCl (1000 µg/mL) versus
time] in rat No. 2.
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Table 4.31: The absorption kinetic results obtained after co-perfusion of propranolol HCl (75 µg/mL)
with diltiazem HCl (1000 µg/mL) in rat No. 3.
Time
(min)
05

ln Remnant concentrations
(µg/mL)
4.1576

ln Predicted concentrations
(µg/mL)
4.09550

Residual concentrations
(µg/mL)
0.0620

10

4.0101

4.0276

0.0175

15

3.8981

3.9597

0.0616

20

3.8578

3.8918

0.0340

25

3.8370

3.8239

0.0130

30

3.7942

3.7560

0.0381

Table 4.32: Calculated absorption kinetic parameters after co-perfusion of propranolol HCl (75
µg/mL) with diltiazem HCl (1000 µg/mL) in rat No. 3.
ka

%Ao

R

0.882 hr-1

96.84 %

0.939

Figure 4.19: Plot of the fit of the apparent first-order equation to the data [remaining luminal
concentrations of propranolol HCl (75 µg/mL) co-perfused with diltiazem HCl (1000 µg/mL) versus
time] in rat No. 3.
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Table 4.33: The absorption kinetic results obtained after co-perfusion of propranolol HCl (75 µg/mL)
with diltiazem HCl (1000 µg/mL) in rat No.4

.

Time
(min)
05

ln Remnant concentrations
(µg/mL)
4.1577

ln Predicted concentrations
(µg/mL)
4.1749

Residual concentrations
(µg/mL)
0.0172

10

4.1108

4.1023

0.0084

15

4.0448

4.0298

0.0150

20

3.9741

3.9572

0.0169

25

3.8578

3.8847

0.0269

30

3.8158

3.8121

0.0063

Table 4.34: Calculated absorption kinetic parameters after co-perfusion of propranolol HCl (75
µg/mL) with diltiazem HCl (1000 µg/mL) in rat No. 4.
ka

%Ao

R

0.870 hr-1

98.19 %

0.991

Figure 4.20: Plot of the fit of the apparent first-order equation to the data [remaining luminal
concentrations of propranolol HCl (75 µg/mL) co-perfused with diltiazem HCl (1000 µg/mL) versus
time] in rat No. 4.
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Table 4.35: The absorption kinetic results obtained after co-perfusion of propranolol HCl (75 µg/mL)
with diltiazem HCl (1000 µg/mL) in rat No. 5.
Time
(min)
05

ln Remnant concentrations
(µg/mL)
4.1576

ln Predicted concentrations
(µg/mL)
4.1669

Residual concentrations
(µg/mL)
0.0093

10

4.0947

4.0952

0.0055

15

4.0448

4.0236

0.0212

20

3.9557

3.9519

0.0083

25

3.8578

3.8802

0.0224

30

3.8158

3.8085

0.0073

Table 4.36: Calculated absorption kinetic parameters after co-perfusion of propranolol HCl (75
µg/mL) with diltiazem HCl (1000 µg/mL) in rat No. 5.

ka

%Ao

R

0.858 hr-1

96.60 %

0.994

Figure 4.21: Plot of the fit of the apparent first-order equation to the data [remaining luminal
concentrations of propranolol HCl (75 µg/mL) co-perfused with diltiazem HCl (1000 µg/mL) versus
time] in rat No. 5.
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Table 4.37: The absorption kinetic results obtained after co-perfusion of propranolol HCl (75 µg/mL)
with diltiazem HCl (1000 µg/mL) in rat No. 6.
Time
(min)
05

ln Remnant concentrations
(µg/mL)
4.1727

ln Predicted concentrations
(µg/mL)
4.1828

Residual concentrations
(µg/mL)
0.0101

10

4.1266

4.1132

0.0134

15

4.0448

4.043

0.0011

20

3.9741

3.9741

0.0019

25

3.8981

3.9045

0.0064

30

3.8370

3.8349

0.0020

Table 4.38: Calculated absorption kinetic parameters after co-perfusion of propranolol HCl (75
µg/mL) with diltiazem HCl (1000 µg/mL) in rat No. 6.
ka

%Ao

R

0.834 hr-1

96.39 %

0.998

Figure 4.22: Plot of the fit of the apparent first-order equation to the data [remaining luminal
concentrations of propranolol HCl (75 µg/mL) co-perfused with diltiazem HCl (1000 µg/mL) versus
time] in rat No. 6.
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Table 4.39: Absorption kinetic results obtained after co-perfusion of propranolol HCl (75 µg/mL)
with diltiazem HCL (1000µg/mL) in six rats over a total period of 30 minutes using in situ SPIP
technique.
Time
(min)

ln Remnant concentrations (µg/mL)

05

Rat No.
1
4.0448

Rat No.
2
4.1422

Rat No.
3
4.1576

Rat No.
4
4.1577

Rat No.
5
4.1576

Rat No.
6
4.1727

Mean ± SD

% R.S.D

4.139 ± 0.047

1.14

10

3.992

4.0448

4.0101

4.1108

4.0947

4.1266

4.063 ± 0.056

1.37

15

3.9367

3.9741

3.8981

4.0448

4.0448

4.0448

3.991 ± 0.064

1.61

20

3.8782

3.9177

3.8578

3.9741

3.9557

3.9741

3.926 ± 0.050

1.27

25

3.7942

3.8158

3.837

3.8578

3.8578

3.8981

3.843 ± 0.036

0.95

30

3.7024

3.772

3.7942

3.8158

3.8158

3.837

3.790 ± 0.048

1.27

ka
(hr-1)
%Ao

0.810

0.888

0.882

0.87

0.858

0.834

93.81

0.9529

96.84

98.19

96.60

96.39

96.19 ± 0.015

R

0.992

0.995

0.939

0.991

0.994

0.998

0.985 ± 0.023

0.857 ± 0.030

SD: Standard deviation.
% R.S.D: Percentage of relative standard deviation.
ka: Absorption rate constant.
% Ao: Percentage of estimated inclination of the absorption line.
R: Linear Correlation coefficient.

The data revealed that co-perfusion of PLH (75 µg/mL) with DLH (1000 µg/mL) using
SPIP technique in six rats obtained ka values range from 0.810 to 0.888 hr-1. The mean of
%Ao is 96.19 ± 0.015, R = 0.985 ± 0.023 and % R.S.D less than 2 %. The results show
insignificant effect of DLH (1000 µg/mL) on ka value of PLH (75 µg/mL).

72

Figure 4.23: Plot of the fit of the apparent first-order equation to the data [remaining luminal
concentrations of propranolol HCl (75 μg/mL) co-perfused with diltiazem HCl (1000 μg/mL) versus
time] in all six rats.
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Figure 4.24: Mean of remnant concentrations of propranolol HCl (75 µg/mL) after co-perfused with
diltiazem HCL (1000µg/mL) in situ SPIP in six rats over a total period of 30 minutes.
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4.4 Statistical Evaluation of Data
Duncan test is a parametric test used to test the homogeneity within each group; (PLH (75
µg/mL) alone, PLH (75 µg/mL) co-administered with DLH (250 µg/mL) and PLH (75
µg/mL) co-administered with DLH (1000 µg/mL) as given in Table 4.40, 4.41, and 4.42
respectively.

Table 4.40: Duncan test for the homogeneity within the first group after perfusion of propranolol
HCl (75 µg/mL) alone.
Df F-value

P-value

Inter groups

5

0.422

Intra groups

30

Total

35

1.023

Table 4.41: Duncan test for the homogeneity within the second group after co-perfusion of
propranolol HCl (75 µg/mL) with diltiazem HCL (250 µg/mL).

Inter groups

Df F-value

P-value

5

0.334

1.198

Intra groups 30
Total

35

Table 4.42: Duncan test for the homogeneity within the third group after co-perfusion of propranolol
HCl (75 µg/mL) with diltiazem HCL (1000 µg/mL).
Inter groups

Df F-value

P-value

5

0.633

0.693

Intra groups 30
Total

35

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.
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One-way ANOVA is a parametric test used to test for differences among at least three
groups. One-way ANOVA test used to compare the means of PLH ka values between the
first group PLH alone (75 µg/mL), the second group PLH (75 µg/mL) co-administered
with DLH (250 µg/mL) and the third group PLH (75 µg/mL) co-administered with DLH
(1000 µg/mL) as given in Table 4.43
Table 4.43: One-way analysis of variance (ANOVA) for the differences among groups.
Df F
Sig
0.366 0.693
Inter groups 2
Intra groups 105
107
Total

One-way ANOVA shows that there is insignificant difference among three groups
(P>0.05). Figure 4.25 exhibits absorption kinetics behavior of the three groups together
where no significant statistical difference is observed.

Figure 4.25: Mean of remnant concentrations of propranolol HCl (75 µg/mL) alone and after coperfused with diltiazem HCL (250 µg/mL and 1000 µg/mL) in situ SPIP in six rats over a total period
of 30 minutes.
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Chapter 5
Discussion
5.1 Single Pass Intestinal Perfusion Technique and Intestinal Absorption
It is clear that the accurate intestinal permeability for drugs is hard to directly study in
human. It is also illogical to predict the ability of a drug molecule to pass the intestinal
barrier from simple physicochemical measurements such as pKa, molecular size, and
partition coefficient. Therefore, several in vitro and in situ experimental models have been
established to investigate the intestinal absorption of a drug (Amidon et al., 1988; Artursson
& Karlsson, 1991; Rubas et al., 1993; Hillgren et al., 1995; Salphati et al., 2001; Cook &
Shenoy, 2003).
Primary applications of in situ intestinal perfusion models have been used in the estimation
of effective permeability; in addition to comparing permeability differences from one
region to another along the intestine and as an essential prerequisite for accurately
classifying controlled release products (Ungell et al., 1998). The in situ models can be used
also to test concentration dependent saturable transport processes, as well as overall
contribution of paracellular transport to drug absorption (Nilsson et al., 1994; Lennernäs,
1995). In addition, these models relatively durable when compared to cell culture lines
such as Caco-2 cells (Salphati et al., 2001).
Since originally proposed by Schanker et al. in 1958, the in situ intestinal perfusion
technique in rodents has exhibited the ability to adapt to contemporary challenges in the
field of intestinal absorption research, owing to its relative simplicity, relative ease of
surgical techniques, stable vascularly perfused preparations of the small intestine, and low
cost (Schanker et al., 1958).
In situ intestinal perfusion techniques provide experimental conditions closer to what is
encountered following oral administration (Chiou & Barve, 1998) and they have been used
extensively to elucidate absorption mechanism. The SPIP technique in rats has been
approved to provide a precise method to predict in vivo oral absorption in human. Since it
keeps intact neural, endocrine, lymphatic, and mesenteric blood supplies and allow
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multiple sampling thus enabling kinetic studies to be performed efficiently (Fagerholm et
al., 1996; Yu et al., 1996; Kim et al., 2006; Lennernäs, 2007).
According to the FDA guidance, SPIP model considered as a permeability classification
tool for the characterization of a drug according to the BCS (FDA,1999).
The SPIP model in rats , which measures the disappearance of the drug from perfused
intestinal segment, directly describes its uptake into the enterocyte (Amidon et al., 1988)
and studies the intestinal absorption of drugs that may be affected by intestinal efflux
transporters (Wang et al., 1996). Disappearance models for intestinal absorption are
generally considered to give an accurate indication of trans-membrane absorption of drug
into the mesenteric and hepatic portal blood (Taylor et al., 1985).
As an important aspect, the effect of anesthetic agent should be considered when SPIP
technique is applied. Yuasa et al. have reported that anesthesia influences the intestinal
absorption in rats. In fact, surgery and anesthesia may reduce blood flow and motility of
intestine, which lead to both passive and active transport reduction. Anesthetics may also
directly affect the cell membranes. It has been noticed that barbiturates have the minimal
effect on intestinal permeability in rats; therefore we have used thiopental (50 mg/kg) as
an anesthetic agent (Yuasa et al., 1993).
In addition, the rat age may affect the intestinal permeability and hence affect intestinal
absorption. Although an age-dependent intestinal permeability might be valid for very
young and very old rats, no impact of age on the intestinal permeability in the rat within
the age interval of 5-30 weeks has been reported (Lindahl et al., 1997). Wistar albino rats
that used in the current study were 7-9 weeks aged, so any variation that may be resulted
from age interval is excluded.

5.2 Absorption Kinetic Behavior of Propranolol HCl
The absorption of orally administered propranolol is essentially complete in the intestine
with no intestinal metabolism (Shand & Rangno, 1972).
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In the present study, PLH was selected as an example of a P-gp substrate with limited oral
bioavailability (Yang et al., 2000; D'Emanuele et al., 2004). By co-administration of PLH
with DLH, we sought to bypass P-gp mediated secretory efflux and increase its absorptive
drug transport, thereby increasing PLH bioavailability.
The first generation inhibitor ,diltiazem , has successfully antagonized P-gp efflux activity
both in vitro and in vivo (Litman et al., 2001; Aszalos, 2007). In a recent clinical study,
diltiazem has been approved to inhibit P-gp and enhanced the absorption of apixaban (Pgp substrate) to about 1.4-fold, this finding emphasizes the inhibitory effect of diltiazem
on P-gp which could mediate drug – drug interaction and affect absorption of coadministered drug (Frost et al., 2015).
5.2.1 Absorption Kinetic Behavior of Propranolol HCl (75 μg/mL) Perfused Alone
This group considered as a control, as ka values of the second group and third group
(whereas DLH co-perfused at two different concentrations) are compared to ka value of the
control one.
The ka value of PLH (75 μg/mL) perfused alone in intestine using SPIP in rats is 0.81 ±
0.014 hr1. The gradual decrease of remnant PLH concentrations along time indicates that
PLH absorption followed first order kinetic (see Equation 3.1).
Intestinal perfusion of PLH (75μg/mL) alone in the six rats showed a low inter-individual
variation among rats. The samples showed a homogeneity; since % R.S.D was less than
5% (see Table 4.6), in addition to Duncan test which confirmed the homogeneity within
the group (see Table 4.40).
5.2.2 Absorption Kinetic Behavior of Propranolol HCl (75 μg/mL) Co-perfused with
Diltiazem HCl
It was demonstrated that, absorption rate constant values (ka) of PLH (75 µg/mL) coperfused with DLH (250 µg/mL) and (1000 µg/mL) were 0.778 ± 0.012 hr-1 and 0.857 ±
0.030 hr-1 respectively. DLH in this study differed substantially in the concentrations to
study its concentrations dependency effect.
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No significant increase of PLH ka values was observed when the drug has co-perfused with
DLH at two different concentrations level (P>0.05).This could suggest that P-gp plays a
minimal role in the in situ intestinal absorption process of PLH which has high water
solubility and high membrane permeability. The results are graphically represented in
Figure 4.25.

The efflux of propranolol by P-gp was reported previously (Yang et al., 2000) . However,
Masaki and co-workers found that propranolol was transported by simple diffusion without
the involvement of P-gp across Caco-2 cell monolayers .Caco-2 cells is a well-established
cell model , that has been widely used to investigate P-gp efflux function (Sun et al., 2002).
Masaki et al. clarified why propranolol transported to the luminal side rather than the
vascular side of epithelial cells by investigation of pH effect of apical (A) and basolateral
(B) sides on the transport of propranolol (pKa 9.44) across Caco-2 cell monolayers. The
basolateral medium pH was fixed at 7.4 and apical medium pH was varied between 6.0 and
7.4. When the apical pH was 7.4, Papp values for A-B and B-A transport of propranolol
were 4.54×10-5 cm/s and 4.01×10-5, respectively. This finding suggests that propranolol
was transported by simple diffusion without the participation of P-gp across Caco-2 cell
monolayers. In contrast, the A-B transport rate was lower (0.82 ×10-5 cm/s) and the B-A
transport rate was higher (10.6×10-5 cm/s) when a pH gradient (Apical, 6.0; basolateral,
7.4) was present. Since the concentration of uncharged propranolol, a basic drug, was lower
at pH 6.0 (0.03%) than at pH 7.4 (0.90%). These findings agree with the pH-partitioning
theory, which proposes that the permeability of propranolol in the A-B direction should be
lower when there is an apical pH of 6.0 than when it is at a pH of 7.4, and the B-A
permeability of propranolol would be higher at apical pH 6.0 (Masaki et al., 2006). Hence,
at lower apical than basolateral pH a change in passive transport caused by an imbalance
in the concentration of the uncharged drug species resulted in a “false” asymmetry (efflux
ratio).

From the same point of view, Neuhoff et al. suggested the pH-dependent passive efflux of
drugs across Caco-2 cell monolayers (Neuhoff et al., 2003). In addition, the pH-dependent
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passive permeability of propranolol into the intestinal luminal side may be demonstrated
in the perfused rat intestine in situ, as reported by Taylor et al. (Taylor et al., 1985).

In addition, Wang et al. had observed propranolol enantiomer transport in Caco-2 cells
with changes in pH and attempted to inhibit transport of propranolol by P-gp inhibitors
(verapamil and cyclosporine A). Wang and co-workers attribute the lack of effect of P-gp
inhibitors on “the possibility that passive transcellular diffusion dominated the absorptive
transport behavior of propranolol”, consistent with the BCS class 1 assumption “highsolubility, high-permeability drugs are absorbed mainly by transcellular diffusion” (Wang
et al., 2010). This finding may support our suggestion about the negligible effect of P-gp
inhibition by DLH on intestinal absorption of PLH.

Study of intestinal absorption of verapamil and propranolol as P-gp substrates with high
solubility and high permeability in vivo, suggested that both propranolol and verapamil
have very high membrane permeability in both jejunum and ileum. Both drugs did not
show regional dependency for their permeability, and verapamil exhibited no correlation
with P-gp expression although four different regions (duodenum, jejunum, ileum, and
colon) of rat intestine exhibited distinct gene expression profiles of P-gp. P-gp expression
is gradually increased by 6-fold from the duodenum to colon. Verapamil permeability
correlates well with propranolol permeability but did not correlate with the permeability of
other hydrophilic compounds under the same conditions. These findings indicate that both
drugs may be absorbed from intestine mainly by passive diffusion even though verapamil
is a P-gp substrate and the P-gp effect on the intestinal absorption of high-permeable drugs
like verapamil is minimal in vivo. The bioavailability of those drugs may be affected by
drug efflux function of P-gp in other organ systems such as in the liver (Cao et al., 2005).

Nagare et al. have determined the intestinal permeability of propranolol in different rat
intestinal segments (duodenum, jejunum, ileum and colon) using in situ SPIP technique.
The results were in the order duodenum<jejunum<ileum<colon and were 0.3316×10-4cm/s,
0.4035×10-4cm/s, 0.5092×10-4cm/s and 0.7167×10-4cm/s, respectively (Nagare et al.,
2010).
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Although P-gp expression in intestine is increased from duodenum to colon by six fold,
propranolol permeability also increased. These findings propose that P-gp has minimal
effect on propranolol permeability, and the results of the our thesis are in agreement with
these findings.

The in vivo intestinal absorption process of some P-gp substrates may not be greatly
influenced by P-gp due to the larger surface area of intestine and high lipophilicity of the
compounds. This is especially true for the P-gp substrates (such as propranolol) with high
water solubility and high membrane permeability. In this case, the high permeability may
dominate the drug oral absorption process, thus generating discrepancy in drug
permeability studies (Cao et al., 2005) .
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Chapter 6
Conclusion


The object of this thesis was to evaluate the effect of P-gp inhibition by DLH on
intestinal absorption of PLH using in situ SPIP technique in rats.



PLH absorption was studied through whole intestine in rats using SPIP technique, and
a simple, validated spectroscopic method was used for samples analysis.



A minimal inter-individual variation was observed among (7-9week) old wistar albino
male rats.



The absorption rate constant (ka) value of PLH in the absence of DLH was 0.81 ± 0.014
hr-1.



The absorption rate constant ka values of PLH in the presence of DLH (250 μg/mL and
1000 μg/mL) were 0.778 ± 0.012 hr-1 and 0.857±0.030 hr-1, respectively.



No significant increase of ka values of PLH was observed when the drug has coperfused with DLH at two different concentrations level (P>0.05).



The thesis data suggest that P-gp plays a minimal role in the in situ intestinal absorption
process of PLH.



Even PLH is P-gp transporter substrate, it is not necessary that transporter will
predominate in permeability processes due to its high passive permeability.



The thesis does not rule out the importance of drug efflux by P-gp that may reduce drug
bioavailability and mediate drug-drug interaction.
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Chapter 7
Recommendations


It is necessary to consider the physicochemical properties of prorpanolol since its
absorption is controlled by biological and physicochemical properties.



Every drug pair should be studied to find out if inhibition of P-gp by one drug
affects intestinal absorption of another drug.



Therapeutic use of DLH for reducing the effects of intestinal P-gp on PLH
absorption is not recommended.



Development of regulations for use of animals in studies to establish the drug-drug
interaction by corresponding authorities in Palestine e.g. Ministry of Health,
Medical Faculties and Pharmaceutical Industry.



It is very important to establish scientific center for drug-drug interactions to ensure
safety and efficacy of drugs used in Palestine.



Confirming the results of this study in further clinical studies.



Further investigation studies to ensure the effect of diltiazem on P-gp inhibition.
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