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Abstract 

 

Title: In situ absorption study of acebutolol by modulating P-glycoprotein with verapamil in rats. 

Introduction: Acebutolol HCl (ACH) is a selective ɓ-adrenergic receptor blocking agent which is used 

for the management of hypertension. ACH is commercially available for oral administration as a 

hydrochloric salt which is the preferable route of administration despite its low oral bioavailability (30-50 

%). ACH can be actively secreted from the enterocyte by P-glycoprotein (P-gp) efflux pump which 

distributed along the intestine. Verapamil HCl, a calcium channel blocking agent, is considered a potent 

inhibitor of P-gp. Drug-drug interaction is an expected event when verapamil HCl is administered with 

ACH concomitantly. 

Aim:  The purpose of this study was to evaluate the effect of verapamil HCl (as P-gp inhibitor) on the 

intestinal absorption of ACH by comparing the changes in the absorption rate constant of ACH. 

Methodology: In situ intestinal perfusion technique was conducted in healthy wister albino male rats 

(weighting 250-300 g) to study the absorption phase of ACH. Eighteen rats were divided into three groups. 

The 1
st
 group (the control group) was perfused with ACH alone (260 µg/mL). The 2

nd
 and 3

rd
 groups were 

perfused with ACH (260 µg/mL) in combination with verapamil HCl at different concentrations (200 and 

400 µg/mL, respectively). UV spectrophotometric method was developed and validated for quantitative 

analysis of ACH remnant concentrations in intestinal luminal fluid samples. Intestinal absorption of ACH 

was evaluated using apparent first-order rate constants (kap). SPSS was used for statistical analysis of the 

data obtained experimentally. 

Results: The developed spectroscopic method had good linearity in the range 4-200 µg/mL. The method 

was accurate (% recovery 99.8 - 102.5) and precise (% RSD < 2) for both inter-day and intra-day precision. 

The absorption study showed that kap of ACH when administered alone in the 1
st
 group was 0.468 ± 0.0449 

h
-1
. In the 3

rd
 group kap increased 3 folds (1.37 ± 0.0308 h

-1
) when co-administered with verapamil HCl 400 

µg/mL, however, the 2
nd

 group showed no significant change in kap (0.3892 ± 0.0761) when co-

administered with verapamil HCl 200 µg/mL. 

Conclusion: The results obtained in our study revealed that verapamil HCl (as P-gp inhibitor) has a 

pronounced effect on the absorption kinetic of ACH (increased kap) which could be linked to the inhibition 

of P-gp that considered as a contributed factor of low bioavailability of ACH.   

Keywords: Acebutolol HCl, verapamil HCl, P-glycoprotein, Intestinal perfusion technique, absorption. 
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дϜнзЛЮϜ:  ЈϝЋϧвϜ ϣЂϜϼϸЬнЮнϦнуϡуЂцϜ дϝЫгЮϜ сТ сϠ еуϦмϽϠнЫуЯϯЮϜ ЭтϹЛϦ Ьы϶ ев .дϜϽϛУЮϜ сТ ЭувϝϠϜϽуУЮϝϠ 

ЮϜϣҶҶвϹЧгϽҶҶϡϧЛт :  рϻҶҶЮϜ ϝҶҶϧуϠ еуЮϝҶҶзтϼϸцϜ ϤыϡЧϧҶҶЃв еҶҶв ЈϝҶҶ϶ ИнҶҶж ФыОϗҶҶϠ анҶҶЧт ̭Ϝмϸ ϹҶҶтϜϼнЯЪмϼϹук ЬнЮнϦнϡуҶҶЂцϜ

ЯЮ ̯ϝтϼϝϯϦ ϢϽТнϧв ЬнЮнϦнуϡϡуЂцϜ .аϹЮϜ БПЎ ИϝУϦϼϜ ϬыЛЮ аϹϷϧЃтЫІ пЯК бУЮϜ ХтϽА еК Ьмϝзϧ ϹҶтϼнЯЪмϼϹулЮϜ ϱЯв Э

 ϽϡϧЛϦ сϧЮϜм ев БЧТ ЬнЊм ев бОϽЮϝϠ ̭ϜмϹЮϜ ϜϻлЮ ϣЯЏУгЮϜ ЬмϝзϧЮϜ ϣЧтϽА30-50 еҶК йҶЮмϝзϦ ϹҶзК дϝЃжъϜ аϸ пЮϖ %

.бУЮϜ ХтϽА Ͼ̲ϽУ̳т ЬнЮнϦнуϡуЂцϜ ϹтϜϼнЯЪмϼϹук  ϽҶЇϧзϦ пҶϧЮϜ сҶϠ еуϦмϽϠнҶЫуЯϯЮϜ ϣϷҶЏв ϣГҶЂϜнϠ ϣҶтнЛгЮϜ ϣуЯϷЮϜ Ϭϼϝ϶

ЯК ϹҶтϼнЯЪмϼϹук ЭувϝϠϜϽуУЮϜ ϽϡϧЛт .̭ϝЛвцϜ ЬнА п-  ануҶЃЮϝЫЮϜ ϤϜнҶзЦ ХҶЯПϦ сҶϧЮϜ ϢϸϝҶгЮϜ-  еуϦмϽϠнҶЫуЯϯЯЮ рнҶЦ БϡҶϫв

ЬнЮнϦнуϡуЂцϜ Йв ϹтϜϼнЯЪмϼϹук ЭувϝϠϜϽуУЮϜ ЬмϝзϦ ϹзК ϣуϚϜмϸ ϤыКϝУϦ ϨмϹϲ ЙЦнϧгЮϜ ев ЩЮϻЮ .сϠ ϹтϜϼнЯЪмϼϹук  сТ

.ϥЦнЮϜ ЁУж 

РϹлЮϜ : ϣЂϜϼϹЮϜ иϻк ев РϹлЮϜ ϹҶтϼнЯЪмϼϹук ЭҶувϝϠϜϽуУЮϜ ϽуϪϓϦ бууЧϦ- сҶϠ еуϦмϽϠнҶЫуЯϯЯЮ БϡҶϫгЪ-  пҶЯК ЈϝҶЋϧвъϜ

рнЛгЮϜ  ЬнЮнϦнуϡуЂчЮ ϹтϜϼнЯЪмϼϹукЬнЮнϦнуϡуЂцϜ ЈϝЋϧвϜ ЬϹЛв ϥϠϝϪ сТ ϤϜϽуПϧЮϜ ϣжϼϝЧгϠ ϹтϜϼнЯЪмϼϹук. 

ϣуϯлзгЮϜ дϾнҶЮϜ) ̭ϝҶЏуϡЮϜ дϜϽҶϛУЮϜ ϼнҶЪϺ пҶЯК ϥтϽϮ̳ϒ ЙЦнгЮϜ сТ рнЛгЮϜ ϽтϽгϧЮϜ ϣузЧϦ :250-300  ϣҶЂϜϼϹЮ (аϜϽҶϮ

ЬнЮнϦнуϡуЂцϜ ЈϝЋϧвϜ ϹтϜϼнЯЪмϼϹук) дϜϽϛУЮϜ ϥгЃЦ .18 ϤϝКнгϯв ϨыϪ пЮϖ (ϼϓТ ϣКнгϯгЮϜ) пЮмцϜ ϣКнгϯгЮϜ .

ϣуЂϝуЧЮϜ ЬнЮнϦнуϡуЂцϜ ϽтϽгϦ бϦ ( ϿҶуЪϽϧϠ БЧТ ϹтϜϼнЯЪмϼϹук260 ҶϧЯуЯв /аϜϽҶϮмϽЫув сҶТ .дϜϽҶϛУЮϜ ̭ϝҶЛвϒ ЭҶ϶Ϝϸ пҶЮϖ Ͻ

гϦ бҶϦ ϣҶϫЮϝϫЮϜм ϣужϝϫЮϜ ϣКнϯгЮϜЬнЮнϦнуϡуҶЂцϜ ϽҶтϽ ϹҶтϜϼнЯЪмϼϹук 260  ЭҶувϝϠϜϽуУЮϜ пҶЮϖ ϣТϝҶЎшϝϠ ϽҶϧЯуЯв /аϜϽҶϮмϽЫув

ϽϧϠ ϹтϜϼнЯЪмϼϹук ϿҶуЪ200  м400 ҶϧЯуЯв /аϜϽҶϮмϽЫув ЭҶуЯϳϧЮϜ ϣҶЧтϽА ϤϝҶϡϪϖм ϽтнҶГϦ бҶϦ .ϟҶуϦϽϧЮϝϠ ̪ϣҶКнгϯв ЭҶЫЮ Ͻ

нЮнϦнуϡуҶЂцϜ ϿҶуЪϜϽϧЮ сҶгЫЮϜ ЭҶуЯϳϧЯЮ ϣуϯҶЃУзϡЮϜ ФнҶТ ϣЛҶІчЮ сҶУуГЮϜ ϾϝҶлϯЮϜ аϜϹϷϧҶЂϝϠЬ ϹҶтϜϼнЯЪмϼϹук уК ЭҶ϶Ϝϸ ϤϝҶҶз

рнЛгЮϜ ЭϚϝЃЮϜЬнЮнϦнуϡуЂчЮ ̭ϝЛвцϜ ЈϝЋϧвϜ бууЧϦ бϦ . ϹтϜϼнЯЪмϼϹук  .ЈϝЋϧвъϜ ЬϹЛв ϥϠϝϪ аϜϹϷϧЂϝϠ аϜϹϷϧҶЂϜ бϦ

 ϭвϝжϽϠSPSS  ̯ϝуϡтϽϯϦ ϝлуЯК ЬнЋϳЮϜ бϦ сϧЮϜ ϤϝжϝуϡЯЮ сϚϝЋϲшϜ ЭуЯϳϧЯЮ. 

ϭϚϝϧзЮϜЭуЯϳϧЮϜ ϣЧтϽА : ыК ϤϽлДϒ сУуГЮϜ ϾϝлϯЮϜ аϜϹϷϧЂϝϠ ЬнЮнϦнуϡуЂцϜ ϿуЪϜϽϧЮ ϢϹуϮ ϣуГ϶ ϣЦ ϹтϜϼнЯЪмϼϹук еуϠ

4-200  ϥжϝЪ .ϽϧЯуЯв/аϜϽОмϽЫувϣЧтϽА ЭуЯϳϧЮϜ  ϢϸϽϧЃгЮϜ ̭ϜмϹЮϜ ́) ϣЧуЦϸ99.8 - 102.5 ϣϡҶЃж ЩҶЮϺ пЮϖ ϣТϝЎшϝϠ .(

 ́) ϣЯуϛЎ ϥжϝЪ аϝтцϜ еуϠ мϒ ануЮϜ ЁУж сТ ϿуЪϜϽϧЮϜ ЉϳТ ϹзК Рыϧ϶ъϜRSD > 2 ϤϝҶЊнϳУЮϜ ϭϚϝҶϧж пҶЮϖ ъϝЧϧжϜ .(

ЬнЮнϦнуϡуЂчЮ ЈϝЋϧвъϜ ЬϹЛв ϥϠϝϪ ϣгуЦ дϒ ϣЂϜϼϹЮϜ ϤϽлДϒ ϹтϜϼнЯЪмϼϹук ҶЮмцϜ ϣҶКнгϯгЮϜ сҶТ  сҶк п0.468  Ñ

0.0449 ϒ .ϣКϝЂ ЭЫЮϪ СКϝҶЏϦ ϣҶϫЮϝϫЮϜ ϣҶКнϯгЮϜ сҶТ ϝҶв ЈϝҶЋϧвъϜ ЬϹҶЛв ϥҶϠϝ3 ) РϝЛҶЎϒ1.37  Ñ0.0308  ЭҶЫЮ

нЯЪмϼϹук ЭувϝϠϜϽуТ ϣТϝЎϖ Йв (ϣКϝЂ) Ϲтϼ400  ЬϹҶЛв ϥҶϠϝϪ ϽҶуПϧт бҶЮ ϣужϝϫЮϜ ϣКнгϯгЮϜ сТ ϝгзуϠ ̪(ϽϧЯуЯв/аϜϽОмϽЫув

) ЈϝЋϧвъϜ0.3892  Ñ0.0761 ) ϹтϼнЯЪмϼϹук ЭувϝϠϜϽуТ ϣТϝЎϖ Йв (ϣКϝЂ ЭЫЮ200 .(ϽϧЯуЯв/аϜϽОмϽЫув 

ϣЊыϷЮϜϯЯЮ БϡҶϫгЪ) ϹҶтϼнЯЪмϼϹук ЭҶувϝϠϜϽуУЮϜ дϒ ϝзϧҶЂϜϼϸ сҶТ ϝҶлуЯК ЬнҶЋϳЮϜ бϦ сϧЮϜ ϭϚϝϧзЮϜ ϤϽлДϒ :ҶЫуЯ еуϦмϽϠн

ϲ пҶЯК ϱҶЎϜм ϽуϪϓϦ йЮ (сϠЬнЮнϦнуϡуҶЂцϜ ЈϝҶЋϧвϜ ϣҶуЪϽ ϹҶтϜϼнЯЪмϼϹук  ЈϝҶЋϧвъϜ ЬϹҶЛв ϥҶϠϝϪ ϢϸϝҶтϾ ЬыҶ϶ еҶв

 БуҶҶϡϫϧϠ ϣҶҶГϡϦϽв днҶҶЫϦ дϒ еҶҶЫгт сҶҶϧЮϜм сҶҶϠ еуϦмϽϠнҶҶЫуЯϯЮϜ ЭҶҶуЯЧϦ сҶҶТ бкϝҶҶЃв ЭҶҶвϝЛЪ ϽҶҶϡϧЛт рϻҶҶЮϜЬнҶҶЊм ЬϹҶҶЛвм ϣҶҶугЪ 

цϜ ϹтϜϼнЯЪмϼϹук ЬнЮнϦнуϡуЂ.аϹЮϜ пЮϖ 

 

ЮϜ ϤϝҶҶгЯЫЮϜϣҶҶЮϜϹЭҶҶувϝϠϜϽуТ ̪ϹҶҶтϼнЯЪмϼϹук ЬнЮнϦнϡуҶҶЂϒ : ϹҶҶтϜϼнЯЪмϼϹук  ̪сҶҶϠ еуϦмϽϠнҶҶЫуЯϮ ̪рнҶҶЛгЮϜϽтϽгϧЮϜ ϣҶҶузЧϦ ̪

.ЈϝЋϧвъϜ 
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Chapter 1 

Introduction  

1.1 Background 

Experimental pharmacokinetic studies remain as one of the main topics in research and 

development of drugs. It also considers fundamental for entering clinical studies (Jaiswal 

et al., 2014). Absorption, distribution, metabolism and excretion (ADME) studies are 

important to ensure that optimum amount of drug reaches the systemic circulation at an 

optimal rate and its effect is maintained for entire duration of therapy. 

Drug absorption is a key part of most pharmacokinetic processes and it represents the 

first step that can greatly influence drugs bioavailability. For a drug to be absorbed it is 

necessary to pass across cell membranes. The passage of drugs across cell membranes 

occurs by one of four mechanisms: diffusion, filtration, carrier-mediated transport or 

pinocytosis (Chillistone and Hardman, 2008). 

Oral administration is the most common and preferable route of administration. The 

major site of absorption of orally administered drugs is the small intestine due to the large 

surface area. When a drug is administered orally it has to be absorbed across the 

gastrointestinal bimolecular lipid matrix. Incomplete absorption lowers the proportion of 

the dose able to reach systemic circulation. 

The rate and extent of drug absorption across the intestinal membrane are dependent on 

many drug and patient factors (Jamei et al., 2009). Drug related factors involve 

physicochemical properties of the drug (molecular size, lipid solubility, degree of 

ionization and chemical nature) and dosage characteristics (dosage form, formulation, 

and concentration of drug entering the intestine). Patient related factors include the 

structure of absorbing surface (efflux and influx protein transporters), vascularity, pH, GI 

motility, presence of other substance as foods, fluids or drugs, and physiological 

characteristic of the patient as malabsorption syndrome (Martinez and Amidon, 2002; 

Chillistone and Hardman, 2008). 
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Drug transporters as one of the main factors affecting intestinal absorption become 

increasingly evident in influencing orally administered drugs (Shugart and Benet, 2009; 

Varma et al., 2010). Membrane transporters are divided into two major superfamilies, the 

solute carrier (SLC) family and ATP binding cassette (ABC) family. The movement of 

many drugs across the intestinal membrane is regulated by these transporters.  (Liang et 

al., 2015). 

The SLC superfamily includes many important uptake transporters such as proton 

dependent oligopeptide transporters , organic anion transporters (OAT) and organic 

cation transporters (OCT). The ABC superfamily includes many efflux transporters such 

as P-glycoprotein (P-gp), multidrug resistance-associated protein 2 (MRP 2) and breast 

cancer resistance protein (BCRP) (Estudante et al., 2013). 

P-gp, a multidrug resistant protein 1 (MDR1), is found in many tissues including 

intestine, liver, kidney, brain, testis, placenta, and lung and also expressed in many cancer 

cells (Leslie et al., 2005). Its physiological role is to protect some tissues such as brain 

from harmful substances. In intestine P-gp plays an important role in drug absorption by 

returns the drug back into the intestinal lumen.  In addition, P-gp mediates drug-drug and 

food-drug interaction due to its broad specificity which could affect safety and efficacy of 

its substrate (Friend, 2004; Giacomini et al., 2010). 

Many structurally unrelated drugs such as digoxin, fexofenadine, loperamide, quinidine, 

talinolol and vinblastine have been classified as P-gp substrate by FDA center, thereby P-

gp plays an important part in modulating absorption and elimination of these drugs (FDA, 

2016).  

It is now well established that induction or inhibition of P-gp leads to drug interaction in 

humans (Bauer et al., 2012). Numerous substances as cyclosporine, elacridar, 

ketoconazole, quinidine, reserpine, ritonavir, tacrolimus, valspodar, verapamil and 

zosuquidar have been identified as P-gp inhibitors (FDA, 2016). Previous kinetic studies 

emphasized the importance of using P-gp inhibitors to evaluate the effect of P-gp on the 

rate of absorption and bioavailability of many drugs (Song et al., 2006; Abushammala et 

al., 2013). 
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Acebutolol HCl (ACH) is a cardioselective ɓ1 adrenoceptor blocking agent (Harvey, 

2012a). Oral bioavailability of ACH is approximately 30-50% as it undergoes significant 

first-pass metabolism (Roux et al., 1983a). Also there is evidence that ACH is a substrate 

for P-gp which plays a role as an absorption barrier (Terao et.al, 1996). Thus 

investigating the effect of P-gp inhibition on the absorption kinetic of ACH could be a 

valuable interesting issue. 

Verapamil HCl, a calcium channel blocking agent, is a competitive inhibitor of intestinal 

P-gp and used as a tool for studying the effect of P-gp inhibition on the absorption and 

bioavailability of many drugs and a significant changes in the absorption kinetic have 

been observed (Saitoh and Aungst, 1995; Dahmani et al., 2012; Choi and Song 2016). 

Many in vitro, in situ, and in vivo methods have been used to determine intestinal drug 

absorption. In situ intestinal perfusion technique and in vitro Caco2-model become 

increasingly important in pharmaceutical designation (Chan et al., 1997; Bohet et al., 

2001; Liu and Hu, 2002). 

Intestinal perfusion technique was developed by Doluisio et al. for studying 

gastrointestinal drug absorption from isolated gut segments of the anesthetized rats in situ 

as it is based on disappearance of drug from the intestinal luminal fluid (Doluisio et al., 

1969).  Previous studies have shown that this technique could be utilized with precision 

to predict the human intestinal permeability and the fraction of dose absorbed following 

oral administration (Salphati et al., 2001; Zakari-Milania et al., 2007). 

In this study, in situ intestinal perfusion technique on anesthetized rats was used to 

determine the effect of verapamil HCl at different concentrations (200 and 400 µg/mL) as 

a P-gp inhibitor on the absorption of ACH which is a P-gp substrate. 

1.2 Justification of study 

Absorption phase is a very important step, since it reflects drugs bioavailability which is 

associated with drug efficacy and toxicity. ACH, a selective ɓ-blocker drug prescribed for 

hypertensive and cardiovascular disease patients, has a relative low oral bioavailability 
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and therefore factors affecting drug absorption are critical for its efficacy. P-gp could 

play a role in this concept. 

1.3 Problem statement 

P-gp is an active efflux transporter that play a pivotal role in drug absorption from small 

intestinal lumen and temporal change of its activity may affect efficacy and toxicity 

profile of some drugs. In case of ACH which is a P-gp substrate and has low 

bioavailability profile (35-50%), the role of P-gp in its absorption should be studied using 

in situ rat model with co-administration of verapamil HCl as P-gp inhibitor. 

1.4 Aim 

This study aims to study the absorption phase of ACH alone and in the presence of 

verapamil HCl as P-gp inhibitor at different concentrations, using in situ intestinal 

perfusion technique on rats in order to clarify the significance of the potential 

pharmacokinetic drug-drug interaction between the two medications through P-gp 

inhibition. 

1.5 Objectives 

¶ Studying the absorption phase of ACH using in situ intestinal perfusion technique on 

rats. 

¶ Studying the absorption phase of ACH in the presence of P-gp inhibitor verapamil 

HCl at different concentrations. 

¶ Evaluation potential drug-drug interaction between ACH and verapamil HCl by data 

analysis. 

¶ Investigation the lower dose of verapamil HCl that could cause significant inhibition 

of P-gp. 

¶ Validation of simple analytical spectrophotometric method for ACH analysis in 

intestinal fluid free solution. 
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  Chapter 2 

Litrature review  

2.1 Absorption process 

2.1.1 Background  

Absorption phase is a key part of most pharmacokinetic processes. Oral drug delivery is 

the predominant route of administration for the pharmaceutical products used worldwide. 

However, to exert its effect, sufficient intestinal absorption is a prerequisite for an orally 

administered dose when a systemic effect is a desired (Abrahamsson and Lennernas, 

2003). Furthermore, understanding and improvement of gastrointestinal drug absorption 

predictions is currently a highly prioritized area of research within the pharmaceutical 

industry (Zhou et al., 2012; Sjogren et al., 2013). 

The principal site of absorption of orally administered drugs is the small intestine due to 

the large surface area since the presence of villi and microvilli increases the absorptive 

area many folds. Small intestine divides into three regions, duodenum, jejunum, and 

ileum. The duodenum and jejunum possess the greatest surface areas because of the 

highest concentration of villi and microvilli in these regions (Moore et al., 2014). 

The intestinal epithelium forms a selective barrier against the entry of compounds into 

blood. The permeation of drugs through the intestinal wall varies along the small intestine 

and is extensively influenced by any transport mechanisms involved (Tannergren et al., 

2009; Sugano et al., 2010). 

Absorption is a major contribute factor to oral bioavailability. The oral drug 

bioavailability (F) is defined as the fraction of oral dose that reaches the systemic 

circulation in unchanged form. It is directly related to the drug absorption and 

metabolism in the gut wall and can also be elucidated by the equation 1:  

                                                            F = Fa . Fg . Fh                                                (Eq. 1) 
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Where Fa is the fraction of intact drug that is absorbed across the apical membrane into 

the enterocyte, Fg is the fraction of drug in the enterocyte that escapes metabolism in the 

gastrointestinal tract, and Fh is the fraction of drug that enters the liver and escapes first-

pass hepatic metabolism (Jamei et al., 2009). Many factors influencing the bioavailability 

of orally administered drugs, but generally increasing oral drug absorption and 

metabolism stability will resulting in increased the bioavailability and therapeutic effect 

of the drug (Richter et al., 2001).   

2.1.2 Intestinal transport mechanisms of drugs 

The process of drug absorption occurs for all routes of administration except for 

intravenous administration. The two principal routes of drug transport across small 

intestinal epithelium are paracellular transport and transcellular transport (Chan et al., 

2004; Friend, 2004). The paracellular pathway allows drugs transport between adjacent 

enterocytes. Despite the fact that absorption via this route is restricted by tight junctions, 

small hydrophilic ionized drugs may pass by this route (Hayashi et al., 1997). In the 

transcellular transport drug molecules is transported across the enterocyte. A number of 

hydrophilic drugs undergo transcellular absorption which may be facilitated via specific 

carrier-mediated system. Whereas, lipophilic drugs are absorbed via passive transcellular 

pathway (Hunter and Hirst, 1997; Wielinga et al., 1999). 

Passive diffusion is the most abundant route of membrane penetration in which the rate of 

penetration can be approximated by Fickôs first law of diffusion (equation 2). Diffusion is 

driven by the concentration gradient across the intestinal membrane because the absorbed 

drug is rapidly diluted into a very large volume of blood (Rosenbaum, 2011).  

                                         dAb/dt = Pm · SAm · (Cu1 ī Cu2)                                     (Eq. 2) 

where dAb/dt is the amount of drug diffusing per unit time, Pm the permeability of the 

drug through the membrane, SAm the surface area of the membrane, Cu1 the higher 

unbound drug concentration, and Cu2 the lower unbound concentration. 

On the other hand, carrier-mediated intestinal transport depends on a membrane bound 

protein transporters that associate reversibly with drug molecules at a specific site. 
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Carrier-mediated system is classified into active and passive transport according to the 

concentration gradient of substrate and the involvement of metabolic energy. In active 

carrier-mediated transport, drug molecules are transported against concentration gradient 

using metabolic energy. In contrary, passive carrier-mediated transport is similar to 

passive diffusion as the drug molecules are driven by concentration gradient of the drug 

without utilizing metabolic energy (Cao et al., 2008). Carrier- mediated transport is a 

saturable mechanism and the rate of diffusion is described by Michaelis-Menten equation  

as represented in equation 3: 

ἬἋἪ

dt
=
Vm . Ἃἑἓ 

ἳἵ + Ἃἑἓ
                                         (Eq. 3) 

Where dAb/dt is the rate of drug absorption, Vm is maximum velocity of transport, km is 

constant of michaelis-menten and A is concentration of drug in the site of absorption 

(Rowland and Tozer, 1995). 

Endocytosis is another mechanism of drug transport in which the drug to be absorbed is 

progressively enclosed by a small portion of the plasma membrane, which first 

invaginates and then pinches off to form an endocytic vesicle containing the drug 

molecule. Large drug molecules as proteins are transported by endocytosis (Liang et al., 

2006). 

2.1.3 Factors affecting intestinal absorption 

The gastrointestinal absorption is in reality a complex process determined by many 

factors. The factors that may have impact on the drug absorption are drug formulation, 

physicochemical properties of the drug and physiological properties of the 

gastrointestinal (GI) tract (Martinez and Amidon, 2002; Mudie et al., 2010), as shown in 

Fig. 2.1. Drug properties affecting oral absorption include pka, solubility, dissolution, 

luminal degradation and permeability (Dressmann et al., 1985; Van de Waterbeemd and 

Jones 2003). Physiology related factors composed of gastric emptying rate, intestinal 

transit, motility, gastrointestinal fluid pH, secretion, reabsorption, intestinal blood flow, 

bile secretion, enterohepatic recirculation, and fasted/fed state differences. All of these 

https://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5642/
https://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5923/
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physiological factors may also be conditioned by age, sex, race, and disease (Jamei et al., 

2009; Chillistone and Hardman, 2008). 

Among these factors the abundance and location of enzymes and transporters down the 

gastrointestinal tract (GIT) play an important role in absorption process. Transporter 

expression in the intestine suggests that factors affecting their function will be important 

determinants of oral drug absorption (Oswald et al., 2008; Varma et al., 2010; Giacomini 

et al., 2010). Regulatory elements controlling protein expression, genetic polymorphisms 

leading to increased or decreased function and co-administration with inhibitors are all 

important determinants that alter the ability of transporters to transport substrates 

(Shugarts and Benet, 2009). 

Intestinal absorption studies is not only important to determine oral drug efficacy and 

performance but it is also considered an important aspect for drug-drug and food-drug 

interactions prediction (Jambhekar and Breen, 2009; Lilja et al., 2005). 
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Figure 2.1: Schematic diagram of the steps and factors associated with oral drug absorption. 

Molecular weight (MW), Unstirred water layer (UWL), Cytochrome P450 (CYP), 

UDPGlucuronosyltransferase (UGT), Glutathione S-transferase (GST), Sulfotransferase (SULT), 

apical sodium-dependent bile acid transporter (ASBT), Organic cation transporter (OCT), 

Concentrative nucleotide transporter (CNT), Electroneutral organic cation transporter (OCTN), 

Organic anion transporting polypeptide (OATP), Peptide transport protein (PEPT), P-glycoprotein 

(P-gp), Multidrug resistance protein (MDR), Multidrug resistance associated protein (MRP), Breast 

cancer resistance protein (BCRP), Monocarboxylate transporter protein (MCT), Equilibrative 

nucleoside transporter (ENT), (+) and (_) indicates an increase or a decrease in the rate and/or extent 

of drug absorption, respectively (Huang et al. 2009; Abuhelwa et al., 2017) . 
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2.2 P-glycoprotein (P-gp) 

2.2.1 Structure and mechanism of transport  

P-gp (also known as ABCB1, MDR1) was discovered in 1976 by Juliano and Ling as a 

phosphoglycoprotein expressed in Chinese hamster ovary cells that had been selected for 

resistance to colchicine (Juliano and Ling, 1976). It was then identified as an energy-

dependent dynamic efflux pump that utilizes ATP to drive the efflux of its substrates 

from inside of the cells to the outside by acting as a flippase or hydrophobic vacuum 

cleaner and is therefore currently classed as an ABCB1 member of the ABC transporters 

superfamily (Dean et al., 2001; Gottesman et al., 2002; Aller et al., 2009).  

P-gp, a 170 kDa membrane protein, is a dimer single polypeptide chain consisting of 

1280 amino acids with two transmembrane domains (TMDs) each containing six 

transmembrane helices (TMHs) forming a ring with their total 12 TMHs and two 

nucleotide-binding domains (NBDs) (Gottesman and pastan, 1993) (Fig. 2.2). The TMDs 

provide the transport pathway for a particular substrate, and the NBDs activate the 

transport by ATP hydrolysis. It is believed that this transporter functions through an 

alternate access mechanism involving two different conformations (Hollenstein, et al., 

2007; Van Wonderen et al., 2014). 

 

Figure 2.2: Schematic representation of P-gp structure. TMD= transmembrane domains; TM= 

transmembrane Ŭ-helice; NBD= nucleotide binding domains; ATP= adenosine triphosphate (Palmeira 

et al., 2012). 
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Recently, two research groups produced the X-ray structures of eukaryotic (mouse) Apo- 

and ligand-bound P-gp, enhancing enormously the understanding of the protein structure 

at atomic level (Aller et al., 2009; Ward et al., 2013). 

The P-gp efflux pump seems to undergo a conformational change by a flippase activity in 

response to ligand binding and ATP hydrolysis resulting in release the ligand into the 

extracellular fluid. Drug binding occurs when the protein takes an inward-facing 

conformation observed in P-gp such as those found in mouse and Caenorhabditis elegans 

P-gp X-ray structures resulted in the absence of nucleotide (Aller et al., 2009; Jin et al., 

2012). This is followed by a significant structural change to an outward-facing 

conformation such as the one exhibited by the X-ray structure of Sav1866 with bound 

nucleotide (ADP) (Dawson and Locher, 2006), when drug release takes place (Fig. 2.3). 

This conformational change is energy-dependent process. ATPase activity of P-gp is 

stimulated by the transported drugs and the energy result from ATP hydrolysis is used to 

pump substrates across the cell membrane (Sarkadi et al., 1992). 

 

 

Figure 2.3: Conformational changes of ATP-binding cassette (ABC) exporters. The 3D-structure of 

mouse P-gp in the inward-facing conformation and the homodimer Sav1866 in the outward-facing 

conformation (Martinez and Falson, 2014). 
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2.2.2 Expression and localization of P-gp 

P-gp found in most organisms from bacteria to humans (Ambudkar et al., 2003). P-gp 

was initially studied as an essential mechanism conferring multidrug resistance in cancer 

cells (Bosch and Croop, 1996; Leonard, 2003). Now, it is well established that P-gp is 

expressed not only in tumour cells, but also in numerous normal tissues including the 

apical membrane of epithelial cells of small and large intestine, the bile canalicular 

membrane of liver hepatocytes, and the luminal membrane of proximal renal tubular 

epithelial cells. In addition, it is an important part in bloodïtissue barriers as bloodïbrain 

barrier, bloodïtestis barrier and maternal fetal-barrier of the placenta (Fromm, 2000; 

Demeule et al., 2001; Fricker and miller, 2004; Fromm, 2004). P-gp is also expressed in 

cardiac endothelial cells, thereby limiting drug entry into the heart. There is evidence that 

inhibition or induction of P-gp leads to pronounced drug interactions in humans 

(Westphal, et al., 2000). 

Gao et al., study  the expression of P-gp along the porcine oral-gastrointestinal tract and 

they demonstrated that higher amount of P-gp is expressed in jejunum and ileum 

compared to other GI tract locations. This indicates the importance of studying the role of 

P-gp in the absorption of orally administered drugs as the intestine is the major site of 

absorption (Gao et al., 2014). 

Moreover, there are many factors affect expression of P-gp such as genetic 

polymorphism (Hoffmeyer et al., 2000), age (Cui et al., 2009), and inflamatory 

conditions (Petrovic et al., 2007). In addition, it is possible that P-gp expression is 

induced under a pathological conditions. For example, P-gp overexpression is found in 

many tumor cells transformed from tissues that express P-gp inherently (e.g., colon 

cancer) and in tumor cells transformed from tissues that do not normally express P-gp 

(e.g., breast cancer) after exposure to chemotherapeutic agents (Hochhauser and Harris, 

1991), which contribute to multidrug resistance mechanisms and impairs delivery of 

anticancer drugs to target cells (Hennessy and Spiers, 2007). Therefore, P-gp inhibition is 

an effective strategy for compating multidrug resistance and improving therapeutic 

outcome (Szakacs et al., 2006). A similar observation was found in case of epilepsy, 

experimental data indicate that seizure activity is the main factor upregulating P-gp in the 
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epileptic brain (Volk and Loscher, 2005; Hoffmann et al., 2006; Liu et al., 2007) resulted 

in limit bioavailability of anticonvulsants drug in the brain (Talevi and Bruno-Blanch, 

2013) and fail to control the symptoms condition known as drug resistant epilepsy 

(Zhang et al., 2012). Other studies have shown that HIV exposure within an in-vitro 

intestinal model resulted in increase expression of P-gp in a cell-specific manner, this 

alteration may contribute, in part, to decrease antiretroviral concentrations within the gut-

associated lymphoid tissue of the GI tract in HIV infection (Ellisa et al., 2014). 

2.2.3 Interplay between P-gp and intestinal metabolizing enzyme CYP3A4 

P-gp and CYP450 provide a protective mechanism that prevent accumulation of toxic 

xenobiotic in the body by enhancing there excretion and metabolism. The cytochrome 

P450 (CYP) family of enzymes is responsible for oxidative metabolism of many 

endogenous and exogenous chemicals. Although liver is the main site for CYP-dependent 

metabolism, significant CYP activity also observed in the extrahepatic tissues. In the GI 

tract, mainly in small intestine, CYP enzymes play an important role to the overall first-

pass metabolism of several drugs (Richter et al., 2001;  Kato, 2008).  

Although there are various enzymes in the gut wall which may contribute to gut first pass 

metabolizm (Watkins et al., 1987), CYP3A is the most abundant intestinal metabolizing 

enzymes, they occupy more than 70% of the small intestinal CYP enzymes among which 

CYP3A4 represents the primary type (De Waziers et al., 1990; Benet et al., 1999; Zhang et 

al., 1999). 

The overlap between apical gut efflux transporter P-gp and metabolizing enzymes within 

enterocytes has been well-characterized using in vitro and in vivo systems (Cummins et 

al., 2002; Benet et al., 2003). P-gp and CYP3A4 are co-localized in tissues such as small 

intestine and liver with major importance for drug disposition (Watkins et al., 1987). 

Therefore, studies on the expression and function of P-gp and CYP3A4 along the GI tract 

have been performed to assess the effect of CYP3A4 and P-gp on drug absorption at 

different GI positions (Mouly and Paine, 2003). In addition, most structurally unrelated 

drugs which have been identified as P-gp substrates are also substrates of the major drug-

metabolizing enzyme CYP3A4 (Wacher et al., 1995). Consequently, it was suggested that 



14 
 

P-gp and CYP3A4 are thought to act in concert to prevent entry of orally ingested 

xenobiotics into the body and limit its oral bioavailability (Fig. 2.4) (Benet and Cummins, 

2001; Wacher et al., 2001; Kivisto et al., 2004). 

 

Figure 2.4: Functional interaction between P-gp and CYP3A4 in enterocytes. (1) Absorption of an 

orally administered drug from the lumen of the gastrointestinal tract into the enterocyte. (2) 

Intestinal metabolism via CYP3A4. (3) Efflux of the parent compound and/or its metabolite from the 

enterocyte into the gut lumen via P-gp, which is located in the apical membrane of enterocytes. (4) 

Translocation of drug and/or metabolite across the basal membrane of enterocytes (Fromm , 2003). 

2.2.4 The role of P-gp in the pharmacokinetics 

A comprehensive dissection and understanding of the physiological roles of protein 

transporters is important to evaluate pharmacokinetic parameters of orally administered 

drugs including bioavailability, exposure, clearance, volume of distribution, and half-life 

(Shugart and Benet, 2009). 

P-gp export mechanism plays a protective role that allows P-gp to detoxify cells by 

preventing xenobiotics from entering susceptible organs (Szakacs et al., 2008). In 

contrast to this beneficial effect, P-gp is well identified as one of the main factors that 
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may affect negatively on drug pharmacokinetics (Krishna and Mayer, 2000; Fardel et al., 

2012).  

Pharmacokinetic alterations may occur in drug absorption, distribution, metabolism, and 

excretion (ADME). Expresssion of P-gp in the GIT spacially in the small intestine lead to 

decrease absorption and bioavailability of many oral administered drugs (Varma et al., 

2005; Varma et al., 2010). Drug distribution also affected by P-gp since it functions in the 

blood-brain barrier and prevents brain penetration of many drugs (Mahar et al., 2002; 

Broccatelli et al., 2012). Otherwise, involvement of P-gp in drug metabolism was studied 

since P-gp and CYP4503A have linked functions in liver hepatocytes and intestinal 

enterocytes (Darwich et al., 2010; Pfeifer et al., 2014). In addition, P-gp anticipates in 

drug elimination since P-gp is localized in the bile canaliculi and renal tubules (Shugart 

and Benet, 2009).  

Furthermore, P-gp has been implicated in cellular resistance to anticancer drugs since P-

gp is usually overexpressed in tumor cells and can transport numerous structurally 

unrelated drugs out of the cancer cells, resulting in the multidrug resistance (MDR) 

phenomenon, which is  believed to be the main cause of chemotherapeutic failure (Perez-

Tomas, 2006; Hennessy and Spiers, 2007). Therefore, avoiding P-gp transport is 

interested by oncologic field to improve therapeutic outcome (Choi, 2005).  

Broad substrate specificity of P-gp and its localization in numerous barriers and 

pharmacokinetic related organs, make it an important target for drug-drug interactions. 

When several drugs are co-administered, one of these drugs may alter the ADME of 

another drug due to interact with P-gp and modify its activity, thus leading to undesired 

adverse reactions and toxicity or even decrease therapeutic outcome  (Aszalos, 2007).  

2.2.5 The role of P-gp in intestinal absorption 

The potential role of P-gp as a limiting factor in drug absorption has been the subject of 

many investigations. Both the broad substrate specificity of P-gp and the strategic 

localization of this transport protein at the brush border in the intestinal mucosa may be 
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critical factors providing an active barrier against efficient absorption of many toxic 

substances and also various clinically important drugs (Hunter et al., 1993). 

The clinical role played by P-gp on absorption is usually studied by observing the effects 

of P-gp altered activity, either in people who have genetically determined low activity of 

P-gp or who using chemical modifiers (inhibitors and inducers) of P-gp. These studies 

have revealed many interesting and important characteristics of P-gp. 

Dahan and Amidon, examined the effect of intestinal P-gp in the proximal jejunum and 

the distal ilium segments of intestine on two compounds, famotidine and cimetidine using 

in situ intestinal perfusion model in rats. The results of this study showed different 

famotidine and cimetidine permeabilities in these segments with significantly decreased 

permeability seen in the distal segment compared to the proximal segment, corresponding 

to the higher P-gp expression observed in the distal segment. However, inhibition of P-gp 

by verapamil led to a significant increase in permeability for both compounds in the distal 

ileum segment, while no significant difference was seen in the proximal jejunum (Dahan 

and Amidon, 2009). 

Otherwise, a human clinical study by Greiner et al. showed that induction of P-gp by 

rifampin decreased the absorption of orally dosed digoxin, even though digoxin is not 

metabolized by CYPs in humans (Greiner et al., 1999). 

Recently, Choi and Song study the effect of P-gp in pharmacokinetics of orally 

administerd phenformin in the presence and absence of verapamil. The data suggested 

that verapamil increase phenformin absorption as  Cmax and AUC  of phenformin 

increased due to increasing plasma  concentration (Choi and Song, 2016). 

Inhibitors of intestinal P-gp have been found to increase the absorption of many drugs, 

which in some cases (e,g., digoxin) can lead to toxicity. On the contrary, inducers of P-

gp, such as rifampin, can reduce the absorption of P-gp substrates and in some cases (e.g., 

cyclosporine) can lead to dangerously low subtherapeutic blood concentrations of a drug.  

(Greiner et al., 1999; Valizadeh et al., 2012). 
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2.2.6 P-gp substrates 

P-gp substrates identification is fundamental for early ADMET screening, as 

recommended by FDA guidances due to the essential role of P-gp in pharmacokinetics, 

toxicokinetics, and toxicity of many clinically important drugs (FDA, 2012). 

P-gp is a highly flexible protein recognizes large numbers of chemically and structurally 

unrelated compounds and pump them out of the cellular membrane. This polyspecificity 

of P-gp suggests the existance of multiple binding sites with different affinities for 

distinct compounds, although this still remains poorly understood (Globisch et al., 2008; 

Gutmann et al., 2010; Liu et al., 2013; Sharom, 2014; Wong et al., 2014; Chufan et al., 

2015). 

P-gp substrates are usually organic molcules with size range from 400Da to 1900Da. The 

highest number of compounds are unionized or weakly basic and some are acidic in 

nature (Mizuno et al., 2003; Fromm, 2004). In addition a number of researches indicate 

that many diverse molcules sharing a marked hydrophobicity are transported by P-gp 

(Szakacs et al., 2006). On the other hand, experimental data shown that P-gp active site 

comprises mainly hydrophobic and aromatic residues (Aller et al., 2009). This explains 

why lipophilicity is correlated with P-gp substrate-likeness and indicate that substrate 

binding is stabilized by lipophilic and stacking interaction between aliphatic and aromatic 

P-gp residues surrounding the molcule. This is also supported by Palestro et al. when they 

study saquinavir binding into P-gp and the result shows that binding affinity is due to 

lipophilic nature of P-gp aromaic residues (Palestro et al., 2014). 

Moreover, P-gp recognizes a number of endogenous physiological compounds and 

exogenous drug compounds. Endogenous substrates are such as steroids, lipids, bilirubin 

and bile acids (Liang et al., 2015). However exogenous substrates include numerous 

drugs as digoxin, fexofenadine, indinavire, vincristine, colchicine, topotecan, paclitaxel 

(FDA, 2016) and other anticancer drugs (Bansal et al., 2009). P-gp is also responsible for 

efflux of many ɓ-blockers as labetalol (Abushammala et al., 2006), propranolol 

(Abushammala et al., 2012), and acebutolol (Terao et.al, 1996). Beside physiological 
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compounds and drugs, some environmental chemicals, to which human are commonly 

exposed, are also substrates of P-gp (Fardel et al., 2012). 

2.2.7 P-gp inhibitors and inducers 

P-gp inhibitors have been intensively studied as potential MDR1 reversers.  There is 

evidance that P-gp inhibition has a great impact on absorption and disposion of its 

substrates (Lin, 2003). However, inhibition of this protein may potentiate drug-drug 

interaction but target inhibition is considered a tool for improve drug therapy as it allows 

drug penetration through different tissue barriers that express P-gp. It also a potential 

strategy to reverse drug resistance as in anticancer (Pleban and Ecker, 2005) and 

antiepileptic drugs (Aronica et al., 2011).. 

P-gp inhibitors are classified into four generations depending on their potency, selectivity 

and drug-drug interaction potential, and not according to a chronologic development. The 

first and second generation inhibitors can exert therapeutic effects other than P-gp 

inhibition but second generation derivatives underwent structural modification which 

decrease its therapeutic activity and increase P-gp inhibitory activity. Examples of first 

generation are verapamil and cyclosporine A, however, dexverapamil and dexniguldipine 

belong to second generation. The third generation include inhibitors with the highest 

selectivity and affinity to P-gp at nanomolar concentration such as tariquidar. Finally, the 

fourth generation includes compounds extracted from natural origins and their 

derivatives; surfactants and lipids; peptides and dual activity agents which obtained by 

diverse strategies for P-gp inhibition (Palmeira et al., 2012).  

Another strategy for P-gp inhibition is the usage of anti-P-gp monoclonal antibodies such 

as MRK16 (Ushigome et al., 2000). In addition, RNA interference technology which 

target the gene expression itself is a novel approach for selective P-gp inhibition (Nieth et 

al., 2003; Pichler et al., 2005). 

On the other hand, several drug delivery systems such as nanoparticles and liposomes are 

able to bypass P-gp efflux pump. Therefore, co-administration with anticancer drugs 
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result in increase accumulation inside target cells and it also act as reservoir for both 

inhibitors and drugs for sustained therapeutic effect (Montesinos et al., 2012). 

In contrast, other studies used P-gp inducers as dexamethasone, St. Johnôs Wort 

(Jambhekar and Breen, 2009), and rifampin (Putnam et al., 2005) to evaluate the effect  

of P-gp in absorption phase of P-gp substrate. However, minor researches performed  in 

this field as P-gp inducers decrease bioavailability and absorption of P-gp substrates 

which have no application in clinical therapy.  

2.3 Models for studying intestinal drug absorption 

Since drug absorption potential has become a more important criterion for decisions 

about drug development early in the drug discovery process there is a need for reliable 

screening methods to assess intestinal drug absorption.  The panel of techniques used for 

the prediction of intestinal absorption is very large including physicochemical models, in 

silico computational models, in vitro models (cell-based and tissue based), in situ models 

of intestinal perfusion and in vivo models (Bohets et al., 2001; Liu and Hu, 2002; 

Fagerholm, 2007; Zhou et al., 2012; Sjogren et al., 2013). 

As the intestinal absorption process depends on a multitude of parameters (Jamei et al., 

2009), the determination of intestinal permeability of compounds rarely determined in a 

single universal model accounting for all these parameters. Therefore, combination of 

different models which vary from low throughput to high throughput screening have been 

established in order to obtain better insight in intestinal drug absorption (Chan et al., 

1997; Lennernas, 2007). 

It is clear that intestinal absorption study is difficult to be directly performed in human. In 

addition, whole animal studies cannot be used as a screening tool in an early development 

stage. On the other hand, a rapid time and resource sparing technology to predict human 

oral absorption has been a goal of biopharmaceutical scientists for generations (Bohets et 

al., 2001). Hence, information with the in silico, in vitro, in situ and other models can be 

implemented in human exposure models to a more optimized and realistic health risk 

assessment. 
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Among these methods in situ intestinal perfusion technique is one of the most frequently 

used technique which provides conditions closed to what is faced following oral 

administration in vivo (Ho et al., 2008; Dezani et al., 2016). 

2.3.1 In silico models  

In silico models can help optimizing chemical synthesis early in drug discovery process 

since computational methods can lead to the prediction of intestinal absorption based on 

the relationships between the structural characteristics of drug, the formulation factors 

and human physiology to simulate the GI absorption of an orally administered drug 

(Sugano, 2009). A more accurate prediction of fraction absorbed (Fa) can be obtained by 

feeding these models with other in vitro (Caco-2) or in situ intestinal perfusion models. 

Several theoretical models of correlation and classification have been developed to study 

characteristics of passive permeability (Hou et al., 2006). In silico predictions involve 

approaches from relatively simple quantitative structure-activity relationships (QSAR) to 

the use of complex physiologically based pharmacokinetic and/or pharmacodynamic 

models (Dokoumetzidis et al., 2007; Saito et al., 2010; Ishikawa et al., 2012; Lu et al., 

2016).  

The approach used for model building, to be valid, should be based on experimental data 

that were obtained for a wide range of structurally diverse compounds (training set). 

However, the current in silico methods are not as reliable as experimental models, one of 

the most critical issues for the successful prediction of absorption is how active processes 

should be modeled. In addition, these models is used as a general tool to minimize the 

time and cost to select potential candidates and also to complement the biological 

screening and optimization processes because there is no need to synthesize compounds 

(Stenberg et al., 2000; Ekins et al., 2000; Podlogar et al., 2001; Sjogren et al., 2016). 

2.3.2 In vitro models 

In vitro techniques are simple and convenient to perform. It is easy to control the 

experimental conditions and environment, and the results are reproducible. In addition, 

they reduce or replace the use of laboratory animals which give benefits in term ethical 
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considerations compared to in vivo animal studies (Polli, 2008; Gaspar and Duncan, 

2009).  

Various in vitro methods are used routinely to assess the absorption potential in early 

drug discovery. The success of these models to determine the intestinal absorptive 

potential and absorption mechanism of a compound depends on how closely the model 

mimics the conditions existing in human intestine. Although it is very difficult to develop 

a single in vitro system that can simulate all the characteristics of the intestinal mucosa, 

various systems have been developed which, to varying degrees, mimic the 

characteristics of the intestinal mucosa (Balimane et al., 2000). Therefore, a combination 

of in vitro models have been used to accurately predict the absorption potential in human 

rather than a single in vitro model (Cheng et al., 2008).  

In vitro models available to study intestinal absorption are cell-culture based models 

(Caco-2), and excised animal tissues (ussing chambers) (Ungell and Karlsson, 2003; 

Hämäläinen and Frostell-Karlsson, 2004; Miret et al., 2004).  

Caco-2 cell line, a popular cell culture based in vitro model, is derived from colon 

carcinoma cells (Hunter et al., 1990). These cells differentiate spontaneously in culture 

without supplementation of differentiating factors forming monolayers of mature 

intestinal enterocytes which act as intestinal barrier model for in vitro toxicology studies 

(Artursson et al., 2001; Sambuy et al., 2005). 

 

Figure 2.5: The Caco-2 cell permeability method (Liu et al., 2016). 
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Although these cells express a large number of enzymes and transporter proteins which 

was showed to be closer to that of the human small intestine rather than to that of the 

normal colonocytes (Englund et al., 2006), the expression of most drug transporters in 

Caco-2 cells is lower than human enterocyte (Seithel et al., 2006). Another recent study 

suggested that there are variations between gene expression profiles of transformed 

epithelial cell lines like Caco-2 and normal human intestinal epithelium (Bourgine et al. 

2012 ). 

Caco-2 cell monolayers have been used for studying active intestinal transporters such as 

drug efflux by P-gp and thus led to studying the role of P-gp in intestinal drug absorption 

as well as testing diverse drug classes as P-gp substrates (Tanaka et al., 1996; Walle and 

Walle, 1998; Alsenz et al., 1998; Hochman et al., 2000). However, Caco-2 cells lack 

expression of some major drug metabolizing enzymes such as CYP3A4 which is abundant 

in human enterocyte and often plays a role in intestinal drug metabolism, these cells have 

been used to study the activity of CYP450 by transfection with the CYP450 gene and 

stimulation by butyrate or treatment of Caco-2 cells during culture with 1a,25-

dihydroxyvitamin D3 to obtain an increase in CYP3A4 mRNA and protein which useful 

for examination of newly developed pharmaceuticals (Cummins et al., 2001; Schmiedlin-

Ren et al., 1997). 

In spite of the high implementation of Caco-2 cell model in pharmaceutical and 

toxicological fields, several limitations have been reported. First of all the reproducibility 

of the cells in which different culture-related conditions, such as the type of animal serum 

used, the supplements added to the culture media, the passage number and the source of 

the clones increase the intrinsic variability of the Caco-2 cells utilized in the different 

laboratories making difficult to compare results between laboratories (Sambuy et al., 

2005; Zucco et al., 2005). Secondly, the absence of mucus layer and the presence of 

unstirred water layer in Caco-2 cells may act as a barrier for lipophilic drug transport 

(Hidalgo et al., 1991). In addition, quantitative underexpression of important transporters 

has been reported in Caco-2 cells compared to that in vivo. For example, some substrates 

of dipeptide transporters such as ɓ-lactam antibiotic (cephalexin, amoxicillin) were 

poorly permeable across Caco-2 cells despite the fact of completely absorbed in human 
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(Balimane et al., 2000). So that, in extrapolating data from such in vitro models to the in 

vivo situation should be with cautions. 

In conclusion, despite the above mentioned limitations, Caco-2 cells is a widely used for 

screening purpose to predict the intestinal absorption potential of new drugs. 

2.3.3 In situ models 

Many diverse intestinal perfusion techniques have been used as absorption models over 

the years. In situ models offer many advantages which overcome the principal limitations 

of in vitro methods such as Caco-2 or ussing chambers. Although the animal has been 

anaesthetized and surgically manipulated in the in situ methods, neural, lymphatic and 

mesenteric blood supplies remain stable with expression of enzymes and transporters as 

in a live animal (Holmstock et al., 2012). Therefore, more realistic absorption rates are 

obtained and comparable to those calculated from blood concentration data in human 

following oral drug administration (Ruiz-Balaguer et al., 1997). 

A fundamental point regarding the in situ intestinal perfusion method is that the rat model 

has been demonstrated to correlate with in vivo human data (Fagerholm et al., 1996; 

Chiou  and Barve, 1998; Salphati et al., 2001). Amidon et al. have demonstrated that 

intestinal perfusion method can be used to predict absorption for both passive and carrier-

mediated substrates (Amidon et al., 1988). In addition, the model can be used to examine 

concentration dependent saturable transport processes, as well as overall contribution of 

paracellular transport to drug absorption (Abushammala et al., 2006).  

The main advantage of this model is that the experimental technique is simple, 

inexpensive, utilizes readily available laboratory equipment, experimental data result 

from a single animal suitable to provide complete quantitative kinetic analysis with 

minimal animal to animal variation of the kinetic results (Zakeri-Milania et al., 2007). It 

is also relatively robust when compared to cell culture Caco-2 model (Salphathi et al., 

2001). 

In situ rat intestinal perfusion is available to investigate drug absorption rate in which the 

dynamics of absorption process were studied by measuring drug disappearance from the 
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intestinal lumen following a single pass or continuous recirculation of the drug solution. 

However, it is important to know that if significant intestinal metabolism occurs or if the 

drug extensively accumulates in intestinal tissue, drug disappearance from the intestinal 

lumen will not reflect drug appearance into the blood or drug absorption.  Therefore, 

several modifications of the in situ technique have been developed for accurately reflects 

drug absorption from the intestinal lumen. 

Sampling from the mesenteric vein is performed, in order to obtain a direct measure of 

drug absorption from in situ perfusion experiments. In addition, pharmacokinetic analysis 

of differences between drug disappearance rate from intestine and drug appearance in the 

portal circulation indicate the intestinal metabolism of the drug (Mols et al., 2009; 

Holmstock et al., 2012). By moving the sampling location from the portal vein to the 

hepatic vein, additional information about liver first-pass metabolism can be obtained. 

Many considerations should be taken into account when using in situ techniques. The 

choice of anesthetic must be with caution as it has been demonstrated that anesthesia can 

have significant effects on intestinal drug absorption (Yuasa et al., 1993). Another 

consideration is the volume of the luminal drug solution as water absorption and 

secretion during the perfusion may provide errors in the luminal concentrations and 

therefore in the measured absorption. This necessitates the co-perfusion of a non-

absorbed marker such as radiolabelled polyethylene glycol (PEG) 4000, inulin or 

mannitol, and fluorescent markers, such as lucifer yellow (Fagerholm et al., 1996).  

Otherwise, in situ rat intestinal perfusion is time consuming technique so it is not suited 

for screening purposes.  Nevertheless, the model is widely used for the selection of drug 

candidates and to confirm results obtained from in vitro models of drug absorption, such 

as Caco-2, which lacks certain features (e.g. mucus layer) that may influence drug 

absorption. For example, the enhanced absorption of the antiviral agent adefovir when 

administered as the prodrug adefovir dipivoxil was demonstrated in Caco-2 monolayers 

and this effect was confirmed with in situ perfused rat (Annaert et al., 2000). In addition, 

a high correlation between effective permeability values determined in rat and human 

jejunum has been observed (Fagerholm et al., 1996).   
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2.3.3.1 Intestinal Perfusion Techniques 

The evolution of steady, vascularly perfused preparations of the small intestine has 

proved an effective research tool for the investigation of intestinal drug absorption, 

transport, and metabolism. This model is simple and surgical process is available in 

which the abdominal cavity of an anaesthetized animal is exposed by laparotomy. The 

intestinal segment into which drug is perfused can be either óclosedô or óopenedô (Liu et 

al., 2016). 

In closed loop model originally proposed by Doluisio et al., a drug solution is introduced 

in an isolated segment of the intestine and absorption is measured by disappearance of the 

absorbed drug from the gut which is observed by analyses the resultant luminal solution 

at pre-determined points (Doluisio et al., 1969; Hasegawa et al., 1996). 

Rats in closed loop method, weighing 250-350 g, are fasted overnight and allowed free 

water access. The rats are anaesthetized, placed on a heating pad to maintain a constant 

temperature of 37
o
C and midline incision of the abdomen is performed to identify the 

small intestine. The chosen loop of the gut is isolated, cannulated, and perfused with drug 

solution then returned to the abdomen to allow absorption to occur at body temperature. 

Measured portion of the solution are taken for analysis and compared with standard stock 

solution. It is important to keep a adequate blood intact during surgery and to keep the 

exposed segment moist with saline maintained at body temperature (more detail about the 

method is discussed in chapter 3, section 3.4). 

On the other hand, dynamic modifications of this approach involving recirculation of the 

drug solution by which the intestine is connected to a peristaltic pump at both ends to 

form a loop to simulate the in vivo movement of intestinal luminal fluid. As a result, the 

probability of absorption is significantly increased due to longer retention time of drug 

solution in the intestinal lumen (Svensson et al., 1999; Grassi and Cadelli, 2001). 

In the open loop or ñthrough and throughò, described by Higuchi and collaborators is 

designed to evaluate drug absorption with continuous fluid flow down the intestine 

(Higuchi et al., 1983). The experimental procedure is similar to that described in closed 

loop model. However, in this model infusion pump providing continuous perfusion of 
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drug solution through the duodenal cannula and perfused solution collected from the ileal 

cannula at flow rate of between 0.1 and 0.3 mL/min (Fagerholm et al., 1996; Stewart et 

al., 1997). 

Figure 2.6: Schematic diagram of intestinal perfusion, A: circular perfusion method with peristaltic 

pump, B: single-pass intestinal perfusion with peristaltic pump (Liu et al., 2016). 

 

Furthermore, both closed and opened loop techniques allow absorption to be measured 

separately at different segments of rat intestine, jejunum, ileum, and colon. As a result, 

the model can be used to reduce the number of animals utilized for segmental dependent 

permeability research without affecting the quality of data obtained (Hu et al., 1998; 

Kataoka et al., 2006; Dahan et al., 2009). In this type of experiments the original rat 

model has been adapted in which the upper small intestine and colon of rats were 

perfused simultaneously and samples were collected (Tang et al., 2012). 

 

2.3.3.2 Modification of intestinal perfusion techniques 

Regarding a crucial role of both intestine and liver in the systemic availability of orally 

administered drugs, a number of modifications to the original method have been 

developed to obtain a more realistic, complete pharmacokinetic analysis of drug 

absorption. 
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One modification includes the process of intestinal perfusion with venous sampling. The 

methodology involves perfusion of an isolated segment with cannulation of the 

mesenteric vein that is draining the blood from the perfused intestinal segment. The 

method is performed using either closed-loop or open-loop intestinal perfusion model 

(Singhal et al., 1998; Mellaerts et al., 2008). 

Although this approach is more complicated, it allows direct measure of drug absorption. 

In addition, pharmacokinetic analysis of drug samples collected from the mesenteric vein 

can give indication about the intestinal metabolism without interference with hepatic 

first-pass metabolism by comparing the differences between drug disappearance rate in 

the intestinal lumen and drug appearance rate in the portal circulation (Okudaira et al., 

2000). 

Furthermore, this technique has been used to investigate the impact of co-administered 

metabolites or efflux inhibitor on the intestinal metabolism (Johnson et al., 2003). 

Effective permeability (Peff) of K77, a substrate for both P-gp and CYP3A, based on 

luminal disappearance rate was higher than Peff estimating from the mesenteric vein 

sampling which indicate significant intestinal metabolism. This result was confirmed by 

co-administration of GG918, a selective P-gp inhibitor, in which higher Peff was observed 

with examining the mesenteric vein samples (Cummins et al., 2003). 

One drawback of this method is that once blood flow from the mesenteric vein is 

established, substantial volumes of donor blood is infused at the same rate via infusion 

through a jugular vein cannula to keep the blood volume of the animal constant (Mols et 

al., 2009). 

A further modification of intestinal perfusion techniques is the cannulation of portal and 

hepatic veins for portal and systemic sampling respectively. This approach is particularly 

useful for evaluation the relative contribution of intestinal versus hepatic first-pass 

metabolism (Gardemann et al., 1992). 
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Figure 2.7: Possible sites for vascular cannulation in rat during the experimental procedures of 

different intestinal perfusion techniques (Ehrhardt and Kim, 2008). 

 

In spite of the fact that there are numerous in vitro and in situ models to predict 

absorption and permeability in small intestine, there is less familiarity concerning the 

large intestine (Tannergren et al., 2009). Recently, Lozoya-Agullo et al., developed and 

validated in situ technique in rat colon based on Doluisio method to check the 

applicability of the rat colon model for controlled release drug screening (Lozoya-Agullo 

et al., 2015). 
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2.3.3.3 Rats as a model for intestinal absorption study 

Animal models are used as an alternative tool for prediction of human drug absorption. 

The animal models used for experimental research are either small animals such as rats, 

mice, guinea pigs and rabbits or large animals such as dogs, goat and primates. Generally, 

mammals have similar anatomy, physiological, biochemistry and cellular structure to 

human but have different size and appearance. Small mammals are considered as 

physiological models for large mammals for prediction pharmacokinetic characteristic of 

drugs (Mordenti, 1991).  

For intestinal absorption study, understanding the similarities and differences in 

absorption capacity and GI physiology between species is helpful when predicting the Fa 

in humans. Although intestinal mucosal membranes are comparable across species 

(Chiou and Buehler, 2002), expression levels of drug transporter proteins and intestinal 

metabolizing enzymes could differ among these species (Chiou and Barve 1998; Cao et 

al 2006). 

Upon comparing the intestinal physiology of rats to humans, rats have shorter small 

intestinal length (0.8 vs. 7m), radius (0.18 vs. 1.75 cm) and transit time (1.5 vs. 3 h). 

However, similar intestinal pH and total bile salt concentration were reported (Davies and 

Morris 1993; Kararli 1995). Furthermore, rats and humans have similar levels of 

expression of small intestinal transporters and drug absorption profiles for compounds 

that undergo active transport (Cao et al., 2006). 

Cao et al. studied oral bioavailability and intestinal permeability in both human and rat 

for a number of drugs having different absorption mechanisms. No correlation was 

observed in the bioavailability between rat and human, while a correlation was found 

with R
2
 = 0.8 between human and rat intestinal permeability of drugs with both carrier-

mediated absorption and passive diffusion mechanisms. Based on these observations, it 

was concluded that perfusion permeability data from rats could be used to predict drug 

absorption from the human small intestine after oral dosing (Cao et al., 2006). 

Another study was performed by Salphathi et al. for the estimation of effective 

permeability for 14 compounds using different techniques. The rat in-situ single pass 

intestinal perfusion technique provided a greater correlation with intestinal absorption in 

man than other techniques like Caco-2 cell lines (Salphati et al., 2001).  
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Similar results were shown by another study which also used single-pass intestinal 

perfusion in rats for permeability estimation. A strong correlation was found between rat 

and human permeability coefficient (Peff) with R
2 
= 0.93. Subsequently, the fraction dose 

absorbed in human (Fa) was estimated and predicted after oral dosing and also high 

correlation was observed between rat and human (R
2 
= 0.91) (Zakeri-Milani et al., 2007). 

Therefore, rat is considered acceptable animal model for prediction of the human 

intestinal permeability and fraction of dose absorbed following oral administration of 

drugs especially when intestinal perfusion technique is applied. 

2.3.4 In vivo models 

In vivo human studies are generally considered a reference technique for estimation of 

absorption or other pharmacokinetics. However, these studies give more accurate and 

reliable results, it cannot be used routinely during drug development and evaluation due 

to complexity, high cost, and ethical issues associated with it. There are various isolated 

intestinal perfusion techniques reported in human to evaluate drug absorption and 

bioavailability including open, semi-open, or closed loop during surgery, colorectal 

perfusion, and colonic load via endoscope (Knutson et al., 1989; Raab et al., 1992; 

lennernas et al., 1992; lennernas et al., 1997). 

In vivo evaluation of drug absorption in laboratory animals can be estimated from 

bioavailability studies in which bioavailability can be calculated from the ratio of the 

plasma AUC after oral and IV administration. Furthermore, the absorption process is 

basically an interaction between the drug and biological membrane. Regarding to this 

fact, permeability and absorption across the GIT should be similar across species due to 

similar membrane metabolism. However, due to differences in physiological factors such 

as pH, GI motility, transit time, and transporters expression, extrapolation of animal data 

to human should be performed with caution (Balimane et al., 2000). 
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2.4 Acebutolol Hydrochloride (ACH) 

ACH is a selective ɓ-adrenergic receptor antagonist, it has been greatly used worldwide 

for many years. It possesses intrinsic sympathomimetic activity, membrane stabilizing 

effect, and cardioselectivity (Borchard, 1998). ACH and other ɓ-blockers exert there 

function by competitively antagonize the action of catecholamine neurotransmitters 

epinephrine and norepinephrine through there structural similarities which leads to 

decrease heart rate, strok volume, and cardiac output (Harvey, 2012a).  

ACH has been widely used in the management of hypertension, angina pectoris and 

cardiac arrhythmias (Martindale, 2009). In addition, recent clinical studies suggest ACH 

as a first-line treatment of infantile subglottic hemangiomas due to its advantages in 

terms of administration as ACH could be easily administered in oral form twice-a-day 

only with a dose that was adaptable according to the weight of the child and showed no 

side effects (Blanchet et al., 2010). 

ACH is well tolerated as most adverse reactions are mild and donôt require 

discontinuation of therapy. Reported side effects such as dizziness, headache, fatigue, and 

GI upset which are a common side effects to all ɓ-blockers. However, overdose of ACH 

assiociated with serious side effects include extreme bradycardia, advanced 

atrioventricular block, hypotension, sever congestive heart failure, bronchospasm, and 

hypoglycemia (De Bono et al.,1985; Harvey, 2012a). In addition, antinuclear antibodies 

(ANAs) and systemic lupus erythematosus were detected in hypertensive patient treated 

with ACH (Burgess N., 1981). Reports of acebutolol-induced subacute cutaneous lupus 

erythematosus were rare (Fenniche et al., 2005). 

Clinical studies regarding the safety of chronic use of ACH in the treatment of cardiac 

arrhythmias demonstrated that ACH has long-term safety profile and its use at effective 

antiarrhythmic doses do not incur a serious risk of proarrhythmic response, myocardial 

depression, or bronchospasm (OôReilly, 1991).  
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2.4.1 Physicochemical properties of ACH 

ACH is a chiral, ɓ-adrenoreceptor blocking agent chemically described as N-[3-acetyl-4-

[2-hydroxy-3-(propan-2-ylamino)propoxy]phenyl]butanamide hydrochloride, having 

structural formula shown in Fig. 2.8. ACH is always present as hydrochloride salt with 

chemical formula C18H28N2O4.HCl (BP, 2013a). 

 

Figure 2.8: Chemical structure of ACH (BP, 2013a) 

 

ACH is optically active and is available in dosage forms as racemic mixture, although its 

ɓ-blockade activity resides predominantly with S-enantiomer (Piquette-Miller et al., 

1991). 

The structural diversity among drugs belong to ɓ-blockers group results in highly 

diversed physicochemical and pharmacological properties. However,  for the function of 

a ɓ-blocker it's essential for the compound to contain two characteristic groups in their 

structure alkanolamine and aromatic ring. Alkanolamine responsible for there alkaline 

properties while aromatic ring responsible for their lipophilic character (Drayer, 1984; 

Labrid et al., 1989). 

ACH (a hydrochloride salt) is white or almost white, crystalline powder which is freely 

soluble in water and in ethanol (96%), very slightly soluble in acetone and in methylene 

chloride. The salt has a molocular weight of 372.9 g/mole and its melting point is about 

143
o
C (BP 2013). ACH is relatively hydrophilic with an octanol: buffer distribution 

coefficient of 0.7 (Woods and Robinson 1981; Arendt et al., 1984).  
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ACH stability was studied in different pH media and results indicate that ACH is 

susceptible for degradation in both acidic and basic environment (Krzek and Kwiecien, 

2006; Kwiecien and Krzek, 2008). 

There are many identification techniques used to examine ACH including ultraviolet 

absorption spectrophotometry within spectra range 220 ï 350 nm, infrared absorption 

spectrophotometry, and thin layer chromatography (BP, 2013). 

2.4.2 Pharmacokinetic properties of ACH  

ACH is absorbed from the GIT following oral administration with AUC 37% of IV 

equipotent dose and peak plasma concentration occur within 2-4 h (Singh et al., 1986; 

Gulaid et al., 1981). 

In human, absolute bioavailability of ACH is approximately 35-50% of oral doses due to 

significant hepatic first-pass metabolism. It is metabolized first to primary amine by 

hydrolysis of its butyramide group then undergoues N-acetylation to give a major 

metabolite diacetolol (DA) that possesses pharmacologic properties similar to those of 

the parent compound (Gulaid et al., 1981; Roux et al., 1983a). There is evidence that 

ACH is a substrate for the efflux transporter, P-gp, which may also contribute to its low 

bioavailability (Terao et al., 1996).  

Approximately 11-19% of ACH bound to plasma proteins (Coombs et al., 1980). Low 

concentration of ACH was observed in CSF due to less BBB penetration as it is relatively 

hydrophilic and this explains why ACH has less CNS side effects compared to other ɓ-

blockers (Zaman et al., 1981). ACH appeared to be eliminated from plasma in a two 

compartment model and this was confirmed from urinary excretion rate data initial and 

terminal half lives of ACH about 2 and 11 hrs respectively (Gulaid et al., 1981). ACH 

and DA are eliminated by both urinary and faecal routes. Furthermore, they have been 

observed in human bile and saliva. The urinary excretion of ACH and DA represents 20-

30% of the administered dose (Gulaid et al., 1981; Gabriel et al., 1981; Zaman et al., 

1981).   
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2.4.3 Pharmacokinetic studies of ACH 

ACH exhibits multiple peaks in plasma concentration time curves after oral 

administration to rats, the first peak at about 0.25 h and the second at about 1.5 h 

(Mostafavi and Foster, 1998). This phenomenon has been reported for many structurally 

diverse compounds such as pafenolol, cemitidine, and veralipride and attributed to many 

causes (Lennernas and Regardh 1993; Mummaneni et al., 1995; Plusquellec et al., 1987). 

Interestingly, the absence of  multiple peaks from the rat after IV and IP dose of ACH 

suggests involvement of the GIT (Mostafavi and Foster, 1998). 

Other study was performed on rats to explain the multiple peak phenomenon of ACH by 

studying the effect of bile, food, route of administration and intestinal metabolism on the 

pharmacokinetics of ACH. The results of the study shown that ACH was absorbed more 

rapidly after Ip dose than oral dose, but the t1/2 values were not significantly different 

among the various routes of administration (IV, IP, and oral). IP dose has higher 

bioavailability compared to oral dose and this might have related to higher portal 

concentration after IP doses, causing saturation of liver enzymes. Food-induced 

decreased in AUC value of ACH in fed rats, so that fed rats were shown absolute 

bioavailability lower than fasting rats but no effect on peak plasma concentration (Cmax) 

or time to Cmax (tmax) was observed. Bile duct ligation has no effect on the absorption 

pattern of ACH. In addition, intestinal metabolism of ACH was not observed (Piquette-

Miller and Jamali 1997). 

Otherwise, active secretion of ACH across the gut by efflux transporter (P-gp) has been 

reported (Terao et al., 1996) but there is no study describes to which degree this efflux 

transporter affect the absorption and bioavailability of ACH.  

On the other hand, pharmacokinetics of ACH after oral administration is time-dependent 

kinetics due to lack of predictability following repeated dosing based on single dose data 

because after multiple oral administration it was observed that ACH accumulates to a 

higher extent than that predicted by linear pharmacokinetics which may suggest a 

saturable first-pass metabolism. on the contrary, the pharmacokinetic parameters of ACH 
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at steady state after IV administration could be predicted by using the single dose data 

(Mostafavi and Foster 1998). 

Other study was performed to investigate the saturable absorption of ACH by increasing 

the dose of ACH to 250-fold through the everted gut segment in rat. No alteration in the 

absorption kinetic of ACH was observed with increasing the dose which ruling out the 

possibility of saturable absorption (Piquette-Miller and Jamali, 1997). 

The effect of age on the pharmacokinetic parameters of ACH was investigated in 

hypertensive aged patients (age: 79.4 ± 3.8 years) and in young healthy subjects (age: 

23.4 ± 0.7 years) after intravenous (0.35 mg.kg
-1

 bolus) and oral administration (400 mg). 

After IV  administration Vd and Cl  decreased significantly in elderly (1.5 L.kg
-1

; 6.2 

mL.min
-1

.kg
-1

) compared to young subjects (2.4 L.kg
-1

; 8.8 mL.min
-1

.kg
-1

). After oral 

administration Cmax and AUC increased significantly in elderly (28.03 µg.mL
-1

; 163.1 

µg.h.mL
-1

) compared to young subjects (9.68 µg.mL
-1

; 57.5 µg.h.mL
-1

). ACH and DA t1/2 

was significanly higher in elderly patients (11.6 h; 14.8 h respectively) than young 

subjects (7.2 h, 12 h respectively). These data suggest a possible accumulation of ACH 

and DA in elderly, propably due to decreases in the first-pass metabolism and renal 

function (Roux et al., 1983b). 

The influence of renal failure on plasma levels and urinary excretion of ACH and DA  

has been studied in 22 subjects following acute IV and chronic oral administration of 

ACH with glomerular filtration rate (GFR) between 3 and 127 mL.min
-1

. ACH mean 

elimination t1/2 was about 10 h independent on degree of renal impairment. DA t1/2 and 

AUC  increased from (12.8 h; 14.2 mg.h.L
-1

. respectively) in subjects with normal renal 

function (GFR > 90mL.min
-1

) to (24 h, 81.4 mg.h.L
-1

.min
-1

 respectively) in subjects with 

renal failure (GFR < 10 mL.min
-1

). It is concluded that renal elimination is the main route 

of DA excretion but not the parent compound (ACH) thus considerable accumulation of 

DA in the presence of different degrees of renal impairment which has about the same 

activity as the ACH. Therefore, it is necessary to reduce the dose of ACH in the presence 

of renal impairment (reduction by half of the normal daily dose in patients with GFR 

between 30 and 10 mL.min
-1

 and by three quarters when GFR less than 10 mL.min
-1

) 

(Kirch et al., 1982). 
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The effect of hepatic dysfunction was investigated using animal and human models. The 

pharmacokinetics of ACH in rabbits with moderate and sever carbon tetrachloride-

induced hepatic failure were studied. The plasma concentration of ACH and DA 

increased significantly in rabbits with induced hepatic failure compared to normal rabbits. 

In normal rabbits ke was (0.118 ± 0.031 h
-1

) but in rabbits with moderate and sever 

hepatic failure it decreased significantly (0.079 ± 0.021 h
-1

 and 0.071 ± 0.038 h
-1

). Vd in 

normal rabbits (3.78 ± 0.82 L.kg
-1

) is decreased significantly in rabbits with moderate and 

sever hepatic failure (2.54 ± 0.42 L.kg
-1 

and 2.34 ± 0.45 L.kg
-1

). Cl decreased 

significantly in  rabbits with moderate and sever hepatic failure (1.07 ± 0.39 L.h
-1

.kg
-1

 

and 0.85 ± 0.32 L.h
-1

.kg
-1

) from those obtained in normal rabbits (1.72 ± 0.28 L.h
-1

.kg
-1

). 

The AUC of ACH increased significantly in moderate and sever hepatic failure rabbits 

compared to that obtained in normal rabbits. Metabolite percentage rate decreased 

significantly in rabbits with induced hepatic failure. All previous data suggest that liver 

disease may significantly affect the pharmacokinetics of ACH and DA (Choi and Burm, 

2002).  

On the contrary, Clinical study including nine patients with liver cirrhosis ( age: 59 ± 7 

years; weight around 65 kg) and nine healthy young volunteers with normal hepatic 

functions (age: 21 ± 2.5 years; weight around 64 kg) showed differet results than reported 

previously. Each subject received 400 mg ACH tablet after an overnight fasting then 

different pharmacokinetic parameters (AUC24, t1/2, Cmax, tmax, Cr) were determined from 

collected blood and urine samples (Zaman et al., 1985).  

No significant differences (P > 0.05) between groups was shown in any of the parameters 

measured. Furthermore, the AUCs for ACH and DA in patients who were on drugs that 

may inhibit or induce liver metabolic enzymes havenôt shown marked differences 

comparing with patients not received these drugs. This suggest that liver disease doesnôt 

affect the pharmacokinetics of ACH or its metabolite DA and ACH metabolism is not 

considerably affected by chronic liver disease  (Zaman et al., 1985). 
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2.5 Verapamil HCl  

Verapamil HCL is a calcium channel blocking agent, chemically described as 2-(3,4-

dimethoxyphenyl)-5-[2-(3,4-dimethoxyphenyl)ethyl-methylamino]-2-propan-2-

ylpentanenitrile;hydrochloride (Fig. 2.9), (molocular weight = 491.1 g/mole). 

 

 

 

Figure 2.9: chemical structure of verapamil HCl (BP, 2013b). 

 

Verapamil HCl is a white crystalline powder, which soluble in water and methanol but 

sparingly soluble in ethanol (96%) (BP, 2013b). Verapamil HCl has significant effect on 

both cardiac and vascular smooth muscle cells. It is used clinically to treat hypertension, 

angina pectoris, supraventricular tachyarrhythmias, and to prevent migraine. First-degree 

atrioventricular block and constipation are dose-dependent common side effects of 

verapamil (Harvey, 2012b). 

In addition, verapamil HCl has been classified as first generation P-gp inhibitor (Palmeira 

et al., 2012). Many past and recent studies used Verapamil as a tool for studying the 

effect of P-gp inhibition on the absorption and bioavailability of many drugs and 

significant changes in the absorption kinetic have been observed (Song et al., 2006; Choi 

and Song, 2016). 

Involvement of P-gp in the absorption of antitubercular drugs was demonstrated using 

verapamil HCl as a P-gp inhibitor. The results showed that verapamil HCl increased the 

serum concentration of rifampin and isoniazid in mouse resulting in accelerates bacterial 
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clearance and significantly lowers relapse rates in shorter period of treatment when 

compared to mice receiving standard therapy alone (Gupta et al., 2013). 

A clinical trial in healthy subjects was performed to investigate the effect of verapamil on 

the pharmacokinetics and pharmacodynamics of antithrombic drug dabigatran etexilate 

which is a substrate for P-gp. The results showed that the bioavailability of dabigatran 

etexilate increased when co-administered with verapamil HCl (Hartter et al., 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 



39 
 

Chapter 3 

Methodology 

3.1 Study design 

This study is an experimental analytical study in which the effect of P-gp on ACH 

absorption was evaluated using in situ intestinal perfusion technique. In situ intestinal 

perfusion technique was conducted in healthy albino male rats to study the effect of P-gp 

on the absorption rate constant (kap) of ACH when co-administered with P-gp inhibitor, 

verapamil HCl, at two different concentrations (200 and 400 µg/mL). 

3.2 Animals and sample size 

Healthy Wistar albino male rats were purchased from Center of Experimental Animals, 

Harlan Laboratories (Palestine, 1948). Animals were housed 4 per cage in an air-

conditioned room under constant temperature (22 ± 2ᴈ) with free access to food and 

drinking water (Song et al., 2006). Rats were maintained on a 12 h light-dark cycle 

(Zakeri-Milani et al.,2007). The normal life conditions for the animals were kept based 

on the International Animal Ethics Committee. 

Sample size of rats was 18 with weights ranged between 250-300 g. The rats were 

divided into three groups 6 rats for each. The first group (control group) received ACH 

only as free solution through intestinal perfusion at concentration 260 µg/mL. The second 

and the third groups, received ACH 260 µg/mL co-administered with verapamil HCl 200 

and 400 µg/mL respectively.  

3.3 Instruments and materials 

3.3.1 Instruments 

¶ UV-spectrophotometer (Shimadzu UV/Visible Spectrophotometer). 

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

¶ Balance and Hotplate  
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3.3.2 Materials  

¶ Acebutolol HCl standard from Sigma-Aldrich Company. 

¶ Verapamil HCl ampoule (Securon
®
: each ampule contains verapamil HCl 2.5 

mg/mL in water for injection and NaCl with HCl as pH adjuster, Abbott 

laboratories Ltd, United Kingdom). 

¶ Normal saline 0.9% w/v for IV infusion from B. Braun Melsungen AG, Germany. 

¶ Thiopental sodium vial (Thiopental
®
: each vial contains thiopental sodium 500 mg, 

Rotexmedica, Germany).  

3.3.3 Others 

Rat supporter base, light source (lamp), metal scissors, fixing metal scissors, I.V set, 

cannula 22G, silk suture 0/2 size, needle 21G, syringe 2, 10, 60 mL, medical cotton, 

surgical blade, roll plaster, gloves, micro pipettes 100 µL, 1000 µL, eppendorf cap 

(2mL). 

3.4 Experimental process 

3.4.1 In situ intestinal perfusion technique 

An in situ intestinal perfusion procedures were performed in rats according to the 

methods described previously (Doluisio et al., 1969; Sánchez-Picó et al., 1989; Ruiz-

Balaguer et al., 1997). The experimental procedures were carried out as the following: 

 

¶ Wister Albino Male rats (weight, 250-300 g) were fasted 12-18 h before 

experiment with free access to water. 

¶ Rats were anaesthetized by administration of an intraperitoneal thiopental (50 

mg/kg). 

¶ Anaesthetized rats were placed on the fixing plate under a light source (lamp). 

¶ The surgical procedure was initialized by a midline abdominal incision of 

approximately 10 cm to expose small intestine and then two L-shape cannula were 
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inserted carefully through small narrow open at the initiate of duodenum and end 

of ileum (Fig. 3.1).  

¶ The cannulas were secured by ligation with silk suture and the biliary duct also 

was legated then the small intestine was returned to abdominal cavity to maintain 

its integrity.  

¶ The intestinal lumen was rinsed using a syringe containing normal saline (37
o
C) 

that pumped slowly through the gut via the inlet duodenum cannula and out the 

ileal cannula until the effluent solution was free of feces and clear. 

¶ After cleaning the intestine the remaining perfusion solution was expelled from the 

intestine by air pumped via syringe, and 10 mL of drug solution was immediately 

introduced into the small intestine segment by the syringe. 

¶ The surgical area was covered with a wet cotton pad, and drops of normal saline 

(37
o
C) were added to the cotton to prevent disturbing the circulatory system and 

dryness of intestine. 

¶ The stopwatch was adjusted and  300 µL of the perfused sample was collected 

from both sides each 5 minutes for a total of 30 minutes. 

¶ The samples were transferred into 2 mL Eppendorf tubes, centrifuged and 

analyzed by UV spectrophotometer. 

 

 

 

Figure 3.1: In situ rat gut preparation for determining k ap of drugs from rat intestinal lumen 

(Doluisio et al., 1969). 
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3.4.2 Rats control group 

Six rats were prepared by intestinal perfusion technique for ACH absorption study. Each 

rat was injected with 10 mL solution containing ACH alone at concentration 260 µg/mL 

in normal saline (0.9% w/v). The Perfused samples were collected at 5, 10, 15, 20, 25, 

and 30 minutes and placed into 2 mL Eppendorf tubes. The samples were centrifuged at 

3000 rpm for 10 minutes (Abushammala et al., 2006) then 200 µL of the supernatant 

were transferred and diluted to 3 mL with normal saline to be analyzed by UV 

spectrophotometer on the same day. The absorption was measured at 320 nm against 

blank and then the concentration of each sample was determined using calibration curve 

to determine kap of ACH. 

3.4.3 Rats test group 

Test group was divided into two groups. Each group consists of six rats, these rats were 

prepared by intestinal perfusion technique as mentioned previously. The first test group 

was perfused with 10 mL solution containing ACH 260 µg/mL in the presence of 

verapamil HCl 200 µg/mL in normal saline (0.9% w/v). The second test group was 

administered 10 mL solution containing ACH 260 µg/mL in the presence of verapamil 

HCl 400 µg/mL in normal saline (0.9% w/v). The samples collection and analysis was 

similar to that described in control group. 

3.5 Spectrophotometric analytical procedure 

The analysis of ACH alone and ACH with verapamil HCl was performed using 

spectrophotometric determination. Development and validation of new analytical 

spectrophotometric method for ACH analysis by UV is needed in our study as we want to 

identify ACH in intestinal luminal fluid free solution. For this purpose selection of ɚmax, 

preparation of calibration curve, and validation (linearity, limit of detection, limit of 

quantification, precision and accuracy) were established. 
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3.5.1 Wavelength selection (ɚmax) 

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

¶ A spectrum of ACH at concentration 260 µg/mL in normal saline solution was 

recorded. 

¶ A spectrum of verapamil HCl at concentration 400 µg/mL was recorded. 

¶ The selected ɚmax was 320 nm where no interference between ACH and verapamil 

HCl was detected. 

3.5.2 Preparation of calibration curve 

¶ A standard stock solution of ACH 200 µg/mL was prepared by dissolving 50 mg 

of standard sample (ACH powder) with normal saline solution in 250 mL 

volumetric flask. 

¶ Intestinal luminal fluid (blank) was collected from rats by intestinal perfusion 

technique after administration of 10 mL normal saline without drugs. 

¶ From stock solution 0.1, 0.2, 0.4, 0.8, 1.6 and 3.2 mL were transferred into 5 mL 

volumetric flask and diluted with intestinal luminal fluid (blank) collected 

previously to produce a series of ACH concentration 4, 8, 16, 32, 64 and 128 

µg/mL respectively. 

¶ The diluted solutions were centrifuged at 5000 rpm for 10 min. 

¶ The absorption was measured against blank at 320 nm. 

¶ Plotting of absorption against concentration to produce the regression line. 

3.5.3 Method of validation 

The validation of analytical method is important to prove that the method is acceptable 

for its intended analytical application. The validation was carried out by establishing 

linearity, recovery value, limit of detection, limit of quantification, accuracy and within 

and between day precision as per International Conference on Harmonization (ICH) 

guidelines (ICH: 2005). 
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3.5.3.1 Linearity 

The linearity is determined by using a minimum of 5 standards. 

¶ Samples of ACH spiked with a blank at concentrations (4-200 µg/mL) and 

analyzed as mentioned above. 

¶ The procedure was repeated 5 times in which we have 5 absorbance for each 

concentration at the end. 

¶ The regression line, correlation coefficient, standard deviation of slope and 

intercept were calculated. 

3.5.3.2 Limit of detection (LOD) 

LOD is the smallest concentration that can be detected and distinguished from sample 

blank and determined by equation LOD = (3.3 * SD) /S. 

(SD: standard deviation of the intercept of regression line of calibration curve; S: slope of 

calibration curve) 

3.5.3.3 Limit of quantification (LOQ) 

LOQ is the smallest concentration that can be quantitated with acceptable level of 

accuracy and precision and determined by equation LOQ = (10*SD) /S. 

3.5.3.4 Accuracy 

¶ Three different concentrations of ACH (8, 32, 128 µg/mL) were prepared using 

intestinal luminal fluid (see section 3.5.2). 

¶ Three samples per concentration were prepared and analyzed according to the 

proposed method. 

¶ The concentration was calculated using calibration curve. 

¶ The percent of recovery was determined which indicates the degree of accuracy. 
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3.5.3.5 Precision 

¶ Within -day precision: 

Three different concentrations of ACH (8, 32, 128 µg/mL) were prepared using 

intestinal luminal fluid as diluent. Three samples per concentration were analyzed 

on the same day. 

¶ Between-day precision: 

Three different concentrations of ACH (8, 32, 128 µg/mL) were prepared and 

analyzed. One sample per concentration was assayed once daily for 3 consecutive 

days. 

3.5.3.6 Stability of ACH in intestinal fluid  

To evaluate stability of ACH in intestinal fluid at room temperature, 3 different 

concentrations of ACH were prepared (8, 32, 128 µg/mL) and analyzed immediately by 

UV. The samples then stored at room temperature and reanalyzed over a period of 6 hrs.  

3.6 Data analysis 

The absorption rate constant of drug (kap) was calculated directly from the samples of 

intestinal luminal fluid data using Sigma Plot 13 program. The program determines kap by 

linear regression analysis of the data obtained experimentally which indicates 

disappearance of drug from intestinal lumen and demonstrates drug absorption. kap was 

calculated assuming that absorption follows first-order kinetic (Ruiz-Balaguer et al., 

1997) according to the following equation: 

lnCt = lnC0 ï kap . t 

(lnCt: intestinal luminal drug concentration collect postperfusion at time t; lnC0: initial 

drug concentration preperfusion and t: time of sampling). 

 

The obtained data were treated and analyzed by using Statistical Package of Social 

Science (SPSS) program version 16 (Vesion 16; SPSS Inc., Chicago, IL) to estimate the 

pharmacokinetic parameters as follows: 

¶ Descriptive analysis (mean, standard deviation, relative standard deviation). 
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¶ Homogeneity within each group was tested using Duncan test. 

¶ kap values were statistically compared between groups using Bonferroni test and 

one-way analysis of variance (ANOVA) test. 

¶ Results were assumed to be significant for a P-value < 0.05. 

3.7 Ethical consideration 

An approval to conduct the study was obtained from Pharmacy College Committee. 
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Chapter 4 

Results 

 

4.1 Analytical procedure  

4.1.1 Wavelength selection (ɚmax) 

UV spectrophotometric scanning (200 nm - 400 nm) was carried out to select the ɚmax. 

No spectral interference had been observed between intestinal luminal fluid (blank), ACH 

solution and verapamil HCl solution at ɚmax 320 nm. Therefore, this ɚmax was used to 

detect the absorbance of ACH in the collected samples. 

4.1.2 Calibration curve 

A linear relationship was obtained when the absorbance of ACH was plotted against the 

concentrations in the range of 4-200 ɛg/mL (ACH spiked in intestinal luminal fluid 

collected from rats) at 320 nm. The correlation coefficient R
2 

of the calibration curves 

was 0.999 indicating good linearity. 

The regression line equation was Y = 0.007 X + 0.003. 

4.1.3 Spectroscopic method validation  

The proposed method was validated for linearity, limit of detection, limit of 

quantification, precision, and accuracy according to International Conference on 

Harmonization (ICH) guidelines (ICH: 2005). 

4.1.3.1 Linearity 

The calibration curve was repeated 5 times. The calculated regression lines parameters in 

the range of 4 - 200 µg/mL of ACH are reported in table 4.1. 
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Table 4.1: Data of calculated regression lines for ACH (n = 5). 

SD: Standard Deviation. 

 

 

Figure 4.1: The calibration curve of the average calculated regression lines in the range 4 - 200 

µg/mL of acebutolol HCl. 

4.1.3.2 LOD and LOQ 

LOD obtained was 0.67 µg/mL and LOQ was 2.03 µg/mL. 

4.1.3.3 Accuracy 

The recovery obtained from the analysis of 3 different concentrations of ACH in 

intestinal fluid (8, 32, 128 µg/mL) was revealed good accuracy for the developed method 
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as shown in table 4.2. The % recovery was in the range between 99.8 ï 102.5 % with low 

standard deviation.  

Table 4.2: Accuracy data for analysis of acebutolol HCl (n = 3). 

ACH concentration 

(µg/mL) 

Concentration of measurement 

(µg/mL) 

%Recovery 

1 2 3 Mean
*
 ± SD 

8 8.03 7.89 8.029 7.98 ± 0.08 99.8% 

32 32.09 32.38 33.25 32.57 ± 0.60 101.8% 

128 130.78 129.77 132.96 131.17 ± 1.63 102.5% 

SD: Standard Deviation                                  
*
mean of three determinations 

4.1.3.4 Precision 

Intraday and interday precision were evaluated by triplicate analysis of ACH solution at 3 

different concentration levels for 3 consecutive days. The results are shown in table 4.3. 

Table 4.3: Intraday and interday precision of acebutolol HCl in intestinal luminal fluid samples. 

 

ACH concentration 

(µg/mL) 

 

Intraday precision (n = 3) 

 

 

 

Interday precision (n = 3) 

Mean SD %RSD Mean SD %RSD 

8 7.98 0.08 1.00 7.95 0.06 0.75 

32 32.57 0.60 1.84 32.31 0.62 1.92 

128 131.17 1.63 1.24 131.15 0.12 0.09 

SD: Standard Deviation                        %RSD: Relative Standard Deviation 

 

Both intraday and interday precision results in table 4.3 showed acceptable %RSD, which 

was not more than 2%, indicating a precise analytical procedure. 
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4.1.3.5 Stability of ACH in intestinal fluid (n = 3). 

The stability of ACH in intestinal luminal fluid at room temperature was established over 

a period of 6 hrs. and no significant change in concentrations was noticed .   

4.2 Determination of absorption rate constant (kap) for ACH alone using intestinal 

perfusion technique 

After perfusion of 10 mL ACH (260 µg/mL), dissolved in normal saline, into rats small 

intestine using intestinal perfusion technique, the intestinal luminal fluid samples were 

collected at different time intervals (5, 10, 15, 20, 25, and 30 min). Each collected sample 

had been analyzed by UV at ɚmax 320 nm, and then remnant concentrations of ACH were 

determined. ln remnant, predicted, and residual concentrations were calculated for all 6 

rats according to the first-order kinetic model (lnCt = lnC0 ï kap.t). The results of each 

individual rat were listed in tables 4.4, 4.6, 4.8, 4.10, 4.12, and 4.14. In addition, 

absorption rate constant (kap), estimated inclination of the rectal absorption line (%A0), 

and correlation coefficient (R) was calculated for each rat. The results of each individual 

rat were shown in tables 4.5, 4.7 4.9, 4.11, 4.13, and 4.15. 

Moreover, ln remnant concentrations obtained experimentally from each rat was plotted 

against sampling time, and the best fit line was evaluated to detect the linearity of 

absorption process. The absorption rate behavior for each rat showed in figures 4.2, 4.3, 

4.4, 4.5, 4.6, and 4.7.   
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Table 4.4: The absorption kinetic results obtained after perfusion of 260 µg/mL acebutolol HCl in rat 

No. 1. 

Time 

(minute) 
ln. Remnant concentrations 

(µg/mL) 

ln. Predicted concentrations 

(µg/mL) 

ln. Residual concentrations 

(µg/mL) 

05 5.4398 5.4257 0.0141 

10 5.3828 5.3843 0.0015 

15 5.3171 5.3429 0.0258 

20 5.3013 5.3016 0.0003 

25 5.2745 5.2602 0.0143 

30 5.2184 5.2189 0.0005 

 

Table 4.5: Calculated absorption kinetic parameters of acebutolol HCl in rat No. 1.  

kap %A 0 R 

0.480 h
-1

 98.3 % 0.982 

 

 

Figure 4.2: Plot of the fit of the apparent First-order equation to the data (remaining luminal 

concentrations of acebutolol HCl versus time) in rat No. 1.  
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Table 4.6: The absorption kinetic results obtained after perfusion of 260 µg/mL acebutolol HCl in rat 

No. 2. 

Time 

(minute) 
ln. Remnant concentrations 

(µg/mL) 

ln. Predicted concentrations 

(µg/mL) 

ln Residual concentrations 

(µg/mL) 

05 5.4535 5.4448 0.0090 

10 5.4021 5.4039 0.0020 

15 5.3480 5.3633 0.0153 

20 5.3224 5.3227 0.0003 

25 5.2907 5.2821 0.0090 

30 5.2413 5.2415 0.0002 

 

Table 4.7: Calculated absorption kinetic parameters of acebutolol HCl in rat No. 2.  

kap %A 0 R 

0.486 h
-1

 99.07 % 0.993 

 

 

 

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

concentration of acebutolol HCl versus time) in rat No. 2. 
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Table 4.8: The absorption kinetic results obtained after perfusion of 260 µg/mL acebutolol HCl in rat 

No. 3. 

Time 

(minute) 
ln. Remnant concentrations 

(µg/mL) 

ln. Predicted concentrations 

(µg/mL) 

ln.Residual concentrations 

(µg/mL) 

05 5.5025 5.4874 0.0151 

10 5.4536 5.4542 0.0006 

15 5.3974 5.4211 0.0237 

20 5.3828 5.3880 0.0383 

25 5.3631 5.3547 0.0084 

30 5.3276 5.3216 0.0060 

 

Table 4.9: Calculated absorption kinetic parameters of acebutolol HCl in rat No. 3.  

kap %A 0 R 

0.396 h
-1 

98.76 % 0.977 

 

 

 

Figure 4.4: Plot of the fit of the apparent first-order equation to the data (remaining luminal 

concentration of acebutolol HCl versus time) in rat No. 3. 
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Table 4.10: The absorption kinetic results obtained after perfusion of 260 µg/mL acebutolol HCl in 

rat No. 4. 

Time 

(minute) 
ln. Remnant concentrations 

(µg/mL) 

ln. Predicted concentrations 

(µg/mL) 

ln. Residual concentrations 

(µg/mL) 

05 5.4850 5.4720 0.0137 

10 5.4305 5.4358 0.0052 

15 5.3828 5.4003 0.0175 

20 5.3631 5.3648 0.0017 

25 5.3378 5.3293 0.0084 

30 5.2961 5.2938 0.0022 

 

Table 4.11: Calculated absorption kinetic parameters of acebutolol HCl in rat No. 4.  

kap %A 0 R 

0.426 h
-1 

98.94 % 0.986 

 

 

 

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

concentration of acebutolol HCl versus time) in rat No. 4. 
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Table 4.12: The absorption kinetic results obtained after perfusion of 260 µg/mL acebutolol HCl in 

rat No. 5. 

Time 

(minute) 
ln. Remnant concentrations 

(µg/mL) 

ln. Predicted concentrations 

(µg/mL) 

ln. Residual concentrations 

(µg/mL) 

05 5.4536 5.4374 0.0162 

10 5.3926 5.3969 0.0043 

15 5.3327 5.3564 0.0237 

20 5.3119 5.3159 0.0044 

25 5.2907 5.2755 0.0152 

30 5.2356 5.2350 0.0006 

 

Table 4.13: Calculated absorption kinetic parameters of acebutolol HCl in rat No. 5.  

kap %A 0 R 

0.486 h
-1 

99.08 % 0.981 

 

 

 

Figure 4.6: Plot of the fit of the apparent first order equation to the data (remaining luminal 

concentration of acebutolol HCl versus time) in rat No. 5. 
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Table 4.14: The absorption kinetic results obtained after perfusion of 260 µg/mL acebutolol HCl in 

rat No. 6. 

Time 

(minute) 
ln. Remnant concentrations 

(µg/mL) 

ln. Predicted concentrations 

(µg/mL) 

ln. Residual concentrations 

(µg/mL) 

05 5.4805 5.4770 0.0035 

10 5.4212 5.4325 0.0113 

15 5.3730 5.3880 0.0150 

20 5.3631 5.3435 0.0196 

25 5.3327 5.2990 0.0336 

30 5.2242 5.2545 0.0304 

 

Table 4.15: Calculated absorption kinetic parameters of acebutolol in rat No. 6.  

kap %A 0 R 

0.534 h
-1 

99.50 0.962 

 

 

 

Figure 4.7: Plot of the fit of the apparent first order equation to the data (remaining luminal 

concentration of acebutolol HCl versus time) in rat No. 6. 
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Figure 4.8: Graphical representation for the six rats after the administration of 260 µg/mL 

acebutolol HCl. 

 

The data obtained in the 6 rats are summarized in table 4.16. Mean (±SD) of ln remnant 

concentrations at each time interval for all 6 rats was calculated. Also, Mean (±SD) of 

kap, %A0, and R was demonstrated. Furthermore, the means of ln remnant concentrations 

plotted against time to give graphical representation of all data obtained experimentally 

from the 6 rats in one line which describe kap behavior found in the rat small intestine 

(Fig. 4.9). 

The results summarized in table 4.16 have shown that ACH has kap value ranged from 

0.396 to 0.534 h
-1

. The mean of %A0 was 99.06 ± 0.2244%, R was 0.980 ± 0.0095, and 

%RSD was less than 1% (table 4.16). 
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Table 4.16: ln remnant concentrations of acebutolol HCl after perfusion of 260 µg/mL acebutolol 

HCl in  the 6 rats. 

 

Time 

(minute) 

 

ln. Remnant concentrations (µg/mL)   

 

Rat No. 1 Rat No. 2 Rat No. 3 Rat No. 4 Rat No. 5 Rat No. 6 Mean ± SD  %RSD 

05 5.4398 5.4535 5.5025 5.4850 5.4536 5.4805 5.4692 ± 

0.0218 

0.40 % 

10 5.3828 5.4021 5.4536 5.4305 5.3926 5.4212 5.4138 ± 

0.0240 

0.44 % 

15 5.3171 5.3480 5.3974 5.3828 5.3327 5.3730 5.3585 ± 

0.0283 

0.53 % 

20 5.3013 5.3224 5.3828 5.3631 5.3119 5.3631 5.3408 ± 

0.0303 

0.57 % 

25 5.2745 5.2907 5.3631 5.3378 5.2907 5.3327 5.3150 ± 

0.0315 

0.59 % 

30 5.2184 5.2413 5.3276 5.2961 5.2356 5.2242 5.2572 ± 

0.0404 

0.76 % 

   

SD: Standard Deviation.                %RSD: Relative Standard Deviation.         kap: Absorption rate constant. 

%A 0: Estimated inclination of the rectal absorption line.                                   R: Correlation coefficient. 

 

 

 

Figure 4.9: Graphical representation of the obtained experimentally data for the 6 rats after the 

administration of 260 µg/mL acebutolol HCl. 
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Acebutolol HCl alone 

kap (h
-1
) 0.48 0.486 0.396 0.426 0.486 0.534 0.468 ± 0.0449 

%A 0  98.3 99.07 98.76 98.94 99.08 99.5 99.0583±0.2244 

R 0.982 0.993 0.977 0.986 0.981 0.962 0.980 ± 0.0095 
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4.3 The effect of verapamil HCl (200 µg/mL) on the absorption rate constant of 

ACH (260 µg/mL) 

After co-perfusion of 10 mL ACH (260 µg/mL) with verapamil HCl (200 µg/mL), 

dissolved in normal saline, into rats small intestine using intestinal perfusion technique, 

the intestinal luminal fluid samples were collected at different time intervals (5, 10, 15, 

20, 25, and 30 min). Each collected sample had been analyzed by UV at 320 nm, and 

then remnant concentrations of ACH were determined. ln remnant, predicted, and 

residual concentrations were calculated for all 6 rats according to the first-order kinetic 

model (lnCt = lnC0 ï kap.t). The results of each rat are listed in tables 4.17, 4.19, 4.21, 

4.23, 4.25, and 4.27. In addition, absorption rate constant (kap), estimated inclination of 

the rectal absorption line (%A0), and correlation coefficient (R) were calculated for each 

rat. The results of each rat are shown in tables 4.18, 4.20, 4.22, 4.24, 4.26, and 4.28. 

Moreover, ln remnant concentration obtained experimentally from each rat was plotted 

against sampling time, and the best fit line was evaluated to detect the linearity of 

absorption process. The absorption rate behavior for each rat is shown in figures 4.10, 

4.11, 4.12, 4.13, 4.14, and 4.15.   
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Table 4.17: The absorption kinetic result after co-perfusion of 260 µg/mL acebutolol HCl co-

administered with 200 µg/mL verapamil HCl for the rat No. 1. 

Time 

(minute) 
ln. Remnant concentrations 

(µg/mL) 

ln. Predicted concentrations 

(µg/mL) 

ln. Residual concentrations 

(µg/mL) 

05 5.3877 5.3816 0.0061 

10 5.3327 5.3474 0.0147 

15 5.3067 5.3131 0.0064 

20 5.2960 5.2789 0.0171 

25 5.2580 5.2447 0.0133 

30 5.1952 5.2105 0.0153 

 

Table 4.18: Calculated absorption kinetic parameters of acebutolol HCl in the presence of 200 µg/mL 

verapamil HCl in rat No. 1. 

kap %A 0 R 

0.408 h
-1 

97.74 0.977 

 

 

 

Figure 4.10: Plot of the fit of the apparent first-order equation to the data (remaining luminal 

concentration of acebutolol HCl with 200 µg/mL verapamil HCl versus time) in rat No. 1. 
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Table 4.19: Absorption kinetic results after co-perfusion of 260 µg/mL acebutolol HCl co-

administered with 200 µg/mL verapamil HCl for the rat No. 2. 

Time 

(minute) 

ln. Remnant concentrations 

(µg/mL) 

ln. Predicted concentrations 

(µg/mL) 

ln. Residual concentrations 

(µg/mL) 

05 5.3730 5.3691 0.0039 

10 5.3224 5.3382 0.0158 

15 5.3067 5.3074 0.0007 

20 5.2960 5.2764 0.0196 

25 5.2525 5.2456 0.0069 

30 5.2010 5.2148 0.0138 

  

Table 4.20: Calculated absorption kinetic parameters of acebutolol HCl in the presence of 200 µg/mL 

verapamil HCl in rat No. 2. 

kap %A 0 R 

0.372 h
-1 

97.53 0.975 

 

 

 

Figure 4.11: Plot of the fit of the apparent first-order equation to the data (remaining luminal 

concentration of acebutolol HCl with 200 µg/mL verapamil HCl versus time) in rat No. 2. 
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Table 4.21: Absorption kinetic results after co-perfusion of 260 µg/mL acebutolol HCl co-

administered with 200 µg/mL verapamil HCl for the rat No. 3. 

Time 

(minute) 

ln. Remnant concentrations 

(µg/mL) 

ln. Predicted concentrations 

(µg/mL) 

ln. Residual concentrations 

(µg/mL) 

05 5.3680 5.3643 0.0037 

10 5.3172 5.3321 0.0149 

15 5.2961 5.2998 0.0037 

20 5.2853 5.2676 0.0177 

25 5.2525 5.2354 0.0171 

30 5.1833 5.2031 0.0198 

 

Table 4.22: Calculated absorption kinetic parameters of acebutolol HCl in the presence of 200 µg/mL 

verapamil HCl in  rat No. 3. 

kap %A 0 R 

0.384 h
-1 

97.55 0.967 

 

 

 

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

concentration of acebutolol HCl with 200 µg/mL verapamil HCl versus time) in rat No. 3. 
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Table 4.23: Absorption kinetic results after co-perfusion of 260 µg/mL acebutolol HCl co-

administered with 200 µg/mL verapamil HCl for the rat No. 4. 

Time 

(minute) 

ln. Remnant concentrations 

(µg/mL) 

ln. Predicted concentrations 

(µg/mL) 

ln. Residual concentrations 

(µg/mL) 

05 5.3926 5.3884 0.0042 

10 5.3378 5.3502 0.0124 

15 5.3067 5.3121 0.0054 

20 5.2907 5.2739 0.0168 

25 5.2468 5.2357 0.0111 

30 5.1833 5.1975 0.0142 

 

Table 4.24: Calculated absorption kinetic parameters of acebutolol HCl in the presence of 200 µg/mL 

verapamil HCl in rat No. 4. 

kap %A o R 

0.456 h
-1 

97.86 0.985 

 

 

 

Figure 4.13: Plot of the fit of the apparent first-order equation to the data (remaining luminal 

concentration of acebutolol HCl with 200 µg/mL verapamil HCl versus time) in rat No. 4. 
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Table 4.25: Absorption kinetic results after co-perfusion of 260 µg/mL acebutolol HCl  co-

administered with 200 µg/mL verapamil HCl for the rat No. 5. 

Time 

(minute) 

ln. Remnant concentrations 

(µg/mL) 

ln. Predicted concentrations 

(µg/mL) 

ln. Residual concentrations 

(µg/mL) 

05 5.4022 5.3974 0.0048 

10 5.3429 5.3588 0.0159 

15 5.3172 5.3202 0.0030 

20 5.3014 5.2816 0.0198 

25 5.2525 5.2429 0.0096 

30 5.1893 5.2043 0.0151 

Table 4.26: Calculated absorption kinetic parameters of acebutolol HCl in the presence of 200 µg/mL 

verapamil HCl in rat No. 5.  

kap %A 0 R 

0.462 h
-1 

98.11 0.981 

 

 

 

Figure 4.14: Plot of the fit of the apparent first-order equation to the data (remaining luminal 

concentration of acebutolol HCl with 200 µg/mL verapamil HCl versus time) in rat No. 5. 
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Table 4.27: Absorption kinetic result after co-perfusion of 260 µg/mL acebutolol HCl co-

administered with 200 µg/mL verapamil HCl for the rat No. 6.  

Time 

(minute) 

ln. Remnant concentrations 

(µg/mL) 

ln. Predicted concentrations 

(µg/mL) 

ln. Residual concentrations 

(µg/mL) 

05 5.4069 5.3705 0.0364 

10 5.3224 5.3495 0.0271 

15 5.3119 5.3285 0.0166 

20 5.2907 5.3075 0.0168 

25 5.2961 5.2864 0.0097 

30 5.2799 5.2655 0.0144 

 

Table 4.28: Calculated absorption kinetic parameters of acebutolol HCl in the presence of 200 µg/mL 

verapamil HCl in  rat No. 6. 

kap %A 0 R 

0.253 h
-1 

97.17 0.852 

 

 

 

Figure 4.15: Plot of the fit of the apparent first-order equation to the data (remaining luminal 

concentration of acebutolol HCl with 200 µg/mL verapamil HCl versus time) in rat No. 6. 
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Figure 4.16: Graphical representation for the 6 rats after co-administration of 260 µg/mL acebutolol 

HCl with verapamil HCl 200 µg/mL. 

 

The data obtained in the 6 rats are summarized in table 4.29. Mean (±SD) of ln remnant 

concentrations at each time interval of all 6 rats was calculated. Also, Mean (±SD) of kap, 

%A0, and R was demonstrated. Furthermore, the means of ln remnant concentrations 

plotted against time to give graphical representation of all data obtained experimentally 

from the 6 rats in one line that describe kap behavior found in the rat small intestine (Fig. 

4.17). 

The results summarized in table 4.29 have shown that ACH co-administered with 200 

µg/mL verapamil HCl has kap values ranged from 0.253 to 0.462 h
-1
. The mean of %A0 

was 97.66 ± 0.3219 %, R was 0.956 ± 0.0514, and %RSD was less than 1%.  

Upon comparing the mean values of kap between the first (ACH alone) and second groups 

(ACH with verapamil HCl 200 µg/mL), no statistical differences were observed (P value 

= 0.146). These results suggest that no significant effect of verapamil HCl 200 µg/mL on 

kap value of ACH. 
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Table 4.29: ln Remnant concentrations of acebutolol HCl after co-perfusion with verapamil HCl (200 

µg/mL) in 6 rats. 

 

Time 

(minute) 

 

ln. Remnant concentrations (µg/mL)   

 

Rat No. 1 Rat No. 2 Rat No. 3 Rat No. 4 Rat No. 5 Rat No. 6 Mean ± 

SD  

%RSD 

05 5.3877 5.3730 5.3680 5.3926 5.4022 5.4069 5.3884 ± 

0.0155 

0.29 % 

10 5.3327 5.3224 5.3172 5.3378 5.3429 5.3224 5.3292 ± 

0.0101 

0.20 % 

15 5.3067 5.3067 5.2961 5.3067 5.3172 5.3119 5.3076 ± 

0.0070 

0.13 % 

20 5.2960 5.2960 5.2853 5.2907 5.3014 5.2907 5.2934 ± 

0.0056  

0.11 % 

25 5.2580 5.2525 5.2525 5.2468 5.2525 5.2961 5.2597 ± 

0.0182 

0.35 % 

30 5.1952 5.2010 5.1833 5.1833 5.1893 5.2799 5.2053 ± 

0.0372 

0.71 % 

   

SD: Standard Deviation.       %RSD: Relative Standard Deviation.               kap: Absorption rate constant. 

%A 0: Estimated inclination of the rectal absorption line.                                R: Correlation coefficient. 

 

 

Figure 4.17: Graphical representation of the obtained experimentally data for the 6 rats after the 

administration of 260 µg/mL acebutolol HCl co-administered with 200 µg/mL verapamil. 

5.1

5.15

5.2

5.25

5.3

5.35

5.4

5.45

0 5 10 15 20 25 30 35 40

M
e

a
n

 l
n

. 
re

m
n

a
n

t 
c
o

n
c
e

n
tr

a
ti
o

n
s 

 (
µ

g
/m

L
) 

 

Time (Min.)  

Acebutolol HCl with verapamil HCl 200 µg/mL 

kap (h
-1
) 0.408 0.372 0.384 0.456 0.462 0.253 0.3892 ± 0.0761 

 %A 0  97.74 97.53 97.55 97.86 98.11 97.17 97.66 ± 0.3219 

R 0.977 0.975 0.967 0.985 0.981 0.852 0.956 ± 0.0514 
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4.4 The effect of verapamil HCl (400 µg/mL) on the absorption rate constant of 

ACH (260 µg/mL)  

After co-perfusion of 10 mL ACH (260 µg/mL) with verapamil HCl (400 µg/mL), 

dissolved in normal saline, into rats small intestine using intestinal perfusion technique, 

the intestinal luminal fluid samples were collected at different time intervals (5, 10, 15, 

20, 25, and 30 min). Each collected sample had been analyzed by UV at 320 nm, then 

remnant concentrations of ACH were determined. ln remnant, predicted, and residual 

concentrations were calculated for all 6 rats according to the first-order kinetic model (ln 

Ct = ln C0 ï kap.t). The results of each rat were listed in tables 4.30, 4.32, 4.34, 4.36, 4.38, 

and 4.40. In addition, absorption rate constant (kap), estimated inclination of the rectal 

absorption line (%A0), and correlation coefficient (R) were calculated for each rat. The 

results of each rat are shown in tables 4.31, 4.33, 4.35, 4.37, 4.39, and 4.41. 

Otherwise, ln remnant concentration obtained experimentally from each rat was plotted 

against sampling time, and the best fit line was evaluated to detect the linearity of 

absorption process. The absorption rate behavior for each individual rat is shown in 

figures 4.18, 4.19, 4.20, 4.21, 4.22, and 4.23.   
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Table 4.30: Absorption kinetic results after co-perfusion of 260 µg/mL acebutolol HCl co-

administered with 400 µg/mL verapamil HCl for the rat No. 1. 

Time 

(minute) 

ln. Remnant concentrations 

(µg/mL) 

ln. Predicted concentrations 

(µg/mL) 

ln. Residual concentrations 

(µg/mL) 

05 5.3067 5.2901 0.0166 

10 5.1530 5.1744 0.0214 

15 5.1218 5.0587 0.0631 

20 4.8706 4.9423 0.0717 

25 4.7855 4.8273 0.0418 

30 4.7675 4.7116 0.0559 

 

Table 4.31: Calculated absorption kinetic parameters of acebutolol HCl in the presence of 400 µg/mL 

verapamil HCl in  rat No. 1. 

kap %A 0 R 

1.386 h
-1 

98.24  0.970 

 

 

 

Figure 4.18: Plot of the fit of the apparent first-order equation to the data (remaining luminal 

concentration of acebutolol HCl with 400 µg/mL verapamil HCl versus time) in rat No. 1. 
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Table 4.32: Absorption kinetic result after co-perfusion of 260 µg/mL acebutolol HCl co-

administered with 400 µg/mL verapamil HCl for the rat No. 2  

Time 

(minute) 

ln. Remnant concentrations 

(µg/mL) 

ln. Predicted concentrations 

(µg/mL) 

ln. Residual concentrations 

(µg/mL) 

05 5.3276 5.3141 0.0135 

10 5.1773 5.1985 0.0212 

15 5.1530 5.0828 0.0702 

20 4.8948 4.9671 0.0724 

25 4.8031 4.8516 0.0483 

30 4.7943 4.7359 0.0584 

 

Table 4.33: Calculated absorption kinetic parameters of acebutolol HCl in the presence of 400 µg/mL 

verapamil HCl in rat No. 2. 

kap %A 0 R 

1.386 h
-1 

98.29 0.966 

 

 

 

Figure 4.19: Plot of the fit of the apparent first-order equation to the data (remaining luminal 

concentration of acebutolol HCl with 400 µg/mL verapamil HCl versus time) in rat No. 2. 

 

4.7

4.8

4.9

5

5.1

5.2

5.3

5.4

5.5

0 5 10 15 20 25 30 35 40

ln
. 

re
m

n
a

n
t 

c
o

n
c
e

n
tr

a
ti
o

n
s
 

(µ
g

/m
L
) 

 

Time (Min.)  



71 
 

Table 4.34: Absorption kinetic results after co-perfusion of 260 µg/mL acebutolol HCl co-

administered with 400 µg/mL verapamil HCl for the rat No. 3. 

Time 

(minute) 

ln. Remnant concentrations 

(µg/mL) 

ln. Predicted concentrations 

(µg/mL) 

ln. Residual concentrations 

(µg/mL) 

05 5.3680 5.3528 0.0152 

10 5.2127 5.2380 0.0253 

15 5.1892 5.1231 0.0661 

20 4.9414 5.0083 0.0669 

25 4.8541 4.8934 0.0393 

30 4.8289 4.7786 0.0503 

 

Table 4.35: Calculated absorption kinetic parameters of acebutolol HCl in the presence of 400 µg/mL 

verapamil HCl in rat No. 3. 

kap %A 0 R 

1.380 98.24 0.972 

 

 

 

Figure 4.20: Plot of the fit of the apparent first-order equation to the data (remaining luminal 

concentration of acebutolol HCl with 400 µg/mL verapamil HCl versus time) in rat No. 3. 
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Table 4.36: Absorption kinetic results after co-perfusion of 260 µg/mL acebutolol HCl co-

administered with 400 µg/mL verapamil HCl for the rat No. 4.  

Time 

(minute) 

ln. Remnant concentrations 

(µg/mL) 

ln. Predicted concentrations 

(µg/mL) 

ln. Residual concentrations 

(µg/mL) 

05 5.3974 5.3813 0.0161 

10 5.2470 5.2643 0.0173 

15 5.2070 5.1473 0.0597 

20 4.9565 5.0302 0.0737 

25 4.8706 4.9132 0.0426 

30 4.8541 4.7962 0.0579 

 

Table 4.37: Calculated absorption kinetic parameters of acebutolol HCl in the presence of 400 µg/mL 

verapamil HCl in rat No. 4.  

kap %A 0 R 

1.404 98.29 0.971 

 

 

 

Figure 4.21: Plot of the fit of the apparent first-order equation to the data (remaining luminal 

concentration of acebutolol HCl with 400 µg/mL verapamil HCl versus time) in rat No. 4. 
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Table 4.38: Absorption kinetic results after co-perfusion of 260 µg/mL acebutolol HCl co-

administered with 400 µg/mL verapamil HCl for the rat No. 5. 

Time 

(minute) 

ln. Remnant concentrations 

(µg/mL) 

ln. Predicted concentrations 

(µg/mL) 

ln. Residual concentrations 

(µg/mL) 

05 5.3581 5.3404 0.0177 

10 5.2069 5.2292 0.0223 

15 5.1833 5.1179 0.0654 

20 4.9338 5.0066 0.0728 

25 4.8458 4.8954 0.0496 

30 4.8458 4.7841 0.0617 

 

Table 4.39: Calculated absorption kinetic parameters of acebutolol HCl in the presence of 400 µg/mL 

verapamil HCl in rat No. 5. 

kap %A 0 R 

1.338 h
-1 

98.17 0.964 

 

 

 

Figure 4.22: Plot of the fit of the apparent first-order equation to the data (remaining luminal 

concentration of acebutolol HCl with 400 µg/mL verapamil HCl versus time) in rat No. 5. 
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Table 4.40: Absorption kinetic results after co-perfusion of 260 µg/mL acebutolol HCl co-

administered with 400 µg/mL verapamil HCl for the rat No. 6. 

Time 

(minute) 
ln. Remnant concentrations 

(µg/mL) 

ln. Predicted concentrations 

(µg/mL) 

ln. Residual concentrations 

(µg/mL) 

05 5.3378 5.3203 0.0175 

10 5.1833 5.2096 0.0263 

15 5.1652 5.0990 0.0662 

20 4.9183 4.9884 0.0701 

25 4.8374 4.8778 0.0404 

30 4.8204 4.7672 0.0532 

 

 

Table 4.41: Calculated absorption kinetic parameters of acebutolol HCl in the presence of 400 µg/mL 

verapamil HCl in rat No. 6. 

kap %A 0 R 

1.326 h
-1 

98.16 0.967 

 

 

 

 

Figure 4.23: Plot of the fit of the apparent first-order equation to the data (remaining luminal 

concentration of acebutolol HCl with  400 µg/mL verapamil HCl versus time) in rat No. 6. 
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Figure 4.24: Graphical representation for the 6 rats after co-administration of acebutolol HCl 260 

µg/mL and verapamil HCl 400 µg/mL. 

 

The data obtained previously in the 6 rats are summarized in table 4.42. Mean values 

(±SD) of ln remnant concentrations at each time interval of all 6 rats was calculated. 

Also, Mean values (±SD) of kap, %A0, and R were demonstrated. Furthermore, the means 

of ln remnant concentrations plotted against time to give graphical representation of all 

data obtained experimentally from the 6 rats in one line that describe kap behavior found 

in the rat small intestine (Fig. 4.25). 

The obtained data revealed that ACH co-administered with 400 µg/mL verapamil has kap 

values ranged from 1.326 to 1.404 h
-1

. The mean of %A0 was 98.2317 ± 0.0564%, R was 

0.968 ± 0.0031, and %RSD was less than 1% (table 4.42).  

Upon comparing the mean value of kap of this group with the first group (ACH alone), 

statistical differences was observed (p value < 0.001). The results show significant 

increase in the kap value of ACH in the presence of verapamil HCl 400 µg/mL from 0.468 

to 1.37. 
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Table 4.42: ln Remnant concentrations of acebutolol HCl after  co-perfusion with verapamil HCl (400 

µg/mL) in the 6 rats. 

 

Time 

 (minute) 

 

ln. Remnant concentrations (µg/mL)   

 

Rat No. 

1 

Rat No. 

2 

Rat No. 

3 

Rat No. 

4 

Rat No. 

5 

Rat  

No. 6 

Mean ± SD  %RSD 

05 5.3067 5.3276 5.3680 5.3974 5.3581 5.3378 5.3493 ± 0.0321 0.60 % 

10 5.1530 5.1773 5.2127 5.2470 5.2069 5.1833 5.1967 ± 0.0327 0.63 % 

15 5.1218 5.1530 5.1892 5.2070 5.1833 5.1652 5.1699 ± 0.0302 0.58 % 

20 4.8706 4.8948 4.9414 4.9565 4.9338 4.9183 4.9192 ± 0.0318 0.65 % 

25 4.7855 4.8031 4.8541 4.8706 4.8458 4.8374 4.8328 ±0.0322 0.67 % 

30 4.7675 4.7943 4.8289 4.8541 4.8458 4.8204 4.8185 ± 0.0326 0.68 % 

   

SD: Standard Deviation.           %RSD: Relative Standard Deviation.            kap: Absorption rate constant. 

%A 0: Estimated inclination of the rectal absorption line.                                 R: Correlation coefficient. 

 

 

 

 

Figure 4.25: Graphical representation of the obtained experimentally data for the 6 rats after the 

administration of 260 µg/mL acebutolol HCl co-administered with 400 µg/mL verapamil. 
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Acebutolol HCl with verapamil HCl 400 µg/mL 

kap (h
-1
) 1.386 1.386 1.38 1.404 1.338 1.326 1.37 ± 0.0308 

%A 0  98.24 98.29 98.24 98.29 98.17 98.16 98.2317 ± 0.0564 

R 0.97 0.966 0.972 0.971 0.964 0.967 0.968 ± 0.0031 
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The means of ln remnant concentrations of all data obtained experimentally from the 

three groups were assembled in table 4.43 and figure 4.26 to show the difference of ACH 

absorption behavior among three groups. 

  

Table 4.43: The mean of ln remnant concentrations of Acebutolol HCl for all data obtained 

experimentally for the three groups. 

ACH/Verapamil HCl 

(260/400 µg/mL)
a

 

ACH/Verapamil HCl 

(260/200 µg/mL)
a

 

ACH (260 µg/mL) 

alone
a
   

Time 

 

 

5.5452 5.5407 5.4864 0 

5.3493 5.4692 5.3884 5 

5.1967 5.4138 5.3290 10 

5.1699 5.3585 5.3076 15 

4.9122 5.3400 5.2934 20 

4.8328 5.3150 5.2596 25 

4.8185 5.2572 5.2053 30 

ACH : acebutolol HCl                                                                             a: mean of ln remnant concentrations 

 

 

Figure 4.26: Graphical representation of the fit of the apparent First-order equation to the obtained 

mean data (remaining luminal concentrations of 260 µg/mL acebutolol HCl, acebutolol HCl with 200 

µg/mL of verapamil HCl, and acebutolol HCl with 400 µg/mL of verapamil HCl). 
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4.5 Statistical evaluation of data obtained experimentally 

4.5.1 Test of homogeneity of variances (Duncan) for groups 

Table 4.44: Results of Duncan test for the homogeneity within the first group of rats who was 

perfused ACH (260 µg/mL) alone. 

P-value F-value Mean square Df Sum of squares  

0.428 1.012 0.06 5 0.029 Inter groups 

  0.006 30 0.170 Intra groups 

   35 0.199 Total 

 

Table 4.45: Results of Duncan test for the homogeneity within the second group of rats who was 

perfused ACH 260 µg/mL with verapamil HCl 200 µg/mL. 

P-value F-value Mean square Df Sum of squares  

0.961 0.198 0.001 5 0.004 Inter groups 

  0.004 30 0.122 Intra groups 

   35 0.127 Total 

 

Table 4.46:  Results of Duncan test for the homogeneity within the third group of rats who was 

perfused ACH 260 µg/mL with verapamil HCl 400 µg/mL. 

P-value F-value Mean square Df Sum of squares  

0.986 0.122 0.006 5 0.030 Inter groups 

  0.049 30 1.461 Intra groups 

   35 1.490 Total 

 

4.5.2 Comparison between kap of three groups 

4.5.2.1 One way ANOVA test 

The results in the table 4.47 showed that there is statistical significant difference between 

the kap values of ACH administered alone and ACH administered with co-perfused 

verapamil HCl (p-value < 0.05).  
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Table 4.47: A multiple comparison One way ANOVA test between the three groups. 

P-value F-value Mean square df Sum of squares  

< 0.001 56.549 0.987 2 1.956 Inter groups 

  0.017 105 1.816 Intra groups 

   107 3.772 Total 

 

4.5.2.2 Bonferroni test to compare between the three groups  

Bonferroni test has been done to detect the differences between the mean of the three 

groups. The results in the table 4.48 showed that there is statistical significant difference 

between the kap values of ACH administered alone and ACH coadministered with 

verapamil HCl 400 µg/mL (p-value < 0.001) and non-significant differences in kap values 

when ACH coadministered with verapamil HCl 200 µg/mL. 

Table 4.48: A multiple comparisons Bonferroni test between the three groups. 

 

 (I) Group (J) Group 

Mean 

Difference  

(I -J) 

Standard 

Error 
Significant 

ACH 260 µg/mL alone 

ACH + verapamil HCl 200 

µg/Ml 
0.06179 0.3100 0.146 

ACH + verapamil HCl 400 

µg/mL 
0.3133
 

0.3100 < 0.001
* 

ACH + verapamil HCl 200 

µg/Ml 

ACH 260 µg/mL alone -0.06179 0.3100 0.146 

ACH + verapamil HCl 400 

µg/mL 
0.24954 

0.3100 
< 0.001* 

ACH + verapamil HCl 400 

µg/Ml 

ACH 260 µg/mL alone -0.31133 0.3100 < 0.001* 

ACH + verapamil HCl 200 

µg/mL 
-0.24954 

0.3100 
< 0.001* 

* Statistically significant at 0.05 level of significance. 
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Chapter 5 

Discussion 

5.1 Background  

ACH is a ɓ1 selective blocking agent which is mainly administered by the oral route. The 

oral bioavailability of ACH has been reported to be relatively low 35 ï 50 %. Some 

studies refer this low bioavailability to hepatic first-pass metabolism (Roux et al., 1983a). 

Other studies suggest that ACH is a substrate for the active mediated efflux transporter P-

gp which may also contribute to its low bioavailability (Terao et al., 1996).  

Based on these observations, the present work was designed to study the absorption 

process of ACH as the first step that can affect its bioavailability and to explore the 

impact of P-gp on the oral absorption of ACH using verapamil HCl as an example of P-

gp inhibitor in rat model. The study was also conducted to compare the effect of different 

concentrations of verapamil HCl on the absorption rate constant (kap) of ACH. 

To achieve this purpose, 18 healthy wister albino male rats were used. The rats were 

divided into three groups, six rats for each. The first group is the control group which 

received ACH alone 260 µg/mL, the second and third groups received ACH with 

verapamil HCl 200 and 400 µg/mL, respectively. 

In situ intestinal perfusion technique, which is accepted model for estimating intestinal 

absorption and has proved to be useful in providing guidance for human bioavailability 

clinical trials (Garrigues et al., 1991), was applied to study ACH intestinal absorption. 

ACH can be transported by carriers which are active in the intestinal perfusion technique. 

Furthermore, in this model all physiological conditions are preserved which provides 

important insights about the dynamics of the absorption process (Sánchez-Picó et al., 

1989; Ruiz-Balaguer et al., 1997). 

The absorption process is determined by many factors (Jamei et al., 2009; Martinez and 

Amidon, 2002), thereby to study the effect of any factor it is important to isolate the 
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intestinal absorption process by eliminating the influence of other factors as much as 

possible.  

In the intestinal perfusion technique, administration of drug in a solution rules out the 

dissolution process. Intraluminal perfusion rules out the effect of gastric acidity and 

gastric emptying. Therefore, the effect of P-gp on drug absorption is more obvious due 

exclusion of many factors that may influence the absorption. 

Furthermore, estimation of kap based on first-order disappearance of drug from intestinal 

lumen is another advantage of the method used in this study. Direct measurement of kap 

from intestinal sampling which based on disappeance of drug from intestinal lumen is  

better than indirect measurement of kap from blood sampling which depend on 

appearance of drug in the plasma because hepatic first-pass effect should be taken into 

consideration with blood sampling. In intestinal sampling we determine the amount of 

drug absorbed from intestine regardless if this entire amount reaches systemic circulation 

or exposed in some degree to hepatic metabolism. For this evaluation sampling from 

portal vein is required. 

Despite the fact that anesthesia used in this technique may decrease blood flow and 

intestinal motility which may decrease both passive and active transport and affecting the 

estimation of drug absorption, it has been reported that barbiturates have the least effect 

on intestinal permeability in rats (Yuasa et al., 1993). Therefore, in this study thiopental 

50 µg/Kg was used as anesthetic drug in all experiments which belongs to barbiturates. 

In our study rats were fasted for at least 12 hrs. before the experiment because previous 

studies showed that fed rats had lower absolute bioavailability than fasted rats (Piquitte-

Miller and Jamali, 1997). Female rat was rejected to avoid risk of pregnancy or inter-

individual variabilities. During experimental procedure any rat got dead, suffer from 

bradycardai or apnea, exposed to incision in the intestine was also rejected.  

Regarding the collected luminal fluid samples, the colorless and transparent samples were 

accepted for spectrophotometric analysis but samples mixed with blood were rejected. 
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In situ intestinal perfusion model assumed that drug concentrations in the enterocyte and 

the intestinal lumen were in dynamic equilibrium after 5 min. Therefore, only samples 

obtained between 5 ï 30 min, at which ACH concentration in the enterocyte were 

assumed to be proportional to the ACH concentrations in the intestinal lumen, were used 

for calculation of kap (Ruiz-Balaguer et al., 1997). This is due to the effect of membrane 

uptake, enterocyte loading and other factors which resulting in lower predicted initial 

concentration (the intercept of the regression line at time zero) than actual initial 

concentration (concentration of non-perfused sample at time zero) (Martin-Villodre et al., 

1986; Sánchez-Picó et al., 1989). 

For quantitative determination, UV spectrophotometric analysis was performed to 

determine the remnant concentrations of ACH in the intestinal luminal fluid which 

indicate the disappearance of drug from the intestinal lumen. 

Absorption rate constants (kap) were statistically compared between the three groups 

using a one-way analysis of variance (ANOVA) test. 

5.2 Development and validation of UV-Vis spectrophotometric method of analysis  

UV-spectrophotometric method has been developed for the quantitative analysis of ACH 

in intestinal luminal fluid collected during intestinal perfusion technique. The proposed 

method was found to be quite simple, accurate, rapid, and inexpensive for the 

determination of ACH in the intestinal luminal fluid. 

During method development, no spectral interference were identified during 

determination of ACH in the presence of verapamil HCl and intestinal luminal fluid at the 

selected wavelength 320 nm, therefore it was chosen as ɚmax. 

The developed method was validated for linearity, LOD, LOQ, precision, and accuracy 

according to ICH guidelines (ICH: 2005). 

Results obtained during method validation showed a linear relationship between the 

absorbance and the concentrations of ACH in the range of 4 ï 200 µg/mL. The results are 

shown in table 4.1. The coefficient of determination (R
2
) for the obtained calibration 
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curve was 0.999 indicating a very good linearity. The representative linear regression 

equation was found to be: Y = 0.007 X + 0.003. 

The results of accuracy, inter-day and intra-day precision were reported in table 4.2 and 

4.3 respectively. The precision and accuracy of the proposed method were tested by 

means of replicate measurements of the tested drug within Beerôs law limits. 

Regarding the accuracy, the results of the recovery studies was in the range between 

99.8% - 102.5% which reveal good accuracy of the developed method. On the other 

hand, both inter-day and intra-day precision results show low RSD not more that 2% 

which indicate good precision. 

With respect to ACH stability in intestinal fluid, the ACH solution showed stability at 

room temperature over a period of 6 hrs. Moreover, during our experiment all collected 

samples measured by the developed spectrophotometric method have concentrations 

within the linearity range and above the LOQ 2.03 µg/mL. 

The validation parameters confirm that the method is appropriate and suitable for 

quantitative determination of ACH in intestinal luminal fluid.  

5.3 Intestinal absorption of ACH  

The determination of kap using the control group was a necessary step to gain insight into 

ACH absorption process because kap value for the same drug is not constant as other 

pharmacokinetic parameters but many factors could affect it. Therefore, this group gives 

kap value under the same conditions of all rats used in this study and with the same dose 

of ACH which can be compared with those values obtained in the presence of P-gp 

inhibitor. 

The allometric dose of ACH was calculated according to the following equation: human 

dose/human weight = animal dose/animal weight (Nair and Jacob, 2016).  

The results in table 4.16 show the absorption rate constants (kap) obtained for all 6 rats in 

the control group. The mean of kap values obtained was 0.468 ± 0.0449 h
-1

. The gradual 

decrease of ACH concentration in the intestinal lumen indicates that ACH follows first-
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order kinetic and the dose used does not cause saturation of the transporter (table 4.16, 

figure 4.9).  

The homogeneity between rats within the group was statistically evaluated as shown in 

table 4.44. Results demonstrated low inter-individual variation among rats (p value = 

0.428). 

5.4 The effect of verapamil HCl on the intestinal absorption of ACH  

The results obtained in our study demonstrated that ACH could be a substrate for rat 

intestinal P-gp, because absorption rate constant values (kap) of ACH  at concentration 

260 µg/mL were increased by co-perfusion of verapamil HCl as P-gp inhibitor 

Verapamil HCl, which has been widely used in intestinal transport assays, was selected 

as an efflux inhibitor due to its clear effect on the absorption of many drugs which are 

secreted from the enterocyte by the P-gp. The effect of verapamil HCl at concentration 

400 µg/mL on the absorption of P-gp substrates was approved by previous studies in rats 

model and significant effect on the absorption rate constants (kap) was observed (Song et 

al., 2006, Abushammala et al., 2013; Choi and Song, 2016). Therefore, verapamil HCl at 

concentration 400 µg/mL was adopted to investigate the role of P-gp on ACH absorption 

in our model. On the other hand, half of the previous concentration (200 µg/mL) was also 

used to explore the effect of lower concentration of verapamil HCl on the absorption of 

ACH. 

The data obtained in our study revealed a significant reduction in the remnant 

concentrations of ACH in intestinal luminal fluids of rats in the third group (ACH 260 

µg/mL with verapamil HCl 400 µg/mL) and kap value increased 3-fold from 0.468 ± 

0.0449 h
-1

 to 1.37 ± 0.0308 h
-1

 (tables 4.16 and 4.42). Statistical analysis using 

Bonferroni test showed p value < 0.001 (table 4.48). 

On the contrary, no significant effect of verapamil HCl, at concentration 200 µg/mL, on 

the kap value of ACH was found.  As shown in table 4.29, remnant concentrations of 

ACH in the ratsô intestinal luminal fluid were not significantly decreased. The absorption 

rate constant of ACH obtained was 0.3892 ± 0.0761 h
-1

 in the presence of verapamil HCl 
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(200 µg/mL) which is not significantly different from kap value obtained for the control 

group 0.468 ± 0.0449 h
-1

(p = 0.146, table 4.48).  

Inter-individual variation among rats within the same group was statistically insignificant 

(p value > 0.05) (table 4.45, 4.46). 

Similar effect of verapamil HCl, at the higher dose level, was manifested with other ɓ-

blockers such as salbutamol (Valenzuela et al., 2004), labetalol (Abushammala et al., 

2006), propranolol (Abushammala et al., 2013). Furthermore, this effect was also seen 

with drugs other than ɓ-blockers such as metformin and phenformin (Song et al., 2006; 

Choi and Song, 2016). 

The oral drug bioavailability is directly related to the drug absorption and metabolism in 

the gut wall. In case of ACH intestinal metabolism was not observed (Piquette-Miller and 

Jamali, 1997).  

The present study confirmed clearly the role of P-gp on intestinal absorption of ACH and 

thus may contribute to its low bioavailability. This also could explain the active secretion 

of ACH into the intestine after intravenous administration (Terao et al., 1996) 

On the other hand, the obtained results reveal that verapamil HCl at concentration 400 

µg/mL is almost sufficient to saturate P-gp efflux transporter which was reflected on 

enhancement of ACH absorption. 

Other studies showed that increase the concentration of verapamil HCl up to five-fold did 

not significantly affect the absorption rate constant of P-gp substrate due to saturation of 

P-gp transporter (Abushammala et al., 2013). 

Furthermore, lower verapamil HCl concentration (200 µg/mL) did not significantly affect 

the absorption rate constant of ACH which indicates that verapamil HCl 200 µg/mL was 

not enough to saturate P-gp efflux transporter or to affect on the absorption of ACH. 
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Chapter 6 

Conclusions 

 

This study was carried out on eighteen albino wister male rats to evaluate the effect of P-

gp inhibition on the absorption of ACH using in situ intestinal perfusion technique. 

Furthermore, the study was also conducted to compare the effect of different verapamil 

HCl concentrations on ACH absorption. At the end of the study and after results analysis 

we concluded the following: 

 

¶ ACH is actively secreted from the enterocyte by P-gp efflux pump as confirmed by 

inhibition study performed with verapamil HCl which indicate that P-gp is a critical 

factor participates in low oral bioavailability of ACH. 

 

¶ The absorption rate constant (kap) of ACH was increased 3 folds in the presence of 

verapamil HCl 400 µg/mL. 

 

¶ No effect of lower verapamil HCl concentration (200 µg/mL) on the kap of ACH. 

 

¶ Verapamil HCl at concentration 400 µg/mL is almost sufficient to saturate P-gp 

efflux transporter and affect its substrates. 

 

¶ The rats appear to be a suitable animal model for absorption studies with minimal 

inter-individual variation was recorded among rats. 
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Chapter 7 

Recommendations 

 

¶ ACH is a substrate for P-gp. This feature should be considered when ACH 

administered concomitantly with any drug that can alter the activity of P-gp 

(induction or inhibition) to avoid significant drug-drug interaction. 

 

 

¶ Since the applied in situ perfusion technique cannot completely investigate intestinal 

absorption because drug disappearance from intestinal lumen does not reflect drug 

appearance in the blood, further studies using modified intestinal perfusion 

techniques with mesenteric and portal vein cannulation is recommended to estimate 

the intestinal and hepatic metabolism of the drug for accurately reflect intestinal 

absorption from intestinal lumen. 

 

 

¶ Confirming the results of this study in further clinical studies to evaluate the effect of 

verapamil HCl on ACH absorption. 

 

¶ Open new ways to overcome the efflux effect of P-gp on ACH other than using P-gp 

inhibitor which may have therapeutic effect. Nanotechnology is suggested. 

 

¶ Development of regulations for use of animals in pharmacokinetic studies by 

corresponding authorities in Palestine e.g. Ministry of Health, Medical Faculties, 

pharmacy Faculties and Pharmaceutical Industry. 
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