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Abstract 

Propranolol (PRN) undergoes extensive first-pass metabolism by the liver resulting 

in a relatively low bioavailability (BA). Thus, multiple doses are required to achieve 

therapeutic effect, which causes increased side effects. Glucosamine (GlcN) is an amino 

monosaccharide that is used to treat osteoarthritis (OA) and rheumatoid arthritis (RA) in 

elderly patients due to its ability to maintain connective and cartilage tissues strength and 

flexibility. Therefore, this research aimed to study the effect of GlcN on PRN BA, as a 

possible event of drug-drug interaction that may occur in patients especially elderly 

patients receiving both drugs. As a result, this could help to recommend whether PRN dose 

adjustment should be necessary with GlcN administration. Initially, in order to investigate 

such drug interaction a validated HPLC method of PRN in rat serum and Krebs buffer was 

developed and validated. Later, in vivo experiments were carried out to determine the 

effect of GlcN on PRN. PRN area under curve (AUC) and maximum concentration (Cmax) 

were significantly decreased by 43% (p<0.01) and 34% (p<0.05), respectively for the 

highest GlcN dose 200 mg/kg. On the other hand, 100 mg/kg of GlcN did not change PRN 

AUC and Cmax (p>0.05). Additionally, 200 mg/kg of GlcN decreased intestinal permeability 

(Peff) and increased PRN clearance by 50%. Rifampin is an enzyme inducer which potently 

induces many CYP450, whereas cimetidine is an enzyme inhibitor that effectively reduces 

the metabolism of concomitant drugs. Therefore, it is used as a control in many of literature 

studies documenting its role in drug interactions. The results showed that rifampin, at 9 

mg/kg did not change PRN AUC and Cmax (p>0.05), whereas 5 mg/kg of cimetidine 

increased PRN Cmax significantly by 86% (p<0.01) and AUC by 20% (p>0.05). However, in 



 
iv 

 

the in situ single pass intestinal perfusion (SPIP) experiments, GlcN increased PRN BA 

significantly (p<0.05) by two-fold at 60 min as compared to cimetidine and rifampin. This 

was confirmed by everted gut experiment where GlcN enhanced the absorption of PRN at 

20, 40, and 60 min. Finally, using isolated hepatocyte cell culture, GlcN at 200 mM 

decreased PRN metabolism and increased PRN concentration significantly (p<0.05). On the 

other hand, 50 µM of rifampin increased PRN metabolism and decreased PRN 

concentration, whereas cimetidine at 5 µM increased PRN concentration as expected for 

such positive controls. 

Overall, GlcN decreased PRN BA in a dose-dependent manner by decreasing its in 

vivo intestinal absorption and permeability but increased PRN concentration levels in situ 

and in vitro. This might be attributed to factors prior intestinal absorption such as the pH of 

the stomach, PRN and GlcN pKa and the efflux transporter P-glycoprotein (P-gp). 

Furthermore, only the highest tested dose of GlcN (200 mM) was capable of affecting PRN 

levels when incubated with viable rat hepatocytes. Therefore, it might be necessary to 

prescribe PRN with GlcN with caution due to the current reported interactions. A dosage 

regimen adjustment of PRN might be required to achieve the desired therapeutic effect in 

patients receiving GlcN. 
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Chapter One 

1. Introduction 

1.1 Pharmacokinetics  

Pharmacokinetics (PK) provides a mathematical basis to study the rate of a drug or 

a dosage form and its concentration-time course within the body along with drug 

disposition to quantify the processes of absorption, distribution, metabolism and excretion. 

These pharmacokinetic processes, that are often referred to as ADME; determine drug 

concentration in the body when drugs are prescribed (Caldwell et al. 1995; Hedaya 2012; 

Kubinyi et al. 1993) (Figure 1.1). 

Figure 1.1 Illustration of the pharmacokinetic processes (ADME). 
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1.1.1 Absorption 

Drug oral absorption is a complex transfer process across the intestinal lining which 

includes passive diffusion through the paracellular space or absorptive cells membranes, 

vesicular uptake (endocytosis/pinocytosis), and release at the basolateral space. 

Absorption depends initially on the dosage form dissolution in the aqueous contents of the 

gastrointestinal tract (GIT) to reach the blood (Le Ferrec et al. 2001a; Smith et al. 2012; 

Toutain and Bousquet‐mélou 2004). Drug absorption from the GIT depends on various 

factors such as drug physicochemical properties (lipophilicity, size, molecular volume, 

stereochemistry, pKa, solubility, chemical stability, partition and structure), gastric and 

intestinal motility, gastric emptying, physicochemical properties of small intestine 

environment, intestinal pH and the Surface area available for absorption (Dressman and 

Reppas 2010; Le Ferrec et al. 2001b). Drug absorption takes place at different sites of the 

GIT which include duodenum, jejunum and ileum. Many biological in vitro methods are 

used as an assessment for the permeability of the GI mucosa to predict in vivo drug 

absorption such as everted rat intestinal sacs (ERIS) and in situ single pass intestinal 

perfusion (in situ SPIP) (Dressman and Reppas 2010). 

In situ SPIP technique is used for the assessment of permeability of drugs through 

intestines while keeping intact blood supply to the intestinal tract throughout the 

experiment, making it a reliable tool for simulating real in vivo conditions following oral 

drug administration (Amidon et al. 1995; Amidon et al. 1988; Varma et al. 2004; Varma and 

Panchagnula 2005). Everted rat intestinal sac model is used for measuring absorption and 

permeability at different sites in the small intestine via passive diffusion and/or 
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transporters in the small intestine. It is also a good model to realistically mimic the gut 

physiological conditions (Barthe et al. 1999; Chowhan and Amaro 1977; Lacombe et al. 

2004; Lafforgue et al. 2008). 

1.1.1.1 Bioavailability 

Bioavailability (BA) is critically determined by the absorption. It is defined as the 

rate (Tmax and Cmax) and extent (AUC) of an active substance that is absorbed from its 

dosage form (pharmaceutical form) to reach the blood circulation at its site of action. Cmax 

represents maximum plasma concentration that is observed at that time Tmax following 

drug administration. BA is controlled by drug solubility, drug dissolution rate in the 

intestinal fluid, drug permeability across the intestinal membrane, pre-systemic 

metabolism and the efficiency of drug transporting system (Rescigno 2010; Toutain and 

Bousquet‐mélou 2004; Zakeri-Milani et al. 2007). 

1.1.1.2 Factors affecting drug BA 

There are several factors affecting drug BA such as drug solubility, permeability, the 

rate of in vivo dissolution as well as patient attributes such as membrane transporters, GI 

and liver (presystemic) metabolism, the integrity of the GIT, physiological status, and 

extrinsic variables such as the effect of food or concomitant medication. Moreover, the 

potential impact of patient physiological status such as age, gender, and lifestyle also play a 

crucial role in drug BA (Dressman and Reppas 2010; Martinez and Amidon 2002). 
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1.1.2 Distribution 

Once a drug enters the bloodstream, it distributes into different body cells and 

tissues by the influence of tissue hemodynamics and passive diffusion across lipid 

membranes. The drug binds to plasma proteins such as albumin forming drug-protein 

complexes. These complexes significantly influence the magnitude or the duration of drug’s 

effect with no effect on the drug’s therapeutic activity (Bauer 2001; Caldwell et al. 1995; 

Raffa 2010). 

1.1.2.1 Factors affecting drug distribution 

Many factors affect drug distribution such as the characteristics of the targeted 

compartment (bone, fat and muscles) and drug physicochemical properties (Dobesh 2004). 

Many proteins are involved in drug binding such as albumin, lipoproteins, and acid 

glycoprotein. Other intracellular proteins including myosin and actin in muscular tissue, 

melanin in pigmented tissue (particularly the eye) and ligandin that is present in liver, 

kidney and intestine can also influence drug distribution (Smith et al. 2012). 

1.1.2.2 Volume of distribution 

Volume of distribution (Vd) or the apparent volume of distribution is a theoretical 

PK parameter. Vd usually relates drug plasma concentrations to the total amount of the 

drug that is dissolved in the body (Bauer 2001; Dhillon and Gill 2006; Smith et al. 2012). 

The body is not a homogeneous unit, so the concentration of the drug in plasma is not 

necessarily the same in the liver, kidneys or other tissues. Therefore, Vd relates the total 
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amount of drug in the body at any time to the corresponding plasma concentration (Dhillon 

and Gill 2006). 

1.1.3 Excretion 

Both metabolism and excretion are the major processes responsible for elimination 

of the parent drug and its metabolite(s) from the body (Craig and Stitzel 2004). Excretion is 

the termination of the biological effect of exogenous substances by combined processes of 

redistribution, metabolism, and excretion. Each of these processes governs plasma drug 

concentrations at any time (Dhillon and Gill 2006; Leucuta and Vlase 2006; Raffa 2010).  

1.1.3.1 Factors affecting drug excretion 

Several factors influence the rate and extent of elimination. Accumulation occurs if 

the rate of absorption and distribution of a drug or a nutrient exceeds the rate of 

elimination (Raffa 2010). In humans, the kidneys are the major route of elimination for 

many drugs due to the fact that the kidneys receive about 20–25% of the cardiac output. 

Other sites of elimination include the feces and to a lesser extent sweat, saliva, gastric fluid, 

breast milk, and semen. However, some medications are eliminated unchanged in the bile 

(Bauer 2001; Raffa 2010).  

1.1.4 Metabolism 

Metabolism terminates the action of many drugs by forming a more water soluble 

metabolites which can be easily excreted by the kidney. Metabolism also changes the 

chemical structure of the drugs producing metabolites which are less pharmacologically 

active than the parent drug (Corrie and Hardman 2011; Craig and Stitzel 2004). However, 
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active metabolites can be formed from an inactive parent drug (prodrug). In general, all 

tissues can metabolize drugs, but the liver, GIT and lungs are the major sites for drug 

metabolism in humans. The strategic location of the liver relative to the portal circulation 

and the high level of enzymes capable of metabolizing foreign substances regarded the liver 

as one of the major sites responsible for drug metabolism (Raffa 2010). Drug metabolism is 

divided into two phases; phase I and phase II metabolism. Primary hepatocyte culture is 

used to study the expression and function of enzymes responsible on drug metabolism 

including cytochromes P450, drug-drug interactions, and the mechanisms of cytotoxicity 

and genotoxicity (Bu and Mashek 2010; Gomez-Lechon et al. 2004; Gonçalves et al. 2007; 

Saito et al. 2010; Schmidt et al. 2005). 

1.1.4.1 Phase I metabolism 

Phase I reactions take place in the cytoplasm, mitochondria, and the microsomes, 

which are a subcellular component containing membrane-associated enzymes on the 

smooth endoplasmic reticulum (Raffa 2010). Phase I reactions (oxidation, hydrolysis and 

rarely, reduction) are concerned with the addition or unmasking of polar groups, which is 

mediated by a large family of cytochrome P450 enzymes (Leucuta and Vlase 2006). These 

reactions result in small changes making a drug more hydrophilic and also provide a 

functional group that is used to complete phase II reactions. However, some drugs do not 

necessarily undergo phase I metabolism prior to phase II metabolism (Leucuta and Vlase 

2006; Smith et al. 2012). 

Phase I metabolism occurs during drug absorption, mainly in the liver as well as in 

the gut wall before reaching systemic circulation. The presystemic metabolism determines 
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the fraction of the oral dose that reaches systemic circulation to be bioavailable (Leucuta 

and Vlase 2006). Phase I reactions include the following: 

Oxidation 

hydrogen from Oxidation process involves the addition of oxygen or the removal of 

the parent molecule which is a common type of phase I reaction. There is an extensive 

system of enzymes that are capable of catalyzing oxidation reactions, such as cytochrome 

P-450 reductase. Examples of microsomal oxidation reactions are aromatic oxidations (e.g., 

PRN, warfarin), aliphatic oxidations (e.g., amobarbital, ibuprofen), O-dealkylations (e.g., 

codeine), N-dealkylations (e.g., morphine), S-dealkylations (e.g., 6-methylthiopurine), 

epoxidations (e.g., carbamazepine), S-oxidations (e.g., cimetidine); N-oxidations of primary 

amines (e.g., chlorphentermine), secondary amines (e.g., acetaminophen) and tertiary 

amines (e.g., nicotine); in addition to deaminations (e.g., diazepam). 

Other non-P450 oxidations are: Alcohol- and aldehyde dehydrogenase, tyrosine 

hydroxylase, xanthine oxidase and monoamine oxidase reactions, such example is the 

formation of imine followed by hydrolysis, such as flavin monooxygenase reactions (FMO). 

P450 reductases also use flavin as flavin adenine dinucleotide (FAD), and flavin 

mononucleotide (FMN) (Leucuta and Vlase 2006; Raffa 2010). 

Reduction 

Reduction reactions involve the addition of hydrogen or the removal of oxygen from 

the parent drug; it occurs in both microsomal and nonmicrosomal fractions of hepatocytes 

and other cells. Examples of such reactions include, aldehyde-, ketone-, nitro-, azo-, and 

quinone reduction (Raffa 2010). 
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Hydrolysis 

Hydrolysis reactions can occur in many locations throughout the body, including the 

plasma. Examples of some nonmicrosomal hydrolases include esterases, peptidases, and 

amidases (Raffa 2010).  

1.1.4.2 Phase II metabolism 

Phase II metabolism represents the synthetic reactions occurring after phase I 

metabolism and is characterized by conjugation with endogenous substances. This 

conjugation results in a decrease in biological activity due to three dimensional shape 

alterations. Furthermore, conjugation results in an increase in water solubility of the 

substance, which decreases the amount that is reabsorbed through renal tubules and 

thereby enhances the fraction that is excreted in the urine. Groups of phase II isozymes 

consist of acetyltransferases, sulfotransferases (SULTs) for sulfation, methyltransferases 

for methylation, glutathione S-transferase (GST) for glutathione conjugation, and UDP-

glucuronosyltransferases (UGTs) for glucuronidation (Kashuba and Bertino Jr 2001; 

Leucuta and Vlase 2006; Raffa 2010). (Figure 1.2) represents phase I and II enzymes. 
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Figure 1.2 Division of enzymes into phase I and phase II, Phase I enzymes are normally 
oxidative and phase II conjugative. Adapted and modified from (Mannhold et al. 2000). 

 

1.2 Drug interactions 

Drug interactions occur when a combination of two drugs or more affect the activity 

of each other (Jonker et al. 2005). Interactions occur not only between drugs but also 

between drugs and other chemicals or food (Pleuvry 2005).  
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1.2.1 Classification of drug interactions 

Drug interactions are classified as pharmacokinetic and pharmacodynamic 

interactions (Corrie and Hardman 2011; Ito et al. 1998; Kashuba and Bertino Jr 2001; 

Pleuvry 2005). Pharmacodynamic interactions occur due to the presence of two drugs at 

the same site of action, at an unspecified site of action or at different receptor sites to 

produce antagonistic, synergistic and additive interactions. Antagonistic interactions 

happens when two drugs interact at a specific receptor on the cell membrane, nucleus or 

cytoplasm such example is the competitive antagonism of benzodiazepines by flumazenil 

which is used as antidote for benzodiazepines overdose Synergistic interactions occur 

when the intensity of effect for the combined drugs is greater than would be of purely 

additive effect (Corrie and Hardman 2011; Jonker et al. 2005). Oral anticoagulants (e.g., 

warfarin) and heparin produce synergistic effect (Craig and Stitzel 2004). Additive effect is 

shown with nitrous oxide and volatile agent where fifty percent of the nitrous oxide 

minimum alveolar concentration (MAC) plus fifty percent of volatile agent MAC equal in 

anaesthetizing effect to that of 100% MAC of either agent alone (Corrie and Hardman 

2011). 

Pharmacokinetic interactions involve interactions due to absorption, distribution, 

metabolism, and excretion (Corrie and Hardman 2011; Ito et al. 1998; Pleuvry 2005). 
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1.2.2 Mechanisms of pharmacokinetic interactions 

1.2.2.1 Drug interactions affecting absorption  

Absorption mechanisms include active, facilitated, ion-pair transport and passive 

diffusion. In general, a drug interaction is considered clinically significant if the change in 

its extent of absorption is more than 20% (Kashuba and Bertino Jr 2001). Small intestine is 

the largest absorptive site in the GIT. Therefore, drugs that enhance gastric emptying such 

as metoclopramide accelerate drug absorption, whereas drugs that inhibit gastric emptying 

including muscarinic acetylcholine receptor antagonists slow absorption (Pleuvry 2005). 

Drug chelation results in the formation of insoluble compounds due to the formation of ring 

structure between a metal ion and an organic molecule, an example is the administration of 

magnesium and aluminum-containing antacids with quinolone antibiotics (Kashuba and 

Bertino Jr 2001). 

1.2.2.2 Drug interactions affecting distribution 

Drug interactions affecting distribution are drugs altering protein binding. Albumin 

is the major protein in the blood which binds acidic and basic drugs. However, acidic drugs 

are strongly bound to albumin more than basic drugs, whereas the latter binds to α1-acid 

glycoprotein (α1-Agp) (Kashuba and Bertino Jr 2001). Warfarin displacement by 

erythromycin is an example of protein binding displacement leading to an increased 

plasma concentration and therapeutic activity of warfarin (Corrie and Hardman 2011; 

Rolan 1994). 
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1.2.2.3 Drug interactions affecting excretion 

Drugs are excreted by different sites of the body. Lungs are responsible for the 

excretion of inhalational agents (Corrie and Hardman 2011; Pleuvry 2005). Kidney 

excretion can be altered by changes in protein binding (Kashuba and Bertino Jr 2001; 

Pleuvry 2005).  

1.2.2.4 Drug interactions affecting metabolism 

Liver is the major site responsible for drug metabolism in order to activate or 

terminate the action of many drugs (Corrie and Hardman 2011). Therefore, a change in 

drug metabolism is considered as one of the important causes of unexpected drug 

interactions. Metabolizing enzymes can be inhibited by many drugs resulting in reduced 

metabolism and prolongation of drug effect (Corrie and Hardman 2011; Craig and Stitzel 

2004; Ito et al. 1998; Kashuba and Bertino Jr 2001; Snyder et al. 2012). On the contrary, 

numerous drugs and environmental pollutants can induce the P450 system increasing drug 

metabolism. Enzyme induction has been responsible for failure of therapy for many drugs 

(Pleuvry 2005). 

Enzyme inhibition 

Enzyme inhibition is the primary mechanism for drug–drug pharmacokinetic 

interactions. Enzyme inhibition occurs via four types; competitive, non-competitive, 

uncompetitive and mechanism based. All types of inhibition are affected by the 

characteristics of CYP isoform and the concentrations of drugs. However, several drugs are 

metabolized by multiple isozymes where they act as competitive with one CYP and non-

competitive with another (Coleman 2010; Ito et al. 1998). 
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Enzyme induction 

Drug interactions caused by induction of CYP450 are significantly less 

common than those caused by CYP450 inhibition and impact the efficacy and therapeutic 

goals rather than toxicity caused by CYP450 (Bjornsson et al. 2003; Kashuba and Bertino Jr 

2001). Induction of drug-metabolizing activity can be due to either a decrease in the 

proteolytic degradation of the enzyme or due to synthesis of new enzyme protein. 

Synthesis of new enzyme protein is due to an increased messenger RNA (mRNA) 

production (transcription) or in the translation of mRNA into protein (Craig and Stitzel 

2004). Barbiturates are the classical example for drugs that induce P450 enzyme system. 

Therefore, a susceptible drug will be metabolized more rapidly resulting in reduced BA, 

shorter half-life (t0.5), and reduced efficacy (Corrie and Hardman 2011).  
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1.3 Propranolol (PRN) 

 

 

 

 

 

Figure 1.3 Propranolol chemical structure. 

Propranolol (PRN) (Figure 1.3) is the prototype of all β-adrenergic receptor 

antagonists and is the first effective β-blocker interacting with both β1 and β2 receptors 

with equal affinity. It does not have α receptor or muscarinic receptor blocking activity but 

it may block some serotonin receptors in the brain (Brunton et al. 2006; Katzung et al. 

2004; Wang et al. 2013). Additionally, PRN lacks intrinsic sympathomimetic activity 

(Brunton et al. 2006; Katzung et al. 2004; Wang et al. 2013), and is one of the essential 

drugs listed by World Health Organization's List of Essential Medicines as one of the drugs 

used for a basic health system (WHO 2011). It is present as a white crystalline powder and 

is soluble in both water and alcohol, its pKa value is 9.4 (Salman et al. 2010). 

  



 
16 

 

1.3.1 Propranolol mechanism of action 

Beta-receptor antagonists antagonize the effect of catecholamines at β 

adrenoceptors by occupying this receptor and competitively countering its binding by 

catecholamines and other β agonists, thus, preventing catecholamines action on 

cardiovascular tissues (Craig and Stitzel 2004; Katzung et al. 2004). β1 receptors are 

located on the cardiac sarcolema which belong to the G-protein coupled adenyl cyclase 

system. When catecholamines stimulate the receptor, α subunit of Gs protein binds to 

activates adenyl cyclase and generates cAMP. Later, cAMP as a second messenger activates 

protein kinase A (PKA) which phosphorylates specific proteins and other membrane 

calcium channels leading to an increase in calcium entry into the cytoplasm. PKA also 

increases calcium release from the sarcoplasmic reticulum which leads to the positive 

inotropic effect. Additionally, PKA accelerated conduction across atrioventricular node and 

conduction tissues leads to a positive dromotropic effect (Mansoor and Kaul 2009). PRN 

also has a membrane-stabilizing action (local anesthetic effect or quinidine-like effect). As a 

result, it can be used for the treatment of cardiac arrhythmias due to this advantage (Craig 

and Stitzel 2004; Katzung et al. 2004). 

  



 
17 

 

1.3.2 Propranolol medical uses 

PRN is used for the treatment of various cardiovascular diseases mainly essential 

hypertension because it decreases heart rate, myocardial contractility, and cardiac output 

(Brunton et al. 2006; Craig and Stitzel 2004; Wang et al. 2013). However, its action on 

blood pressure reduction is complex. After acute administration, PRN blocks vascular β2 

receptors leading to a reduction in the cardiac output so peripheral resistance increases in 

proportion that maintain blood pressure to normal, and compensatory reflexes resulting in 

activation of vascular α receptors which is not blocked by PRN. As a result, blood pressure 

is not altered significantly; on the other hand, chronic administration of PRN decreases 

blood pressure, and this is why PRN is used in essential hypertension but not for 

hypertensive crisis (Brunton et al. 2006; Craig and Stitzel 2004). PRN is also used for the 

treatment of patient with angina pectoris (Brunton et al. 2006; Craig and Stitzel 2004; Hebb 

et al. 1968), atrial fibrillation, congestive heart failure, myocardial infraction (ischemic 

heart disease), and is used in the treatment of supraventricular arrhythmias, 

supraventricular tachycardias as well as ventricular arrhythmias/tachycardias (Brunton et 

al. 2006; Chafin et al. 1999; Katzung et al. 2004; Wang et al. 2013). PRN is found to be 

effective in the treatment of neurologic diseases, such as headache, and is used in migraine 

prophylaxis because it reduces the frequency and intensity of migraine (Katzung et al. 

2004; Shields and Goadsby 2005). Furthermore, PRN has anti-inflammatory, antioxidant 

properties, and lipid peroxidation inhibitory activity as well as some anti-cancer activities 

(Nkontchou et al. 2012). PRN is also used in the treatment of thyrotoxic crisis (Brunton et 

al. 2006). In addition to that, PRN and nadolol combination is used to decrease the 
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incidence of the first episode of bleeding from esophageal varices as well as bleeding in 

patients with cirrhosis (Katzung et al. 2004; Watson et al. 1987). 

1.3.3 Propranolol Pharmacokinetics 

1.3.3.1 Absorption and bioavailability 

PRN is a highly lipophilic drug that is almost completely absorbed from the GIT 

following oral administration (Salman et al. 2010). PRN peak plasma concentrations occur 

after 1–3 hours (Tmax) of ingestion (Ismail et al. 2004), and its oral BA is relatively low of 

13-23% (Cid et al. 1986; Sastry et al. 1993). Thus, a major consequence is that oral 

administration of the drug leads to lower drug concentrations as compared to those 

achieved after I.V. injection of the same dose. However, its BA could be increased by the 

concomitant ingestion of food and throughout the long-term administration of the drug 

(Brunton et al. 2006; Katzung et al. 2004). PRN is concentrated mainly in the lungs and to a 

lesser extent in other organs such as the brain, liver, and kidneys. Moreover, it undergoes 

extensive hepatic metabolism, therefore, the proportion of PRN that reaches the systemic 

circulation increases as the PRN dose is increased due to saturation of hepatic extraction 

mechanisms (Craig and Stitzel 2004; Katzung et al. 2004). PRN plasma t0.5 ranges from 3 to 

6 hours (Castleden and George 1979; Ismail et al. 2004; Leahey et al. 1980). Concentrations 

of PRN after single oral doses have shown higher concentrations in elderly (2.3 times) than 

in the young as well as S (-)-PRN enantiomer concentrations are present in higher amounts 

than R (+)-PRN enantiomer (Walle et al. 1988). Moreover, in a study conducted by Johnson 

et al they demonstrated that area under curve (AUC) for both R (+) and S (-)-PRN 
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enantiomer in white subjects has shown to be 292 ng.hr/ml versus 394 ng.hr/ml for black 

subjects (Johnson et al. 2000). 

1.3.3.2 Distribution 

Drug’s Vd depends on its free concentration in the blood. As free drug concentration 

increases, its Vd will also increase because equilibrium is reached between the free drug 

and body tissues. PRN to plasma protein binding has been found to be 90 to 93.2% in man 

(Brunton et al. 2006; Evans et al. 1973; Ismail et al. 2004). α1-AGP and lipoproteins often 

bind lipophilic and basic drugs like PRN. On the contrary, acidic drugs are bound to 

albumin. The degree of drug binding to proteins will differ in pathophysiological states due 

to changes in plasma-protein concentrations (Brunton et al. 2006; Katzung et al. 2004; 

Walle et al. 1988). For example, α1-AGP is increased in acute inflammation, hence, total 

plasma concentration will be changed even though drug elimination is unchanged (Katzung 

et al. 2004). PRN-plasma binding has been found to be enantiomer-selective where R (+)-

enantiomer binds to human serum albumin, whereas the opposite S (-)-enantiomer binds 

to α1-Agp. Both enantiomers half-lives are identical. However, R (+)-enantiomer Vd is 

higher than S (-)-enantiomer which could be due to enantiomer selectivity in tissue binding 

or blood binding or both (Walle et al. 1988). 

PRN is a lipophilic drug so; it can readily cross the blood-brain barrier. Furthermore, it is 

rapidly distributed and has large Vd of approximately 4 L/kg (Chidsey et al. 1975). 
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1.3.3.3 Excretion 

The kidneys are the primary route of PRN excretion, whereas the liver is the 

primary route of metabolism (Craig and Stitzel 2004). PRN excretion maybe prolonged and 

its BA may increase in the presence of liver diseases (e.g., hepatic cirrhosis with 

portosystemic shunting), hepatic enzyme inhibition, decreased hepatic blood flow or 

administration of drugs that affect hepatic metabolism (Katzung et al. 2004). PRN clearance 

is enantiomer-selective with preferential removal of the R (+)-enantiomer from the blood. 

Clearance through naphthalene ring hydroxylation is 2.5 fold greater for the R (+)-

enantiomer in comparison to the S (-)-enantiomer due to the differences in the catalytic 

activities of CYP450 isoenzymes. However, the clearance for both the (+)- and    (-)-

enantiomers through  both glucuronidation and  side chain oxidation  is  identical (Walle et 

al. 1988). 

1.3.3.4 Metabolism 

 PRN is highly extracted by the liver, so it shows marked variations in its BA among 

patients due to differences in blood flow and hepatic function, and this explains the reason 

of different concentrations of PRN for patients given the same dose of drug (Ismail et al. 

2004; Katzung et al. 2004). PRN is cleared from the blood at a rate of 16 ml/min per kg. 

Thus, the liver is able to remove the amount of PRN contained in 1120 ml blood of a 70 kg 

human in 1 minute (Brunton et al. 2006). 

Propranolol metabolic pathways 

PRN metabolism in man occurs via three primary metabolic pathways namely;  

naphthalene ring hydroxylation, side chain oxidation, and glucuronidation (Marathe et al. 
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1994) (Figure 1.4). Ring hydroxylation that has the share of 42% (range, 27-59%) of PRN 

metabolism. It is considered as the “first choice” pathway , followed by side chain oxidation 

with 41% (range, 32-50%), and glucuronidation which accounts for the least percentage of 

the three pathways of 17% of the dose (range, 10-25%) (Walle et al. 1985). Ring 

hydroxylation process occurs in either position four, five or seven. 7-hydroxy propranolol 

present in a very small amount in human liver microsomes, whereas 4-hydroxy and 5-

hydroxy propranolol are the primary metabolites (Masubuchi et al. 1994). However, both 

of 4-hydroxy and 5-hydroxy propranolol showing a preference for R (+)-PRN 

stereoselectivity (Marathe et al. 1994). The resulted hydroxypropranolol will be either 

sulphoconjugated favoring the R (+)-PRN enantiomer, whereas conjugation with glucuronic 

acid favors S (-)-enantiomer. Also, conjugation with glucuronic acid to forming PRN 

glucuronide, favors the S (-)-enantiomer (Walle et al. 1988). N-dealkylation process 

stereoselectivity is concentration dependent. Therefore, higher concentration accounts for 

S (-)-enantiomer and the R (+)-enantiomer for lower concentrations (Marathe et al. 1994) 

(Figure 1.4).  

 As for cytochrome isoforms involved in PRN metabolism, N-

desisopropylpropranolol of both S- and R- isomers are highly associated with 

naphthoflavone and phenacetin o-deethylase (selective inhibitors of CYP1A2), meaning 

that CYP1A2 is involved in the metabolism of this pathway. On the other hand, quinidine 

and debrisoquine-4-hydroxylase which are index reaction of CYP2D6 (both are selective 

inhibitors of CYP2D6) which inhibits both 4 and 5-hydroxypropranolol of both 

enantiomers (Masubuchi et al. 1994; Yoshimoto et al. 1995). Furthermore, CYP1A2 has 

some catalytic activity on 4-hydroxypropranolol because furaphylline, a selective CYP1A2 



 
22 

 

inhibitor, inhibits about 45% together with quinidine of about 55% (Johnson et al. 2000), 

meaning that CYP2D6 and CYP1A2 are involved in this metabolic pathway. However, 

CYP2C8/9, CYP2C19, CYP3A3/4 and CYP2E1 have weak inhibitory activities on PRN 

metabolism (Yoshimoto et al. 1995) (Figure 1.4).  

Figure 1.4 Propranolol major metabolic pathways. Adapted and modified from (Marathe et 
al. 1994; Walle et al. 1985). 
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1.3.4 Propranolol toxicity 

PRN toxicity results from the blockage of bronchial, cardiac and vascular β 

receptors. Patients with peripheral vascular insufficiency, diabetes, asthma, bradycardia 

and cardiac conduction diseases may suffer from PRN toxicity. Many patients experience 

PRN withdrawal syndrome after abrupt discontinuation, such as tachycardia, nervousness, 

increase of blood pressure, increased angina intensity, and myocardial infarction due to 

supersensitivity or up-regulation of β adrenoceptors (Katzung et al. 2004). 

1.3.5 Propranolol adverse effects 

PRN is a lipophilic drug that enters blood-brain barrier causing central nervous 

system adverse effects, such as vivid dreams, mild sedation, and rarely, depression. 

Furthermore, patients administered PRN experience coolness of hand and feet in winter, in 

addition some patients may experience sexual deficiency and symptomatic arterial 

hypotension (Katzung et al. 2004; Nkontchou et al. 2012). 

1.3.6 Propranolol contraindications 

PRN is contraindicated in severe bradycardia, high grade atrioventricular blockage 

and ventricular asystole in the presence of digitalis toxicity. It is also contraindicated in 

cardiogenic shock and severe depression (Craig and Stitzel 2004; Mansoor and Kaul 2009). 

PRN is used in extreme caution in severe bronchospasms in chronic obstructive pulmonary 

disease patients as well as moderate to severe persistent asthmatic patients since it  blocks 

β2 receptors in bronchial smooth muscle (Brunton et al. 2006; Chafin et al. 1999; Craig and 

Stitzel 2004; Mansoor and Kaul 2009). 
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1.3.7 Propranolol drug interactions 

1.3.7.1 Propranolol Pharmacokinetic interactions 

Aluminum salts, colestipol, and cholestyramine decrease the absorption of PRN. 

PRN is extensively metabolized by the liver. Therefore, many drugs such as rifampin, 

phenytoin, and phenobarbital as well as smoking induce hepatic biotransformation 

enzymes resulting in decreased PRN plasma concentration. However, cimetidine and 

hydralazine increase PRN concentration and BA by affecting hepatic blood flow (Brunton et 

al. 2006). 

1.3.7.1 Propranolol pharmacodynamic interactions 

Indomethacin, a nonsteroidal anti-inflammatory drug (NSAIDs), can oppose the 

antihypertensive response of PRN and other β blockers. This effect may be related to 

inhibition of prostacyclin synthesis (Beckmann et al. 1988). Other PRN drug interactions 

include the additive effect of Ca2+ channel blockers and PRN on the cardiac conducting 

system, whereas PRN and other antihypertensive drugs have additive effect on blood 

pressure (Brunton et al. 2006). 
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1.4 Glucosamine (GlcN) 

 

 

 

 

Figure 1.5 Chemical structure of glucosamine. 

Glucosamine (GlcN) (2-amino-2-deoxy-d-glucose) is one of several 6-carbon amino 

sugars naturally occurring in the body which is water soluble and is generally nontoxic 

(Figure 1.5). GlcN is a monosaccharide compound generated by hydrolysis of chitosan or 

chitin. It is one type of amino sugars that are considered as an important building blocks for 

mucoproteins, mucopolysaccharides, and mucolipids such as heparin, hyaluronic acid and 

chondroitin (Al-Hamidi et al. 2010; Kirkham and Samarasinghe 2009; Xing et al. 2006). 

Chitosan is a polymer made from acetylglucosamine units and its structure is basically 

composed of D-glucosamine monomer units. It is the N-deacetylated derivative of chitin, 

which is present in the exoskeletons of crustaceans, fungi cell walls, and cuticles of insects 

(Guibal 2005; Liu et al. 2006). 

GlcN is found in most of human tissues such as GIT mucosal membranes, higher 

concentrations are found in connective tissues (e.g., cartilage). GlcN can be found in many 

forms, including hydrochloride, chlorohydrate sulfate salt, N-acetyl-glucosamine, and as a 
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dextrorotatory isomer (Dahmer and Schiller 2008; Kirkham and Samarasinghe 2009; Xing 

et al. 2006).  

1.4.1 Glucosamine in the treatment of osteoarthritis  

GlcN is present in the connective and cartilage tissues and it contributes in the 

maintenance of the strength and flexibility of these tissues (Hua et al. 2005). The ability to 

synthesize GlcN decreases with age. Consequently, replenishing the levels of  GlcN, 

especially GlcN hydrochloride and GlcN sulfate, would be useful for the prevention and 

treatment of osteoarthritis (OA) (Xing et al. 2006). GlcN treats OA and rheumatoid arthritis 

(RH) by its chondroprotective effect through normalizing cartilage metabolism by 

inhibiting the degradation and stimulating the synthesis of glycosaminoglycans. In addition 

to that, GlcN has anti-inflammatory effect because it suppresses neutrophil functions such 

as phagocytosis, chemotaxis, superoxide generation, and granule enzyme release (anti-

reactive properties). GlcN also reduces the expression of NF-κB induced by 

proinflammatory cytokines. Moreover, GlcN reduces the production of nitric oxide and 

prostaglandin E2 in plasma, hence, restores articular function (Hua et al. 2005; Matheu et 

al. 1999; Mendis et al. 2008; Nagaoka et al. 2011; Reginster et al. 2012; Xing et al. 2006). 

1.4.2 Other Glucosamine effects 

GlcN has been reported to function as an inhibitor of tumor growth since it can alter 

signaling molecules involved in protein translation. In addition it has been reported to alter 

uracil and adenine nucleotide contents, thus, results in disruption of the structure and 

function of cellular membranes. Moreover, GlcN has antioxidant and scavenging ability on 
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superoxide and hydroxyl radicals. Therefore, it is considered as a desired antioxidant food 

supplement because it is non-toxic and free from side effects (Xing et al. 2006). 

1.4.3 Glucosamine Pharmacokinetics 

1.4.3.1 Orally administered GlcN 

GlcN is absorbed rapidly following oral administration with 26% BA as compared to 

I.V. administration. Its peak plasma concentration (Cmax) can be reached after 3 hours 

(Tmax). However, GlcN undergoes substantial first-pass metabolism and its elimination t0.5 

was estimated to be 15 hours (Anderson et al. 2005; Henrotin et al. 2012; Kirkham and 

Samarasinghe 2009; Persiani et al. 2005). Other studies have shown that non-serum t0.5 of 

GlcN ranges from 28-58 hours (Kirkham and Samarasinghe 2009). GlcN plasma 

concentration was shown to remain above baseline for up to 48 hours after oral 

administration (Henrotin et al. 2012). It has been also reported that GlcN shows linear PK 

at the dose range of 750-1500 mg, whereas increasing the dose up to 3000 mg could 

deviate such linearity (Persiani et al. 2005) 

1.4.3.2 Intravenously administered GlcN 

Following I.V. administration of radiolabeled GlcN, about 10% of the labeled GlcN 

was found as free GlcN in plasma; which was cleared by the liver and kidney and excreted 

in the urine. The remaining 90% was bound to plasma proteins. Peak plasma concentration 

was reached at 8 hours (Tmax) (Anderson et al. 2005). GlcN Vd was found to be 2.12 L and its 

apparent terminal t0.5 was found to be one hour (Aghazadeh-Habashi et al. 2002). 
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Following administration of radiolabeled GlcN by I.V. and oral routes, about half of 

radioactivity was excreted in CO2, 40% was excreted in urine whereas the remaining 2-

10% were excreted in feces. Blood levels achieved after oral GlcN are only 20% of those 

achieved with I.V. GlcN (Anderson et al. 2005; Setnikar et al. 1983). 

1.4.4 Biochemical pathways 

GlcN is naturally produced in the cells as GlcN-6-phosphate via hexosamine biosynthetic 

pathway through the combination of glutamine with fructose-6-phoshphate in the 

presence of the enzyme glutamine fructose-6-phosphate amidotransferase. Ending up with 

the formation of uridine diphosphate-N-acetyl glucosamines, which enters in the formation 

of glycosaminoglycans, glycolipids and proteoglycans. This sugar will be used for O-linked 

glycosylation of several proteins such as RNA polymerase, transcription factors and nuclear 

pore proteins causing changes in the biological activity (Anderson et al. 2005; Roseman 

2001; Uldry et al. 2002). 
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1.4.4.1 Hexosamine biosynthetic 

pathway 

Glucose is phosphorylated by the enzyme 

hexokinase. Phosphorylated glucose will 

enter glycogen synthetic pathway or will be 

converted by the enzyme glucose-6-

phosphate isomerase to fructose-6-

phosphate. More than 95% of fructose-6-

phosphate may enter glycolysis, whereas 

less than 5% of glucose uptake enters the 

hexosamine biosynthetic pathway for 

glucose metabolism. Fructose-6-phosphate 

is converted by (L-glutamine: fructose-6-

phosphate amidotransferase) (GFAT) the 

rate-limiting enzyme. This reaction results 

in the production of glucosamine 6-

phosphate, which is followed by the 

acetylation of gluocsamine-6-phosphate by 

the enzyme (glucosamine-6-phosphate 

acetyl transferase) ending in the production 

of N-acetylglucosamine-6-phoshate. 

Figure 1.6 Hexosamine biosynthetic 
pathway. Adapted and modified from 
(Ngoh et al. 2010). 
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N-acetylglucosamin-6-phosphate will be converted to GlcNAc-1-P by the enzyme mutase 

(phosphate-acetyl glucosamine mutase), followed by production of UDP-GlcNAc by (UDP-

GlcNAc pyrophosphorylase). Finally, UDP-GlcNAc molecule will act as a glycoside precursor 

and serves as the nucleotide sugar for the posttranslational glycosylation of many proteins 

(Anderson et al. 2005; Ngoh et al. 2010) (Figure 1.6) 
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1.4.5 Glucosamine safety and toxicity 

1.4.5.1 Orally administered GlcN 

Oral administration of very large doses (5000–15,000 mg/kg body weight) of GlcN 

was found to be well tolerated without toxicity. Studies on mice, rats, rabbits and dogs 

received GlcN orally in doses of approximately 159–8000 mg/kg/day for 12–365 days did 

not show any adverse effects (Setnikar et al. 1991; Setnikar et al. 1983). 

1.4.5.2 Intravenously administered GlcN 

Several studies established the safety and toxicity of GlcN following I.V. infusion to 

rats. In these studies, doses ranged from 240 to 9937 mg/kg body weight.  Meininger et al. 

reported that infusion of 564 mg/kg did not affect blood glucose levels (Meininger et al. 

2000), whereas other studies used average infusion rates of 2496 mg/kg detected GlcN 

adverse effects on glucose metabolism. However, these results were difficult to be 

explained because of different GlcN oral BA which is 26% as compared to I.V. route. In 

addition to that oral GlcN administration did not induce alteration on glucose metabolism 

at very high doses (300–2149 mg/kg body weight) on rats, rabbits and dogs which is 

different from that of parenteral administration (Anderson et al. 2005). 

1.4.5.3 Glucosamine safety on human 

Administration of GlcN to more than 800 patients who were monitored 

continuously following infusion of large amounts of GlcN did not lead to any adverse 

effects. Other human clinical studies indicated that there were no adverse effects of GlcN 

administration on liver and kidney function, blood chemistries (white blood count, red 
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blood count, and hemoglobin), urinalyses, and on cardiovascular parameters (pressure and 

pulse rate) (Monauni et al. 2000; Pouwels et al. 2001). Interestingly, GlcN exerts an 

inhibitory effect on platelets in vivo by suppressing thromboxane A2 production, ATP 

release and platelet aggregation, so it is considered as safe anti-platelet agent (Lu-Suguro et 

al. 2005). 

Nevertheless, the reported adverse effects of GlcN are generally uncommon and 

minor, such as nausea, vomiting, headache, dyspepsia and skin allergies (Delafuente 2000). 

However, it should be taken into consideration that GlcN is made from the shells of crab, 

lobster, and shrimp. Thus, it should be avoided in people with shellfish allergies since it can 

develop facial and throat swelling (Dahmer and Schiller 2008; Matheu et al. 1999). 
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1.5 Cimetidine 

Cimetidine is the first histamine type 2 (H2) receptor antagonists. It inhibits gastric 

acid secretion by reversibly competing with histamine for binding to H2 receptors on the 

basolateral membrane of parietal cells. It is used in the treatment of peptic ulcer disease 

(Brunton et al. 2006; Pelkonen and Puurunen 1980; Puurunen and Pelkonen 1979) as well 

as duodenal ulcers, and uncomplicated gastroesophageal reflex disease (Brunton et al. 

2006). 

1.5.1 Cimetidine drug interactions  

Cimetidine is an imidazole-containing drug that binds to CYP450 heme iron and 

effectively reduce metabolism of endogenous substrates (e.g., testosterone) or other 

concomitant used drugs metabolized by CYP1A2, CYP2C9, CYP2D6, and CYP3A4 through 

competitive inhibition. Thus, the half-lives of these drugs will be prolonged (Brunton et al. 

2006; Katzung et al. 2004). As a result, it is used as a control in many of literature studies 

documenting its role in drug interactions due to its clear effect and role in drug interactions 

(Piyapolrungroj et al. 2000).  

Pharmacokinetic drug interaction between PRN and cimetidine may lead to 

reinforcement of the β-adrenoceptor blocking effects of PRN due to changes in the 

therapeutic levels of PRN in blood. Such interaction my also lead to pharmacodynamic 

effects where cimetidine was reported capable of causing dangerous reduction in blood 

pressure and heart rate in patients receiving PRN for coronary heart disease (Reimann et 

al. 1981). 
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1.6 Rifampin (Rifampicin) 

Rifampin is a semisynthetic derivative of macrocyclic antibiotic produced by 

Streptomyces mediterranei. Rifampin is a bactericidal, large lipid-soluble molecule active 

against gram-negative and gram-positive cocci, mycobacteria, enteric bacteria, and 

chlamydiae. It is used in the treatment of mycobacterial Infections (Katzung et al. 2004). 

Rifampin’s mechanism of action is through binding to the β-subunit of bacterial DNA-

dependent RNA polymerase and thereby inhibits RNA synthesis. However, it does not affect 

mammalian polymerases (Craig and Stitzel 2004). 

1.6.1 Rifampin drug interactions  

Rifampin is an enzyme inducer which potently induces CYP1A2, 3A4, 2D6, 2C8, 2C9, 

and 2C19. Therefore, reduces the t0.5 of many compounds, such as digoxin, digitoxin, 

mexiletine, PRN, metoprolol, disopyramide, quinidine, tocainide and ketoconazole as well 

as non-nucleoside reverse transcriptase inhibitors, and HIV protease (Brunton et al. 2006). 
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1.7 Bioanalytical HPLC method validation parameters definitions 

(EMEA) 

1.7.1 Accuracy  

The accuracy of an analytical method describes the closeness of the mean of test 

value obtained by the method to the actual concentration of the analyte (expressed in 

percentage) (FDA 2013 ). Any bias or systematic error in the method is usually indicated by 

the accuracy (Bliesner 2006). Accuracy samples and quality control samples (QC samples) 

should be spiked with a specified amount of analyte and the resultant concentrations of the 

analyzed samples will be compared with the actual value. Accuracy evaluation should be 

done for values of QC samples obtained within a single run (intra-day accuracy or within 

run accuracy) and in different runs (inter-day accuracy or between-run accuracy) (EMEA 

2011). 

Accuracy % is calculated as follows: 

 

Intra-day accuracy (within-run accuracy) should be measured using a minimum of 

five samples per level for each single run with a minimum of four concentration levels 

which are covering the calibration curve range: the lower limit of quantification (LLOQ), 

within three times the LLOQ (QC low), around 50% of the calibration curve range (QC mid), 

and at least at 75% of the upper calibration curve range (QC high). On the other hand, inter-

day accuracy (between-run accuracy) is measured using samples of LLOQ, QC low, mid and 
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high obtained from at least three runs analyzed on at least two different days to be 

evaluated for the validation of the inter-day accuracy. In both intra-day and inter-day 

accuracy, accuracy % of QC (low, mid and high) should be within 85-115% while LLOQ 

should be within 85-120%, according to EMEA guidelines (EMEA 2011). 

1.7.2 Precision 

The precision of an analytical method describes the closeness of repeated individual 

measures of analyte which is usually determines the degree of repeatability under normal 

conditions (Shabir 2003; Taverniers et al. 2004) and is usually expressed as the coefficient 

of variation (CV %). CV% is calculated as follows: 

 

Precision should be determined for samples of LLOQ, QC low, mid and high, within a 

single run and between different runs, i.e. using the same runs and data as for the 

demonstration of accuracy (Taverniers et al. 2004). Intra-day precision (within-run 

precision) is the minimum of five samples per concentration level of LLOQ, QC low, mid and 

high for each single run which will be evaluated for intra-day precision validation. Inter-

day precision (between–run precision) is usually validated for all QC samples (LLOQ, QC 

low, mid and high) from at least three runs analyzed on at least two different days. In both 

intra-day and inter-day precision, CV% value should not exceed 15% for all QC samples (QC 

low, mid and high), except for the LLOQ which should not exceed 20% (EMEA 2011).  
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1.7.3 Linearity 

The linearity of an analytical method is its ability to obtain test results (area 

response) that are directly proportional to the concentration of analytes in samples within 

the given range. It involves six calibration curves or more over the concentration range 

(from LLOQ to ULOQ) where the standard curves are repeated in three or more runs 

randomly (Huber 2007; Shabir 2003; Shah et al. 2000). Linearity for each calibration curve 

is usually evaluated by examining y-intercept and the regression factor (R2) which is a 

value that is used to evaluate closeness between predicted and target data. The best linear 

relationship must be more than 0.99 (closer to 1) which is considered sufficient evidence to 

conclude that the method has a perfect linear calibration (Kazakevich and Lobrutto 2007; 

Shabir 2003). 

1.7.4 Stability 

Evaluation of stability conditions should be conducted to ensure that every step 

taken during sample preparation, analysis and storage conditions will not affect analyte 

concentration. The stability of every step in the analytical method is ensured by applying 

conditions to the stability tests such as sample matrix, storage, container materials and 

analytical conditions which should be similar to those used for the actual study samples. 

Analyte stability is studied using QC low and QC high samples which are analyzed 

immediately after preparation then after applying storage conditions to the samples to be 

evaluated. QC samples are analyzed against a calibration curve, obtained from freshly 

spiked calibration standards, and the resultant concentrations are compared to the actual 
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concentrations where accuracy % of QC (low and high) should be within 85-115% 

according to EMEA guidelines (EMEA 2011). 

Stability tests should be evaluated as follow: 

1.7.4.1 Freeze and thaw stability test 

QC samples are stored and frozen in the freezer at the intended temperature and 

thereafter thawed at room processing temperature (room temperature) where freezing 

and thawing of stability samples should be similar to sample handling conditions. Stability 

should be assessed for a minimum of three freeze-thaw cycles (EMEA 2011; FDA 2013 ). 

1.7.4.2 Sample stability after preparation at room temperature (bench-top stability)  

Bench-top stability is the short term stability of the analyte in the matrix at room 

temperature or laboratory handling conditions which are expected for study samples and 

under storage conditions used during the study (EMEA 2011; FDA 2013 ). 

1.7.4.3 Autosampler stability 

On-instrument/ autosampler stability of the processed sample at injector or 

autosampler temperature (EMEA 2011; FDA 2013 ). 

1.7.5 Recovery 

Recovery is not considered among the validation parameters regarded as essential 

for method validation. Recovery describes method ability to detect the sample to be tested 

in the presence of internal standard and drug in order to obtain results with less error or 

bias (Peters et al. 2007). Recovery is the extraction efficiency of an analytical process, 
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reported as a percentage of the known amount of an analyte carried through the sample 

extraction and processing steps of the method (Huber 2007; Shah et al. 2000). Recovery 

depends on sample processing procedure, sample matrix and analyte concentration (Huber 

2007). Recovery is calculated as follows: 

  

1.7.6 Range 

Range is defined as the range of concentration between the upper and lower levels 

(ULOQ and LLOQ) that can be reproducibly and reliably quantified with accuracy, precision 

and linearity using concentration-response relationship since the range is derived from 

linearity (FDA 2013 ; Huber 2007). 

1.7.7 Reproducibility 

Reproducibility is the degree of reproducibility of results obtained under different 

conditions, such as different laboratories, environmental conditions, analysts, operators, 

instruments, and materials. It is also considered a measurement of test results 

reproducibility under normal, expected operational conditions from laboratory to 

laboratory and from analyst to analyst (Huber 2007). 

2.3.8 Selectivity 

Selectivity of an analytical method is defined as the ability of a method to measure 

the analyte of interest accurately in the presence of interference, such as synthetic 

precursors, excipients, enantiomers, or degradation products that may be expected to be 
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present in the sample matrix (Araujo 2009; EMEA 2011; Huber 2007; Shah et al. 2000). 

Selectivity may also investigate interference from degradation products formed during 

sample preparation, interferences caused by metabolites of the drug(s) and interference 

from possible co-administered medications (EMEA 2011). 

1.7.9 Sensitivity 

The sensitivity of an analytical method is defined as the method capability to 

discriminate small differences in concentration or mass of the test analyte and is 

dependent on the signal-to-noise ratio in a given detector (Huber 2007; Kupiec 2004).  

1.7.10 Limit of detection 

It is the lowest amount of analyte in a sample that can be detected but not 

necessarily quantitated as an exact value (Huber 2007), the limit of detection is expressed 

as the concentration of analyte in the sample based on a signal-to-noise (S/N) ratio (3:1) 

(Bliesner 2006). At each concentration level six to ten independent replicates will be 

measured randomly at the various level (Armbruster and Pry 2008). 

1.7.11 Lower limit of quantification 

The LLOQ of an analytical procedure is the lowest concentration of analyte in a 

sample that can be quantitatively determined with acceptable accuracy and precision and 

is considered the lowest calibration standards (Bliesner 2006; EMEA 2011). The analyte 

signal of the LLOQ sample should be at least five times the signal of a blank sample. The 

LLOQ should be suitable with the desired concentrations required for the aim of the study 

(EMEA 2011). 
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1.8 Aim and objectives of the study 

1.8.1 Aim 

The aim of this study was to evaluate the effect of GlcN on PRN concentration levels 

in rats and to investigate whether there is a possible drug-drug interaction. PRN-GlcN drug 

interaction was compared with the known interactions of cimetidine and rifampin with 

PRN. 

1.8.2 Objectives 

The two main practical objectives of the current study were; to define the doses of 

GlcN that can affect PRN BA in vivo and in situ as well as PRN concentration levels in vitro 

and to undercover the mechanism by which GlcN affects PRN serum concentration. In 

order to achieve these objectives, a validated HPLC method of PRN in rat serum and Krebs 

buffer was developed. Later, several in vivo, in situ and in vitro tests were conducted. 

Finally, this work might reveal whether PRN dose adjustment should be necessary with 

GlcN administration in patients with OA and RA by determining the effect of GlcN on PRN 

BA. Consequently, recommend whether health care professionals should be aware of such 

PRN dose adjustment.  
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Chapter Two 

2. Materials and methods 

2.1 Materials 

Chemicals and drugs 

Potassium chloride and ethylene diamine tetra acetic acid were purchased from 

(Acros organics, BVBA Geel, Belgium). Deionized water (Nanopur™), methanol advanced 

gradient grade, and acetonitrile were obtained from (Fisher Scientific Ltd., Loughborough, 

UK). Potassium dihydrophosphate, penicillin, streptomycin, fetal bovine serum, sodium 

lauryl sulphate, and magnesium sulfate were all purchased from (Sigma-Aldrich, St. Louis, 

Missouri), sodium bicarbonate (Merck, Darmstadt, Germany), phosphoric acid 

(Kyowa Medex Co., Tokyo, Japan), and triethylamine (Tedia Company, Inc., USA) were also 

used. All chemicals were of analytical grade, whereas solvents were of HPLC grade. 

HBSS (Ca2+, and Mg2+ free), HBSS (with Ca2+, and Mg2+), and Williams's Medium E 

were obtained from (Invitrogen, Carlsbad, CA, USA). Collegenase II and L-glutamine were 

purchased from (Gibco BRL, Gaithersburg, MD, USA). 

Propranolol hydrochloride was a kind gift from The Arab Pharmaceutical 

Manufacturing (APM, Salt, Jordan), whereas Glucosamine hydrochloride was obtained from 

Biocon (Bangalore, India; batch No: DA-B10-04-000650/02493). Rifampin and Florane® 

(isoflurane) was a kind gift from Hikma Pharmaceuticals (Amman, Jordan), whereas 
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cimetidine kindly donated by Jordan Sweden Medical and Sterilization Company (JOSWE, 

Naur, Jordan). 

2.2 Methodology 

2.2.1 Chromatographic conditions 

The HPLC system FINNIGAN SURVEYOR (Thermo Electron Corporation, San Jose, 

CA, USA) was used. The detector (UV-VIS Plus Detector), the pump (solvent delivary 

systems pump) (LC Pump) and the autosampler (Autosampler Plus). Computer system 

used was Windows XP and the software used was ChromQuest software 4.2.34. HPLC 

system was set at a wavelength of 214 nm and coupled with a hypersil™ BDS C-18 Column 

(Thermo Electron Corporation, San Jose, CA, USA); (150 mm x 4.6 mm, 5μm) with a flow 

rate of 1 ml/min using a 15 µl injection volume and 7 ml/min run time. Sildenafil citrate 

was used as an internal standard (IS) in this method.  

2.2.2 HPLC analysis procedure 

2.2.2.1 Preparation of mobile phase 

Mobile phase used at a ratio of 15% acetonitrile HPLC gradient, 32.5% methanol 

HPLC gradient and 52.5% water. Water was prepared by the addition of triethylamine 

where 1 L of water contains 900 µl of triethylamine then pH was adjusted to 2.75 using 

phosphoric acid. Water 525 ml was mixed with 150 ml of acetonitrile and 325 ml of 

methanol to obtain a final volume of 1000 ml.  
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Preparation of stock solutions and working solutions  

2.2.2.2 Preparation of stock solutions 

Preparation of stock solutions of propranolol 

PRN (10 mg) was dissolved in 50 ml methanol to obtain a final concentration of 200 

µg/ml stock solution of PRN. 

Preparation of stock solutions of sildenafil IS 

Sildenafil (10 mg) was dissolved in 10 ml acetonitrile to obtain a final concentration 

of 1000 µg/ml stock solution of sildenafil. 

2.2.2.3 Preparation of working solutions 

Preparation of working solution of sildenafil (IS) 

Sildenafil (250 µl) from stock solution (1000 µg/ml) was diluted to 50 ml of 

acetonitrile to obtain 5 µg/ml of sildenafil working solution. 

Preparation of propranolol serial spiking samples and quality control (QC) samples in serum and 

buffer. 

Calibration curve and QC samples were prepared by taking different volumes (µl) from 

PRN stock solution (200 µg/ml) as shown in tables 2.1 and 2.2 to reach 1 ml final volume. 

Consequently, concentrations of working solutions (µg/ml) were obtained to be used later 

for serum and Krebs buffer spiking solutions which were prepared by taking 25 µl of each 

working solution to be spiked in 975 µl of serum or Krebs buffer (final volume 1 ml). Spiked 

serum and Krebs buffer of PRN serial samples and QC samples were prepared as shown in 

table 2.1 and 2.2 respectively.  
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Table 2.1 Spiked serum or Krebs buffer of PRN serial spiking samples. 

 

Table 2.2 Spiked serum or Krebs buffer of PRN quality control samples. 
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2.2.2.4 Method of extraction 

An appropriate number of Eppendorf tubes were placed in a rack and labeled 

properly, 100 µl aliquots of each test sample (In vivo rat samples, in situ SPIP, everted gut 

samples) was pipetted into the appropriate labeled tube followed by the addition of 150 µl 

IS (5 µg/ml of Sildenafil). Finally, each sample was vortexed vigorously for 1 min then 

centrifuged at 14000 rpm for 15 minutes. The procedure described was applied for subject 

samples, calibrator and quality control samples. 

2.2.2.5 Method development 

By referring to previous studies, PRN was detected in plasma using reverse phase 

HPLC method. PRN wavelength was determined after several trials on different wavelength 

of 250, 280 and 214 nm resulting in the best detection for 214 nm wavelength. IS selection 

depends on chemical similarity of this IS to PRN, comparable retention times and similarly 

in the derivatization procedures of both drugs. Good separation between PRN HCl and 

sildenafil was obtained after the examination of different mobile phases and columns. 

Among serum extraction methods, protein precipitation method with acetonitrile was 

found to be optimal in our method for the extraction of serum and Krebs buffer. Mobile 

phase composition was selected after several trials to obtain symmetric shapes of analyte 

and good resolution with short run time (7 min). 
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2.2.3 Method Validation 

Validation in this thesis was conducted in accordance with EMEA guidelines of 

bioanalytical method validation. 

2.2.3.1 Intra-day accuracy and precision 

Intra-day accuracy and precision were calculated by analyzing six replicates of each 

QC concentration mentioned in table 2.3 on three different days accompanied by a 

calibration curve for each day in order to calculate the concentration per each. Accuracy 

level was determined by accuracy % while coefficient of variation (CV%) was calculated to 

determine precision. As mentioned previously in 1.7.1 and 1.7.2 Accuracy % of QC (low, 

mid and high) should be within 85-115% while LLOQ should be within 85-120%, in regard 

to CV% value it should not exceed 15% for all QC samples (QC low, mid and high), except 

for the LLOQ which should not exceed 20%. 

Table 2.3 Quality control concentrations used for method validation 

 

2.2.3.2 Inter-day accuracy and precision 

Inter-day accuracy and precision were calculated by using data of measured 

concentrations obtained from days 1, 2 and 3 to calculate CV% and accuracy % for each QC 

concentration (LLOQ, QC low, QC mid and QC high) separately. 
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2.2.3.3 Linearity 

Each calibration curve contained seven standard concentrations (50, 100, 200, 500, 

1000, 2000, and 3000 ng/ml). Six calibration curves were performed throughout method 

validation (three from intra-day 1, 2 and 3 validations while the remaining three were 

obtained from stability tests). Depending on the data obtained from those six calibrations; 

mean of measured concentrations as well as mean ratios of standard points for each level 

(concentration) were calculated followed by accuracy % and CV% calculation which should 

be within the acceptance criteria of EMEA guidelines (sections 1.7.1 and 1.7.2). Linearity 

test was performed to determine the acceptability of linearity data by plotting a seventh 

calibration curve (linearity curve) which was obtained by using the mean ratios of the six 

calibration curves versus each concentration level to obtain R2 value. 

2.2.3.4 Stability 

Freeze and thaw stability 

Six samples for each (QC low and QC high) were spiked properly in serum or Krebs 

buffer without carrying out the extraction procedure.  

At zero time: With corresponding calibration curve, three samples for each (QC low and QC 

high) were extracted then injected to be analyzed and the resultant concentrations were 

calculated, the remaining three spiked samples for each (QC low and QC high) were stored 

and frozen at -20°C for 24 hours. 
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After 24 hours (Cycle 1): Following the first 24 hours of freezing, samples were thawed at 

room temperature (25°C) which was the sample processing temperature during analysis 

stages. After complete thawing, samples were refrozen again for 24 hours. 

After 48 hours (Cycle 2): Following the second 24 hours of freezing samples were thawed at 

room temperature 25°C then were refrozen for the last 24 hours analysis. 

After 72 hours (Cycle 3): Finally, the spiked samples were thawed after the last 24 hours of 

freezing then extracted to be analyzed and the resultant concentrations were calculated. 

Sample stability after preparation at room temperature (bench-top stability) 

Six samples for each (QC low and QC high) were spiked properly in serum or Krebs 

buffer without carrying out the extraction procedure. 

At zero time: With corresponding calibration curve, three samples for each (QC low and QC 

high) were extracted then injected to be analyzed and the resultant concentrations were 

calculated, the remaining three spiked samples for each (QC low and QC high) were left on 

the bench. 

After 24 hours Samples were left on the bench at room temperature 25°C, they were then 

extracted and injected to be analyzed. The resultant concentrations were calculated. 

Autosampler stability 

At zero time: With corresponding freshly prepared calibration curve three samples for each 

(QC low and QC high) were prepared with sufficient volume for the test. They were spiked 

properly in serum or Krebs buffer, extracted then analyzed and the resultant 

concentrations were calculated. 
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After 24 hours of leaving the samples in the autosampler the same three samples for each 

(QC low and QC high) were injected to be analyzed again and the resultant concentrations 

were also calculated. 

2.2.3.5 Recovery 

Drug and IS recovery 

Two groups of QC low, mid and high were prepared. In the first group both the drug 

and the IS were prepared in the mobile phase while the second group was spiked in serum 

or Krebs buffer. CV% values were calculated from the resultant AUC of both the drug and 

the IS followed by absolute recovery calculation for each of them. 

2.2.4 Animal handling 

The protocols for the animal study were approved by the Ethical Committee of the 

Higher Research Council at the Faculty of Pharmacy and Medical Sciences, University of 

Petra (Amman, Jordan). Adult males and non-pregnant females Sprague Dawley rats were 

supplied and housed at the University of Petra’s Animal House. Rats with average weight of 

(220 ± 20 g) were used. Rats were kept in air-conditioned environment under controlled 

temperatures (22-24 °C), humidity (55-65%), and photoperiod cycles (12 light/12 h dark). 

Rats were fasted overnight (for 18 to 22 h) with free access to water, unless otherwise 

stated. All experiments were achieved in accordance with University of Petra’s Institutional 

Guidelines on Animal Use which adopts the guidelines of the Federation of European 

Laboratory Animal Science Association (FELASA). 

  



 
52 

 

2.2.5 In vivo Glucosamine, cimetidine and rifampin effect on propranolol 

bioavailability 

2.2.5.1 Drugs preparation 

PRN reference solution, cimetidine, rifampin and GlcN solutions were all prepared 

by dissolving an accurately weighed amount of PRN, cimetidine, rifampin and GlcN in 

distilled water to obtain 4, 1, 2 and 40 mg/ml, respectively. 

2.2.5.2 Study protocol 

All solutions were freshly prepared on the day of experiment and were 

administered to fasting rats by stainless steel oral gavage needles (Harvard Apparatus, 

Kent, UK). For all experiments, rats were marked on tail for identification, weighed, and 

randomized into four groups (n=7). Zero blood samples were pooled from rat’s tail for all 

groups. 

Control group received 4 mg/ml of PRN reference solution preceded by water 30 min 

before the administration of PRN. Rats were divided into 3 groups and received GlcN or 

cimetidine or rifampin tested solutions at concentration of 40, 1 and 2 mg/ml, respectively. 

After 30 min all groups received 4 mg/ml of PRN solution. Rats in GlcN group were 

maintained on drinking water containing 25 g/L GlcN for three days prior to GlcN 

administration. Rats in rifampin experiment received a daily single dose of rifampin 

solution (2 mg/ml) for two weeks before the day of experiment. For all groups, blood 

samples were pooled from rat's tail at different time intervals (0.25, 0.5, 1, 2 3, 6, 8 and 10 

hr). Blood was left to clot, centrifuged for 10 min at 14000 rpm. Then, serum was 

separated, transferred directly into eppendorf tubes, and kept in freezer at -20 °C till HPLC 

analysis. 
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2.2.5.3 Pharmacokinetics and statistical analysis 

Pharmacokinetics 

Individual PK parameters for drug concentration of in vivo plasma samples were 

calculated by noncompartmental analysis (NCA) using the Kinetica program (used under 

academic license from Innaphase Ltd, France (Lic. # K 201009)). Pharmacokinetic 

parameters used were AUC, Cmax, AUMC, MRT, t0.5, Tmax and Kel.  

BA is determined by the rate (Tmax and Cmax) and extent (AUC) of an active drug to 

reach its site of action in the blood. The time (Tmax) of the maximum observed 

concentration (Cmax) were deduced directly from the serum concentration-time curves, 

whereas the AUC was calculated using the trapezoidal rule: 

 

AUMC is the area under moment curve which is simply Cp × t. 

 

MRT (Mean residence time) is the mean time that drug molecules remain in the body after 

dosing and is calculated by the following equation: 

 

Kel, represents the fraction of drug eliminated per time and is determined by the 

slopes of the terminal segments of logarithmically transformed plasma levels against their 
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corresponding times, where slope equals Kel. t0.5 was then calculated using the following 

equation t0.5 = 0.693/ Kel which is defined as the time required for a drug to fall half of its 

initial value. 

Statistical analysis 

Statistical comparisons were obtained using one-way ANOVA followed by Tukey’s to 

compare between more than two groups using SPSS statistical software, (IBM, USP); 

version 22. Each data point represents the mean ± SEM. P-value less than 0.05 was 

considered statistical significant (p<0.05). 

2.2.5.4 Data analysis (Optimized effective intestinal permeability) 

Effective intestinal permeability (Peff) values were estimated by Nelder−Mead 

algorithm of the Parameter Estimation module using SimCYP program. The Nelder−Mead 

method, which is also called downhill simplex, is a commonly used nonlinear optimization 

algorithm. This was done by searching for the best parameter values that produce plasma 

concentration that matches the actual plasma concentration at the same time. The objective 

function is the weighted sum of squared differences of observed and model predicted 

values. Polar surface area was used first to predict an initial estimate of Peff. SimCYP 

program was used under academic license from SimCYP Ltd, Sheffield, U.K. (Lic. # CLCLID − 

AKDI − LEEE − FECI). 

2.2.6 Anaesthesia and surgical protocol 

A perfusion system consisting of an anaesthesia system (SomnoSuite small Animal 

Anesthesia System, Kent Scientific Corporation Torrington, USA) that is linked to an oxygen 
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concentrator (Dual flow oxygen concentrator for oxygen bar, Hebei, China), a water bath 

(Elmasonic S, Elma, Germany), and a peristaltic perfusion pump (BT100-2J, Hebei, China). 

The rat was placed on a surgical board (Plas Labs, Lansing, MI, USA) above a heating pad 

maintained at 37 °C, and anaesthesized by isoflurane (5% for induction and 2.5% for 

maintainance). Anaesthesia was maintained for the duration of the experiment and was 

monitored by toe pinch. The skin of the abdomen was then sterilized with 70% ethanol-

containing cotton wool, opened using sterile scissors and non-toothed forceps. A midline 

longitudinal incision was made 1 cm below rat’s sternum till 1 cm above rat’s tail in the 

pelvic region followed by two mid-transverse incisions to left and right of the midline to 

expose rat’s viscera. 

 
Figure 2.1 Anesthesia system linked to an oxygen concentrator and a peristaltic perfusion 
pump.  
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2.2.7 In Situ Single-Pass Intestinal Perfusion (SPIP) 

2.2.7.1 Washing and perfusion solution preparation 

All drugs used in SPIP experiment (GlcN, cimetidine, and rifampin) were dissolved in 

normal saline solution (NaCl, 9 mg/ml). Washing solution was prepared by dissolving GlcN, 

cimetidine or rifampin (according to the experiment) in saline solution to obtain 

a concentration of 10, 1, and 2 mg/ml, respectively. Perfusion solution was prepared by 

dissolving PRN in saline solution to give 1 mg/ml concentration together with GlcN or 

cimetidine or rifampin to obtain a final concentration of 10, 1, and 2 mg/ml, respectively. 

2.2.7.2 Intestinal perfusion 

A fasted female non pregnant rat was anaesthetized and its intestine was exposed 

surgically as described in (section 2.2.6). A semi-circular incision was made and an inlet 

silicon tube (0.3 cm diameter) was inserted into the duodenum 4 cm away from the 

pylorus. A second incision was made in the ileocecal end and an outflow silicon tube was 

fitted. Both tube ends were tied securely using surgical suture (Atramat®, Mexico City, 

Mexico) and linked with suitable tube fittings and inserted in the peristaltic pump at a flow 

rate preset to 3.6 ml/min.  Initially, intestinal segments were rinsed with pre-warmed (37 

°C) saline washing solution for 20 min until the outlet solution was clear then perfusion 

solution was switched. A pre-sample drug was drawn from perfusion solution as well as 

zero-time blood sample was drawn from rat's tail before perfusion solution was switched. 

Perfusion solution was perfused for 60 min and blood samples were quantitatively pooled 

from rat's tail at different time intervals namely; at 10, 20, 30 and 60 min. All blood 

samples were left to clot, centrifuged for 10 min at 14000 rpm, then serum was separated, 
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transferred directly into eppendorf tubes, and kept in freezer at -20°C till HPLC analysis. 

Care was taken throughout the experiment to avoid disturbance in the circulatory system, 

and the exposed intestinal segments were kept moist with body tempered saline (37 °C) . 

2.2.8 GlcN effect on PRN absorption by Everted rat intestinal sac (ERIS) 

A simulated physiological solution, Krebs buffer, was prepared by mixing the 

following volumes (in ml) of 1 M: NaCl 118, KCL 4.5, KH2PO4 1.2, NaHCO3 25, MgSo4 1.6, 

Glucose 5.5, CaCl2 2.5 and 0.25 ml of 0.1 M EDTA, the volume was completed to 1 L by 

distilled water then the buffer was oxygenated with oxygen concentrator. CaCl2 was added 

after oxygenation to prevent turbidity, and then the pH was adjusted to 7.4 using 1M HCl 

(0.08 mg/ml). Krebs buffer is known to be a physiological solution that helps in 

maintaining intracellular and extracellular osmotic balance. Moreover, glucose serves as an 

energy source of the cell. 

Three PRN solutions were prepared by dissolving 10 mg PRN in 100 ml Krebs buffer to 

obtain a final concentration of 0.1 mg/ml, whereas two soaking solutions were prepared by 

dissolving 100 mg GlcN, and 1 mg sodium lauryl sulphate (SLS) in two of PRN solutions 

prepared to give a final concentration of 1 and 0.01 mg/ml, respectively. 

SLS is known to be an anionic surfactant that is used as an emulsifier (Lee and Maibach 

2006). SLS is used to improve the absorption of many drugs, such as acyclovir due to its 

ability to enhance the permeability of mucoadhesive tablets of acyclovir, thus enhance its 

bioavailability (Dias et al. 2010). 

Fasting male rats were killed by high dose of inhaled ether.  The small intestine was 

removed and washed by Krebs buffer then placed in oxygenated Krebs buffer at 37 °C.  The 



 
58 

 

intestine was everted on a glass rod; one end of the intestine was clamped whereas the 

whole intestine was filled with oxygenated Krebs buffer through the other end which was 

then sealed.  The everted intestine was divided into sacs of 2.5-3 cm length by using silk 

sutures; few centimeters of duodenum and ileum were discarded (Zhou et al. 2010). Sacs, 

were divided into three groups (n=6 in each group) and soaked in Krebs buffer in a shaking 

water bath (60 cycles/min) for 10 min at 37 °C. The sacs were then transferred to the 

soaking solutions prepared (PRN only, PRN with GlcN and PRN with SLS) and were 

incubated as above. At the appropriate time points (20, 40 and 60 min) of incubation, sacs 

were removed (Chan et al. 2006; Qinna et al. 2015).  Samples were drawn from inside the 

sacs by a needle and placed in Eppendorf tubes then kept in freezer at -20°C till HPLC 

analysis. All samples were diluted in distilled water (1/25) times before analysis. 

2.2.9 Isolation and primary culture of rat hepatic cells 

2.2.9.1 Preparation of buffers 

All perfusion buffers were freshly prepared using sterile technique and were 

warmed for 30 minutes in a water bath (Elmasonic S, Elma, Germany) at 42 °C with an 

optimal temperature. Perfusion buffer I was prepared by adding 0.9 and 0.5 mM of MgCl2 

and EDTA, respectively, to Hank's Balanced Salt Solution (HBSS, without Ca2+ and Mg2+). 

Perfusion buffer II was prepared by adding 0.5 mM Tris base to HBSS (with Ca2+ and Mg2+). 

Perfusion buffer II plus collagenase II was prepared by dissolving 1000 U of collagenase II 

in 300 ml of perfusion buffer II. This buffer was kept warm in water-bath and used within 

30 min after preparation. William's complete Medium was prepared by the addition of 2 

mM of L-glutamine, 5% fetal bovine serum, 100 IU/ml penicillin and 100 mg/ml of 

streptomycin to Williams' Medium E. 
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2.2.9.2 Rat perfusion for liver isolation 

Male Sprague Dawley rat was anaesthetized (section 2.2.6) and the abdominal 

contents were displaced to the animal’s left to expose the liver. Hepatic portal vein (HPV) 

was exposed and two loose ligatures were passed, one around the PV, while the other was 

around the inferior vena cava (IVC). A 18-gauge angiocath (Becton Dickinson, Mountain 

View, CA, USA) was inserted into the HPV, whereas the perfusate tubing was connected to 

the needle and the infusion was initiated with pre-warmed 37 °C Perfusion buffer I.  Once 

the liver was blanched to a light-brown color and all lobes began to swell a cut at IVC was 

made to allow buffer efflux. Thereafter, rat’s chest was cut to place a second cannula of 18-

gauge connected to a soft tube into the vena cava above the liver in order to enable a 

recirculating system. All loose ligatures were tied securely.  

Perfusion solution was switched to perfusion buffer II plus collagenase II, and the 

flow rate was increased to 25 ml/min and the liver became pale in color. The recirculating 

perfusion mode with collagenase solution lasted for 15 minutes. Later, the liver was 

dissected. Once the liver looked mushy, it was minced and placed in pre-chilled sterile 

beaker with 20 ml collagenase to be transferred to the tissue cell culture hood. 

2.2.9.3 Hepatocyte cell isolation 

Within the cell culture hood, liver cells were dispersed gently using cell scraper 

(Fisher Scientific Ltd., Loughborough, UK) in a sterile petri dish containing collagenase 

solution. Cell suspension was filtered and dispensed through a 100 μm cell strainer 

(Becton Dickinson, Mountain View, CA, USA) into a centrifugation tube to remove 

connective tissues and undigested tissue fragments. Later, cells were suspended in 40 ml 
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collagenase solution and were centrifuged at 100 x g for 3 min at 4 °C. The supernatant was 

aspirated, then cells were resuspended in 40 ml cold William's complete medium, washed 

and centrifugation was repeated. The supernatant was aspirated again; cells were 

resuspended in 40 ml cold William's complete medium then were centrifuged at 200 x g for 

10 min at 4 °C. Finally, cells in the suspension were counted using a hemocytometer. 

2.2.9.4 Hepatocyte culture 

Hepatocytes were maintained in tissue culture flasks or plastic dishes in a 

humidified atmosphere of 5% CO2 at 37°C. Hepatocytes were seeded in the required format 

for experiments to reach 70-80% confluence by the end of the treatment. Hepatocytes were 

diluted with 30 ml warm William's complete medium to the desired concentration. Upon 

plating, the plates were left inside the cell culture hood for 30 minutes before being placed 

into the incubator to form an even monolayer of hepatocytes. Cells were allowed to recover 

and grow at least overnight prior to the day of experimentation (Shen et al. 2012). 

2.2.9.5 Treatment of the cultured cells 

After 20 h incubation, rat hepatocytes were pre-treated (200, 40 and 4 mM) GlcN, (5 

µM) cimetidine and (50 µM) rifampin which were dissolved in the incubation medium to 

obtain a final concentrations of (2.87, 28.6 and 143.4 mg/ml) GlcN, (0.005 mg/ml) 

cimetidine, and (0.164 mg/ml) rifampin dissolved in the incubation medium.  After 30 min, 

0.0236 mg/ml PRN was added. Samples were pooled after 15, 30, 60 and 120 min of 

incubation and placed in Eppendorf tubes then kept in freezer at -20°C till HPLC analysis. 
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Chapter Three 

3. Results 

Table 3.1 Summary of chromatographic conditions applied. 
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3.1 Krebs buffer validation 

3.1.1 Intra-day validation 

3.1.1.1 Accuracy 

Validation for days 1-3 

Accuracy % range of the six replicates of LLOQ for days 1, 2 and 3 were (96.15%-108.02%), 

(102.91%-109.26%) and (98.26%-112.40%), respectively. Regarding accuracy % values of 

QC low six replicates for days 1, 2 and 3 they were (98.92%-109.64%), (98.80%-110.47%), 

and (100.20%-111.75%), respectively. The accuracy % values of the six replicates of QC 

mid were (105.64%-109.09%), (98.40%-109.02%), and (104.92%-108.94%) for days 1, 2 

and 3, respectively, whereas accuracy % values of QC high were (101.00%-105.16%), 

(99.39%-105.93%) and (98.27%-106.01%) for day 1, 2 and 3, respectively. Highest 

accuracy % of mean predicted values was shown by QC mid for day 1 and day 3 of 107.36% 

and 106.90%, respectively, while LLOQ had the highest accuracy % on the second day of 

validation of 105.69%. By contrast, the lowest accuracy % of mean predicted value was 

obtained by LLOQ, QC low and QC high of 103.38%, 104.29% and 103.21% for day 1, 2 and 

3, respectively (Tables 3.2, 3.3 and 3.4). 
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3.1.1.2 Precision 

Validation for days 1-3 

The highest coefficient of variation in predicted concentrations (CV%) was obtained by QC 

low being 4.54% and 4.04% for both day 1 and 2, respectively, while it was 5.49% for 

LLOQ. By contrast, the lowest variability of errors was shown by QC mid for both day 1 and 

day 3 of 1.30% and 1.39%, respectively. On the other hand, LLOQ had the lowest (CV%) on 

the second day of validation 2.25% (Tables 3.2, 3.3 and 3.4). 
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Table 3.2 Intra-day accuracy & precision data for all QC samples LLOQ, QC low, QC mid, 
and QC high of propranolol based on the standard calibration curves of the first day of 
validation (n=6). Corresponding calibration curve used in the calculation of measured 
concentration of intra-day one is shown in table 3.13. 
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Table 3.3 Intra-day accuracy & precision data for all QC samples LLOQ, QC low, QC mid, 

and QC high of propranolol based on the standard calibration curves of the second day of 

validation (n=6). Corresponding calibration curve used in the calculation of measured 

concentration of intra-day two is shown in table 3.14. 
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Table 3.4 Intra-day accuracy & precision data for all QC samples LLOQ, QC low, QC mid, 
and QC high of propranolol based on the standard calibration curves of the third day of 
validation (n=6). Corresponding calibration curve used in the calculation of measured 
concentration of intra-day three is shown in table 3.15. 
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3.1.2 Inter-day validation 

3.1.2.1 Accuracy 

The highest accuracy % of all QC samples was obtained by QC mid of 106.55% while QC 

high showed the lowest accuracy % of 103.86 %, medium accuracy % was shown by LLOQ 

and QC low 104.76% and 104.35% respectively (Table 3.5). 

3.1.2.2 Precision 

The highest coefficient of variation in predicted concentration (CV%) was obtained by QC  

low of 4.106% while QC high showed the lowest variability of errors of 2.162% (Table 

3.5). 
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Table 3.5 Inter-day accuracy & precision data for the three days of QC samples validation (LLOQ, QC low, QC mid, and QC high) of 

propranolol based on the standard calibration curves of the three days of validation (n=6). 
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3.1.3 Stability 

3.1.3.1 Freeze- Thaw stability 

QC low (150 ng/ml) 

The highest accuracy % of mean predicted value was 104.38% at zero hour while the 

lowest accuracy % was 100.56% obtained at 72 hours (Table 3.6). 

 Table 3.6 Propranolol QC low samples (150 ng/ml) results for freeze-thaw stability test 
(n=3). 

 

 QC high (2500 ng/ml) 

The highest accuracy % of mean predicted values was 102.83% at 72 hours while the 

lowest accuracy % was 102.61% obtained at zero hour (Table 3.7). 

Table 3.7 Propranolol QC high samples (2500 ng/ml) results for freeze-thaw stability test 
(n=3). 

 

 
* Corresponding calibration curve used in the calculation of measured concentrations of 
freeze- thaw stability test is shown in table 3.16.  
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3.1.3.2 Sample stability after preparation at room temperature (Bench- Top 

stability) 

QC low (150 ng/ml) 

The highest accuracy % of mean predicted value was 104.38% at zero hour while the 

lowest accuracy % was 103.28% obtained at 24 hours (Table 3.8). 

Table 3.8 Propranolol QC low samples (150 ng/ml) results for bench-top stability test 
(n=3). 

 

QC high (2500 ng/ml) 

The highest accuracy % of mean predicted value was 103.24% at 24 hour while the lowest 

accuracy % was 102.61% obtained at zero hour (Table 3.9). 

Table 3.9 Propranolol QC high samples (2500 ng/ml) results for bench-top stability test 
(n=3). 

 

* Corresponding calibration curve used in the calculation of measured concentrations of 
bench-top stability test is shown in table 3.17. 
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3.1.3.3 Autosampler stability 

QC low (150 ng/ml) 

The highest accuracy % of mean predicted value was 104.38% at zero hour while the 

lowest accuracy % was 100.94% obtained at 24 hours (Table 3.10). 

Table 3.10 Propranolol QC low samples (150 ng/ml) results for autosampler stability test 
(n=3). 

 

QC high (2500 ng/ml) 

The highest accuracy % of mean predicted value was 102.61% at zero hour while the 

lowest accuracy % was 100.71% obtained at 24 hours (Table 3.11). 

Table 3.11 Propranolol QC high samples (2500 ng/ml) results for autosampler stability 
test (n=3). 

 
* Corresponding calibration curve used in the calculation of measured concentrations of 
autosampler stability test is shown in table 3.18. 
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3.1.4 Linearity 

Linearity of any calibration curve is evaluated through regression factor (R2) which reflects 

the strength of the correlation coefficient of a standard calibration curve where the best 

linear relationship must be more than 0.99 according to EMEA guidelines. Summary of all 

R2, slope and intercept data of the six calibration curves are shown in table 3.12. 

Table 3.12 Summary of all R2, slope and intercept data of the six calibration curves. 

 

Intra-day validation 

Calibration curve of the first, second, and third day of validation are shown in tables 3.13, 

3.14 and 3.15, respectively representing an accuracy range of (96.20%-108.68%), 

(94.17%-106.11%) and (92.23%-114.74%), respectively. 

Stability validation 

Calibration curve of freeze-thaw test, bench-top test, and autosampler test of stability are 

shown in tables 3.16, 3.17 and 3.18, respectively representing an accuracy range of 

(90.61%-111.71%), (92.15%-114.55%) and (93.13%-113.52%), respectively. 
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Ratios, factors and correlations in figures 3-1 to 3-6 for Krebs buffer validation and 

figures 3-8 to 3-13 for serum validation were calculated as follows: 

Ratio =                                           

Factor =               

Correlation= SQRT (R2) 

 

 

 

 

 

 

 

 

 

 

 

 

1 

Slope 

Sildenafil area 
Propranolol area 
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3.1.4.1 Calibration curve 1 

Table 3.13 Calibration curve data of intra-day one of validation. 

 

  

Figure 3.1 Intra-day one calibration curve of propranolol in Krebs buffer. 

Measured Conc. = (Ratio +0.003466)/ 0.000307 
Function is Y = 0.000307X-0.003466 (R2= 0.997180) 
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3.1.4.2 Calibration curve 2 

Table 3.14 Calibration curve data of intra-day two of validation. 

 

 

Figure 3.2 Intra-day two calibration curve of propranolol in Krebs buffer. 

Measured Conc. = (Ratio +0.005190)/ 0.000297 
Function is Y = 0.000297X-0.005190 (R2= 0.9978626) 
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 3.1.4.3 Calibration curve 3 

 Table 3.15 Calibration curve data of intra-day three of validation. 

 

Figure 3.3 Intra-day three calibration curve of propranolol in Krebs buffer. 

 
Measured Conc. = (Ratio +0.005178)/ 0.000290 
Function is Y = 0.000290X-0.005178 (R2= 0.9978626) 

  



 
79 

 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

0 500 1000 1500 2000 2500 3000 3500

P
ro

p
ra

n
o

lo
l/

S
il

d
e

n
a

fi
l 

ra
ti

o
 

Propranolol concentration (ng/ml) 

 3.1.4.4 Calibration curve 4 

 Table 3.16 Calibration curve data of freeze-thaw test of stability. 

 

 

 Figure 3.4 Freeze-thaw stability test calibration curve of propranolol in Krebs buffer. 

 Measured Conc. = (Ratio +0.004344)/ 0.000276 
 Function is Y = 0.000276X-0.004344 (R2= 0.999471) 
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3.1.4.5 Calibration curve 5 

Table 3.17 Calibration curve data of bench-top test of stability.

 

 

Figure 3.5 Bench-top stability test calibration curve of propranolol in Krebs buffer. 
 

Measured Conc. = (Ratio +0.004879)/ 0.000276 
Function is Y = 0.000276X-0.004879 (R2= 0.999281) 
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3.1.4.6 Calibration curve 6 

Table 3.18 Calibration curve data of autosampler test of stability. 

 

Figure 3.6 Autosampler stability test calibration curve of propranolol in Krebs buffer. 
 

Measured Conc. = (Ratio +0.004407)/ 0.000286 
Function is Y = 0.000286X-0.004407 (R2= 0.998647)
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Table 3.19 Calculated Accuracy % based on measured concentration mean for each concentration of standard points. 

 

 

Table 3.20 Calculated Accuracy % based on area ratios mean for each concentration of standard points.



 
83 

 

0.012 

0.024 

0.050 

0.136 

0.277 

0.561 

0.886 

y = 0.000294x - 0.009996 
R² = 0.999091 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

0 500 1000 1500 2000 2500 3000 3500

M
e

a
n

 p
ro

p
ra

n
o

lo
l/

S
il

d
e

n
a

fi
l 

ra
ti

o
 

Propranolol concentration (ng/ml) 

 

Figure 3.7 Propranolol concentrations versus mean area ratios for each concentration of 

standard points. 

Linearity accuracy % is shown in table 3.19 which represents an accepted accuracy range 

according to EMEA guidelines of (93.60%-111.55%) in addition to a linear relationship of 

correlation coefficient equals 0.999091. 
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3.1.5 Recovery 

3.1.5.1 Recovery in the mobile phase 

CV% of AUC mean of PRN was 0.20%, 4.60% and 0.56% for QC mid, QC low and QC high 

respectively while it was 1.17%, 2.20% and 2.84% for QC high, QC mid and QC low 

respectively for AUC mean of sildenafil as shown in table 3.21. 

Table 3.21 CV% values of AUC mean of propranolol and sildenafil (internal standard) in 
mobile phase.  

 

3.1.5.2 Recovery in Krebs buffer 

CV% of AUC mean of PRN was 1.56%, 4.06% and 4.88% for QC mid, QC high and QC low 

respectively while it was 0.32%, 0.80% and 3.23% for QC mid, QC low and QC high 

respectively for AUC mean of sildenafil as shown in table 3.22. 
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Table 3.22 CV% values of AUC mean of propranolol and sildenafil (internal standard) in 
Krebs buffer. 

 

The highest recovery of PRN in Krebs buffer was shown by QC mid of 96.16% while the 

lowest recovery was obtained by QC high of 93.76% which are considered acceptable 

recovery ratios of PRN between mobile phase and Krebs buffer as shown in table 3.23. 

Table 3.23 Absolute recovery ratios of propranolol in Krebs buffer.  
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The highest recovery of sildenafil (IS) in Krebs buffer was shown by QC mid of 94.89% 

while the lowest recovery was obtained by QC low of 91.62% which are considered 

acceptable recovery ratios according to EMEA guidelines for sildenafil between mobile 

phase and Krebs buffer as shown in table 3.24. 

Table 3.24 Absolute recovery ratios of sildenafil citrate (internal standard) in Krebs buffer. 
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3.2 Serum validation 

3.2.1 Intra-day validation 

3.2.1.1 Accuracy 

Validation for days 1-3 

Accuracy % range of the six replicates of LLOQ for days 1, 2 and 3 were (100.16%-

107.06%), (104.78%-110.15%) and (101.24%-103.96%), respectively. Regarding accuracy 

% values of QC low six replicates for days 1, 2 and 3 they were (98.36%-101.84%), 

(98.27%- 104.24%), and (98.75%-104.24%), respectively. The accuracy % values of the six 

replicates of QC mid were (101.98%-103.43%), (99.28%-101.62%), and (97.00%-

101.85%) for days 1, 2 and 3, respectively, whereas accuracy % values of QC high were 

(103.17%/105.59%), (100.49%-102.36%) and (96.43%-104.40%) for day 1, 2 and 3, 

respectively. Highest accuracy % of mean predicted value was shown by QC high, LLOQ and 

QC low of 104.43%, 107.46% and 102.40% for day 1, 2 and 3, respectively. By contrast, the 

lowest accuracy % of mean predicted value was obtained by QC mid for both day 2 and day 

3 of 100.32%, 100.28%, respectively, while QC low was the lowest accuracy % for day 1 of 

99.52% (Tables 3.25, 3.26 and 3.27). 
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3.2.1.2 Precision 

Validation for days 1-3 

The highest coefficient of variation in predicted concentration (CV%) was obtained by 

LLOQ of 2.21% and 2.13% for both day 1 and 2, respectively, while it was 2.81% for QC 

high. By contrast, the lowest variability of errors was shown by QC mid, QC high and LLOQ 

of 0.71%, 0.67% and 0.98% for day 1, 2 and 3, respectively (Tables 3.25, 3.26 and 3.27). 
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Table 3.25 Intra-day accuracy & precision data for all QC samples LLOQ, QC low, QC mid, 
and QC high of propranolol based on the standard calibration curves of the first day of 
validation (n=6). Corresponding calibration curve used in the calculation of measured 
concentration of intra-day one is shown in table 3.36. 
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Table 3.26 Intra-day accuracy & precision data for all QC samples LLOQ, QC low, QC mid, 
and QC high of propranolol based on the standard calibration curves of the second day of 
validation (n=6). Corresponding calibration curve used in the calculation of measured 
concentration of intra-day two is shown in table 3.37. 
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  Table 3.27 Intra-day accuracy & precision data for all QC samples LLOQ, QC low, QC mid, 
and QC high of propranolol based on the standard calibration curves of the third day of 
validation (n=6). Corresponding calibration curve used in the calculation of measured 
concentration of intra-day three is shown in table 3.38.  
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3.2.2 Inter-day validation 

3.2.2.1 Accuracy 

The highest accuracy % of all QC samples was obtained by LLOQ of 104.66% while QC low 

showed the lowest accuracy % of 101.07 %, medium accuracy % was shown by QC high 

and QC mid 102.53% and 101.18% respectively (Table 3.28). 

3.2.2.2 Precision 

The highest coefficient of variation in predicted concentration (CV%) was obtained by 

LLOQ of 2.724% while QC mid showed the lowest variability of errors of 1.714% (Table 

3.28).
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Table 3.28 Inter-day accuracy & precision data for the three days of QC samples validation (LLOQ, QC low, QC mid, and QC high) of 
propranolol based on the standard calibration curves for the three days of validation (n=6).  
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3.2.3 Stability 

3.2.3.1 Freeze- Thaw stability 

QC low (150 ng/ml) 

The highest accuracy % of mean predicted value was 98.96% at zero hour while the lowest 

accuracy % was 98.27% obtained at 72 hours (Table 3.29). 

Table 3.29 Propranolol QC low samples (150 ng/ml) results for freeze-thaw stability test 
(n=3). 
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QC high (2500 ng/ml) 

The highest accuracy % of mean predicted value was 103.19% at 72 hours while the lowest 

accuracy % was 102.34% obtained at zero hour (Table 3.30). 

Table 3.30 Propranolol QC high samples (2500 ng/ml) results for freeze-thaw stability test 
(n=3). 

 

* Corresponding calibration curve used in the calculation of measured concentrations of 
freeze- thaw stability test is shown in table 3.41 

 

 

 

 

 

 

 

 



 
96 

 

3.2.3.2 Sample stability after preparation at room temperature (Bench- Top 

stability) 

QC low (150 ng/ml) 

The highest accuracy % of mean predicted value was 98.96% at zero hour while the lowest 

accuracy % was 96.50% obtained at 24 hours (Table 3.31). 

Table 3.31 Propranolol QC low samples (150 ng/ml) results for bench-top stability test 

(n=3). 

 

QC high (2500 ng/ml) 

The highest accuracy % of mean predicted value was 102.34% at zero hour while the 

lowest accuracy % was 102.07% obtained at 24 hours (Table 3.32). 

Table 3.32 Propranolol QC high samples (2500 ng/ml) results for bench-top stability test 
(n=3). 

 

* Corresponding calibration curve used in the calculation of measured concentrations of 
bench-top stability test is shown in table 3.42. 
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3.2.3.3 Autosampler stability 

QC low (150 ng/ml)  

The highest accuracy % of mean predicted value was 98.96% at zero hour while the lowest 

accuracy % was 98.52% obtained at 24 hours (Table 3.33). 

Table 3.33 Propranolol QC low samples (150 ng/ml) results for autosampler stability test 
(n=3). 

 

QC high (2500 ng/ml) 

The highest accuracy % of mean predicted value was 102.93% at 24 hours while the lowest 

accuracy % was 102.34% obtained at zero hour (Table 3.34). 

Table 3.34 Propranolol QC high samples (2500 ng/ml) results for autosampler stability 
test (n=3).  

* Corresponding calibration curve used in the calculation of measured concentrations of 

autosampler stability test is shown in table 3.43. 
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3.2.4 Linearity 

Summary of all R2, slope and intercept data of the six calibration curves are shown in table 

3.35. 

Table 3.35 Summary of all R2, slope and intercept data of the six calibration curves. 

 

Intra-day validation 

Calibration curve of the first, second, and third day of validation are shown in tables 3.36, 

3.37 and 3.38, respectively representing an accuracy range of (89.65%-112.99%), 

(93.24%-109.98%) and (94.22%-106.75%), respectively. 

Stability validation 

Calibration curve of freeze-thaw test, bench-top test, and autosampler test of stability are 

shown in tables 3.39, 3.40 and 3.41, respectively representing an accuracy range of 

(91.23-105.67%), (85.82-113.81%) and (85.84%-114.27%), respectively. 
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 3.2.4.1 Calibration curve 1 

 Table 3.36 Calibration curve data of intra-day one of validation. 

 

  

Figure 3.8 Intra-day one calibration curve of propranolol in serum. 

Measured Conc. = (Ratio +0.007974)/ 0.000323 
Function is Y = 0.000323X-0.007974 (R2= 0.998461). 
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3.2.4.2 Calibration curve 2 

Table 3.37 Calibration curve data of intra-day two of validation. 

 

 

Figure 3.9 Intra-day two calibration curve of propranolol in serum. 

Measured Conc. = (Ratio +0.009446)/ 0.000331 
Function is Y = 0.000331X-0.009446 (R2= 0.999725). 

  



 
101 

 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

0 500 1000 1500 2000 2500 3000 3500

P
ro

p
ra

n
o

lo
l/

S
il

d
e

n
a

fi
l 

ra
ti

o
 

Propranolol concentration (ng/ml) 

3.2.4.3 Calibration curve 3 

Table 3.38 Calibration curve data of intra-day three of validation. 

 

Figure 3.10 Intra-day three calibration curve of propranolol in serum. 
 
 
Measured Conc. = (Ratio +0.008066)/ 0.000324 
Function is Y = 0.000324X-0.008066 (R2= 0.999740). 
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3.2.4.4 Calibration curve 4 

Table 3.39 Calibration curve data of freeze-thaw test of stability. 

 

 

Figure 3.11 Freeze-thaw stability test calibration curve of propranolol in serum. 
 

Measured Conc. = (Ratio +0.007127)/ 0.000321 
Function is Y = 0.000321X-0. 007127 (R2= 0.999343). 
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3.2.4.5 Calibration curve 5 

Table 3.40 Calibration curve data of bench-top test of stability. 

 

 

 Figure 3.12 Bench-top stability test calibration curve of propranolol in serum. 
 

Measured Conc. = (Ratio +0.007532)/ 0.000320 
Function is Y = 0.000320X-0.007532 (R2= 0.999573) 
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3.2.4.6 Calibration curve 6 

Table 3.41 Calibration curve data of autosampler test of stability. 

 

 

Figure 3.13 Autosampler stability test calibration curve of propranolol in serum. 
 

Measured Conc. = (Ratio +0.008211)/ 0.000321 
Function is Y = 0.000321X-0.008211(R2= 0.999740).
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Table 3.42 Calculated Accuracy % based on measured concentration mean for each concentration of standard points. 

 

 

 

Table 3.43 Calculated Accuracy % based on area ratios mean for each concentration of standard points.  
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Figure 3.14 Propranolol concentrations versus mean area ratios for each 

concentration of standard points. 

Linearity accuracy % is shown in table 3.42 which represents an accepted 

accuracy range according to EMEA guidelines of (92.78%-110.58%) in addition to a 

linear relationship of correlation coefficient equals 0.999698. 
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3.2.5 Recovery 

3.2.5.1 Recovery in mobile phase 

CV% of AUC mean of PRN was 1.02%, 9.49% and 10.12% for QC mid, QC high and 

QC low respectively while it was 1.19%, 5.76% and 8.43% for QC mid, QC low, and 

QC high respectively for AUC mean of sildenafil as shown in table 3.44. 

Table 3.44 CV% values of AUC mean of propranolol and sildenafil (internal 
standard) in mobile phase.  

 

 

3.2.5.2 Recovery in the serum 

CV% of AUC mean of PRN was 2.25%, 2.49% and 2.88% for, QC high, QC mid and QC 

low respectively while it was 1.88%, 4.12% and 4.38% for QC high, QC low and QC 

mid respectively for AUC mean of sildenafil as shown in table 3.45. 
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Table 3.45 CV% values of AUC mean of propranolol and sildenafil (internal 
standard) in serum blood.  

 

The highest recovery of PRN in serum was shown by QC high of 100.93% while the 

lowest recovery was obtained by QC low of 99.25% which are considered acceptable 

recovery ratios of PRN between mobile phase and serum as shown in table 3.46. 

Table 3.46 Absolute recovery ratios of propranolol in serum. 
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The highest recovery of sildenafil (IS) in serum was shown by QC low of 

103.16% while the lowest recovery was obtained by QC high of 99.23% which are 

considered acceptable recovery ratios of sildenafil between mobile phase and serum 

as shown in table 3.47. 

 Table 3.47 Absolute recovery ratios of sildenafil citrate (internal standard) in 
serum. 
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3.3 Representative HPLC chromatograms of analyzed Sprague–

Dawley rat serum. 

 

Figure 3.15 A processed blank serum sample. 

 

 

Figure 3.16 A processed zero serum sample spiked with sildenafil; the internal 
standard of propranolol analysis. 
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Figure 3.17 A processed lower limit of quantification (50 ng/ml) for serum sample 
spiked with sildenafil; the internal standard of propranolol analysis. 

 

 
 Figure 3.18 A processed upper limit of quantification (3000 ng/ml) for serum 
sample spiked with sildenafil; the internal standard of propranolol analysis. 
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3.4 In vivo experiments 

3.4.1 Effect of GlcN on PRN BA 

Different sets of experiments were done to study the effect of GlcN on PRN 

BA. The experiments were performed to compare the effect of 100 and 200 mg/kg 

GlcN on PRN BA using a single dose of 20 mg/kg PRN. The results showed that 100 

mg/kg did not change PRN AUC and Cmax (p>0.05). On the other hand, higher GlcN 

200 mg/kg dose decreased PRN AUC and Cmax significantly by 43% (p<0.01) and 

34% (p<0.05), respectively (Table 3.48, Figure 3.19). Conversely, none of the 

above mentioned tested combinations affected Tmax values of PRN. 

 
Figure 3.19 In vivo serum concentration versus time curves of propranolol in rats 
after a single oral dose of 20 mg/kg of propranolol, propranolol with 100 and 200 
mg/kg of glucosamine. Each data point represents the mean ± SEM (n=7). 
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3.4.2 Effect of cimetidine and rifampin on PRN BA 

Another set of experiments were carried out to study the effect of cimetidine 

and rifampin, as controls, on PRN BA using a single dose of 20 mg/kg PRN. The 

results showed that rifampin 9 mg/kg did not change PRN AUC and Cmax (p>0.05), 

whereas 5 mg/kg of cimetidine increased PRN Cmax significantly by 86% (p<0.01) 

and AUC by 20% (p>0.05) (Table 3.49, Figure 3.20). 

 
Figure 3.20 In vivo serum concentration versus time curves of propranolol in rats 
after a single oral dose of 20 mg/kg of propranolol, propranolol with 5 and 9 mg/kg 
of cimetidine and rifampin, respectively. Each data point represents the mean ± SEM 
(n=5). 
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Table 3.48 Glucosamine effect on propranolol AUC, Cmax, and other pharmacokinetic parameters after an oral dose of 20 
mg/kg PRN, PRN with GlcN 100 or PRN with GlcN 200 mg/kg in rats. The data are presented as mean ± SEM (n=7). 

 

*, p<0.05 and **, p<0.01 

Table 3.49 Cimetidine and rifampin effect on propranolol AUC, Cmax, and other pharmacokinetic parameters after an oral dose 
of 20 mg/kg of propranolol, propranolol with 5 and 9 mg/kg of cimetidine and rifampin, respectively in rats. The data are 
presented as mean ± SEM (n=5). 

 

*, p<0.05 and **, p<0.01
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3.4.3 Effect of GlcN on PRN effective intestinal permeability (Peff) and 

clearance 

Effective intestinal permeability (Peff) values were estimated by the 

Nelder−Mead algorithm of the Parameter Estimation module using the SimCYP 

program. PRN plasma mean concentration profiles were used to estimate Peff, Vd and 

clearance values as shown in table 3.50. Permeability of PRN with 200 mg/kg GlcN 

was reduced by 50% with GlcN, whereas clearance increased while Vd almost did 

not changed. 

Table 3.50 Peff, Clearance, and Vd results of propranolol 20 mg/kg, propranolol  
with 100 and 200 mg/kg GlcN estimated by the Nelder−Mead algorithm using the 
SimCYP program. 
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Figure 3.21 shows the observed (measured) plasma mean concentration 

profiles of PRN, PRN with 100 mg/kg and 200 mg/kg GlcN versus SimCYP-predicted 

values. The results indicated good fitting of observed PRN plasma concentrations 

values with those estimated by SimCYP program. 

 

Figure 3.21 Observed versus SimCYP-predicted propranolol plasma concentrations 
of 20 mg/kg propranolol, propranolol with 100 mg/kg glucosamine and propranolol 
with 200 mg/kg glucosamine. 
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3.5 Effect of GlcN on PRN in situ single-pass intestinal perfusion 

(SPIP) 

As seen in figure 3.22, cimetidine, an enzyme inhibitor increased the BA of 

PRN whereas; rifampin, an enzyme inducer decreased PRN BA. For all conditions, 

the concentration of PRN increased in a time-dependent manner. The highest 

increase in PRN concentration of 286 ± 20 ng/ml was observed at 60 min. 

Administering PRN with the enzyme inducer rifampin decreased its BA and 

achieved the lowest concentration of 237 ± 60 ng/ml at 60 min. By contrast, 

administering PRN with the enzyme inhibitor cimetidine increased its BA and 

achieved a higher concentration of 511 ± 138 ng/ml at 60 min, however, such 

increase was not statistically significant. Meanwhile, combining PRN with GlcN 

significantly enhanced the BA of PRN by two-fold to reach 842± 150 ng/ml (p<0.05). 
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Figure 3.22 Time dependence curves of propranolol serum concentration in rats 
using in situ single pass intestinal perfusion. Rats were administered propranolol 
alone 1 mg/ml, propranolol with glucosamine s10 mg/ml, propranolol with 
cimetidine 1 mg/ml, and propranolol with rifampin 2 mg/ml. The data are 
presented as mean ± SEM (n=6). Significant effect was seen between propranolol 
only and propranolol with GlcN (p<0.05). 

  

0

200

400

600

800

1000

1200

0 20 40 60

P
ro

p
ra

n
o

lo
l 

co
n

ce
n

tr
a

ti
o

n
 (

n
g

/
m

l)
 

Time (min) 

 PRN only

 PRN with GlcN

 PRN with cimetidine

 PRN with rifampin
* 



119 
 
 

 

3.6 Effect of GlcN on PRN absorption in everted rat intestine sac 

(ERIS) 

To measure the effect of GlcN on PRN absorption, the everted rat intestinal 

sac (ERIS) in vitro technique was used to measure the amount of PRN absorbed over 

time. Both GlcN and SLS increased PRN concentration level by increasing its 

absorption insignificantly at 40 and 60 min in a time-dependent manner GlcN. The 

maximum value for PRN with GlcN at 60 min was 51484 ± 3619 ng/ml, whereas 

PRN with SLS gave the lowest value of 38605.91± 2541.20 ng/ml (Figure 3.23). 

 
Figure 3.23 Absorption of propranolol in the everted rat intestinal sac versus time. 
Rats were administered 0.1 mg/ml propranolol, propranolol with 1 mg/ml 
glucosamine and propranolol with 0.01 mg/ml sodium lauryl sulfate for 60 min. The 
data are presented as mean ± SEM (n=6). 
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3.7 Hepatocyte cell isolation and culture 

3.7.1 Effect of GlcN on PRN metabolism  

Interestingly, dose dependent increase in PRN was only significant at 200 

mM of post incubation (p<0.001). The maximum value for PRN with GlcN at 60 min 

was 6728 ± 143 ng/ml, whereas PRN with 40 mM GlcN gave the lowest value of 

6011 ± 99 ng/ml at 30 min (Figure 3.24).  

 

Figure 3.24 Propranolol concentration versus time profiles in hepatocyte cell 
isolation and culture. Cells were cultured with 20 µM of propranolol with 40 mM 
glucosamine, glucosamine high and low concentrations of 200 mM and 4 mM, 
respectively, for 120 min. The data are presented as mean ± SEM (***, p<0.001). 
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3.7.2 Effect of cimetidine and rifampin on PRN metabolism 

Cimetidine (5 µM), decreased PRN metabolism and increased PRN 

concentrations at 30, 60, and 120 min significantly (p<0.01), whereas rifampin (50 

µM) increased PRN metabolism and decreased PRN concentrations at 30, 60 and 

120 min (p>0.05). The maximum value for PRN with cimetidine at 60 min was 6525 

± 160 ng/ml, whereas PRN with rifampin GlcN obtained the lowest value of 5877 ± 

230 ng/ml at 30 min (Figure 3.25). 

 

Figure 3.25 Propranolol concentration versus time profiles in hepatocyte cell 
isolation and culture. Cells were cultured with 20 µM propranolol with 5 µM 
cimetidine and 50 µM rifampin for 120 min. The data are presented as mean ± SEM 
(**, p<0.01). 
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Chapter Four 

4. Discussion 

PRN has been used widely to treat hypertension, cardiac arrhythmias, and 

many other diseases (Routledge and Shand 1978). According to the 

Biopharmaceutics Classification System (BCS) PRN is classified as class 1 drug with 

rapid dissolution, high solubility, high permeability and an extensive metabolism 

(Custodio et al. 2008). Dissolution and GIT permeability are fundamental and major 

parameters controlling the rate and extent of drug absorption (Amidon et al. 1995). 

PRN undergoes extensive first-pass effect by the liver resulting in a relatively low 

oral BA of 13-23% (Cid et al. 1986; Sastry et al. 1993) and short plasma t0.5 ranging 

from 3 to 6 hours (Castleden and George 1979; Ismail et al. 2004; Leahey et al. 

1980). As a result, PRN has to be given in high doses to solve this problem, which 

inevitably increases PRN side effects (Partani et al. 2009). Ryu et al. have shown a 

strategy to overcome PRN low BA by using a route of drug delivery (rectal route) 

other than oral (Ryu et al. 1999). Rectal infusion of PRN induced a 4-5 fold increase 

in PRN BA. Another study in dogs has shown that PRN oral BA was increased by the 

administration of PRN laurate salt. This salt is a lipid vehicle containing fatty acids 

that increases the intestinal absorption of many drugs by various mechanisms 

(Aungst and Hussain 1992).  

A study has shown that GlcN combination with ibuprofen produced a 

significant antinociceptive synergistic effect; a racemic mixture of GlcN with 
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ibuprofen reduced ibuprofen effective dose by 58% (Raffa et al. 2010). However, 

increasing GlcN dose did not increase the antinociceptive effect when combined 

with ibuprofen (Tallarida et al. 2003). A recent study by Qinna et al. has shown that 

GlcN increases paracetamol BA by reducing its metabolism in addition to a 

reduction in hepatocyte injury after administration of high doses of paracetamol 

(Qinna et al. 2015). Therefore, this study was conducted to investigate the effect of 

GlcN on PRN PK and metabolism since GlcN has been reported to alter the BA of 

many drugs. To study such interaction, a validated, sensitive, precise and simple 

reversed phase HPLC method was developed for the estimation of small 

concentrations of PRN HCl in serum and Krebs buffer. This chromatographic 

method was validated using EMEA guidelines with acceptable ranges of accuracy, 

precision, linearity, recovery, limits of quantitation, and detection. 

Cimetidine is a CYP450 enzyme inhibitor which affects PRN PK by decreasing 

its hepatic first-pass metabolism, therefore increasing PRN plasma concentration 

and its pharmacological effect in humans (Heagerty et al. 1981; Reimann et al. 

1981). On the other hand, Herman et al  has reported that chronic administration of 

rifampin (a CYP450 inducer) led to a marked reduction in PRN steady-state 

concentration (Herman et al. 1983). Based on these studies, both cimetidine and 

rifampin were used as controls in the experiments performed here. Our results on 

Sprague-Dawley rats have shown that cimetidine increased PRN concentration 

levels in in vivo (Table 3.49, Figure 3.20); in situ SPIP (Figure 3.22) and in 

hepatocyte isolation and cell culture (Figure 3.25). On the contrary, rifampin 
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showed a trend towards a decrease in PRN concentration levels in situ and in vitro 

(Figure 3.22 and 3.25) and in vivo experiments (Table 3.49, Figure 3.20) as 

compared to the control. Hepatocyte cell isolation and culture technique was used 

to study drug metabolism and drug-drug interaction between PRN and GlcN in 

comparison with control drugs (Hewitt et al. 2007). 

A drug such as PRN is considered highly permeable since the extent of its 

absorption is greater or equal to 90% of the administered dose based on a mass 

balance determination or in comparison to an I.V. reference dose (Custodio et al. 

2008). However, our results indicated that GlcN decreased PRN BA in a dose-

dependent manner to a higher extent than that observed when PRN was used alone. 

This was emphasized by a shorter MRT of PRN with GlcN 200 mg/kg (2.54 h) as 

compared to PRN alone (2.69 h) meaning that higher clearance of PRN-GlcN 200 

mg/kg (Table 3.48, Figure 3.19). Furthermore, PRN was used as powder dissolved 

in solution and not as tablets. Hence, dissolution parameter would be excluded and 

permeability is the main factor responsible for PRN BA in the current research. Peff 

values were optimized by SimCYP program to predict the actual average plasma 

PRN profile in order to estimate Peff, Vd and clearance. GlcN at 100 mg/kg did not 

change Peff or clearance of PRN, whereas GlcN at 200 mg/kg decreased Peff, and 

increased clearance (Table 3.50), which can be related to a dose dependent effect. 

Many factors are involved in oral drug delivery, and its BA can be divided 

into components which reflect intestine delivery (gastric emptying, pH-pKa), 

absorption from the lumen (dissolution, lipophilicity), and drug efflux pumps such 
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as P-gp (Song et al. 2004). Nevertheless, drug delivery in this study is independent 

of gastric emptying because there is no significant difference in Tmax between PRN 

alone and PRN with 200 mg/kg of GlcN was observed (Gainsborough et al. 1993; 

Shindo et al. 2008). pKa and pH have a major effect on drug permeability and 

solubility as well as on the rate and extent of oral drug absorption (Palm et al. 1999; 

Ungell et al. 1998). GlcN is a basic cation with pKa of  7.75 (Hofer and Kunemund 

1985), and PRN is also a basic drug with pKa of 9.4 (Salman et al. 2010). According 

to the pH partition theory, absorption of oral drugs takes place mainly by a passive 

diffusion of the un-ionized form of the drug molecule through the lipophilic 

intestinal membrane (Palm et al. 1999; Ungell et al. 1998). In an empty stomach, 

where the pH is low (pH 2-3), only a small fraction of the weak bases such as PRN or 

GlcN would be taken up, as the unionized fraction would be small. Therefore, PRN 

given on an empty stomach would be absorbed mainly after passage into the slightly 

alkaline duodenum where pH is more than 7 in the un-ionized form due to higher 

un-ionized fraction amount (Hurst et al. 2007; Liedholm and Melander 1990; Palm 

et al. 1999). Moreover, GlcN has been shown to be absorbed throughout the gut, 

where the highest absorption occurs in the small intestine, mainly the duodenum 

(Ibrahim et al. 2012). Although it seems that pH is an important factor for PRN BA. 

However, such factor was not studied in the current research (Amidon et al. 1995).  

As for PRN site of absorption in the intestine, SPIP technique in rats has been 

used to study PRN permeability in the intestine. This model has been well elucidated 

for its correlation with human absorption. PRN absorption occurs along the whole 



127 
 
 

 

intestine with the main absorption site in the colon with the highest permeability 

(Nagare et al. 2010). Therefore, SPIP technique was used in the current 

investigation to assess how PRN BA would be affected in the presence of GlcN, 

cimetidine and rifampin using the whole length of the small intestine. The results 

showed that GlcN increased PRN BA significantly to a higher extent than cimetidine 

and rifampin (Figure 3.22). Everted gut technique has been used due to its ability 

to evaluate intestinal absorption of drugs without the influence of hepatic first-pass 

effect (Li et al. 2011). In the current study, everted gut model was used to enable the 

investigation of the effects of SLS as well as GlcN on PRN. The intestinal absorption 

of PRN or PRN concentration levels in the presence of GlcN was higher than in the 

presence of SLS (Figure 3.23) confirming the previous in vitro hepatocyte isolation 

and culture (Figure 3.24) and in situ results (Figure 3.22). 

P-glycoprotein (P-gp) is another factor responsible for drug permeability. 

PRN is said to be a substrate for the (P-gp) efflux transporter, which decreases PRN 

oral absorption, thus, reducing its BA. A recent study using the SPIP technique has 

shown that P-gp affects the intestinal absorption of PRN. Verapamil HCl, a P-gp 

inhibitor, increased PRN BA when it was co-perfused with PRN more than PRN 

perfusion alone. This indicated that P-gp is an important contributor for PRN low 

oral BA (Abushammala et al. 2013). D'Emanuele and colleagues have shown that the 

reduction in PRN BA could be avoided when PRN is administered in conjugation 

with polyamidoamine (PAMAM) dendrimers (D'Emanuele et al. 2004). This complex 

bypasses P-gp efflux transporter and consequently increases its transport. Another 
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study has shown that the energy-dependent efflux P-gp pump located on the apical 

plasma membrane of rabbit conjunctival epithelial cells plays a role in restricting 

PRN transport (Yang et al. 2000). Hirakawa et al. have shown that GlcN induced the 

expression of Multidrug Exporter Genes (mdtEF) in Escherichia coli that is 

stimulated through catabolite control. This result indicated that GlcN may be 

responsible for the increased multidrug resistance in the bacteria (Hirakawa et al. 

2005). However, there are limited studies of the effect of GlcN on P-gp in rats, 

therefore, further studies are still warranted. The current study did not investigate 

the effect of P-gp efflux transporter on PRN-GlcN combination; however, it cannot be 

excluded that this could be potentially responsible for the reduction in the in vivo 

levels of PRN.  

GlcN PK studies in rats have shown that GlcN undergoes extensive hepatic 

first pass metabolism resulting in low BA (about 19- 21%) (Adebowale et al. 2002; 

Persiani et al. 2005; Thakral et al. 2007). PK and BA of GlcN have shown that Cmax 

and AUC of GlcN in human were linear only within dose range of 750-1500 mg that 

was preceded by a pre-saturated 750 mg phase. GlcN Cmax and AUC at 3000 mg dose 

were significantly lower than the corresponding values calculated at the dose of 750 

mg. This suggests the involvement of two processes; a process that is capacity 

limited which is saturated with low doses, and a process that is linear for higher 

doses (Jackson et al. 2010; Persiani et al. 2005). If GlcN doses (100 and 200 mg/kg) 

used in this study were converted to human adults (7000 and 14000 mg/kg, 

respectively), which both are higher than 3000 mg/kg, wherein GlcN absorption in 
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human is reduced and this may be a possible reason that GlcN did not get absorbed 

and consequently did not increase PRN BA as in in vivo results (Figure 3.19). 

However, a recent study in rats has shown a linear relation between the oral 

administered dose and the average AUC. Moreover, everted rat colon in vitro data 

also demonstrated a linear relationship between GlcN concentration and the 

accumulation rate from mucosal to serosal fluid indicating that GlcN intestinal 

absorption is linear and not capacity limited (Ibrahim et al. 2012). Transporters 

involved in GlcN absorption have been revealed to be (GLUT 1, 2 and 4), which also 

facilitate glucose absorption. In particular, GLUT2 has demonstrated a 20-fold 

greater affinity for GlcN than that for glucose. Transporter-regulated GlcN 

absorption increases the possibility of a capacity-limited intestinal absorption for 

the compound (Uldry et al. 2002), which was also addressed by Persiani et al. 

(Persiani et al. 2005). Nonetheless, PRN is much less influenced by cell transporter 

since it is a class I drug (Custodio et al. 2008), which most likely excludes the 

transporters as the potential reason of reduced PRN BA. 
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Chapter Five 

5. Conclusion and future work 

GlcN decreased PRN BA in a dose-dependent manner (200 mg/kg and not 

100 mg/kg) mostly by decreasing PRN absorption and permeability in vivo, 

whereas GlcN Increased PRN concentration levels in situ and in vitro. Moreover, In 

vivo results suggest that the patient may suffer complications from uncontrolled, 

inadequately treated hypertension, angina pectoris and other diseases treated by 

PRN. As a result, it might be necessary to prescribe PRN with GlcN with caution as a 

dosage regimen adjustment of PRN might be needed in order to achieve the 

required therapeutic effect in patients receiving GlcN. (with caution until further 

clinical investigation describes such drug-drug interaction). Finally, our results 

showed that cimetidine and rifampin levels were in line with the previously 

reported researches. 

Further studies are still warranted to uncover the effect of PRN and GlcN 

combination by studying the effect of GlcN on P-gp efflux transporters present in 

small and large intestine mucosa, in renal tubule, and in biliary hepatocytes. 

Moreover, it might be interesting to examine the effect of high and low doses of GlcN 

alone or in combination with PRN on P-gp. It is also warranted to perform an 

investigation of the stomach absorption of PRN alone and PRN combined to GlcN. 

Furthermore, further studies is still needed to investigate the effect of GlcN on 

CYP2D6 and CYP1A2 that are responsible for PRN metabolism as well as testing 
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phase I and phase II metabolic reactions of PRN with or without GlcN in liver 

homogenate in vitro. 
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