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ABSTRACT 
 

Effects of Chronic Kidney Disease on Drug Disposition: Transport, Metabolism, 
and Pharmacokinetics of Different Biopharmaceutics Drug Disposition 

Classification System (BDDCS) Drugs 

 

Maribel Reyes 

 

Pharmacokinetic changes of non-renally excreted drugs have been observed in 

chronic kidney disease (CKD) patients.   Typically, dose adjustment is implemented in 

CKD patients for drugs that are renally excreted, but not for non-renally excreted drugs. I 

hypothesized that uremic toxins in CKD patients alter the transport of drugs and 

consequently alter drug disposition. Since BDDCS categorize drugs based on drug 

transporter involvement for drug disposition, I also hypothesized that BDDCS can be 

used as a tool to predict which drugs (Class 2, 3, and 4 but not Class 1) would have 

changes in drug disposition in CKD patients.    

Uremic toxins in CKD may alter drug metabolism; however, uremic toxins have 

not been investigated for their effect on drug transporters.  In this thesis I investigated if 

uremic toxins affect drug transport in tranfected cells (transfected with human hepatic 

transporters), and rat and human hepatocytes.  I observed no change in drug transport for 

the Class 1 drug propranolol, but reduction in transport for Class 2 losartan and Class 4 

eprosartan in transfected cells.  On the other hand, in rat and human hepatocytes, changes 

were only observed for losartan.  There was no change in metabolism in rat or human 

microsomes for propranolol or losartan in the presence of hemodialysis (HD) serum.  
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  Studies have shown that hepatic transporters play an important role in drug 

disposition, but changes in hepatic drug transporters in CKD have not been explored. I 

used a rat model chronic kidney disease and investigated the hepatic drug disposition of 

propranolol, losartan, and eprosartan in the isolated perfused rat liver system by perfusing 

the liver with HD serum or normal serum.   The results from these studies were 

inconclusive, the variability was high and the number of animals used was small.   

A human clinical study was carried out in CKD patients and healthy volunteers.  I 

investigated the pharmacokinetic changes of propranolol, losartan, and erythromycin.  As 

predicted there were no changes in propranolol PK, but there were significant changes for 

losartan metabolite and erythromycin.  This showed that BDDCS can be a useful tool for 

predicting changes in drug disposition in CKD patients.  
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Chapter 1: Chronic Kidney Disease, Transporters, and Metabolizing 
Enzymes:  consequences on drug disposition 
 

 

Summary 

 This chapter outlines the importance of investigating the effects of chronic kidney 

disease in drug disposition.  The role of the kidney in important physiological functions 

as well as drug disposition is described to indicate the importance of the kidney as a 

major organ that regulates body homeostasis as well as its importance in drug disposition.  

A brief discussion of chronic kidney disease statistics in the United States and the public 

health impact is included.  The definition of chronic kidney disease and its stages is 

described to place a perspective on how the disease progresses and leads to accumulation 

of uremic toxins, which are central to the hypothesis for this project.  The importance of 

metabolizing enzyme and transporters in drug disposition and how these are affected in 

chronic kidney disease is also discussed.  Next, the biopharmaceutics drug disposition 

classification system (BDDCS) will be described and its utility for predicting the 

disposition of different classes of drugs is discussed.  Finally, the rationale, hypothesis, 

and aims of this research project are summarized.    
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1.1 Introduction 

 Pharmacokinetics and pharmacology have made great advances over the last 50 

years, leading to the discovery of natural and synthetic compounds to treat a variety of 

diseases.  However, there are still many challenges facing drug development, from 

finding suitable targets for active compounds, developing formulations for poorly 

permeable drugs, to deciphering the extent of involvement of drug transporters in 

pharmacokinetics, and effectively utilizing pharmacogenomics to help address issues in 

drug development.  Drug absorption, distribution, metabolism, and elimination (ADME) 

drive drug disposition in the body, and consequently drug efficacy.  These parameters are 

central to pharmacokinetics (PK) and pharmacodynamics (PD) making it essential to 

study changes in ADME in order to determine how the pharmacokinetics and 

pharmacodynamics of a drug will be affected.  The organs that are most relevant to these 

parameters are the intestine, the liver, and the kidney.  Moreover, the changes in these 

parameters in disease states compared to healthy volunteers need to be considered for 

effective drug treatment.  Such is the case of chronic kidney disease (CKD), in which 

patients show alterations in pharmacokinetics of some medications that are not eliminated 

by the kidney, yet it is not known why these alterations occur.  Understanding these 

changes in the absorption, distribution, metabolism, and elimination in CKD, and 

understanding what mediates these changes, can lead to better dosing of these drugs and 

prevent toxicities, drug-drug interactions, and improve efficacy.  In the next sections the 

relevant function of the kidney and liver will be discussed, as well as CKD, metabolizing 

enzymes, transporters, the biopharmaceutics drug disposition classification system 

(BDDCS), and scientific findings on these topics will be discussed.  This will set the 
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stage for the rationale of the hypothesis tested in this thesis and the approach used to 

study the hypothesis.    

 

1.2 Kidneys, Liver, and Importance in Drug Disposition 

1.2.1 The Kidneys 

 The kidneys play a central role in drug elimination.  In addition, the kidney 

expresses metabolizing enzymes and transporters responsible for drug metabolism and 

transport (see section 1.6 and 1.7).  As an excretory organ, the kidney is a major route of 

drug elimination, and can also be a site of reabsorption for drugs.  Hence, in the presence 

of renal impairment, drug elimination or reabsorption will be altered.  

  The kidneys (Figure 1.1) are paired organs located in the posterior part of the 

abdomen on each side of the vertebral column. The weight of each human kidney ranges 

from 125 g to 170 g in the adult male and from 115 g to 155 g in the adult female 

(Brenner and Rector, 2008). 
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Figure 1.1: The kidney (Brenner and Rector, 8th Edition) 

 

 The functional unit of the kidney is the nephron. Each human kidney contains 

about 0.6 x106 to 1.4 x 106 nephrons. The essential components of the nephron are 

depicted in Figure 1.2 and include the glomerulus, Bowman’s capsule, the proximal 

tubule, the distal tubule, the collecting duct, and the loop of Henle.  The filtration of a 

nearly protein-free fluid from the glomerular capillaries into the Bowman space is the 

first step in urine formation. Electrolytes, amino acids, glucose, and other endogenous or 

exogenous compounds smaller than 20Å (< 60,000 daltons) are freely filtered while 

molecules larger than ≈50Å  are virtually excluded from filtration (Brenner and Rector, 

2008). 
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Figure 1.2: Illustration of the nephron, its components, and ionic movement to form 
urine (http://faculty.washington.edu.htm , 2003) 

 

 The kidneys are involved in important physiological processes that regulate body 

homeostasis.  The kidneys, in addition to removing waste and xenobiotics from the 

bloodstream, are also responsible for secreting three important hormones: erythropoietin, 

which stimulates the bone marrow to make red blood cells; renin, which regulates blood 

pressure; and calcitriol, which is the active form of vitamin D and helps maintain calcium 

homeostasis. The kidney is responsible for maintaining a balance of electrolytes, glucose, 

amino acids, and organic cations and anions through reabsorption into the bloodstream.  

Due to all the critical physiological roles of the kidney, it is important to understand how 

alterations in the kidney may affect processes in other organs, as well as understanding 
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how the kidney function may affect drug pharmacokinetics (PK) and/or metabolism for 

non-renally excreted drugs (those metabolized and excreted by the liver).    

1.2.2 The Liver 

Along with the kidneys, the liver is another vital organ for drug elimination, via 

metabolism and biliary excretion (Figure 1.3).  The liver also expresses drug transporters 

and a variety of metabolizing enzymes, which play an important role in ADME and affect 

drug PK/PD. The liver is a vital organ responsible for a wide range of functions, 

including metabolism, glycogen storage, decomposition of blood cells, hormone 

production, detoxification, protein synthesis, and production of bile acids. The liver lies 

below the diaphragm in the thoracic region of the abdomen.  The production of bile, an 

alkaline fluid, aids in digestion via the emulsification of lipids.   

 

Figure 1.3: Diagram depicting the liver, biliary system, stomach and pancreas 
(http://www.mainlinehealth.org/stw/images/125543.jpg, 2010). 
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 The liver is comprised of approximately 70-80% hepatocytes, the cell type 

responsible for metabolism of xenobiotics and endogenous compounds. Hepatocytes are 

polarized epithelial cells (Figure 1.4). Their plasma membranes have three distinct 

domains—(1) the sinusoidal surface (~37% of the cell surface) that comes in direct 

contact with plasma through the fenestrae of the specialized hepatic sinusoidal 

endothelial cells; (2) the canalicular surface (~13% of the cell surface) that encloses the 

bile canaliculus; and (3) contiguous surfaces (Sleisenger et al., 2006). 

 

Figure 1.4: Hepatocyte and other hepatic cells (Sleisenger et al., 2006)  

 

The hepatocyte contains important Phase I and Phase II metabolizing enzymes 

that modify xenobiotics into more polar compounds, making them more readily available 

for elimination.  The enzymes include the cytochromes P450 (CYP450) metabolizing 

enzymes, the epoxide hydrolases, methyltransferases, glutathione-S-transferases, N-

acetyltransferases, UDP-glucuronosyltransferases, etc.  The most abundant isoform of 
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CYP450 enzymes in humans is CYP3A4.  This enzyme along with other CYP isoforms is 

important in drug metabolism and drug-drug interactions (see section 1.6).  In addition to 

the metabolizing enzymes, the hepatocyte also expresses transporters in the basolateral 

and canalicular surface of the cell (see section 1.7).  Due to the major role the liver plays 

in xenobiotic metabolism, it is important to know the consequences of CKD on liver 

CYPs and transporters in order to understand the consequences of CKD on drug 

disposition.  

 

1.3 Chronic Kidney Disease  

1.3.1 Chronic Kidney Disease Statistics 

The physiological processes that the kidney carries out are essential for 

homeostasis and drug disposition; thus, it is essential to investigate the consequences of 

chronic kidney disease (CKD) on these processes. CKD occurs when the kidneys suffer 

from gradual and usually permanent loss of function over time. The disease afflicts 

millions of Americans every year, and according to data collected through the National 

Health and Nutrition Examination Survey from 1994-2004, 11.5% of adults ages 20 or 

older (23 million adults) have physiological evidence of chronic kidney disease (Levey et 

al., 2009).  Chronic kidney disease is typically a secondary disease to hypertension, 

diabetes, glomerulonephritis, cystic kidney, or urologic diseaes. One of the major 

consequences of CKD is impaired body homeostasis, leading to electrolyte imbalance, 

decreased ability to excrete phosphate and potassium, uremia, abnormalities in calcium, 

parathyroid hormone, and vitamin D metabolism.  The increase in worldwide obesity 
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projects that the incidence of diabetes and hypertension will increase over the next 

decade, and with that the increase in CDK as a consequence of these primary diseases.  

Other chronic kidney disease includes polysistic kidney disease, glomerulonephritis, and 

genetic diseases that affect the renal function and lead to CKD. 

1.3.2 Definition of Chronic Kidney Disease 

The glomerular filtration rate (GFR) is one of the indications of renal function and 

is used to categorize the stage of CKD (Table 1.1). Chronic kidney disease is categorized 

into 5 stages, with stage 1 having evidence of kidney damage and with normal or 

increased GFR and stage 5 being the most severe with a GFR below 15ml/min/1.73m2 

and requiring renal replacement therapy such as hemodialysis and eventually 

transplantation.   

Table 1.1: Stages of chronic kidney disease (National Kidney Foundation, 2002).\ 

Stages Description GFR (mL/min/1.73m2) 

1 Kidney damage with 
normal GFR 

 

≥ 90 

2 Kidney damage with mild   
↓ GFR 

 

60-89 

3 Moderate  ↓ GFR 30-59 

4 Severe ↓ GFR 15-29 

5 Kidney failure (ESRD) < 15 (or dialysis) 

ESRD: end stage renal disease 
GFR: glomerular filtration rate 
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 Knowing occurrence of kidney damage and CKD in the general population is 

important because only a minority of patients progress to kidney failure (often referred as 

end stage renal disease), and only the patients that advance to end stage renal disease 

(ESRD) are reported in national registries. The majority of patients with CKD die from a 

co-morbidity or else maintain relatively stable but reduced renal function,  and suffer the 

consequences of CKD without ever progressing to the need for dialysis (Brenner and 

Rector, 2008). Thus, ESRD registries provide only limited insight into the true burden of 

morbidity and mortality associated with CKD. The earlier stages of kidney dysfunction 

are often clinically silent; when symptoms do arise, they are often nonspecific and 

commonly attributed to co-morbidities or age-related frailty.  

 

1.4 Drug Disposition in Chronic Kidney Disease 

 Chronic kidney disease is a condition that deserves special consideration when 

prescribing and developing drugs.  Two major routes of elimination of xenobiotics are 

urinary excretion (kidneys) or metabolism (liver/intestine).  Metabolism and transport are 

major factors that contribute to drug pharmacokinetics (PK) and pharmacodynamics 

(PD).  It is well established that for drugs eliminated via the kidneys, the dose needs to be 

adjusted for patients with CKD in order to prevent toxicities and significant changes in 

PK/PD due to the impaired renal function. These dose adjustments are typically now 

determined when a new drug is developed.  On the other hand, for drugs that undergo 

hepatic metabolism, there is no standard adjustment for dose for CKD patients.  

Furthermore, there is no standard clinical study in drug development that determines the 
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changes in pharmacokinetics of non-renally excreted drugs in patients with CKD or end 

stage renal disease (ESRD) in which hemodialysis (HD) is initiated.   A study of 

metoprolol in chronic kidney disease patients has shown that in patients with chronic 

kidney disease there is an accumulation of the 4 α-hydroxymetoprolol isomers and of 

both metoprolol acidic metabolite enantiomers, when compared with the patients without 

kidney disease. There was also a 50% reduction in renal clearance, but the accumulation 

of the metoprolol acidic metabolite was 4-fold, indicating that renal elimination was not 

the only pathway being affected in the elimination process (Cerqueira et al., 2005).  

Another study in chronic kidney disease patients has investigated the PK of eprosartan, a 

non-metabolized drug that primarily undergoes biliary excretion.  In this study, patients 

with different stages of chronic kidney disease and on hemodialysis received multiple 

doses of eprosartan and PK parameters were determined (Figure 1.5). The total maximum 

concentration (Cmax) and the area under the concentration-time curve (AUC) were not 

different in healthy volunteers and mild kidney disease patients.  However, for patients 

with stage 4 CKD, the Cmax increased 25-35% and AUC increased 51-55% , the renal 

clearance (CLR) decreased 41% in patients with moderate renal impairment and 91% in 

those with severe renal impairment (Martin et al., 1998).   
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Figure 1.5: Pharmacokinetics of eprosartan in patients with different degrees of renal 
impairment, figure from Martin et al. (1998). 

 

Although the reports of this study indicate that the medication was well tolerated, 

this is still an example of how non-renally excreted drugs show altered PK in patients 

with CKD.  Furthermore, the more profound the CKD (in terms of GFR reduction), 

which also correlates with greater accumulation of uremic toxins, the more profound the 

change in PK parameters.   
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Although clinical evidence has shown that patients with chronic kidney disease 

show altered pharmacokinetics of non-renally excreted drugs (Churchwell and Mueller, 

2007), there are few studies that have investigated how CKD affects drug metabolism, 

disposition, and elimination for drugs that undergo hepatic metabolism and elimination.  

Specifically, there is little research investigating how uremic toxins affect drug 

disposition, i.e. through inhibition of metabolizing enzymes and/or transporters.    

 

1.5 Uremic Toxins 

 Uremic toxins are suspected to play a role in the pharmacokinetic changes of 

drugs in CKD.  Uremic toxins are byproducts of metabolism that accumulate in CKD 

patients due to the decreased renal function and the inability of the kidneys to effectively 

remove these waste products from the blood.  The most common uremic toxin is urea, 

which if accumulated to high concentrations becomes fatal.  At stage 5 of CKD, more 

commonly known as ESRD, the patient must undergo hemodialysis in order to remove 

these life-threatening uremic toxins by artificial filtration of the blood through a dialysis 

unit.  However, these uremic toxins accumulate in the earlier stages of CKD to a lesser 

degree.  The uremic toxins have been classified into three groups, the water soluble-small 

molecules, the middle molecules, and the protein-bound molecules (Vanholder et al., 

2003).  These toxins vary in their characteristics, and even include cytokines and 

hormones like parathyroid hormone (PTH).  It is not known how the accumulation of 

these toxins affects other physiological functions in CKD patients.  Studies have shown 
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that the uremic toxins affect the metabolism and uptake of erythromycin and digoxin 

(Sun et al., 2004; Tsujimoto et al., 2008).   

 

1.6 Cytochromes P450 Metabolizing Enzymes 

Cytochromes P450 (CYP450) metabolizing enzymes play a major role in 

metabolism of endogenous compounds as well as xenobiotics.  In humans, these enzymes 

are responsible for 70%-80% of phase I metabolism (Wijnen et al., 2007) .   The 

importance of CYP450 metabolizing enzymes in drug metabolism has been very well 

established, and considerations of inhibition or activation of these enzymes are important 

in drug-drug interactions, drug pharmacokinetics, pharmacodynamics, and drug 

development.  Furthermore, in the last 15 years, with the sequencing of the human 

genome, and further advances in genetic technologies, scientist have been able to study 

the genetic mutations in the genes that encode the CYP450s (van der Weide and Steijns, 

1999).  These genetic mutations known as polymorphisms have been shown to alter the 

function of CYP450 and in turn alter the metabolism of drugs, which leads to 

pharmacokinetic and pharmacodynamic changes and ultimately changes in drug efficacy 

(Wang et al., 2005).  There are identified populations in certain regions of the world that 

show a higher prevalence of specific mutations in certain CYP450 alleles, which have 

been shown to alter the activity of CYP450s important for drug metabolism (Maekawa et 

al. 2010).  There is a great effort to discover how genetic changes in genes that encode 

CYP450 enzymes affect drug metabolism and disposition, and the consequences on 

clinical outcomes.     
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Studies that have explored the role of uremic toxins on the effects of drug 

disposition have investigated the effect of uremic toxins on CYP450 metabolizing 

enzymes (Leblond et al., 2000; Guevin et al., 2002; Michaud et al., 2008).  These studies 

have shown that uremic toxins affect the activity of CYP450 metabolizing enzymes by 

reducing the metabolism of substrates for CYP450 (Dreisbach et al., 2003).  The 

expression of these enzymes has also been studied in CKD rat models, and it has shown 

been that some isoforms of CYP450 show altered expression in CKD (Leblond et al., 

2001).  More recently, with the advance in the knowledge of drug transporters, a focus 

has been shifted to investigating how drug transporters are affected in CKD.        

 

1.7 Drug Transporters 

1.8 1.7.1 Drug Transporter Localization and Structure 

Hepatic uptake transporters have a significant impact on drug disposition and 

drug-drug interactions, particularly for metabolized drugs.  Hepatic uptake transporters 

are localized at the basolateral membrane of the hepatocyte and facilitate the transport of 

endogenous substances.  These transporters also facilitate the uptake of drug into the cell, 

subsequently exposing drug to metabolizing enzymes and to canalicular membrane 

transporters for elimination.  There are three major uptake transporter families that have 

been well characterized for their role in drug disposition and impact on pharmacokinetics 

(Figure 1.6), the SLCO family of transporters also known as OATPs (organic anion 

transporter polypeptide), and the SLC22A family transporters, which include the OATs 

(organic anion transporters) and OCTs (organic cation transporters).   Other transporters 
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like MRPs (multidrug resistance protein), MDR1 (multidrug resistance transporter, also 

known as P-glycoprotein, P-gp), BCRP (breast cancer resistance protein), BSEP (bile salt 

export pump), and NTCP (sodium-taurocholate cotransporting polypeptide) are also 

expressed in the hepatocyte and are currently being studied for their impact on clinically 

significant outcomes.    

 

Figure 1.6: Hepatocyte and transporter localization 

 

Hepatic efflux transporters are located in the bile canalicular (apical) membrane 

of the hepatocyte as well as at the basolateral membrane and facilitate the efflux of 

endogenous substances and xenobiotics.  The first transporter to be discovered and 

known to transport drugs was P-glycoprotein (P-gp or MDR1).  Other efflux transporters 

include MRP (multi drug resistance-associated protein), BCRP (breast cancer resistant 

protein), and BSEP (bile salt transporter).  Each transporter family contains different 

members with a wide range and sometimes overlapping substrate specificity, different 
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inhibitory substances, and different degrees of expression in different tissues (Chandra 

and Brouwer, 2004).  The structure of mouse P-gp transporter was recently solved by 

Aller et al., (2009) at the Scripps Institute and it revealed the molecular basis for specific 

drug binding.  However, the structure of other transporters is still unresolved.  Knowing 

the three dimensional structures of the transporters of interest will be helpful in designing 

specific inhibitors and studying their role in drug transport and drug-drug interactions.  

Currently the lack of specific inhibitors poses an inconvenience for studying specific 

transporters in cell systems such as hepatocytes or cell lines that endogenously express 

these transporters. 

1.7.2 Transporters and Drug-Drug Interactions 

Studies investigating drug transporters have shed light on their importance on 

drug interactions that many times have clinical significance.  Not all drugs require an 

uptake transporter and not all drugs are metabolized. Thus, it is particularly important to 

determine the role of uptake transporters for metabolized drugs and how these affect drug 

interactions.  If a drug is metabolized and requires an uptake transporter for exposure to 

the metabolizing enzyme and a second drug inhibits uptake of the first drug, the 

consequence will be decreased metabolism of the first drug.  This can in turn increase the 

concentration of the parent drug in the systemic circulation.  Multiple pharmacodynamic 

consequences can result: 1) If the parent drug is the active species then an interaction 

resulting in increased systemic concentrations can lead to increased efficacy and potential 

toxicity if the receptor for activity/toxicity is not in the liver (i.e. glyburide) or decreased 

effects if the receptor for activity is in the liver (i.e. statins) and 2) if a metabolite  of the 

drug is the active species and less metabolite is formed due to inhibition of hepatic uptake 
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then decreased activity may be observed.  It has become increasingly important to 

investigate the role of hepatic transporters on drug interactions and how these transporters 

play a role in drug disposition and therapeutic effects.  Our laboratory and other research 

groups have investigated the impact of drug transporters in drug interactions and the 

results have made it more evident that drug transporters play a role in drug 

pharmacokinetics and drug-drug interactions and drug development (Giacomini et al., 

2010 ; Lau et al., 2004; Lau et al., 2007; Zamek-Gliszczynski et al., 2009; Zheng et al., 

2009).  There has also been a great focus on pharmacogenetics, and investigating how 

polymorphisms in transporters have an effect on drug disposition, pharmacokinetics, and 

drug response  (Kroetz et al., 2010 ; Giacomini et al., 2007; Kivisto and Niemi, 2007). 

Several studies have shown that single nucleotide polymorphisms of transporters alter the 

function of the transporter resulting in altered drug response.  A clinical study in patients 

with OATP polymorphism showed that plasma concentrations of the HIV protease 

inhibitor lopinavir increased compared to patients without the polymorphism (Hartkoorn 

et al., 2010).    

 The important role of drug transporters in drug disposition has also brought into 

question how these drug transporters are affected in disease states.  The role of drug 

transporters in chronic kidney disease and how they can affect drug disposition has been 

a question that has not been extensively explored.  Few studies to date have attempted to 

study the role of transporters in CKD, although some studies in 5/6 nephrectomized rats 

(model for CKD) have reported changes in transporter expression in the liver and 

intestine (Naud et al., 2007; Naud et al., 2008).   However, no studies have been done 

comparing different drugs that are classified by the biopharmaceutics drug disposition 
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classification system (BDDCS) in CKD rat models or in vitro studies to assess drug 

transport in the presence of uremic serum from hemodialysis patients or uremic toxins.    

 

1.9 Biopharmaceutics Drug Disposition Classification System 

 The biopharmaceutics drug disposition classification system (BDDCS) was 

developed by Wu and Benet (2005) in order to classify drugs by the extent of metabolism 

and solubility to be able to predict drug disposition. The BDDCS system (Figure 1.8a) 

was an adaptation from the biopharmaceutics classification system (BCS) (Figure 1.7), 

developed by Amidon et al. (1995). BCS is an experimental model, in which solubility 

and permeability are the main parameters taken into consideration to predict in vivo 

pharmacokinetic performance of drug products from measurements of permeability and 

solubility.  The BCS was adopted by the Food and Drug Administration (FDA) to be used 

as a science based approach to allow waiver of in vivo bioavailability and bioequivalence 

testing of immediate-release solid dosage forms for Class 1 drugs (Figure 1.7).  
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Figure 1.7: BCS according to Amidon et al. (1995).  

 

 

 BDDCS incorporated the extent of metabolism as a parameter to predict drug 

disposition (Figure 1.8a) and to predict the effects of transporters on drug disposition 

(Figure 1.8b).  

Figure 1.8: Biopharmaceutics Drug Disposition Classification System (BDDCS). (a) 
including extent of metabolism, (b) transporter effects followed by oral dosing. 

(a) Classification by extent of metabolism according to BDDCS 
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(b) Transporter effects predicted by BDDCS following oral dosing (Shugarts and 
Benet, 2010). 

 

 

 The differential effect of transporters on drug disposition in the BDDCS system 

and the changes in pharmacokinetics observed in CKD, led us to investigate how uremic 

toxins and CKD may affect drug disposition for different BDDCS drugs.  For our studies, 

the three drugs under investigation were propranolol (class 1), losartan (class 2), 

eprosartan (class 4) for in vitro studies, and erythromycin (class 3) for human clinical 

studies, whose structures are depicted below. 

 

 

 

 

 

21 
 



Figure 1.9: Chemical structures of compounds used 

                 

Propranolol (Class 1) MW: 259.35                               Losartan (Class 2)  MW: 422.91 

        

 

                        

Erythromycin (Class 3)  MW: 733.94            Eprosartan (Class 4) MW: 424.51 
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1.10 Research Project 

1.10.1 Rationale 

  The overall goal of this project was to understand the effects of uremic toxins 

present in patients with chronic kidney disease on hepatic transporters and metabolizing 

enzymes.  We investigated the non-renal effects of uremic toxins on the 

pharmacokinetics of four non-renally excreted drugs in cellular systems, in isolated 

perfused liver, and finally in vivo in healthy volunteers and patients with chronic kidney 

disease (CKD).  We suspected that inhibition of hepatic transporters and/or enzymes by 

uremic toxins may account for the observed changes in the non-renal pharmacokinetics of 

some drugs taken by patients with renal failure. 

1.10.2 Hypothesis 

 The recent and previous studies on transporters, metabolizing enzymes and CKD 

led to the hypothesis that uremic toxins have inhibitory effects on hepatic transporters as 

well as metabolizing enzymes, and this accounts for the decrease in clearance of drugs 

that are metabolized/eliminated through the hepatobiliary system.  Furthermore, we 

hypothesized that the pharmacokinetics of drugs from different BDDCS classes will be 

affected differently by uremic toxins depending on the transporter and enzyme influence 

on drug disposition.  
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1.10.3 Specific Aims 

1. Determine the in vitro effects of uremic toxins on hepatic transporters in 

transfected cell systems, using known substrates and propranolol, losartan and 

eprosartan as model compounds. Investigate the uptake of these drugs in rat and 

human hepatocytes and the inhibition of uptake by uremic toxins.  Investigate the 

metabolism of the selected drugs in rat and human microsomes and the inhibition of 

CYPs by uremic toxins. 

 

2. Investigate the changes in pharmacokinetics in the chronic kidney disease rat 

model for the selected drugs using the isolated perfused liver model.  Also, analyze 

changes in protein expression of transporters and metabolizing enzymes. 

 

3. Conduct a clinical study to investigate the pharmacokinetics of the three selected 

Class 1, 2 and 3 drugs in CKD patients not undergoing hemodialysis versus healthy 

volunteers.  
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Chapter 2: Effects Uremic Toxins and Hemodialysis Serum on Drug 
Transport and Metabolism: in vitro studies  
 

 

Summary 

Chronic kidney disease (CKD) is recognized to cause pharmacokinetic changes in 

renally excreted drugs; however, pharmacokinetic changes are also reported for drugs 

that are non-renally eliminated.   Few studies have investigated how uremic toxins may 

affect drug transporters and metabolizing enzymes and how these may result in 

pharmacokinetic/metabolic changes in CKD.  Here, we investigated the effects of uremic 

toxins and human uremic serum on the transport of the prototypical transporter substrate 

[3H]-estrone sulfate and three BDDCS drugs, propranolol, losartan, and eprosartan.  We 

observed a significant decrease in [3H]-estrone sulfate uptake with some uremic toxins in 

both transfected cells and rat hepatocytes.  Also, the uptake of losartan was decreased in 

rat and human hepatocytes (28%  and 48% respectively) in the presence of hemodialysis 

(HD) serum.  In the time-course studies of propranolol, HD serum and rifampin did not 

cause a significant change in AUC.  Time-course studies of losartan showed a 27%, 65% 

and 68% increase in AUC in the presence of HD serum, rifampin, and sulfaphenazole, 

respectively.  The intracellular losartan AUC also increased significantly in the treatment 

groups and the metabolite AUC decreased by 41% and 26% in rifampin and 

sulfaphenazole treated groups, respectively.  The intracellular AUC of eprosartan 

increased by 190% in the presence of HD serum but there was no significant change in 

the presence of rifampin. These studies indicate that the uremic toxins contained in HD 
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serum play an important role in drug disposition through drug transporters.  Furthermore, 

these studies suggest that different drugs will be affected differently in chronic kidney 

disease.   

 

2.1  Introduction 

 One of the consequences of chronic kidney disease is the accumulation of waste 

products from metabolic processes, called uremic solutes, in the blood.   Uremic solutes 

increase with a decline in renal function.  Not all uremic solutes are known to cause 

toxicity; however, some can be fatal if not removed.  Urea is quantitatively the most 

important solute excreted by the kidney, and levels rise higher than those of any other 

solute when the kidney fails. But early studies indicated that urea causes only a minor 

part of uremic illness, and that the full expression of uremia may require accumulation of 

urea plus other solutes (Brenner and Rector, 2008). 

At stage five of chronic kidney disease (CKD) also called end stage renal disease 

(ESRD), the concentrations of uremic solutes are high enough to require renal 

replacement therapy through hemodialysis.   Hemodialysis removes the most threatening 

uremic toxins like urea and creatinine.  Hemodialysis involves diffusion of solutes across 

a semipermeable membrane and utilizes counter current flow, where the dialysate is 

flowing in the oppostite direction to blood flow.  Counter current flow maintains the 

concentration gradient across the membrane at a maximum and increases the efficiency 

of dialysis (Brenner and Rector, 2008).  A negative aspect of renal replacement therapy 

like hemodialysis is that it removes solutes indiscriminately; thus, the improvement in the 
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patient cannot be attributed to the removal of a specific compound.  Hemodialysis and the 

membranes used in this process can remove solutes at different rates based on molecular 

size, protein binding, and sequestration within cells.  However, many solutes are not 

efficiently removed.  For this reason, it is suspected that the solutes or uremic toxins may 

have an impact on different biological processes, including drug metabolism (Michaud et 

al., 2005).  Studies from Michaud et al. (2005) investigated the effects of human 

hemodialysis serum on the expression and activity of CYP450 enzymes in rat 

hepatocytes.  When the rat hepatocytes were incubated for 24hr, the P450 level and 

protein expression, as well as mRNA levels of P450 isoforms (CYP1A2, 2C6, 2C11, 

2D1/2D2, 3A2 and 4A1/4A3), were decreased by more than 45% compared to control 

serum. CYP3A and CYP1A activities were decreased by 51 and 59% respectively. 

Michaud et al. (2005) carried out experiments using serum from patients who had been 

under hemodialysis for 6 months, serum from new hemodialysis patients and from 

patients that had undergone transplantation.  They found that the time a patient had been 

on hemodialysis did not have an effect on the CYP450 activity in the rat hepatocytes, but 

when they used the serum from patients who had undergone transplantation, CYP450 

activity returned to normal. Thus, it was concluded that human uremic serum contains 

solutes that decrease rat hepatic P450 activity and expression secondary to reduced gene 

expression. 

Drug metabolism and transport have not been extensively studied in renal failure.  

Chronic kidney disease (CKD) causes pharmacokinetic changes of drugs that are renally 

excreted unchanged; thus, the dose for these drugs is usually adjusted for this patient 

population.  However, dose adjustments for drugs that are eliminated primarily via 
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hepatic metabolism or biliary excretion are rarely considered in CKD. In recent years, 

drug transporters have been recognized to have an important role in drug disposition.  

Several studies in our laboratory have shown that hepatic uptake transporters play a 

pivotal role in drug disposition by facilitating the uptake of drug into the hepatocyte and 

exposing the drug to the metabolizing enzyme (Lau et al., 2004; Lam et al., 2006; Lau et 

al., 2006).  These studies demonstrated the importance of transporter-enzyme interplay in 

drug pharmacokinetics of drugs like atorvastatin, erythromycin and digoxin.     

Uremic toxins are known to accumulate in patients with CKD, and they are 

categorized based on their size, protein binding, and water solubility (Vanholder et al., 

2003).  Indoxyl sulfate and 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF) 

are two uremic toxins that have been previously studied for their involvement in hepatic 

drug metabolism and disposition ( Sun et al., 2004; Sun et al., 2010; Tsujimoto et al., 

2008). Human uremic serum from patients on hemodialysis has also been studied in vitro 

to determine how the toxins contained in uremic serum alter metabolizing enzymes. 

Studies have shown that uremic serum can inhibit CYPs in vitro in cultured rat 

hepatocytes (Guevin et al., 2002; Michaud et al., 2005).   Organic anion transporters 

(OATs) have been investigated for their involvement in the transport of uremic toxins in 

the kidney (Deguchi et al., 2002).   The effect of uremic toxins on hepatic drug 

transporters, however, has not been extensively investigated.  Moreover, the effects of 

uremic toxins on different drugs based on the Biopharmaceutics Drug Disposition 

Classification System (BDDCS) have never been investigated. 

 BDDCS is a drug classification system based on solubility, permeability (from 

the FDA’s Biopharmaceutics Classification System, BCS), and the extent of metabolism 
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that predicts the effects of drug transporters and metabolizing enzymes on drug 

disposition (Wu and Benet, 2005; Shugarts and Benet, 2009).  In this classification 

system, the route of elimination (metabolism or renal and biliary clearance), the 

involvement of transporters, and the permeability rate will place a drug in a certain class 

and predict the importance of transporters and enzyme-transporter interplay in the gut and 

the liver for that class of drug.  For a Class 1 highly permeable and extensively 

metabolized drug, transporter effects in the liver will be minimal, (they would not require 

a transporter to enter or exit the hepatocyte). For a Class 2 drug, the low solubility of the 

drug may limit the amount of drug available, thus uptake transporters may be required to 

make more of the drug available to the cell and efflux transporters can affect efflux from 

the hepatocyte.  For Class 3 and 4 drugs, transporters would be required because of the 

low permeability of the drug.  Therefore, uptake and efflux transporters could become 

important in Class 2, 3, and 4 drugs in the liver.  We hypothesized that if uremic toxins 

have effects on hepatic transporters, we may expect to see a difference in drug uptake 

and/or efflux of drug according to its BDDCS class.  For a class 1 drug, since transporters 

are not clinically relevant, the presence of uremic toxins, even if they are affecting 

transporters, would not have an effect on uptake or efflux of the drug.  On the other hand, 

uremic toxins could have an effect on drug uptake and/or efflux of Class 2, 3, and 4 

drugs.  In our studies we investigated the effects of various uremic toxins, on the uptake 

of the model compound [3H]-estrone sulfate, which is a known substrate for uptake 

transporters, and three BDDCS (propranolol Class1, losartan Class 2, eprosartan Class 4) 

drugs in transfected cells and rat hepatocytes.  Losartan has been shown to be a substrate 

for OATP2B1 uptake transporter (Flynn et al., 2010), and eprosartan has been shown to 
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be a substrate for OATP1B1 (Sun et al., 2005).  We also studied the effects of human 

hemodialysis (HD) serum on drug uptake in transfected cells, rat and human hepatocytes, 

and the effect of HD serum on the uptake and metabolism of propranolol, losartan, and 

eprosartan in rat hepatocytes in time course studies.  We analyzed the total concentration 

of parent compound and their major metabolite (propranolol metabolite was 4-OH 

propranolol and losartan metabolite was EXP3174, eprosartan is not a metabolized drug),  

and also the intracellular concentration of the parent compound. 

    

2.1 Materials and Methods 

2.2.1  Chemicals and Reagents 

Propranolol, rifampin, quinidine, sulfaphenazole , indoxyl sulfate, endothelin, 

quinolinic acid, indole-3-acetic acid, p-cresol, homocysteine, tumor necrosis factor- alpha 

(TNF-alpha), interleukin-6 (IL-6), and parathyroid hormone (PTH)  as well as HPLC-

grade dimethyl sulfoxide, tert-butyl-methyl-ether (MTBE), and acetonitrile (ACN) were 

purchased from Sigma-Aldrich (St. Louis, MO). Losartan potassium salt, EXP3174,       

4-OH propranolol, and eprosartan were purchased from Toronto Research Chemicals 

(Ontario, Canada). GG918 (GF120918) was graciously donated by GlaxoSmithKline 

(Research Triangle Park, NC). [3H]-estrone sulfate was purchased from Pekin Elmer 

(Boston, MA). Plasmids containing transporter inserts or empty vector (pcMV6) were 

purchased from Origene Technologies Inc. (Rockville, MD). Lipofectamine was purchased 

from Invitrogen Corporation (Carlsbad, CA). CMPF was purchased from Cayman 

Chemicals (Ann Arbor, Michigan).  Cell culture media was purchased from UCSF Cell 
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Culture Facility (San Francisco, CA). Pooled male rat liver microsomes were acquired 

from BD Biosciences (Woburn, MA).  Pooled human cryopreserved hepatocytes were 

obtained from Cellz Direct (Dallas, TX). Male Sprague-Dawley rats (200–350 g) from 

Charles River Laboratories (Wilmington, MA) were housed in the UCSF animal care 

facility with a 12-h light/dark cycle and allowed free access to water and food. The 

animal studies were approved by Committee on Animal Research, UCSF.   

2.2.2 Hemodialysis Serum 

A protocol to obtain blood from patients on hemodialysis was approved by the 

UCSF Committee on Human Research.  Blood was obtained from eight patients from the 

outpatient hemodialysis unit at the UCSF Mount Zion clinic.  All patients had been on 

hemodialysis for more than a year. The blood was obtained on dialysis day before 

initiating dialysis. The serum was separated from the blood and the serum from all 

patients was pooled into a single batch.  The pooled serum was then used to carry out the 

in vitro experiments.  All experiments were carried out with 10% human serum (normal 

or hemodialysis). 

2.2.3 Cell Transfection and Uptake Assay 

HEK293 cells were cultured in Eagle’s minimal essential medium with Eagle’s 

balanced salt solution and  L-glutamine (2mM) plus 10% heat-inactivated fetal bovine 

serum (FBS), penicillin/streptomycin (1µg/ml).  A day before transfection, cells were 

seeded at a density of 0.5x106/cm2.The next day they were transiently transfected with 

OATP1B1-pcMV5, OATP1B3-pcMV6, OATP2B1-pcMV6 or pcMV6 empty vector 

control using Lipofectamine 2000 per the manufacturer’s protocol.  After 24 hours the 

media was replaced, and 48 hours after transfection the cells were used for uptake 
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studies.  Before initiation of the uptake study, cells were washed once with Hanks buffer 

pre-warmed to  37°C. The uptake study was initiated by adding 1ml of Hanks buffer 

containing 10% of FBS plus 17.45µM [3H]-estrone sulfate (1:4000 dilution) alone as a 

control or with 10µM rifampin, 100µM MK-571, or a uremic toxin as inhibitors and 

incubating at 37°C for 2 min. Preliminary experiments had shown that the uptake rate 

was linear over this time period (data not shown). For the inhibition studies, inhibitors 

and substrates were added simultaneously.  Uremic toxin concentration was chosen based 

on a preliminary dose-response curve and literature review of concentrations previously 

used. After two minutes, the buffer was removed to terminate the reaction and the cells 

were washed three times with ice-cold PBS.  Cells were scraped from the wells and  

homogenized.  An aliquot of 200 µL was transferred to a scintillation vial and quenched 

with liquid scintillation counting solution.  The intracellular radioactivity was measured 

using a scintillation counter (LS6000TA; Beckman Coulter, Fullerton, CA). The results are 

reported as pM/cell count.    

2.2.4  Microsome Incubations  

The incubation conditions were as described previously (Salphati and Benet, 

1999). In brief, each reaction mixture contained 0.5 mg/ml microsomes, 5 mM NADPH, 

phosphate buffer, 10 µM losartan  or 10 µM propranolol, plus 10 µM of rifampin, or 1 

µM of sulfaphenazole as a CYP2C9 inhibitor (negative control for losartan metabolism),  

or 30µM of quinidine as CYP2D6 inhibitor (negative control for propranolol 

metabolism). The total DMSO concentration used to solubilize rifampin was less than 1% 

for all in vitro studies; all other compounds were solubilized in methanol. The total 

reaction volume was 250 µl. The reaction period was 30 minutes at 37°C. For each 
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sample, the reaction was stopped via protein precipitation by addition of an equal volume 

of ACN containing the internal standard (IS), warfarin (1 µM). The supernatants were 

stored at      -80°C for LC/MS-MS analysis. 

2.2.5 Hepatocyte Isolation  

Hepatocyte isolation was carried out in our laboratory after protocol approval 

from UCSF Institutional Animal Care and Use Committee (IACUC).  Anesthesia was 

induced in rats by intraperitoneal injection with a 1 ml/kg dose of ketamine:xylazine (80 

mg/ml:12 mg/ml) before surgery (Lau et al., 2006). The portal vein was cannulated with 

an i.v. catheter (catalog number 2007-04; Becton Dickinson, Sandy, UT) and perfused 

with oxygenated liver perfusion buffer (Invitrogen, Carlsbad, CA) for 5 min at 30 

ml/min, followed by perfusion with an oxygenated hepatocyte washing buffer 

(Invitrogen) modified with 2 mM L-glutamine, 10 mM HEPES, and 1.2 U/ml collagenase 

(Sigma-Aldrich) for 5 min at 20 ml/min. The digested liver was excised and 

homogenized in a beaker. Hepatocytes were then washed twice with an ice-cold 

hepatocyte wash buffer containing 2 mM L-glutamine and 10 mM HEPES and were 

centrifuged at 50g for 2 to 3 min. Cell viability was determined using the trypan blue 

exclusion method. Cells with viability of greater than 80% were used for further studies. 

2.2.6 Hepatocyte Incubations  

Hepatocyte incubations were carried out immediately after cell isolation. Cells 

were resuspended and diluted to 2 x106 per ml in Krebs-Henseleit buffer (pH 7.4) 

containing 0.21 g/l sodium bicarbonate and supplemented with 1% BSA and 10 mM 

glucose. Cell suspensions for all hepatocyte incubations were pre-warmed for 5 min in a 

37°C shaking water bath before initiation of incubations. For the uptake studies, 10µM 
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propranolol, 10 µM losartan, or 10 µM eprosartan with and without 10 µM rifampin or 

100 µM MK571, was added to the cell suspensions in the 37°C water bath. At 2 min, the 

reactions were terminated by transferring 1x106 hepatocytes into a centrifuge tube 

containing 700 µl of a mixture of silicone oil and mineral oil (Shitara et al., 2003) and 

centrifuged at 13,000g for 10 seconds. After removing the buffer layer and the oil layer, 

each cell pellet was resuspended in 100 µl of water and sonicated for 15 min to ensure a 

thorough cell lysis. This was followed by adding 200 µl of ACN containing IS and 

spinning at 13,000g for 15 min to precipitate protein. The supernatant was then 

transferred into a HPLC vial (Hewlett Packard, Palo Alto, CA) for LC-MS/MS analysis. 

The same experimental conditions were used with radiolabeled compound, and uremic 

toxins.  Intracellular radioactivity was measured with a liquid scintillation counter 

(LS6000TA; Beckman Coulter, Fullerton, CA).    

For the time course studies, 15 ml of hepatocytes (2 x106 cells/ml) were warmed 

in a 50 ml flask and shaken in a 37°C water bath for 5 min. Each study was initiated by 

concomitantly adding 1 µM propranolol, 1 µM losartan, or 10µM eprosartan  with 

DMSO (control), 10 µM rifampin,  1 µM sulfaphenazole, or 30µM of quinidine. 

Sulfaphenazole was used as the CYP2C9 inhibitor for losartan, and quinidine was used as 

the CYP2D6 inhibitor for propranolol. The drug concentrations were chosen based on the 

maximum plasma concentration (Cmax) reported in human clinical studies.  Rifampin was 

used as the OATP inhibitor.  At 5, 10, 15, 20, 30, 45, and 60 min, 0.5 ml of cells were 

transferred into a centrifuge tube containing 700 µl of a mixture of silicone oil and 

mineral oil and centrifuged at 13,000g for 10 s to stop the reaction. Ten seconds later,     

1 ml of cells was transferred into a glass tube containing MTBE and IS followed by 
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vortexing to stop the reaction. Sample preparation for the intracellular measurement of 

propranolol and losartan was the same as for the uptake studies. Sample preparation for 

the measurement of propranolol and losartan metabolism was the same as that for the 

inhibition studies. 

For evaluating the inhibition of metabolism, propranolol or losartan was            

co-incubated with 30 µM quinidine  or 1 µM sulfaphenazole  and a 0.5ml sample was 

taken at 5, 10, 15, 20, 30, 45, and 60 minutes.  The reaction was stopped by transferring  

1 ml of cells to a fresh glass tube containing MTBE and IS followed by vortexing. All 

samples were spun down at 2000g for 10 min.  After quick-freezing the aqueous layer in 

a methanol/dry ice bath, the organic layer was poured into a new tube and evaporated 

under nitrogen gas. Each sample was reconstituted with 300 µl of ACN/water (50/50, 

v/v) for LC/MS-MS analysis of the parent compound and its primary metabolite.  

2.2.7 LC/MS-MS Measurement of Propranolol, Losartan, and Eprosartan and their 

Metabolites 

A PESCIEX triple quadrupole instrument (PESCIEX API4000) was used with 

electro spray-positive ionization mode.  The multiple reaction monitor was set at 

transitions 260.1-116.0 m/z for propranolol, 276.0-116.0 m/z for 4-OH-propranolol, 

423.0-207.0 m/z for losartan, 473.0-235.0 m/z  for losartan metabolite (EXP3174), 425.1-

207.3 m/z for eprosartan, and 309.1-251.1 m/z for warfarin. 

  The ionspray voltage was set at 5500 and the temperature at 450°C. The collision 

energy was set at 27eV for propranolol, 25eV for 4-OH-propranolol and EXP3174, 50eV 

for losartan, and 35eV for eprosartan.  An analytical Waters Symmetry Column C18 

(2.1x50mm, 5µm particle size; Symmetry Columns, Milford, Massachusetts) was used in 
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a Shimadzu liquid chromatography system. The mobile phase for propranolol and 4-OH-

propranolol consisted of 70% methanol:30% water containing 0.1% formic acid.  For 

losartan and EXP3174, the mobile phase consisted of 55% acetonitrile:45% water 

containing 0.2% of formic acid.  Finally, for eprosartan, the mobile phase consisted of 

28% acetonitrile:72% water containing 0.5% of formic acid.   Twenty microliter aliquots 

were injected, and the flow rate was set at 0.3 ml/min into the mass system. 

2.2.8 Data/Statistical Analysis 

 ANOVA statistical analysis was used to compare the differences between groups, 

a difference was considered statistically significant different if p< 0.05. Area under the 

concentration-time curve (AUC) for parent and metabolite was determined from time 0 to 

tlast by the trapezoidal rule.  

 

2.3 Results 

2.3.1  Effect of Uremic Toxins on Uptake of [3H]-Estrone Sulfate into Transfected 

Cells and Rat Hepatocytes.  

 To determine the effect of uremic toxins on drug transport we carried out uptake 

studies on transfected cells systems and rat hepatocytes, using [3H]-estrone sulfate 

(4.3nM) as a prototypical substrate for uptake transporters. Rifampin (10µM), a potent 

inhibitor of OATPs was used as a positive control. MK-571 (100µM), an inhibitor of 

OATP and MRPs, was also used as a positive control. Uptake assays of [3H]-estrone 

sulfate in transient transfection of HEK293 cells with OATP1B1 and OATP2B1 showed 

that the uptake of the radiolabeled compound was decreased with the OATP inhibitor 
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rifampin, and with some of the uremic toxins.  The uptake of [3H]-estrone sulfate in 

OATP1B1 transfected cells (Figure 2.1a) was decreased (p<0.05) on average by 50% in 

the pcMV6 empty vector transfected cells, and by 30%, 30%, 34%, 30%, and 48% in the 

presence of rifampin (10 µM), CMPF (400 µM), quinolinic acid (15 µM), indole-3-acetic 

acid (8 µM), and p-cresol (300µM), respectively.  
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Figure 0.1a: Uptake of [3H]- estrone sulfate in OATP1B1 and empty vector control 
transfected cells  in the presence of uremic toxins.  * p<0.05, n=6 

 

The uptake of [3H]-estrone sulfate in OATP1B3 (Figure 2.1b) transfected cells 

was decreased (p<0.05) on average by 50% in pcMV6 empty vector control,  by 37%, 

21%, 37%, 23%,  and 37% in the presence of rifampin (10µM), indoxyl sulfate(400µM), 

CMPF (400µM), endothelin (1nM), and p-cresol (300µM), respectively.   
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                       HEK293 OATP1B3 Transfected cells
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Figure 2.1b: Uptake of [3H]- estrone sulfate in OATP1B3 and empty vector control 
transfected cells  in the presence of uremic toxins.  * p<0.05 n=6 

 

The uptake of [3H]-estrone sulfate in OATP2B1 (Figure 2.1c) transfected cells 

was decreased (p<0.05) on average by 80% in pcMV6 empty vector control,  by 72%, 

38%, 50%, and 36%,  in the presence of rifampin (10µM), indoxyl sulfate(400µM), 

CMPF (400µM), and endothelin (1nM), respectively.   
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Figure 2.1c: Uptake of [3H]- estrone sulfate in OATP2B1 and empty vector control 
transfected cells  in the presence of uremic toxins.  * p<0.05 n=2 

 

In contrast, the uptake of [3H]-estrone sulfate (Figure 2.2) in rat hepatocytes 

exhibited both an increase and a decrease in uptake in the presence of uremic toxins. 

Rifampin and MK-571 were used as positive controls for inhibition of uptake 

transporters.  There was on average a 45%, 23%, 33%, 32%, 36%, and 37% decrease 

(p<0.05) in uptake in the presence rifampin, MK-571, indole-3-acetic acid, 

homocysteine, interleukin 6 (IL-6), TNF-alpha, respectively, and there was 21% and 30% 

increase (p<0.05) in uptake in the presence of indoxyl sulfate and CMPF. The decrease in 

uptake in the presence of uremic toxins indicates that uptake transporters are being 

inhibited by some uremic toxins as was seen in the transfected cells.  The increase in 

uptake of [3H]-estrone sulfate in the presence of some uremic toxins suggests that efflux 
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transporters may also be significantly inhibited by uremic toxins since in the transfected 

cells indoxyl sulfate and CMPF caused increased uptake.  

                 [3H]-Estrone Sulfate Uptake in  Rat Hepatocytes
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Figure 0.2: Uptake of [3H]-estrone sulfate in rat hepatocytes in the presence of uremic 
toxins. *p<0.05, n=6 

 

2.3.2 Uptake of BDDCS Drugs by Rat Hepatocytes in the Presence of Uremic Toxins 

 Using a prototypical substrate such as [3H]-estrone sulfate allowed us to 

investigate the possible involvement of drug transporters and the effects of uremic toxins. 

Next, we investigated the effects of uremic toxins on different BDDCS drugs.  We used 

propranolol (10 µM) as our Class 1 drug (highly soluble, highly permeable, and 

extensively metabolized), losartan (10 µM) as our Class 2 drug (low solubility, high 

permeability, and extensively metabolized), and eprosartan (10 µM) as our Class 4 drug 

(high solubility, low permeability, and poorly metabolized).  The uptake of propranolol in 
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rat hepatocytes (Figure 2.3a) was not significantly changed with any of the uremic toxins 

or with the known uptake inhibitors rifampin and MK-571.  The uptake of losartan 10µM  

(Figure 2.3b) was inhibited (p<0.05)  by 52%, 48%, 22%, 23%, 22%, 26%, and 28% in 

the presence of rifampin, MK-571, endothelin, para thyroid hormone (PTH), p-cresol, 

homocysteine, and IL-6, respectively.  This indicates that losartan is a substrate for 

uptake transporters since rifampin and MK-571 inhibited the uptake of losartan and the 

uremic toxins also had inhibitory effects.  Lastly, the uptake of eprosartan (Figure 2.3c) 

was also shown to be inhibited by (p<0.05) 22%, 30%, 19%, 21%, and 17% in the 

presence of rifampin, MK-571, quinolinic acid, indole-3-acetic acid, and homocysteine, 

respectively.  This suggests that the uptake of eprosartan is also mediated by uptake drug 

transporters expressed in hepatocytes.   

               Uptake of Propranolol in Rat Hepatocytes
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Figure 2.3a: Uptake of propranolol 10µM in rat hepatocytes in the presence of uremic 
toxins or uptake transporter inhibitors. *p<0.05, n=4. 
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             Uptake of Losartan in Rat Hepatocytes
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Figure 2.3b:  Uptake of losartan 10µM in rat hepatocytes in the presence of uremic 
toxins or uptake transporter inhibitors. *p<0.05, n=4. 

 

               Uptake of Eprosartan in Rat Hepatocytes
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Figure 2.3c:  Uptake of eprosartan 10 µM  in rat hepatocytes in the presence of uremic 
toxins or uptake transporter inhibitors. *p<0.05, n=4. 
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2.3.3 Effects of Hemodialysis Serum on Drug Uptake 

 Serum from patients on hemodialysis was obtained from the outpatient 

hemodialysis unit at UCSF to carry out in vitro uptake studies, to determine the collective 

effects of uremic toxins on the uptake of the three BDDCS drugs.  Propranolol (10µM), 

losartan (10µM), and eprosartan (10µM) were assayed for their uptake into rat heptocytes 

(Figure 2.4a) in the presence of normal serum, hemodialysis serum or normal serum plus 

rifampin (10µM) and the CYP inhibitors quinidine (30µM) for propranolol and 

sulfaphenazole (1µM) for losartan.  There were no significant differences in uptake of 

propranolol in the presence of hemodialysis serum or rifampin, which agrees with our in 

vitro studies of the uptake of propranolol in the presence or uremic toxins.  The uptake of 

losartan was decreased by 28% and 66% in the presence of HD serum and rifampin 

respectively, compared to normal serum.  There were also no significant differences in 

the uptake of eprosartan in the presence of HD serum or rifampin.   The same experiment 

was repeated using cryopreserved human hepatocytes (Figure 2.4b).  We observed the 

same results, with no significant changes in uptake of propranolol or eprosartan in the 

presence of HD serum or rifampin, but the uptake of losartan was decreased (p<0.05)  by 

48% and 55% in the presence of HD serum and rifampin, respectively.  However, the 

uptake of eprosartan in human hepatocytes was much lower than that observed in rat 

hepatocytes, while the opposite result was seen with propranolol. These studies indicated 

that the uremic toxins contained in the HD serum do have an effect on uptake of a Class 2 

drug, therefore we investigated the effects of HD serum in longer time-course studies to 

determine the effects it may have in metabolism and uptake over an hour. 
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Figure 2.4a: Uptake of propranolol 10µM, losartan 10µM, or eprosartan 10µM in rat 
hepatocytes in the presence of normal serum, hemodyalisis serum, rifampin 10µM, or 
CYP inhibitor. *p<0.05, n=4. 

 

                        

Uptake of Drugs in Human Hepatocytes
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Figure 2.4b: Uptake of propranolol 10µM, losartan 10µM, or eprosartan 10µM in human 
hepatocytes in the presence of normal serum, hemodyalisis serum, rifampin 10µM, or 
CYP inhibitor. *p<0.05, n=4. 
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2.3.4 Time-course Studies in Rat Hepatocytes and Microsome Studies 

 Time-course studies were carried out using freshly isolated rat hepatocytes over 

an hour for propranolol (10µM), losartan (1µM), or eprosartan (10µM).  These 

concentrations were chosen since they are representative of the plasma concentrations in 

humans. We analyzed the total drug concentration over time, the intracellular drug 

concentration, and the total metabolite concentration over time.  The intracellular 

metabolite concentrations were below the limit of quantitation. Quinidine (30µM) was 

used as a CYP2D6 inhibitor for propranolol and sulfaphenazole (1µM) was used as a 

CYP2C9 inhibitor for losartan. For the total concentration of propranolol over time, we 

saw no significant change in parent drug in the presence of rifampin or HD serum. We 

observed a 37% increase in AUC (area under the curve) in the quinidine treated time 

course samples vs. those treated with normal serum (Table 2.1).  The intracellular AUC 

of propranolol in hepatocytes (Table 2.1) increased over time by 243% in the quinidine 

treated group. The metabolite AUC (Table 2.1) did not change significantly in any of the 

groups.  The microsomes studies showed that rifampin and quinidine both inhibit 

metabolism in rat microsomes (Figure 2.5a), whereas only quinidine inhibited 

propranolol metabolism in human microsomes (Figure 2.5b).   
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Table 2.1: Propranolol and 4-OH-propranolol AUC 0 60min  for time-course studies and 
/fold increase for significant changes vs. normal serum in rat hepatocytes. *p<0.05, n=4. 

Propranolol 

10µM 

Normal 

Serum 

Hemodialysis 

Serum 

Rifampin 

10µM 

Quinidine  

30µM 

AUC of 

Cumulative 

Drug (µM*min) 

 

410 ± 38 

 

403 ± 87 

 

421 ± 39 

 

*561 ± 18  

 /1.37 

AUC of 

Intracellular 

Drug (µM*min) 

 

2.67 ± 1.14 

 

3.48 ± 2.49 

 

3.20 ± 0.46 

 

*6.51±0.44 

 /2.44 

AUC of 

Cumulative 

Metabolite 

(µM*min) 

 

31.9 ± 17 

 

40.3 ± 26.0 

 

36.1 ± 24.0 

 

31.0 ± 10.0 

Results shown as average ± SD, /ratio compared to normal serum, * p<0.05 by ANOVA 
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Figure 2.5a: Metabolism of propranolol 10µM in pooled rat microsomes in the presence 
of nomal serum, hemodialysis serum, uptake transporter inhibitor, or CYP inhibitor.  
*p<0.05, n=4. 
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Figure 2.5b: Metabolism of propranolol 10µM in pooled human microsomes  in the 
presence of nomal serum, hemodialysis serum, uptake transporter inhibitor, or CYP 
inhibitor.  *p<0.05, n=4. 

52 
 



 The losartan time-course study showed a 27%, 65%, and 68% increase (p<0.05) 

in AUC in the presence of hemodialysis serum, rifampin, and sulfaphenazole, 

respectively (Table 2.2).  The intracellular AUC of losartan (Table 2.2) decreased 

(p<0.05) by 26%, 47%, and 33% in the presence of HD serum, rifampin and 

sulfaphenazole, respectively.  The metabolite AUC (Table 2.2) decreased (p<0.05)  41% 

and 26% in the presence of rifampin, and sulfaphenazole.  The rat microsome studies 

showed a decrease in metabolism in the presence of sulfaphenazole (Figure 2.6a), i.e. 

significant increase in parent drug.  Sulfaphenazole is reported to be a strong inhibitor of 

CYP2C9. In contrast, human microsome studies showed no inhibition of metabolism of 

losartan in the presence of sulfaphenazole at 1µM and 100µM (Figure 2.6b).    

 

Table 2.2: Losartan and EXP3174 AUC 0 60min  for time-course studies and /fold 
increase or decrease for significant changes vs. normal serum in rat hepatocytes, n=4. 

Losartan 1µM Normal 

Serum 

Hemodialysis 

Serum 

Rifampin 

10µM 

Sulfaphenazole  

1µM 

AUC of 

Cumulative 

Drug (µM*min) 

32.1 ± 9.4 *40.8 ± 6.2   

/1.27 

 

*53.0 ± 18.7 

/1.65       

*54.0 ± 19.8  

/1.68 

AUC of 

Intracellular 

Drug (µM*min) 

 

44.6 ± 17.1 

 

*33.1 ± 20.4 

/0.74 

 

*23.7 ± 14.1 

/0.53 

 

*30.1 ± 20.9  

/0.67 

AUC of 

Cumulative 

Metabolite 

(µM*min) 

 

1.47 ± 0.97 

 

1.66±1.05      

 

*0.87 ± 0.47 

/0.59 

 

*1.09 ± 0.66  

/0.74 

Results shown as average ± SD, /ratio compared to normal serum , * p<0.05 by ANOVA, n=3 
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Figure 2.6a: Metabolism of losartan 10 µM in pooled rat microsomes in the presence of 
nomal serum, hemodialysis serum, uptake transporter inhibitor, or CYP inhibitor.  
*p<0.05 versus normal serum, n=4. 

 

                         

Losartan Metabolism in
Human Microsomes
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Figure 2.6b: Metabolism of losartan 10 µM in pooled human microsomes in the 
presence of nomal serum, hemodialysis serum, uptake transporter inhibitor, or CYP 
inhibitor.  *p<0.05 versus normal serum, n=4. 
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 The eprosartan time-course study showed no change in cumulative AUC of drug 

in the presence of hemodialysis serum and rifampin (Table 2.3), which corresponds to the 

drug not undergoing metabolism.   The intracellular AUC increased by 91% in the 

presence of hemodialysis serum (Table 2.3).  This indicates that eprosartan was taken up 

into the cell either actively and/or passively, but once inside the cell, it did not readily 

exit the cell in the presence of HD serum. 

 

Table 2.3:  Eprosartan AUC 0 60min  for time-course studies and /fold increase for 
significant changes vs. normal serum in rat hepatocytes. *p<0.05, n=4. 

Eprosartan 

10µM 

Normal Serum Hemodialysis 

Serum 

Rifampin 

10µM 

AUC of 

Cumulative 

Drug (µM*min) 

 

575 ± 32 

 

615 ± 60 

 

572 ± 37 

AUC of 

Intracellular 

Drug (µM*min) 

 

59.7 ± 18.2 

 

*114 ± 23       

/1.91 

 

74.7 ± 27.2 

Results shown as average ± SD, /ratio compared to normal serum, * p<0.05 by ANOVA 
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2.4  Discussion 

Hepatic drug transporters have been widely recognized to play a significant role 

in the disposition of drugs that undergo hepatic metabolism and elimination (Yamazaki et 

al., 1996; Shugarts and Benet, 2009).  These transporters are known to transport 

endogenous substances such as hormones and other compounds that are classified as 

cations and anions.  In the last 15 years transporters have been studied for their role in 

transporting xenobiotics.  In the liver, uptake transporters facilitate the drug’s transport 

from the basolateral side of the cell membrane (the blood side) into the hepatocyte, and 

efflux transporters facilitate the exit of the drug from inside the cell back into the blood 

through a basolateral efflux transporter or into the bile through an apical (canalicular) 

efflux transporter.   Studies have shown that these transporters play a role in drug-drug 

interactions and also affect the metabolism of drugs by altering the access of the drug to 

the enzyme (Smith et al., 2005; Lu et al., 2006; Shugarts and Benet, 2009; Zamek-

Gliszczynski et al., 2009; Zheng et al., 2009).  Polymorphisms in these transporters have 

been shown to be of clinical relevance, by which alterations in the transporter expression 

or function due to mutations can lead to a clinically significant change in drug 

pharmacokinetics or drug response (Kivisto and Niemi, 2007; Oswald et al., 2008; 

Degorter and Kim, 2009).  These transporters are of clinical relevance due to their effects 

on drug pharmacokinetics, drug pharmacodynamics, and drug-drug interactions. 

 The role of drug transporters in disease, such as chronic kidney disease or renal 

failure, has not been investigated extensively.  Studies show that in patients with chronic 

kidney disease there are pharmacokinetic changes of non-renally eliminated drugs  

(Gonzalez-Martin et al., 1992; Martin et al., 1998; Nolin, 2008; Hilger et al., 2009; Nolin 
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et al., 2009; Small et al., 2009).  Studies have investigated the effect of uremic toxins on 

drug metabolism, and it has been reported that some uremic toxins inhibit some CYP450 

metabolizing enzymes but not others (Leblond et al., 2001; Guevin et al., 2002; 

Dreisbach and Lertora, 2003; Michaud et al., 2008; Nolin, 2008). Since drug transporters 

have a significant effect on drug disposition, we investigated whether the uremic toxins 

and HD serum from patients with chronic kidney disease have an effect on drug 

transporters.  Furthermore, we investigated whether different drugs would be 

differentially affected by uremic toxins depending on the drug’s properties that would 

likely require them to be transported by a hepatic drug transporter.  In the BDDCS 

classification system, the drug’s solubility, permeability and extent of metabolism, 

predicts whether a transporter could have a significant effect on drug disposition.  In 

these studies, we showed that some uremic toxins have an inhibitory effect on the 

prototypical OATP substrate [3H]-estrone sulfate, in cells transfected with OATP1B1 and 

OATP1B3.   Although pc-MV6 transfected cells still show transport of these substrates, 

this can be explained by endogenous expression of drug transporters in these cell lines. 

We also showed the inhibition of uptake of radiolabeled substrates as well as the BDDCS 

drugs by uremic toxins on uptakes studies in rat hepatocytes.  Interestingly, in rat 

hepatocytes, some uremic toxins caused increased uptake into hepatocytes.  This may 

indicate that uremic toxins not only have an effect on uptake transporters but also on 

efflux transporters and this can affect drug disposition for drugs that are substrates for 

efflux transporters (basolateral or apical).  Uptake studies were carried out using the 

drugs propranolol, losartan, and eprosartan, in the presence of uremic toxins in rat 

hepatocytes.  In these studies we found no significant inhibition or increase of uptake for 
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propranolol in the presence of uremic toxins or rifampin. Since propranolol is a Class 1 

drug, highly soluble and permeable, BDDCS predicts that transporters do not play a 

significant role in the drug’s intestinal and hepatic disposition. Hence, if uremic toxins 

are having an effect on hepatic transporters, this would not affect the uptake of 

propranolol, which is consistent with our results.  On the other hand, the uptakes of 

losartan and eprosartan were inhibited by some uremic toxins as well as rifampin (OATP 

inhibitor).  This suggests that both are substrates for uptake transporters and that uremic 

toxins have an inhibitory effect on these transporters.         

 In these studies, uremic toxins were tested separately, however; since some 

uremic toxins had an effect on one transporter but not other, we obtained human HD 

serum from patients on hemodialysis to account for in vivo protein binding of the uremic 

toxins and for any synergistic effects due to uremic toxins.  When we tested propranolol, 

losartan, and eprosartan in the presence of HD serum in rat hepatocytes, we observed a 

significant decrease in losartan uptake in the presence of HD serum and rifampin. 

However we did not see this inhibitory effect on the uptake of propranolol or eprosartan.  

We repeated the experiment using human cryopreserved hepatocytes and observed the 

same results.  We predicted that there would be no inhibitory effect in the uptake of the 

Class 1 drug propranolol in the presence of HD serum; however, we had expected to see 

an inhibitory effect in the uptake of eprosartan.  These results may be due to the fact that 

eprosartan might be a substrate for both basolateral uptake and efflux transporters, or a 

substrate for efflux transporters both basolateral and/or apical, as indicated by the time-

course studies, and further studies are necessary to understand this result.    
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 In the hepatocyte time-course studies of the Class 1 drug, propranolol, the 

cumulative propranolol AUC increased only in the quinidine treated group compared to 

the normal serum group.  This was due to the inhibition in metabolism by quinidine, 

which would increase the parent compound/metabolite ratio and increase the parent 

AUC.  Also, the AUC of intracellular propranolol increased only in the quinidine treated 

group, but there were no changes in the cumulative AUC of 4-OH-propranolol.  In the 

quinidine treated groups, the increase in intracellular propranolol is due to the decrease in 

metabolism as indicated by the rat and human microsome studies.  The rat and human 

hepatocyte 2 min uptake studies indicate that HD serum, rifampin, or quinidine, have no 

effect in the uptake of propranolol (Figure 2.4a,b). In the quinidine treated group, we 

suspect that we did not see a change in metabolite formation due to the increase in 

intracellular parent compound (secondary to the inhibition of metabolism by quinidine). 

The increase in the amount of intracellular propranolol apparently was sufficient to 

produce enough metabolite and not cause a significant difference in metabolite AUC 

compared to the normal serum treated group.  Also, 4-OH propranolol undergoes phase II 

metabolism by glucuronidation, which is another explanation on why we did not 

observed a significant difference in the metabolite AUC.  As the metabolite was formed, 

it was subject to further metabolism by phase II enzymes, which could explain no 

significant difference in metabolite AUC.  These findings are evidence that in the 

presence of hemodialysis serum or rifampin there is no change in uptake or metabolism 

of propranolol.   

In the time-course studies of the class 2 drug, losartan, the AUC of cumulative 

losartan was higher in the presence of hemodialysis serum, rifampin, and sulfaphenazole 
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compared to the normal serum group. This suggests that the metabolism in those groups 

was decreased either due to a decrease in CYP450 activity or decrease in uptake of the 

drug, which would lead to less drug being exposed to the enzyme for metabolism.  The 

rat microsome studies showed that there was no change in metabolism in the presence of 

HD serum or rifampin, but there was inhibition of metabolism in the presence of 

sulfaphenazole.  Also, the intracellular AUC of losartan decreased in the presence of HD 

serum, rifampin, and sulfaphenazole.  These observations suggest that HD serum 

decreases the uptake of losartan into the hepatocytes but does not affect the metabolism 

of losartan.  Also, sulfaphenazole affects only the metabolism and not the uptake of 

losartan (as indicated by the rat and human hepatocyte 2 min uptake results in the 

presence of sulfaphenazole, Figure 2.4a,b).   The AUC of the cumulative metabolite 

showed that there was a decrease in metabolite in the presence of rifampin and 

sulfaphenazole. However there was no change in metabolite formation in the presence of 

hemodialysis serum.  The rat microsome studies indicate a slight inhibition (but not 

statistically significant) of metabolism of losartan in the presence of rifampin. The 

decrease in metabolite in the rifampin treated group is due to the inhibition of uptake, 

which in turn will expose less of the drug to the metabolizing enzymes and decrease the 

metabolite formation.  In the sulfaphenazole treated group, the decrease in metabolite 

formation is a direct effect of metabolism inhibition but not uptake.  The HD treated 

group showed no significant change in the metabolite formation, although there was a 

significant decrease in uptake.   

For the time course studies of the Class 4 drug, eprosartan, the cumulative AUC 

of the drug in all groups remained the same since this drug is not metabolized.  The 
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intracellular AUC of eprosartan increased in the presence of hemodialysis serum.  This 

indicates that eprosartan was transported into the cell or passively diffused into the cell, 

but once inside the cell it was unable to be effluxed, leading us to believe that efflux 

transporters are being inhibited by hemodialysis serum and not allowing the drug to 

readily exit the cell.     

 

2.5  Conclusion 

We have demonstrated that certain uremic toxins decreased the uptake of the 

prototypical radiolabeled substrate [3H]-estrone sulfate into transfected cells, which 

indicated that uremic toxins can inhibit uptake transporters. The studies with 

hemodialysis serum and BDDCS drugs showed that, in fact, for a class 1 drug there was 

no difference in uptake or metabolism in cell or hepatocyte studies. For the class 2 drug 

we observed a decrease in uptake in the cell and hepatocyte studies as predicted, and no 

difference in metabolism.  In contrast, for the class 4 drug, we did not observe a 

difference in the uptake in cell or hepatocytes, which is contrary to our hypothesis.  

However, for the class 4 drug, we observed an increase in the intracellular concentration 

in the heptocyte time-course studies, suggesting that efflux rather than uptake transporters 

were affected by the hemodialysis serum and this could be important for drugs that are 

substrate for efflux transporters.  These studies suggest that BDDCS is a tool that can be 

used to predict the effects of CKD on drug disposition for different classes of drugs in 

vitro. However, for class 3 or 4 drugs, since the absorptive transporters effects 

predominate, but may be modulated by efflux transporters, assays should be carried out 
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for uptake and efflux transporters to better predict the effects of CKD in this class of 

drugs.  The significant changes found in the in vitro studies are evidence that this change 

may have clinical relevance, and in vivo studies should be carried out to further 

investigate the consequences.  

New recommendations from the Food and Drug Administration suggest a full 

pharmacokinetic study for new drugs in chronic kidney disease patients, even when renal 

excretion is minimal (Zhang et al., 2009).  Being able to predict based on BDDCS class if 

a drug will be affected by uremic toxins can be useful in deciding what studies may be 

necessary for a new drug with respect to various patient populations.   
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Chapter 3: Bidirectional studies in MDR1-MDCK, MDCK,                  
cMOAT-MDCKII, and MDCKII Cells: effects of uremic toxins and 
human hemodialysis serum on BDDCS drugs and model substrates 
 

 

Summary 

 Efflux transporters play an important role in drug disposition and can play an 

important role in drug-drug interactions.  In these studies we investigated the effect of 

uremic toxins and human hemodialysis (HD) serum on the transport of model substrates 

as well as BDDCS drugs in transfected cell systems.  Bidirectional studies were carried 

out in MDR1-MDCK, MDCK, cMOAT-MDCKII, and MDCKII cells to determine the 

permeability of [3H]-vinblastine, [3H]-pravastatin in the presence of uremic toxins and of 

propranolol and losartan in the presence of human HD serum.  The results showed that in 

the presence of CMPF, indoxyl sulfate, and endothelin, the net flux of [3H]-vinblastine 

and [3H]-pravastatin was reduced by 50% or more compared to cells exposed to Hank’s 

buffer with no toxins.  The bidirectional studies also showed that HD serum had no effect 

on the net flux of propranolol, and the net flux of losartan was increased in the presence 

of HD serum.  The losartan results suggest that uptake and efflux transporters are 

involved in its transport, and that HD serum can inhibit both uptake and efflux 

transporters as shown by the inhibition of net flux of [3H]-vinblastine in the presence of 

uremic toxins.  In conclusion, uremic toxins have inhibitory effects on efflux transporters, 

and decrease the net flux of prototypical radiolabeled compounds.  Also, since the Class 1 
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drug propranolol does not require a transporter, the presence of uremic toxins does not 

affect the net flux of this drug.   

 

3.1  Introduction 

 Madin-Darby Canine Kidney (MDCK) epithelial cells and colon carcinoma 

(Caco-2) cells are widely used for permeability studies and efflux transporter studies.  

Caco-2 cells are the main model system to study gut permeability in vitro by measuring 

the permeability of a compound across a monolayer of cells.  MDCK and Caco-2 cells 

have also been extensively used to measure the permeability of drugs mediated by efflux 

transporters by over expressing efflux transporters in these cell lines.  These cells are 

ideal systems since they form a monolayer with tight junctions when plated, which allow 

for measurement of movement of compounds across the cells instead of paracellular 

transport.   The permeability is measured by conducting bidirectional studies using a 

transwell system (Figure 3.1), in which the drug or drug plus transporter inhibitor is 

dosed in either the apical or basolateral compartment, and the samples are taken from the 

opposite compartment at different time points.      
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Figure 3.1: Diagram depicting cell monolayer cultured in transwell insert and plate. 
Apical (A) side and basolateral (B) side contain buffer with or without drug and inhibitor.  

 

The apparent permeability (Papp) of a compound is calculated by the equation\ 

 

 

where Papp = apparent permeability; S = membrane surface area, C0 = donor 

concentration at time 0, and dQ/dt = amount of drug transported per time. The net flux of 

a compounds is calculated by the ratio of the Papp(B-A)/Papp(A-B), and compound is 

considered to have a transporter mediated efflux if the ratio is greater than 2.    

Uptake and efflux transporters are expressed in the liver.  The efflux transporters 

are located in both the basolateral and apical membranes (Figure 3.2).  The efflux 

transporters expressed in the canalicular membrane of the hepatocyte include P-gp 
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(MDR1), MRP2 (cMOAT), BCRP, and BSEP.  In the basolateral memebrane, the efflux 

transporters expressed are MRP3, MRP4, MRP5 and NTCP.  

 

 

 

Figure 3.2: Schematic of two hepatocytes joined by bile canalicular membrane.  Efflux 
transporters depicted in the apical canalicular membrane and basolateral membrane.  
Uptake transporters depicted in the basolateral membrane. 

 

 Bidirectional studies using transfected cells over expressing efflux transporters 

have been well established in our laboratory (Flanagan and Benet, 1999; Cummins et al., 

2002; Flanagan et al., 2002).  These studies have shown the enzyme-transporter interplay 

and the involvement of efflux transporters in drug disposition in vitro.    It has also been 

very well established that inhibition of efflux transporters can lead to clinically important 

effects in drug disposition (Tanigawara, 2000; Matheny et al., 2001; Chen et al., 2003; 
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Drescher et al., 2003).  These studies have shown that since P-gp is expressed in liver, 

intestine, and brain; alterations of this transporter play a major role in drug 

pharmacokinetics and disposition.   

  Few studies have investigated the effects of chronic kidney disease on efflux 

transporters. Also, there have been only a couple of studies that investigated the 

expression of P-gp in chronic kidney disease rat models (Naud et al., 2007). A study by 

Huang et al. (2000) has shown that acute renal failure affects P-pg expression and 

function.  In these studies, the serum from renal failure rats was used in Caco-2 assays to 

measure the activity of P-gp and its expression.  Here they found that in the presence of 

the renal failure serum, the activity of P-gp was reduced regardless of the protein 

expression.   

After investigating the effects of hemodialysis serum and uremic toxins in cells 

transfected with uptake transporters, we wanted to investigate if uremic toxins and/or 

hemodialysis serum also affected the transport of drugs in cells transfected with efflux 

transporters. We investigated the effects of uremic toxins on transport of [3H]-vinblastine, 

a substrate for P-gp in MDR1-MDCK cells and MDCK cells, and the transport of [3H]-

pravastatin on cMOAT-MDCKII and MDCKII cells in the presence of selected uremic 

toxins that had shown some effect in the uptake studies. We also investigated the 

transport of propranolol and losartan in MDR1-MDCK and MDCK cells in the presence 

of normal serum, HD serum, or inhibitor.  This allowed us to investigate if transporters in 

the canalicular membrane of the hepatocyte could be affected by the uremic toxins or 

uremic serum.  The study of Sun et al. (2004) had reported that erythromycin was a 
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substrate for P-gp but there was no inhibition in transport of erythromycin with selected 

uremic toxins.    

 

3.2  Materials/Methods 

Propranolol and HPLC-grade dimethyl sulfoxide, tert-butyl-methyl-ether 

(MTBE), and acetonitrile (ACN) were purchased from Sigma-Aldrich (St. Louis, MO). 

Losartan potassium salt was purchased from Toronto Research Chemicals (Ontario, 

Canada). GG918 (GF120918) was graciously donated by GlaxoSmithKline (Research 

Triangle Park, NC).  Radiolabeled [3H]-vinblastine and [3H]-pravastatin were obtained 

from Perkin Elmer (Waltha, MA). Transwell inserts and poly-D-lysine coated 6-well 

plates were obtained from BD Biosciences (Bedford, MA). Cells were obtained from the 

UCSF cell culture facility. Approval for obtaining serum from hemodialysis patients and 

normal serum from healthy volunteers was obtained from the Committee on Human 

Research at UCSF.  Serum from seven subjects in each group was pooled, to obtain 

pooled HD serum and pooled normal serum. 

3.2.1 Cell Culture 

MII-cMOAT and MII cells were cultured at 37°C and humidified 5% CO2 

atmosphere in Dulbecco’s modified Eagle’s medium supplemented with 10% heat-

inactivated FBS, 100 U/ml penicillin, and 100 U/ml streptomycin. M-MDR1 cells were 

cultured in the same medium containing 80 mg/ml colchicine for selected growth of 

transfected cells (Pastan et al., 1988). Cells were grown to confluence in culture flasks,  

harvested and seeded into transwell inserts in six-well plates at a density of 1x106 
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cells/insert. Studies were conducted 5 to 6 days post seeding for the two cell lines. 

Medium was changed once every 2 days and 24 h before the experiment.  

3.2.2 Bidirectional Assay 

The transport experiments were adapted with modifications from Lau et al. 

(2006).  In brief, plates with cell monolayer were pre-incubated in transport buffer 

(Hanks’ balanced salt solution containing 25 mM HEPES and 1% FBS or 10% normal 

serum or 10% hemodialysis serum, pH 7.4) for 10 min at 37°C. Transepithelial electrical 

resistance was measured in each well using a Millicell ERS voltohmmeter (Millipore 

Corporation, Bedford, MA) to assess the integrity of monolayer.  The average 

transepithelial electrical resistance values obtained from MII, MIIcMOAT, and M-MDR1 

cells were 170±15 Ω•cm2 (n = 12), 160±10Ω• cm2 (n= 12), and 1780 ± 20Ω• cm2 

(n=12), respectively. For measuring drug secretion (B)asolateral  (A)pical, 2.5 ml of 

transport buffer containing  0.1 µM [3H]-vinblastine, 10 nM [3H]-pravastatin, 10µM 

propranolol,  or 10µM losartan  was put into the B side and 1.5 ml of buffer was put into 

the A side. At the selected times (30min, 60min, and 90min or 120min), 150-µl samples 

were taken from the A side and replaced with fresh buffer. For measuring drug 

absorption (A  B), the drug solution was put into the A side and samples were taken 

from the B side. For inhibition studies, the inhibitors MK571 (10 µM) or GG918 (0.5 

µM) were put into both the A and B sides. During the studies, the cells were incubated in 

a shaking incubator (Boekel Scientific, Feasterville, PA). After the last time point (1.5 h), 

the apical solutions were removed by suction and each filter was dipped twice in ice-cold 

PBS. Intracellular measurements of the drug were obtained by solubilizing the cells on 

each culture insert with 0.4 ml of ice-cold MeOH/H2O [7/3 (v/v)] and sonicating for 10 
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min. The samples were mixed with 150µl of ACN for protein precipitation and the 

homogenate was centrifuged for 5 min at 13,000g, and the resulting supernatant was 

analyzed by LC/MS-MS.  For radiolabeled compounds, the samples were placed in 

scintillation vials and radioactivity determined by scintillation counting ((LS6000TA; 

Beckman Coulter, Fullerton, CA). 

3.2.3 LC/MSMS Assays 

The concentration measurement of propranolol and losartan were performed by 

LC/MSMS as described in Chapter 2 

3.2.4 Data Analysis 

The apparent permeability (Papp) values were calculated as follows, where the 

rate of transport was measured from the flux of drug across the cells. 

                             

1
 

Papp = apparent permeability, S = membrane surface area, C0 = donor concentration at 

time 0, and dQ/dt = amount of drug transported per time. The net flux of a compounds is 

calculated by the ratio of the Papp(B-A)/Papp(A-B). Value are expressed as mean ± SD, 

n=3. 
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3.3 Results 

3.3.1 Bidirectional Studies: MDR1-MDCK and MDCK Cells  

 A series of bidirectional studies were carried out in MDR1(P-gp) over expressing 

cell lines, and the MDCK controls, as well as cMOAT (MRP2) overexpressing cell lines 

and MDCKII controls.  The radiolabeled substrates [3H]-vinblastine for MDR1 and [3H]-

pravastatin for cMOAT were used in the presence of uremic toxins to determine the 

effect of selected uremic toxins on the transport of known substrates for MDR1 and 

cMOAT.  The bidirectional studies of [3H]-vinblastine showed that the net flux decreased 

from 17.5± 7.4 in MDR1-MDCK cells with [3H]-vinblastine alone  to 8.76 ± 1.14, 6.74 ± 

3.29, 8.26 ± 0.97 and 5.03 ± 0.72 in the presence of CMPF, indoxyl sulfate, endothelin, 

and GG918, respectively (Table 3.2, Figure 3.3).  However, the B A apparent 

permeability or the A B apparent permeability in the groups containing uremic toxins 

did not change significantly compared to the control group (Table 3.2); nonetheless, the 

difference in each direction was enough to cause a significant different in net flux.  

The bidirectional study in the control cell line MDCK did not show this inhibitory 

effect in net flux by uremic toxins.  The B A apparent permeability did not show any 

significant changes, except in the presence of indoxyl sulfate and GG918. There were no 

significant changes in the A B apparent permeability for any group.  Other uremic 

toxins were tested but did not show a significant change in transport (data not shown).  

Furthermore, there was no significant change in intracellular accumulation from B C (C 

inside the cell), or from A C in the presence of uremic toxins (data not shown).   
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Table 3.1: Bidirectional study of [3H]-vinblastine in MDR1-MDCK and MDCK  
      cells. 

 
Cell 

Type 

Condition Papp(A B)x10-6 

cm/sec 

Papp(B A)x10-6 

cm/sec 

Net Flux 

Ratio 

(B A/A B) 

MDR1-

MDCK 

[3H]-Vin 0.20 ± 0.11 3.00 ± 0.14 17.5 ± 7.5 

 [3H]-Vin +CMPF 0.30 ± 0.037 2.61 ± 0.11 8.76 ± 1.14* 

 [3H]-Vin 

+Indoxyl Sulfate 

0.46 ± 0.21 2.61 ± 0.42 6.74 ± 3.29* 

 [3H]-Vin + 

endothelin 

0.30 ± 0.05 2.44 ± 0.11 8.26 ± 0.97* 

 [3H]-Vin +GG918 0.60 ± 0.04* 2.99 ± 0.20 5.03 ± 0.72* 

MDCK [3H]-Vin 1.47 ± 0.35 2.80 ± 0.23 2.55 ± 0.52 

 [3H]-Vin +CMPF 1.24 ± 0.49 2.83 ± 0.23 2.46 ± 0.70 

 [3H]-Vin 

+Indoxyl Sulfate 

1.21 ± 0.13 3.47 ± 0.06* 2.87 ± 0.29 

 [3H]-Vin+ 

endothelin 

0.93 ± 0.25 2.70 ± 0.41 3.05 ± 0.83 

 [3H]-Vin +GG918 1.16 ± 0.37 1.32 ± 0.13* 1.24 ± 0.50 

Values expressed as mean ± SD. * p<0.05, n=3 
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Figure 3.3: Bidirectional study of [3H]-vinblastine in MDR1-MDCK cells. Control is 
Hanks buffer and [3H]-vinblastine, GG918 is P-gp inhibitor.  

 

3.3.2 Bidirectional Studies:cMOAT-MDCKII and MDCKII cells 

The bidirectional studies in cMOAT-MDCKII cells also showed a significant 

inhibition in the net flux of [3H]-pravastatin in the presence of the uremic toxin CMPF 

and indoxyl sulfate (Figure 3.4). The net flux decreased from 7.78 ± 0.74 with  

[3H]-pravastatin alone to 3.82 ± 0.34, 4.85 ± 0.86, 5.85 ± 0.43, and 1.19 ± 0.037 in the 

presence of CMPF, indoxyl sulfate, endothelin, and MK-571, respectively (Table 3.3).  In 

the MDCKII cells, which do not overexpress cMOAT, there were no significant changes 

in net flux, except in the group exposed to CMPF (Table 3.3).   There was no significant 

change in the B A apparent permeability of [3H]-pravastatin in either cell line, except 

for the endothelin treated group in the cMOAT-MDCKII cells.  The A B did not change 

significantly except for the CMPF group in the MDCKII cells.   Also, intracellular 
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accumulation of [3H]-pravastatin from B C and from A C showed to be significantly 

decreased in the presence of uremic toxins, but increased back to control group levels in 

the MK-571 group (Figure 3.5).   

 

Table 3.2: Bidirectional study of [3H]-pravastatin (Prav.) in cMOAT-MDCKII and 
MDCKII cells 

Cell Type Condition Papp(A B)x10-6 

cm/sec 

Papp(B A)x10-6 

cm/sec 

Net Flux 

Ratio 

(B A/A B) 

cMOAT-

MDCKII 

[3H]- Prav. 1.17 ± 0.20 9.01 ± 0.81 7.78 ± 0.74 

 [3H]- Prav. 

+CMPF 

2.10 ± 0.34 7.94 ± 0.67 3.82 ± 0.34* 

 [3H]- Prav. 

+Indoxyl Sulf. 

1.58 ± 0.24 7.53 ± 0.67  4.85 ± 0.86* 

 [3H]- Prav. + 

endothelin 

1.17 ± 0.19 6.82 ± 0.84* 5.85 ± 0.43* 

 [3H]- Prav.+MK-

571 

6.07 ± 0.84* 7.72± 0.81  1.19 ± 0.037* 

MDCKII [3H]-Prav. 1.31 ± 0.26 6.95 ± 1.00 5.46 ± 1.16 

 [3H]- Prav. 

+CMPF 

2.44 ± 0.24* 6.30 ± 0.49  2.59 ± 0.36* 

 [3H]- Prav. 

+Indoxyl Sulf. 

1.94 ± 0.47 6.26 ± 0.22  3.35 ± 0.84 

 [3H]- Prav. + 

endothelin 

1.24 ± 0.32 5.81 ± 0.89  4.86 ± 1.28 

 [3H]- Prav. +MK-

571 

1.99 ± 0.32 7.5± 0.72  3.87 ± 0.97 

Values expressed as mean ± SD. * p<0.05, n=3 
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Figure 3.4: Bidirectional study of [3H]-pravastatin in cMOAT-MDCKII cells. Control is 
Hank’s buffer plus [3H]-pravastatin.  MK-571 is cMOAT inhibitor.  
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Figure 3.5: Intracellular accumulation of  [3H]-pravastatin in cMOAT-MDCKII cells. 
Control is Hank’s buffer plus [3H]-pravastatin.  MK-571 is cMOAT inhibitor. A-C is 
intracellular accumulation from apical (A) to intracellular (C), and B-C is accumulation 
from basolateral (B) to intracellular (C).  * p<0.05, n=3 
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3.3.3  Propranolol Bidirectional Studies: MDR1-MDCK and MDCK Cells 

 In the bidirectional studies of propranolol and losartan, we investigated the effect 

of hemodialysis serum (HD) on the transport of these drugs. The bidirectional studies of 

propranolol 10µM in MDR1-MDCK and MDCK cells showed that there was no 

inhibition of propranolol net flux or B A transport in either cell line in the presence of 

HD serum (Figure 3.6).  The apparent permeability of propranolol (Table 3.3) was also 

high compared to the permeability of vinblastine, pravastatin, or losartan (Table 3.4).  

Propranolol was not a substrate for MDR1 (P-gp) since the efflux ratios (net efflux) were 

not 2 or greater.  For all samples, experimental and control in MDR1-MDCK cells as 

well as MDCK cells, the net flux ratio was below 2, and essentially 1.  

 
Table 3.3: Bidirectional study of 10µM propranolol in MDR1-MDCK and MDCK cells 

 
Cell Type Condition Papp(A B)x10-6 

cm/sec 

Papp(B A)x10-6 

cm/sec 

Net Flux 

Ratio 

(B A/A B) 

MDR1-

MDCK 

Propranolol + NS 26.3 ± 10.5 20.4 ± 0.7  0.89  ± 0.43 

 Propranolol + HDS 36.8 ± 5.5 23.8 ± 2.6 0.66  ± 0.17 

 Propranolol 

+GG918 

32.5 ± 3.3 25.2 ± 4.8  0.77  ± 0.07 

MDCK Propranolol + NS 23.9 ± 4.2 23.1 ± 1.4 0.99 ± 0.21 

 Propranolol + HDS 21.0 ± 1.1 22.6 ± 1.8  1.08  ± 0.03 

 Propranolol 

+GG918 

15.8 ± 6.6 17.9 ± 2.8*  1.36  ± 0.84 

     

Values expresses as mean ± SD. * p<0.05, n=3 
NS: Normal serum HDS: Hemodialysis serum 
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Figure 3.6: Bidirectional study of propranolol 10µM in MDR1-MDCK (a) cells and 
MDCK (b) cells. 
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3.3.4  Losartan Bidirectional Studies: MDR1-MDCK and MDCK Cells 

  The losartan bidirectional studies in MDR1-MDCK and MDCK cell lines showed 

that losartan is a substrate for MDR1, as shown by the net flux ratio greater than two.  

Furthermore, in the presence of HD serum compared to normal serum, the net flux  

increased from 6.69 ±1.82 to 83.9 ± 35.2, and decreased to 2.42 ± 0.95 in the presence of 

GG918 (Table 3.4).  In the MDCK cell line (Figure 3.7b)  similar results were observed 

with an increase in net flux in the presence of HD serum compared to control, from     

0.38 ± 0.60 to 0.88 ± 0.17 and a decrease to 0.23 ± 0.08 in the presence of GG918  

(Figure 3.7, Table 3.4).  On the other hand, when analyzing the apparent permeability 

rate of B A and A B in the MDR1-MDCK cells, the B A increased in the HD serum 

group and in the GG918 group; however, the A B permeability rate decreased in the 

HD serum group and increased in the GG918 group (Table 3.4).  In the MDCK cells, the 

B A rate was only significantly different from the control in the GG918 treated group; 

the variation in the A B control group was large, and did not show significance when 

compared to other groups.   
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Table 3.4: Bidirectional study of 10µM losartan in MDR1-MDCK and MDCK cells 

Cell Type Condition Papp(A B)x10-6 

cm/sec 

Papp(B A)x10-6 

cm/sec 

Net Flux Ratio 

(B A/A B) 

MDR1-

MDCK 

Losartan + NS 0.04 ± 0.01 0.24  ±  0.02 6.69 ± 1.82 

 Losartan + 

HDS 

0.009 ± 0.003* 0.70 ± 0.07* 83.8 ± 35.15* 

 Losartan + 

GG918 

0.17 ± 0.06* 0.37 ± 0.05 * 2.42 ± 0.95* 

MDCK Losartan + NS 0.56 ± 0.74 0.024 ± 0.01 0.38 ± 0.60 

 Losartan + 

HDS 

0.05 ± 0.01 0.041 ± 0.003  0.88 ± 0.17* 

 Losartan 

+GG918 

0.34 ± 0.07 0.075 ± 0.009 * 0.23 ± 0.08* 

     

Values expressed as mean ± SD. * p<0.05, n=3 
NS: Normal serum      HDS: Hemodialysis serum 
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Figure 3.7: Bidirectional study of losartan 10µM in MDR1-MDCK (a) cells and MDCK 
(b) cells. 
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3.4  Discussion 

 Expression of P-gp has been reported to be altered in chronic renal failure rats.  

The in vitro function of P-gp in the presence of serum from renal failure rats has been 

shown to be reduced.  In our studies, we investigated a series of uremic toxins on the 

transport of radiolabled substrates on MDR1-MDCK and cMOAT expressing cell lines.  

We also studied the effects of hemodialysis serum on the permeability of the BDDCS 

drugs propranolol and losartan in MDR1-MDCK cells.  Due to eprosartan’s adsorption to 

the transwell system we were unable to test this compound.   

 The [3H]-vinblastine bidirectional studies demonstrated that the uremic toxins 

CMPF, indoxyl sulfate, and endothelin significantly reduced the net flux ratio by at least 

50%.  In contrast, in the MDCK cells, which do not over-express the P-gp transporter, 

there was no significant inhibition of [3H]-vinblastine transport. This suggests that the     

P-gp transporter was inhibited by uremic toxins in the MDR1-MDCK cell line.  

However, the [3H]-vinblastine  Papp (B A) or Papp (A B) was not statistically 

significant in either cell line, but there was an increase in the Papp (A B) and a decrease 

in the Papp (B A) in the MDR1-MDCK cells, which overall showed a statistically 

significant difference in the net flux ratio of [3H]-vinblastine.  Also, the Papp (B A) was 

significantly higher compared to the Papp (A B), indicating the presence of active 

transport in the B A direction.   

 The transport of [3H]-pravastatin  in cMOAT-MDCKII also showed significant 

inhibition by uremic toxins CMPF, indoxyl sulfate, and endothelin, along with the 

inhibitor MK-571.  The reduction in transport was at least 50% with the uremic toxins 
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and 85% with MK-571.  However, the transport of [3H]-pravastatin was also significantly 

reduced by 40% with CMPF and indoxyl sufate, but not endothelin, and by 30% with the 

inhibitor MK-571 in MDCKII cells.  The transport of [3H]-pravastatin in the non-over 

expressing cell line may be due to the uptake by OATP transporters.  Pravastatin has also 

been shown to be a substrate for the basolateral transporters OATP1B1 (Nakai et al., 

2001) and this transporter has been shown to be endogenously expressed in MDCK cells 

(Goh et al., 2002).  This suggest that pravastatin being a substrate for basolateral and 

apical transporter may account for the significant difference in [3H]-pravastatin transport 

on both cMOAT-MDCKII and MDCKII cell lines.  Experiments using MRP2 substrate 

with less overlap with uptake transporters need to be carried out to determine the role of 

uremic toxins on MRP2 alone.   

 Next, the bidirectional studies showed the effect of hemodialysis (HD) serum on 

the transport of propranolol and losartan in MDR1-MDCK and MDCK cells. The 

propranolol transport in MDR1-MDCK and MDCK cells was in agreement with our 

uptake studies.  As hypothesized, there was no significant change in propranolol net flux 

in either cell line. Furthermore, the Papp (B A) was high for all groups: treated with 

normal serum, HD serum, and GG918, indicating that propranolol is highly permeable 

and not a substrate for P-gp.  On the other hand, the transport of losartan was 

significantly decreased in the presence of GG918, but significantly increased in the 

presence of HD serum.  The Papp (B A) for losartan in the presence of HD serum 

increased 5-fold, and the Papp (A B), decreased 18-fold.  These results suggest that since 

losartan is a substrate for uptake and efflux transporters, hemodialysis serum is affecting 

the endogenous uptake transporters to a greater extent compared to the efflux 
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transporters, resulting in a marked increase in net flux.  In the MDCK cells, an increase 

of 3-fold in net flux was observed in the presence of HD serum, which supports that 

endogenous transporters play a role in the transport of losartan.    

 

3.5  Conclusion 

 Bidirectional studies using MDR1-MDCK, MDCK, cMOAT-MDCKII, and 

MDCKII cells suggest that uremic toxins apart from affecting uptake transporters, also 

affect efflux transporters that are expressed in the canalicular membrane of hepatocytes.    

Human hemodialysis serum also exhibited an effect in the transport of losartan; however, 

this change was likely due by the dual action on uptake and efflux transporters.  As 

shown, losartan is a substrate for uptake transporters (Chapter 2) and for efflux 

transporters as shown here. The transport of propranolol is not affected in the presence of 

hemodialysis serum since it’s a highly permeable drug and not a substrate for 

transporters.  These studies indicate that chronic kidney disease may play a role in drug 

transport in tissues expressing drug transporters such as the liver.  This can have a 

complex effect for drugs that are substrates for uptake and efflux transporters.  If a drug 

is a substrate for both uptake and efflux transporters, and CKD affects both, then, 

increased efflux will occur if the drug is a strong substrate for an uptake transporter but 

weaker for the efflux transporter.  Similarly, decreased efflux will occur if a drug is a 

strong substrate for an efflux transporter but weaker for an uptake transporter.  More 

experiments using cMOAT-MDCKII need to be carried out to investigate the effects of 

HD serum on the transport of propranolol and losartan. In conclusion, these studies 

suggest that the different classes of drugs would also be affected differently by uremic 
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toxins.  If a compound is a substrate for an efflux transporter, it is possible that the 

uremic toxins can affect the efflux of the compound, which in turn can affect the drug’s 

disposition.  Both uptake and efflux transporters may be affected in CKD and need to be 

considered when studying changes in drug disposition.  
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Chapter 4: Hepatic Disposition of BDDCS Drugs in Chronic Kidney 
Disease Rats: isolated perfused rat liver (IPRL) with hemodialysis serum 
and normal serum 
 

 

Summary 

 Drug disposition is altered in renal failure; however, it is not known if the 

alteration in drug disposition is the same for all drugs.  Using the isolated perfused rat 

liver system, we investigated the effects of uremic toxins in hemodialysis serum, and the 

effects of renal failure (using livers from rats that underwent a 5/6 nephrectomy) on the 

hepatic disposition of propranolol, losartan, and eprosartan (3 BDDCS drugs). We 

hypothesized that the disposition of losartan and eprosartan would be affected by livers 

perfused with hemodialysis serum.  We also hypothesized that the hepatic disposition of 

propranolol would not be affected in livers perfused with hemodialysis serum.  The 

results obtained showed that hepatic disposition of propranolol was affected.  However; 

the disposition of propranolol appears to be affected not by inhibition of transporters, but 

rather by changes in metabolism.  The IPRL studies with propranolol showed a decrease 

in AUC and an increase in clearance, and the metabolite also showed the same changes, 

in the presence of hemodialysis serum and in livers from renal failure rats.   

 The IPRL studies showed significant changes in AUC and clearance, as well as 

biliary clearance for losartan and accumulation in the liver for eprosartan.  These changes 

indicate that losartan may be a substrate for basolateral efflux transporters and that this 

transport is altered by hemodialysis serum.  There was also an increase in biliary 
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clearance of losartan with no change in liver accumulation, suggesting that losartan is 

substrate for both uptake and efflux transporters. If basolateral efflux transporters were 

inhibited, then losartan would be eliminated via the bile.  In comparison, eprosaratan’s 

AUC increased and clearance decreased as with losartan, but the amount in the liver 

increased in the presence of hemodialysis serum.  This suggested that eprosartan was not 

exiting the hepatocyte via increased biliary clearance (since this was unchanged), but that 

the basolateral efflux was being inhibited.  It is still not known if basolateral efflux 

transporters like Mrps are inhibited by hemodialysis serum, but previous studies in MRP2 

transfected cells (Chapter 3) showed inhibition of MRP2 by hemodialysis serum and 

uremic toxins.  Clinical studies as described in Chapter 5, will reveal if renal failure 

affects drug pharmacokinetics and if the alteration in drug disposition is clinically 

significant.  
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4.1  Introduction 

 Several reports in the literature indicate that normal drug disposition is altered in 

chronic kidney disease patients.  Previous research has investigated the effects of uremic 

toxins and hemodialysis (HD) serum, which contains uremic toxins (also referred to it as 

uremic serum), on drug metabolism (Michaud et al., 2005) and, to some extent, on the 

effect on drug transporters (Naud et al., 2007; Naud et al., 2008).  The chronic kidney 

disease rat model has also been used to study drug disposition through the isolated 

perfused rat liver (IPRL) system.  In 1985, Terao and Shen investigated the effects of 

uremic blood in the extraction of  l-propranolol in the perfused rat liver (Terao and Shen, 

1985) after results from a pharmacokinetic study of l-propranolol in uremic rats showed 

that there was a 2.5-fold increase in the systemic availability of l-propranolol (Terao and 

Shen, 1983).  In the pharmacokinetic study, the extent of absorption was found to be the 

same in both groups of rats, and the in vitro and in vivo protein binding was the same in 

renal failure and normal rats. In the IPRL studies from 1985, it was demonstrated that 

uremic serum inhibited the hepatic extraction of propranolol.  The authors employed the 

uranyl nitrate injection method to induce renal failure, and then used the livers and/or 

blood from these rats to perform single pass IPRL.  The IPRL studies included uremic 

livers perfused with uremic blood, uremic livers perfused with normal blood, normal 

livers perfused with uremic blood and normal livers perfused with normal blood.  This 

allowed the authors to investigate whether the changes in extraction were due to uremic 

mediators in the blood, or intrinsic changes in the liver due to the renal failure.  Terao and 

Shen (1985) reported that the hepatic extraction of propranolol was inhibited only in the 

presence of uremic blood, which was a result of a significant decrease in intrinsic 
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clearance.  In a uremic liver perfused with normal blood, there was no inhibition of 

hepatic extraction. In that study the authors speculated uremic mediators night act as 

inhibitors of transport through the hepatocyte membrane.  Importantly, in the Terao and 

Shen studies (1983 and 1985) the model of renal failure is chemically induced and 

produces an acute renal failure model rather than a chronic renal failure model. Also, in 

those studies, livers were perfused with rat blood not human serum.   

 Our in vitro studies, reported in Chapter 2, using uremic toxins and human uremic 

serum, suggested that uremic toxins/serum change drug transport in rat and human.  The 

studies also indicated that the transport of losartan, eprosartan, and the model compound, 

[3H]-estrone sulfate is altered in transfected cell systems in the presence of uremic toxins 

and uremic serum from hemodialysis (HD) patients. Neither propranolol’s metabolism 

nor transport was affected by the presence of uremic toxins/serum.  Since our in vitro 

studies were done in isolated systems using only cells, we extended the studies to the 

liver using the IPRL system.  IPRL (Figure 4.2) has been extensively used as an intact 

organ model for determining hepatic clearance and  metabolism of drugs.  It is also used 

to model physiologically based pharmacokinetics of hepatic uptake associated with 

transport.  IPRL avoids neural and hormonal interference and excludes influence from 

absorption and non-hepatic elimination routes such as renal excretion; thus, it provides a 

relatively clean hepatic system to study metabolism and pharmacokinetics (Yong Liu, 

2004).  To to study the effects of chronic kidney disease (CKD) on hepatic drug 

disposition, we used a 5/6 nephrectomy (Nx) rat model.  This is the most widely used 

model for chronic renal dysfunction, in which 5/6 of the kidneys are surgically removed 

in a two stage surgery.  The first surgery removes one kidney and after a one week 
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recovery, 2/3 of the second kidney is removed (Figure 4.1).  Two weeks after the second 

surgery, the rats reached a moderate stage of renal failure (measured by creatinine 

clearance) and the IPRL was performed. 

 

Week 1: 
First 

surgery 
(removal of 
one kidney)

Week 2: 
Second 
surgery 

(removal of 
2/3 of second 

kidney)

Week 3: 
Rats arrive 

at UCSF
Acclimatize 
for 3 days

Week 4: 
Days 1 and 3  
rats placed 

in metabolic 
cages  over 

night to 
collect urine

Week 4: Days 
2 and 4, two 

IPRL 
experiments 
per day and 

extract 
samples

Weeks 5 &6: 
Analyze 

samples in 
LCMSMS

Figure 4.1: Sequence of events from first surgery on rats to analysis of samples from      
IPRL 

 

For each drug we used at least four rats in each group, and four groups were used 

in all possible combinations (Table 4.1) to determine if the changes in drug disposition 

and clearance were due to changes in the liver in CKD and/or uremic toxins from 

hemodialysis uremic serum.   In previous nephrectomized rat studies, Naud et al. (2008) 

reported that there were protein expression changes in P-gp and Oatp2; hence, we 

investigated the protein expression of several transporters via Western blotting. 
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Table 4.1: Groups for IPRL experiments: liver type and perfusate type. 

 Group 1 Group 2 Group 3 Group 4 

Liver Liver from 

Sham Rat 

Liver from  

Sham Rat 

Liver from  

Nx Rat 

Liver from 

Nx Rat 

Serum in 
perfusate 

Normal Serum HD Serum Normal Serum HD Serum 

Nx: 5/6 nephrectomy        HD: hemodialysis serum (uremic serum)   Sham: sham surgery 

 

 

            

Figure 4.2: Diagram depicting Isolated Perfused Rat Liver (IPRL) setup. Yong Liu and 
Onua (2004) 
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4.2  Materials/Methods 

Propranolol, rifampin, as well as HPLC-grade dimethyl sulfoxide, tert-butyl-

methyl-ether (MTBE), and acetonitrile (ACN) were purchased from Sigma-Aldrich (St. 

Louis, MO). Losartan potassium salt and eprosartan were purchased from Toronto 

Research Chemicals (Ontario, Canada). Male spontaneously hypertensive (SH) Sprague-

Dawley rats (200–350 g) with a 5/6 nephrectomy or sham nephrectomy were purchased 

from Charles River Laboratories (Wilmington, MA) and housed in the UCSF animal care 

facility with a 12-h light/dark cycle and allowed free access to water and food. Urine was 

collected for 24 hours to determine the urine creatinine; a blood sample was collected to 

determine serum creatinine. Approval of the studies was obtained from the Committee on 

Animal Research, UCSF.  Hemodialysis (HD) serum was obtained from patients on 

hemodialysis from the UCSF Mt Zion Outpatient Dialysis Unit. Approval for obtaining 

serum from patients and normal serum from healthy volunteers was obtained from the 

Committee on Human Research at UCSF.  Serum from seven patients in each group was 

pooled to obtain pooled HD serum and pooled normal serum.  

4.2.1 Surgery and Perfusion of Isolated Rat Livers  

Rats were anesthetized with ketamine:xylazine (80 mg/ml:12 mg/ml) before 

surgery. The hepatic portal vein and superior vena cava were cannulated after the livers 

were isolated for perfusion ex situ using standard techniques as described previously by 

our laboratory (Wu and Benet, 2003; Lau et al., 2004). In brief, a catheter was inserted 

via the hepatic portal vein and perfused, in a recirculating manner, with 80 ml of 

perfusate composed of Krebs-Henseleit buffer at 37°C, pH 7.4, supplemented with 

sodium taurocholate (220 nmol/min), 10% human serum from healthy volunteers or 
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patients on hemodialysis (HD), and glucose (10 mM). The perfusate in the reservoir was 

oxygenated directly using carbogen (95% O2/5% CO2) and stirred continuously. 

Measures of liver viability included oxygen consumption, portal vein pressure (20–30 

mmHg), pH 7.35–7.45, and metabolic capability. Livers were allowed to stabilize for 20 

min prior to addition of either propranolol, losartan, or eprosartan.  Perfusate samples 

(0.5 ml) were collected immediately (0min) and at 3, 5, 10, 15, 20, 30, 45, and 60 min 

after the addition of the compound of interest, and accumulative bile samples were 

collected for up to 60 min. 

At the end of experiment, the liver was removed, blotted dry, and weighed. An 

aliquot of liver was homogenized with ice-cold PBS in a 1:2 ratio and maintained frozen 

at -80°C before analysis. To examine the effects of HD serum and CKD on hepatic 

disposition, 48 rats were divided equally into the following groups: a) liver from sham 

operated rat perfused with normal serum b) liver from sham rats perfused with HD serum 

c) liver from Nx rats perfused with normal serum, and d) liver from Nx rats perfused with 

HD serum.  Each of the four groups received 1µM propranolol, 1µM losartan, or 10µM 

eprosartan.   Group (a) for each drug served as a control and groups b-d served as 

treatment groups.  Propranolol and losartan samples for analysis were prepared by liquid-

liquid extraction as described previously (Lau et al., 2004).  In brief, 3 ml of methyl 

tertiary butyl ether with internal standard warfarin (1µM) was added to each liver, bile, 

and perfusate sample. After centrifugation, separation of the organic layer in a methanol 

dry ice bath, and evaporation of the organic layer under nitrogen gas, the dried solutes 

were reconstituted with methanol for analysis by LC/MS-MS. Eprosartan samples were 

extracted with acetonitrile and propranolol was added as internal standard (1µM); 
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samples were vortexed and spun down at 13,000rpm for 10min. The supernatant was 

analyzed for drug concentrations by LC/MS-MS.  Areas under the curve (AUCs) were 

calculated using the linear trapezoidal rule from time 3 min to tlast (60min).   

4.2.2 Western Blot 

Liver samples from 10 rats were used (5 from sham operated rats and 5 from 

nephrectomized rats) for Western blotting.  The livers samples (5mg) were homogenized 

in a RIPA buffer from Sigma (St. Louis, MO)  containing 1X solution of protease 

inhibitor cocktail from Fermentas (Glen Burnie, MD); all samples were kept on ice 

during homogenization. The homogenate was centrifuged at 13000rpm for 20min at 4ºC. 

The supernatant was placed in a fresh ice-cold tube and the concentration was determined 

by BCA assay.   Western blot analysis was performed with some modifications as 

previously described (Cummins et al., 2001).  Briefly, 10µl of 5mg/ml solution of 

supernatant from homogenized livers was diluted into 10µl of Laemmli 2x  loading 

buffer; the mixture was heated at 70ºC for 10 minutes, and 5µl of bromophenol blue 

loading dye was added.  Samples were loaded into a 7.5% SDS-polyacrylamide gel.  

Electrophoresis was run overnight at 30V and 90mA.  After electrophoresis, proteins 

were transferred to a polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA).  The 

blots were blocked with 5% BSA in 1X TBST (Tris-buffered saline containing 0.05% 

Tween-20) from Teknova (Hollister, CA) for one hour at 4ºC.  Then the primary antibody 

was added and incubated at 4ºC overnight.   The primary antibodies used were: 1:3000 

dilution of P-gp from Abcam (Cambridge, MA), 1:2000 dilution of Bcrp from Kamiya 

(Seattle, WA), 1:3000 dilution of Oatp1 and Oatp2 from Alpha Diagnostics (San 

Antonio, TX), 1:3000 dilution of Oat2 and Oct1 from Abcam (Cambridge, MA), and 
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1:3000 dilution of Mrp2 from Kamiya (Seattle, WA).   Blots were then washed and 

incubated with 1:5000 dilution of anti-rabbit or anti-mouse IgG conjugated with 

horseradish peroxidase from Abcam (Cambridge, MA) at room temperature for 2 hours.  

A chemiluminesecence kit from Amersham Biosciences (Buckinghamshire, UK) was 

used for detection.  Beta-actin from Abcam, at 1:5000 dilution, was used as a positive 

control and loading control.  Protein levels were quantitated by densitometry using the 

software ImageJ from NIH’s free image processing and analysis software.  Results were 

expressed as relative density compared to the β-actin positive control.  

 

4.3  Results 

4.3.1  Nephrectomized Rats vs. Sham Operated Rats 

 The isolated perfused rat liver, allowed us to investigate the effects of 

hemodialysis serum (HD), which contains uremic toxins, on the hepatic disposition, 

hepatic and biliary clearance, as well as metabolism of propranolol, losartan, and 

eprosartan in the intact organ.  Table 4.2 shows the serum creatinine, and creatinine 

clearance as well as weights of the rats used in these experiments.   Sham operated rats 

maintained a normal weight of 301 ± 14 g, and the nephrectomized rats (Nx) had a lower 

body weight of 262 ± 12 g; 24 rats were used for each procedure.  The serum creatinine 

increased from 0.55 ± 0.04 in the sham rats to 1.40 ± 0.07 in the Nx rats, consistent with 

decreased renal function.  The urine production also increased in the Nx rats, and the 

creatinine clearance decreased from 491 ± 68 in the sham rats to 200 ± 13 in the Nx rats.   

In humans, the normal glomerular filtration (GFR) rate is 120-160ml/min based on 

creatinine clearance;  stage 3 chronic kidney disease (CKD) corresponds to a GFR of 30-
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60 ml/min/1.73cm3 or 25-50% of normal renal function.  Correlating this to the rat 

creatinine clearance in the sham rats vs. Nx rats, we observed a 60% decrease in 

creatinine clearance in the Nx rats compared to the sham rats, placing the Nx rats at a 

mid-stage of moderate chronic renal failure.  

 

Table 4.2:  5/6 Nephrectomy rat and sham operated rat biochemical parameters  

      and body weight.  
 

 

 

 

 

 

 

 

 

 

 
S

rCr: 
serum creatinine 

 Ave. Wt 
(g) 

Average 
SrCr 

(mg/dL) 

Average 
24hr 

Urine vol 
(ml) 

Average  Cr 
Clearance 

(µl/100g/min) 

Sham Rats 

N=24 

301 ± 14 0.55 ± 0.04 16.9 ± 2.0 491 ± 68 

Nephrectomized 
(Nx) Rats 

N=24 

262 ± 12 1.40 ± 0.07 34.6 ± 1.6 200 ± 13 

Cr Clearance: creatinine clearance 
Nephrectomized rats at time of IPRL were moderate (mid-stage 3) renal failure 

 

4.3.2  Propranolol IPRL 

 With propranolol, we observed a marked decrease in the perfusate  in 

livers perfused with hemodialysis (HD) serum, and also in both livers from Nx rats 

perfused with HD serum or normal serum (NS), when compared to the Sham-NS group 

(Figure 4.3, Table 4.3).  The AUC decreased by 50% in the       Sham-HD and Nx-NS 
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groups compared to the Sham-NS group, but because of the large variability and small 

number of animals in each group, these changes were not statistically significant.  The 

AUC decreased by 80% in the Nx-HD group and this change was significant.  There was 

no significant difference between the Nx liver perfused with normal serum or HD serum.  

Propranolol was not detected in the bile; thus, no biliary clearance was calculated, and 

propranolol in the liver was below the limit of quantitation (Table 4.3). 
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Figure 4.3: Concentration of propranolol in IPRL perfusate over time. Effect of 
nephrectomy and serum from hemodialysis patients on hepatic disposition. 
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Table 4.3: Isolated perfused rat liver propranolol (1µM) concentration in various 
matrices 

Drug Rat Group AUC 

((ng/ml)*min)

CL 

biliary 

(ml/min) 

Amount in 

the liver 

(ng) 

Propranolol 

1µM 

Sham NS 1646 ± 560 0 0 

 

 

Sham HD 862 ± 312 0 0 

 

 

Nx NS 818 ± 258 0 0 

 

 

Nx HD 383 ± 100 0 0 

Values expressed as average ± SD 

 

Table 4.4: P values of comparisons between groups using t-test 

 

Statistical analysis  

(t-test) 

P value for 

AUC 

Sham NS vs Sham HD 0.081 

Sham NS vs Nx NS 0.056 

Sham NS vs Nx HD 0.026* 

Sham HD vs Nx NS 0.837 

Sham HD vs Nx HD 0.054* 

Nx NS vs Nx HD 0.042* 

            *statistically significant 
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The propranolol metabolite, 4-OH propranolol, was detectable in liver but not in 

bile (Figure 4.4).  The AUCs of 4-OH propranolol followed the same pattern as the 

parent drug, where HD serum and Nx cause a decrease in metabolite AUC compared to 

the Sham NS group (Table 4.5).  The amount of metabolite in the liver also decreased in 

these same groups compared to the Sham NS group.  However,  these effects did not 

reach statistical significance because of  high variability in the data. 
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Figure 4.4: Concentrations of 4-OH propranolol in IPRLs. Effect of nephrectomy and 
serum from hemodialysis patients on hepatic disposition. 
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Table 4.5: Isolated perfused rat liver 4-OH propranolol AUCs and amounts in the liver 

Propranolol Metabolite 

Drug Rat 

Group 

AUC 

((ng/ml)*min) 

Amount in the 

liver (µg) 

4-OH 

Propranolol 

Sham 

NS 

2557 ± 2641 0.86 ± 0.87 

 

 

Sham 

HD 

805 ± 952 0.31 ± 0.16 

 

 

Nx NS 1000  ± 1037 0.12 ± 0.05 

 

 

Nx HD 358  ± 102 0.16 ± 0.62 

 

 

Using uremic livers and uremic blood (Table 4.6) Terao and Shen (1985) 

observed a significant change in hepatic intrinsic clearance only in groups perfused with 

uremic serum, regardless of the type of liver being perfused (normal or uremic).  They 

concluded that only uremic serum has a significant effect in the intrinsic clearance of l-

propranolol which is inconsisten with our findings. 
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Table 4.6: Comparison of extraction fraction (Eh) and estimated intrinsic clearance 
(CLint) of  l-propranolol in IPRL from Terao and Shen (1985). 

Experiment Eh CLint 

 

Normal/NB 0.974 ± 0.005 37.0 ± 6.8 

 

Uremic/UB 0.906 ± 0.017* 10.2 ± 1.15* 

 

Normal/UB 0.927 ± 0.009* 13.6 ± 1.7* 

 

Uremic/NB 0.970 ± 0.010 37.8 ± 12.3 

 

                    Liver type/perfusion substance,    
                    NB= normal blood, UB= uremic blood  
                    Mean ± SD (n=4), *P<0.05 
 
 

4.3.3  Losartan IPRL 

 The losartan isolated perfused rat liver experiments showed statistically 

significant changes in groups treated with HD serum (Figure 4.5). There was an 

approximate 53% and 69% decrease in  in the Sham-HD and Nx-HD groups, 

respectively compared to Sham-NS group, while no difference was observed for the Nx-

NS group.  The biliary clearance did not show statistically significant differences due to 

the variability; however, there was a trend towards an increase in biliary clearance in the 

groups with HD serum, which corresponds to the significant decrease in AUC seen for 

the HD groups. There were no significant changes in liver content in any group.  The 

metabolite for losartan was produced in small quantities and was below the limit of 

quantitation.     
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Figure 4.5: Concentrations of losartan in IPRLs. Effect of nephrectomy and serum from 
hemodialysis patients on hepatic disposition. 

 

Table 4.7: Isolated perfused rat liver losartan (1µM) concentration in various matrices 

Rat Group AUC 

((µg/ml)*min) 

CL biliary 

(ml/min) 

Amount in the 

liver (µg) 

Sham NS 

 

13.0± 3.9 0.0031 ± 0.0031 7.04 ± 3.85 

Sham HD 6.1 ± 1.9 0.0166 ± 0.018 6.32 ± 1.75 

Nx NS 19.9 ± 6.6 0.0021 ± 0.0012 3.63 ± 2.14 

Nx HD 6.13 ± 1.44 0.0136 ± 0.0116 5.48 ± 0.83 

Values expressed as average ± SD 
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Table 4.8: P values of comparisons between losartan groups using t-test 

Statistical analysis  

(t-test) 

P value for 

AUC 

Sham NS vs Sham HD 0.024* 

Sham NS vs Nx NS 0.221 

Sham NS vs Nx HD 0.020* 

Nx NS vs Sham HD  0.012* 

Sham HD vs Nx HD 0.981 

Nx NS vs Nx HD 0.011* 

        *statistically significant 

 

4.3.4  Eprosartan IPRL 

 In the eprosartan IPRL experiments, perfusion with HD serum showed a highly 

significant 64% decrease in AUC in the Sham-HD group vs. the Sham-NS group (Figure 

4.6, Table 4.9) and a highly significant 55% decrease in AUC in the Nx-HD group.  The 

biliary clearances and amounts in the liver showed some changes but were not 

statistically significant.  
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Figure 4.6: Concentration time curve of eprosartan in IPRL. Effect of nephrectomy and 
serum from hemodialysis patients on hepatic disposition. 

 

Table 4.9: Eprosartan concentration in various matrices from IPRL 

Drug Rat 

Group 

AUC  

(µg /ml*min) 

CL biliary 

(ml/min) 

Amount in the 

liver (µg) 

Eprosartan 

10µM 

Sham NS 

 

212 ± 27 0.0021 ± 0.0018 10.0 ± 1.7  

 

 

Sham HD 76.2 ± 16.7 0.0163 ± 0.0178 15.1± 7.7 

 

 

Nx NS 119 ± 46 0 7.46 ± 2.08 

 

 

Nx HD 95.8 ± 15.0 0.00017 ± 0.00010 17.2 ± 9.5 

       Values expressed as average ± SD 

 

 

 

 

110 
 



Table 4.10: P values of comparisons between eprosartan groups using t-test 

 

Statistical analysis  

(t-test) 

P value for 

AUC 

Sham NS vs Sham HD 0.0006* 

Sham NS vs Nx NS 0.0191* 

Sham NS vs Nx HD 0.0012* 

Sham HD vs Nx NS 0.2087 

Sham HD vs Nx HD 0.2042 

Nx NS vs Nx HD 0.4619 

            *statistically significant 

 

4.3.5  Western Blot 

 The changes in AUC, biliary clearance, and amount in the liver of the drugs used 

in the isolated perfused rat liver could be due in part to changes in drug transporters in the 

liver.  After the perfusion, liver samples were frozen and analyzed for expression of 

uptake and efflux transporters: Oapt1, Oatp2, Oat2, Oct1, Mpr2, and Bcrp.  Figure 4.7 

shows the blots from the sham rats and nephrectomized rats (n=5), with β-actin as the 

control.  The intensity of bands showing transporters relative to the β-actin loading 

control intensity were calculated and calculations are depicted as a graph in Figure 4.8.  

No statistically significant changes were observed.   Bcrp and Oat2 expression was the 

same in livers from nephrectomized rants and sham operated rats.  Oct1expression in the 

liver from nephrectomized rats increase slightly in intensity compared to sham rats.  

Mrp2, Oatp1, and Oatp2 expression in nephrectomized rats livers decreased compared to 

livers of sham operated rats.  
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Figure 4.7: Western blots depicting hepatic transporter expression in sham and 
nephrectomized rat livers. 
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Figure 4.8: Graph depicting relative intensity (relative to β-actin) of bands of transport 
proteins in livers from nephrectomized rats. 
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4.4  Discussion 

 The effect of chronic kidney disease on drug disposition and pharmacokinetics is 

not well understood; however, there have been studies that point to uremic toxins 

accumulated in these patients causing some changes.  Uremic toxins have been studied 

for their effect on drug metabolism in renal failure (Elston et al., 1993; Leblond et al., 

2000; Leblond et al., 2001; Guevin et al., 2002; Dreisbach and Lertora, 2003).  However, 

there have been few studies of  the effects of uremic toxins/renal failure on drug 

disposition via hepatic transporters ( Sun et al., 2004; Sun et al., 2010; Dreisbach and 

Lertora, 2008; Naud et al., 2008).  No studies have compared the effects of uremic 

toxins/renal failure on the disposition of different BDDCS drugs.  The ability to predict if 

the disposition of particular BDDCS drug class is affected by renal failure would be 

clinically useful.  The metabolism of drugs that do not require transporters to enter and/or 

exit the cell would not be expected to be affected by renal failure whereas the opposite 

would be true for drugs that require a transporter if transporters are affected by renal 

failure.   

 This rationale was the premise for our isolated perfused rat liver studies, in which 

we studied the class 1 drug propranolol, class 2 drug losartan, and class 4 drug 

eprosartan.  With propranolol (Class 1 drug) showed statistically significant difference in 

AUC in the Nx-HD groups compared to Sham-HD, Sham-NS, or Nx-NS groups.  This 

indicates that the AUC of propranolol may be altered due to physiological changes in the 

liver due to renal failure as well as the effect of uremic toxins. The HD serum alone did 

not show an effect on AUC.  In the Terao and Shen (1985) studies with l-propranolol, 

intrinsic clearance decrease in livers perfused with uremic blood but not in uremic livers 
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with normal blood.  They concluded that the uremic toxins are responsible for the 

clearance decreases and that uremic liver has no effect on this parameter.  In contrast, our 

results show AUC decreasing, possibly because increased clearance.  Direct comparison 

of the earlier studies and the present one may not be valid because the previous study 

used an acute renal failure model induced by urinyl nitrate and rat blood to prefuse the 

livers, whereas we used nephrectomy chronic renal failure model and human serum for 

prefusion.  Species differences and different physiological changes in our chronic renl 

failure model may also account for some differences in the results.  However, it is 

difficult to provide a concise rational explanation for our results.  

In previous in vitro studies we determined that CYP450 metabolizing enzymes 

are not inhibited by HD serum, and that the metabolism of propranolol is not affected by 

HD serum (Chapter 2).  In the IPRL studies, propranolol metabolite areas appeared to 

change in parallel with parent drug AUCs, but metabolite concentrations between and 

within groups were not significantly different.  Propranolol is metabolized manily by 

CYP2D6, which, unlike other CYPs such as hepatic CYP1A1 and CYP1A2 is not known 

to be affected by renal failure.  Various other CYPs may metabolize propranolol, and 

CYP1A2 may account for as much as 10%  of its metabolism (Li and Zeng, 2000).  

However, we also observed (Chapter 2) that its metabolism in rat and human hepatocytes 

is not inhibited by HD serum and we would have expected to see no difference in 

metabolite or AUC for propranolol in the IPRL.   

  

 The losartan (class 2) isolated perfused rat liver experiments showed that renal 

failure was insufficient to alter hepatic disposition of losartan, but uremic toxins (in the 
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HD serum) did have an effect.   The decrease in AUC in the groups perfused with HD 

serum was 50%.   However, this decrease was not seen in the Nx-NS group, indicating 

that for losartan disposition, renal failure was not the only factor that would alter hepatic 

disposition.  Since no uremic toxins were present in the Nx-NS group, this indicated that 

uremic toxins present in the HD serum were responsible for altering the drug disposition.  

As the in vitro studies (Chapter 2) indicated, HD serum did not affect losartan 

metabolism, but did inhibit losartan uptake in transfected cells and hepatocytes.  Yet the 

results seen here with the IPRL studies show a decrease in AUC in the perfusate, which is 

opposite to what would be expected for a decrease in hepatic uptake with HD serum.  

Similarly, increases in biliary clearance were with HD serum, consistent with the 

decrease in AUC with HD serum.  Although HD may be reducing the uptake of losartan 

into the hepatocyte, the results obtained suggest that HD serum may have an even greater 

inhibitory effect on unidentified basolateral efflux transporters, than on apical biliary 

efflux transporters. Studies investigating the effects of HD serum on basolateral Mrps in 

transfected cell systems and Oct transfected cells would need to be carried out to 

determine if HD serum inhibits these transporters.  If uptake transporters are inhibited, 

but losartan is a substrate for multiple uptake and efflux transporters, this could account 

for the unexpected results for AUC and biliary clearance noted here.  As shown in the 

bidirectional studies in MDR1-MDCK cells described in Chapter 3, losartan transport 

was affected by HD serum, and the net flux increased significantly.  The Papp(B A) 

increased and Papp(A B) decreased, suggesting that both uptake and efflux transporters 

in MDCK cells are affected by HD serum.     
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 The eprosartan (class 4) IPRL studies, showed a significant decrease in AUC in 

the Sham-HD, Nx-NS, and Nx-HD groups compared to Sham-NS, following a similar 

pattern to that seen with losartan.  Also, there was no change in the Nx-HD group 

compared to the Nx-NS group, suggesting that Nx as well as HD both had an effect in 

AUC since the Nx-NS group also showed a significant difference when from the     

Sham-NS group.   In addition, the eprosartan concentration in the liver seemed to 

increase in these groups though the increase was not statistically significant.  This may 

indicate that eprosartan is substrate for canalicular efflux transporters and that the HD 

serum is inhibiting these transporters, causing the hepatic accumulation of eprosartan.   

 

4.5  Conclusion 

 The isolated perfused rat liver system showed uremic serum can affect the hepatic 

disposition of drugs.  Different effects were observed for the drugs depending on their 

BDDCS classification. Although we expected to see no difference in propranolol (class 

1) disposition, we observed changes in AUC in parent and metabolite in the presence of 

HD serum.  Since in vitro studies have shown that the uptake, efflux, and metabolism of 

propranolol are not affected by HD serum, the results were unexpected and not consistent 

with the earlier work of Terao and Shen (1983; 1995).  However, for the class 2 and 4 

drugs, we observed changes that were not due to metabolism since the metabolism in 

losartan was not affected in vitro, and eprosartan is not metabolized.  The changes 

observed in losartan and eprosartan disposition are potentially due to inhibition (by 

hemodialysis serum) of basolateral transporters (uptake and/or efflux) in the case of 

losartan, and canalicular efflux transporters in the case of eprosartan.   
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 A great deal of effort and expense were involved in the studies described in this 

chapter.  However, the results were not consistent with our expectations based on the in 

vitro results of the earlier chapters.  It may be that IPRL studies are not a consistent 

model for examining the effects of uremic toxins on hepatic uptake processes.  Although 

the IPRL system is useful in determining hepatic drug disposition for different BDDCS 

classes, the IPRL model here does not support the hypothesis of BDDCS drug disposition 

changes in CKD.  Fortunately, our human studies, described in the next chapter do 

provide strong support for the hypothesis upon which this thesis work was premised 
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Chapter 5:  Pharmacokinetic studies of propranolol, losartan, and 
erythromycin in healthy subjects and chronic kidney disease patients: 
comparison of three BDDCS drugs  
 

 

Summary 

 The pharmacokinetic study of propranolol, losartan, and erythromycin in chronic 

kidney disease (CKD) patients and healthy controls reported here shows different 

changes in pharmacokinetics for the three drugs in CKD patients vs. healthy controls.  

We had hypothesized that due to the involvement of transporters in drug disposition, and 

the possible inhibition/alteration of transporters in CKD, there may be different PK 

changes in different drugs based on their Biopharmaceutics Drug Disposition 

Classification System class.  This study is in progress, and for statistical comparison here 

we report the results from 5 CKD patients and 5 healthy volunteers.  Our studies showed 

that for the class 1 drug, propranolol, there were no significant changes in 

pharmacokinetics in CKD patients vs. healthy subjects.  In contrast, in the losartan study, 

although there were no statistically significant changes for the parent drug in CKD 

subjects, there were significant 58%, 48% and 55% decreases in the Cmax, t1/2, and 

AUC0-∞, respectively for the primary metabolite, EXP3174.  In the pharmacokinetics of 

erythromycin we observed significant differences in both parent and metabolite.  There 

was a 48%, 3.2-fold increase in t1/2 and AUC0-∞, respectively, and a 66% and 49% 

decrease in CL/F and Vss/F, respectively for erythromycin in CKD compared to controls. 

The metabolite showed a 1.6-fold and      3.1-fold increase in t1/2 and AUC0-∞, 

respectively.  These results suggest that there may be alterations in transporters in CKD 
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that can cause differences in PK parameters compared to healthy controls.  Furthermore, 

our studies indicate that BDDCS may be used as a classification system to make 

predictions on drug disposition changes in CKD for different classes of drugs.  

 

5.1  Introduction 

Drug disposition of different non-renally excreted drugs has been reported to be 

altered in chronic kidney disease (CKD) patients.  The non-renal clearance for drugs such 

as phenytoin and bumetanide has been reported to increase in CKD, whereas the non-

renal clearance for some drugs such as acyclovir, captopril, verapamil and warfarin, 

among others, has been reported to decrease in CKD (Dreisbach and Lertora, 2003).  

Some of these drugs are metabolized by CYP450 metabolizing enzymes, while others are 

not-metabolized or undergo other non-CYP450 mediated metabolism. Other studies have 

investigated the pharmacokinetic (PK) changes of a drug in healthy volunteers vs. CKD 

or hemodialysis patients (Vinik et al., 1983; Martin et al., 1998; Nolin et al., 2009).  

Previously in our laboratory, the pharmacokinetics of erythromycin was investigated in 

healthy volunteers vs. end-stage renal disease (ESRD) volunteers on hemodialysis (Sun et 

al.).   In that study, the hepatic clearance but not gut bioavailability was found to be 

altered in ESRD patients.  When an oral dose of erythromycin was administered, the 

AUC, t1/2, and Cmax increased significantly in ESRD subjects compared to the healthy 

controls.  From the IV administration, the bioavailability (F) was determined, and it was 

not significantly different in the ESRD subjects.   
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These prior studies have demonstrated that CKD affects the non-renal clearance 

of these drugs; however, none of the prior studies have investigated different drugs in the 

same patients.  As discussed in Chapters 2 and 3, we have hypothesized that drug 

transporters may play a role in drug disposition in CKD patients.  Furthermore, we have 

hypothesized that BDDCS may be a useful tool to predict for which orally administered 

drugs we would expect to see changes in disposition in CKD patients.  Thus, it was 

important to investigate three different Biopharmaceutics Drug Disposition Classification 

System (BDDCS) drugs in the same patient, in order to see if the changes in PK would 

occur in Class 2 and 3 drugs and not Class 1.  Since transporters are important in Class 2, 

3, and 4 drug dispositions, but not Class 1, we predicted that we would see a change in 

PK for Class 2 and 3 in CKD patients compared to healthy controls.  In this study we 

investigated the pharmacokinetics following a single dose oral administration of 

propranolol (Class 1), losartan (Class 2), and erythromycin (Class 3) in patients with 

stage 4 CKD and in healthy controls.  Although in this Chapter we report the PK 

parameters for 5 patients in each group, this study is on-going and will finally include 12 

subjects in each group, which will present more accurate results for each drug.  At this 

time the study has been completed in 12 CKD patients and is ongoing in 3 further healthy 

volunteers.  The analysis here was carried out using an equal number of CKD patients to 

the 5 completed healthy controls using the plasma and urine concentrations.  

This study allowed us to investigate if the Biopharmaceutics Drug Disposition 

Classification System is a useful tool for predicting the pharmacokinetic changes of non-

renally excreted drugs in patients with CKD.  The study also allowed us to compare in 

vitro data obtained with the drugs that obtained with the same drugs to that obtained in 
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the in vivo human study.  This translational aspect of the project is important in assessing 

the feasibility of using in vitro studies to predict (or pre-assess) drug disposition of 

existing drugs and/or new molecular entities, in CKD patients.   

 

5.2 Methods 

5.2.1 Study Subjects 

  Twelve patients with chronic kidney disease (CKD) with a creatinine clearance                

≤ 40ml/min and 12 healthy controls were studied. Normal renal function was defined as 

creatinine clearance ≥80ml/min.  Creatinine clearance was estimated using the MDRD 

(modification of diet in renal disease) formula.  Patients who were taking drugs that 

would interfere with the metabolizing enzymes of the drugs being studied or who were 

taking drugs that are known inhibitors of hepatic uptake transporters were excluded, if 

possible.  Subjects with evidence of liver disease or of abuse of alcohol or illicit drugs 

within the 6 months prior to the study and those having a serum albumin level <3.0 g/dl, 

hematocrit level <30 mg/dl, or allergy to propranolol, losartan, or erythromycin were also 

excluded. Subjects were matched by sex and age ± 5 years. Due to the high prevalence of 

chronic kidney disease in African Americans, most of the CKD patients were African 

American; however, we were unable to match the ethnicity to the healthy subjects.  

5.2.2 Study Procedures  

The study protocol was approved by the University of California, San Francisco, 

Human Research institutional review board. Written informed consent was obtained from 

all study participants. The study was conducted at the university’s General Clinical 

Research Center from May 2010-present.  The subjects were admitted to the research 
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center in the morning on each of the study days. Each subject underwent three 

pharmacokinetic studies, one for propranolol, one for losartan, and one for erythromycin. 

The study was randomized and separated by at least 7 days. Each subject received either 

oral administration of propranolol (40mg), losartan (50mg) or erythromycin (150mg). 

The subjects were asked to fast from the midnight prior to each study day until 3 h after 

administration of the dose.  For patients with CKD, all other medications were taken ≥3 h 

after study drug dosing. Blood samples were obtained for pharmacokinetic analysis 

before the dose (0) and at 0.5,1, 1.5, 2, 4, 6, 8, 10, 12, 14, and 24 h after the dose. Plasma 

samples were kept at −80 °C until analysis. Urine was collected for 24 h at 4 h intervals 

from 0-4 h, 4-8 h, 8-12 h, and then 12-24 h. Samples were aliquoted into 20-ml bottles 

and stored at −80 °C until analysis. 

5.2.3 Analytical Procedures  

Plasma samples were assayed for propranolol, 4-OH propranolol, losartan, and 

EXP3174,  using LC-MS/MS as previously described in Chapter 2.  For erythromycin 

and N-demethyl-erythromycin, the multiple reaction monitor for plasma and urine sample 

analyses was set at transitions 576.4-158.1 m/z and       720.2-562.2 m/z, respectively.  

The ionspray voltage was set at 5500 and the temperature at 450ºC. The collision energy 

was set at 39eV for erythromycin and N-demethyl-erythromycin.   The mobile phase for 

erythromycin and N-demethyl-erythromycin consisted of 50% acetonitrile: 50% water 

containing 0.1% formic acid and 2 mM sodium acetate.   

Parameters and mobile phase for other drugs (propranolol and losartan) are 

described in Chapter 2.  Twenty microliter aliquots were injected, and the flow rate was 

set at 0.15 ml/min into the mass system.  The methods for propranolol, 4-OH propranolol, 
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losartan, EXP3174, erythromycin and N-demethyl-erythromycin were validated from 

0.5ng/ml to 250ng/ml, 0.5ng/ml to 100ng/ml, 10ng/ml to 2500ng/ml. 25ng/ml to 

1000ng/ml, 10ng/ml to 2500ng/ml, 0.5ng/ml to 100ng/ml, respectively.  The curves were 

linear over the validated ranges, and 1/x2 weighting was used.   

5.2.4 Pharmacokinetic Analyses 

  Pharmacokinetic parameters were estimated from plasma concentration data by 

noncompartmental analysis using WinNonlin Phoenix Professional software, (Pharsight, 

Mountain View, CA). The AUC was estimated using the linear trapezoidal method 

up to the last measured concentration and extrapolated to infinite time by dividing this 

last measured concentration by the terminal rate constant. Renal clearance was calculated 

by dividing the amount excreted unchanged in urine by the plasma AUC over 24 h. 

Weight-adjusted AUCs (AUC/weight) were also calculated. The elimination half-life was 

obtained by linear regression analysis of the last data points after semi log transformation 

of the data. 

5.2.5 Statistical Analyses 

The differences in pharmacokinetic parameters between patients with chronic 

kidney disease and healthy controls were analyzed using unpaired Student’s t-tests. A 

sample size of 12 subjects per group was calculated as providing ≥80% power to detect 

AUC differences of ≥50% between the groups. Results are expressed as mean ± SD.  

Logarithmic transformation of Tmax, Cmax, t1/2, Vss/F, CL/F, and AUC values was 

performed before statistical analysis, and 95% confidence intervals were calculated for 

the geometric mean ratios. 
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5.3 Results 

 The data shown represent 5 subjects in each group.  The study is on-going and 

when completed will contain 12 subjects in each group.  To date, all the CKD subjects 

have completed the study; however, only 5 healthy have completed the study.  For this 

reason here, we have only included the first 5 subjects in each group to provide a 

balanced statistical analysis of the results.   

 Patient demographic data and clinical chemistry values are given in Table 1. The 

healthy and CKD subjects were matched by age ± 5 years to avoid confounding effects of 

age.  The body weight differences were not statistically significant.  The serum 

creatinine, aspartate aminotransferase (AST), blood urea nitrogen (BUN), and creatinine 

clearance were significantly higher in CKD patients as expected (Table 1).  Although we 

did our best to match by ethnicity, due to the high prevalence of CKD in African 

Americans, we enrolled 5 African Americans in the CKD group and one African 

American and 4 Caucasians in the healthy group.  However, the CLcr estimate adjusts for 

ethnic differences in its calculation.  
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Table 5.1: Patient demographic data and chemistries 

 Healthy (mean ± SD) CKD (mean ± SD) 
 

Basic characteristics   
N 5 5 
Age (yrs) 
 

60.2 ± 11.7 57.8 ± 14.7 

Weight (kg) 
 

74.5 ± 10.6 90.5 ± 18.3 

Sex (M/F) 
 

3/2 4/1 

Ethnicity (AA/C/AP/H) 1/4/0/0 5/0/0/0 
   
Clinical chemistry   
AST (U/L) 
 

21.6 ± 6.30 *39.6 ± 11.1 

ALT (U/L) 
 

17.8 ± 7.80 37.8 ± 18.6 

Serum creatinine (mg/dL) 
 

0.75 ± 0.20 *2.88 ± 0.59 

BUN (mg/dL) 
 

12.2 ± 3.30 *37.0 ± 9.30 

Serum albumin (g/L) 
 

4.24 ± 0.30 3.78 ± 0.47 

CLcr (mL/min/1.73m2)a 
 

110 ± 27.8a *27.2 ± 4.76a 

  AA, African American; ALT, alanine transaminase; AP, Asian/Pacific Islander;  
  AST, aspartate aminotransferase; BUN, blood urea nitrogen; C, Caucasian; 
  CLcr, creatinine clearance; H, Hispanic    

     aEstimated from the MDRD (modification of diet in renal disease) equation. 

  *p<0.05 

 

5.3.1 Pharmacokinetics of Propranolol in Healthy vs. CKD Subjects 

 The pharmacokinetics of propranolol in chronic kidney disease patients were not 

different from those in healthy subjects.  The AUC profile of propranolol showed a slight, 

but statistically insignificant decrease in CKD subjects (Figure 5.1).  The Cmax was 

slightly higher in CKD subjects, while the Tmax, CL/F, and Vss/F were lower.  However, 

these differences were not statistically significant (Table 2).   
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Figure 5.1: AUC profile for propranolol in healthy subjects and CKD subjects 
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  The propranolol metabolite (4-OH propranolol) also exhibited small differences 

in CKD patients vs. healthy subjects.  The AUC profile (Figure 5.2) showed a slight 

decrease in Cmax in CKD subjects, however, these differences were not significant.  There 

were no significant changes in other pharmacokinetic parameters in the propranolol 

metabolite, except for renal clearance, CLR (Table 2). 
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Figure 5.2: AUC profile for 4-OH propranolol in healthy subjects and CKD patients 
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5.3.2  Pharmacokinetics of Losartan in Healthy vs. CKD Subjects 

 The pharmacokinetic profile of losartan was not statistically significantly different 

in the CKD subjects compared to the healthy controls.  The Cmax in the CKD subjects was 

lower than in the healthy controls (Figure 5.3), however, the variability and low number 

of subjects did not give a difference with statistical significance.  The renal clearance of 

losartan was significantly lower in CKD subjects.   

Figure 5.3: AUC profile for losartan in healthy subjects and CKD patients 
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 In contrast, the pharmacokinetic profile of losartan’s metabolite, EXP3174, did 

show a significant difference in the CKD subjects compared to the healthy volunteers 

(Figure 5.4).  The Cmax was significantly lower in CKD subjects, with a 58% decrease 

compared to control, while the t1/2, CLR, and AUC0-∞ were significantly lower in CKD 

subjects at 48%, 72%, and 55%, respectively (Table 3).    

     

Figure 5.4: AUC profile for EXP3174 in healthy subjects and CKD patients 
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5.3.2  Pharmacokinetics of Erythromycin in Healthy vs. CKD Subjects 

 The erythromycin pharmacokinetic profile was significantly different in the CKD 

patients compared to the healthy controls (Figure 5.5).  The t1/2 and AUC0-∞ increased by 

148% and 321%, respectively, while CL/F and Vss/F decreased by 66% and 49%, 

respectively (Table 4).   

Figure 5.5: AUC profile for erythromycin in healthy subjects and CKD patients 
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 The N-demethyl erythromycin AUC was also significantly higher in CKD patients 

compared to healthy volunteers (Figure 5.6). The pharmacokinetic parameters that 

showed a significant increase were t1/2 and AUC0-∞, at 160% and 310%, respectively 

(Table 4).     

Figure 5.6: AUC profile for N-demethyl erythromycin in healthy subjects and CKD 
patients 
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 The table below shows the percent of dose administered excreted in the urine over 

24 h.  There were no statistically significant changes in the percent excreted in the urine 

for propranolol and its metabolite, or erythromycin and its metabolite because of the large 

variability observed.  There was a statistically significant reduction in percent of losartan 

and EXP3174 excreted in the urine in CKD patients.  

Table 5.5: Percent of dose excreted in the urine  

 Healthy Volunteers CKD Patients 
 

Propranolol 
 

0.0031 ± 0.0034 0.033 ± 0.049 

4-OH Propranolol 
 

0.434 ± 0.402 0.043 ± 0.068 

Losartan 
 

7.53 ± 5.03 *1.24 ± 0.49 

EXP3174 
 

24.7 ± 12.5 *4.23 ± 2.98 

Erythromycin 
 

1.12 ± 1.07 0.21 ± 0.13 

N-desmethyl 
erythromycin 

0.070 ± 0.078 0.013 ± 0.007 

Values expressed as average ± SD, *p<0.05 

 

5.4 Discussion 

 The pharmacokinetic study of three BDDCS drugs in CKD subjects vs. healthy 

subjects showed that for propranolol (Class 1 drug) there was no significant change in the 

CKD subjects.  It is worth noting that a previous study by Bianchetti et al. (1976), in 

which propranolol pharmacokinetics were studied in healthy volunteers vs. CKD patients 

and CKD patients on hemodialysis, the researchers found that the peak concentration 

(Cpeak) in blood and plasma was 2-3 fold higher in CKD patients compared to healthy and 
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CKD patients on hemodialysis.  The apparent plasma clearance was also reduced in CKD 

patients and the authors suggested that hepatic extraction in CKD patients was reduced.  

In contrast, our studies found no significant differences in the PK parameters of 

propranolol in CKD patients compared to healthy volunteers.  We cannot conclude why 

the results are different.  Propranolol is a Class 1 drug, and thus transporters are not 

important in its disposition, therefore we would expect to see no difference in PK 

parameters in CKD subjects unless the metabolism of the drug was being affected.  We 

have shown in Chapter 2, that the metabolism of propranolol is not affected by 

hemodialysis (HD) serum in rat and human hepatocytes or microsomes.  Therefore, based 

on these results we believe that propranolol and most likely other Class 1 drugs would 

not be affected in CKD, unless changes in metabolism resulting from uremic toxins can 

be demonstrated. 

 There are some unusual aspects to the losartan and its primary metabolite 

EXP3174 reported here. The pharmacokinetic profile of losartan showed no significant 

difference for the parent but showed a 58% decrease in Cmax, 48% decrease in t1/2, 55% 

decrease in  AUC0-∞, and 72% decrease in CLR for its metabolite, EXP3174, in CKD 

patients compared to healthy controls.  A previous study by (Sica et al., 1995) reported 

that there were no significant changes in the PK parameters of losartan or EXP3174 in 

CKD subjects vs. healthy controls.  In that study, the investigators gave multiple doses of 

losartan for seven days, achieving steady state and used an HPLC analytical method with 

UV-detection, although reporting a limit of quantitation of 5ng/ml for both losartan and 

EXP3174.  Another study by Dickson et al. (2003) found an increase in AUC of losartan 

in patients with renal impairment compared to healthy controls, and an increase in the 
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AUC of EXP3174 but no change in the half life.  However, comparing our results in 

healthy volunteers to those reported  by Lo et al. (1995), who characterized the 

pharmacokinetics of losartan and its active metabolite, the AUC, Tmax, t1/2, Cmax, and CLR 

yield similar values, although our results have higher variability but for a smaller number 

of subjects. That study also reported data for EXP3174 following intravenous dosing in 

which it was concluded that the elimination rate of the metabolite is not limited by its 

formation rate since the terminal slope of the metabolite was similar when losartan was 

administered compared to when the metabolite was administered IV, and the half life was 

longer than that for parent losartan.  

From our findings, the reduced AUC for EXP3174 (but no changes in the losartan 

profile) suggest that there is no change in metabolism or uptake of losartan.  If 

metabolism or uptake of losartan into the liver was inhibited in CKD, we would expect to 

see a change in AUC of losartan.  Our data suggest that losartan is being taken up into the 

liver and being metabolized, but the metabolite is not being effluxed back into the 

circulation; hence, there is a reduction in the metabolite AUC in the plasma.  We also 

know from our in vitro studies in Chapter 2, that the metabolism of losartan in rat and 

human hepatocytes and microsomes was not affected by the HD serum.  The uptake of 

losartan was affected by uremic toxins and HD serum; however, the efflux by basolateral 

transporters was not investigated.  It would be relevant to investigate if losartan is a 

substrate for basolateral efflux transporters in the liver, and if these may be inhibited in 

CKD.    

 The t1/2 for EXP3174 in CKD patients (4.6 ± 1.4 h) is markedly less than that for 

its parent losartan in CKD patients (8.45 ± 2.07).  Theoretically this should not be 
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possible as the slowest rate limiting step (elimination of the parent drug losartan) should 

govern the terminal half life of the metabolite.  However, the finding here may just reflect 

the fact that there is an even longer terminal half-life for losartan that is not obvious with    

24 h sampling with the limited sensitivity of the assay methods employed.  It is obvious 

in comparing Figure 3 and Figure 2 that during the 12-24 h time period, there is a marked 

drop in EXP3174 concentrations that is not seen for losartan, although essentially similar 

concentrations for the parent and the metabolite are observed at 24 h. We attribute this 

anomaly to the increased assay sensitivity with our LC/MS/MS method vs. the previously 

employed HPLC method where much shorter half-lives for losartan were reported. 

 Finally, the pharmacokinetics of both, erythromycin and its metabolite were 

shown to be altered in CKD compared to healthy controls. As shown previously by Sun 

et al. (2010), the PK of erythromycin is altered in ESRD subjects.  In this study, we found 

that the AUC of erythromycin significantly increased in CKD patients, and that CL/F is 

significantly reduced.  Also, AUC of the metabolite N-demethyl erythromycin is 

significantly increased in CKD subjects.  This suggests that the uptake of erythromycin 

into the liver is inhibited in CKD, resulting in an increase in AUC, and the metabolite is a 

substrate for the same transporters, which causes an increase in the AUC of the parent 

drug in the plasma. In that study the AUC of erythromycin in ESRD subjects was 

approximately 2400ng/ml*hr compared to 1040ng/ml*hr in healthy subjects when given 

a 250mg oral dose of erythromycin, a 2.3-fold increase in AUC. In our study we observed 

a 3.2-fold increase in AUC in CKD subjects compared to healthy controls.  These results 

indicate that patients on hemodialysis, as has been previously hypothesized in the 

literature, would have a reduction in changes in PK parameters compared to CKD 
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subjects because the hemodialysis procedure removes some of the uremic toxins that may 

be playing a role in the alteration of PK of  non-renally excreted drugs.  Our results 

suggest that this is true for erythromycin, where there was a greater fold increase in AUC 

in the CKD compared to the ESRD patients from the previous study.  Thus, CKD 

patients, not on dialysis may be more sensitive to the PK changes of drugs than during 

dialysis, and may require dose adjustment of non-renally excreted drugs.    

 

5.5  Conclusion 

 The pharmacokinetic clinical study of propranolol, losartan, and erythromycin in 

CKD subjects vs. healthy controls has shown different changes in PK parameters for each 

drug in the CKD subjects.  The propranolol study showed that no changes in 

pharmacokinetic parameters are present in CKD subjects compared to healthy controls; 

thus, agreeing with our hypothesis that for a BDDCS class 1 drug there would be no 

changes in PK due to uremic toxin accumulation in CKD subjects.  Although uremic 

toxins may affect transporters and metabolizing enzymes, the high solubility and 

permeability of propranolol allow it to easily cross the cell membrane; hence, not 

requiring a transporter.  The losartan pharmacokinetic study showed no difference in PK 

parameters for the parent drug.  We would have expected to see a difference for a Class 2 

drug, since transporters are likely to play a role in drug disposition for this class of drug.  

However, we did observe significant differences in PK parameters for the metabolite, 

EXP3174, with a lower AUC, Cmax and t1/2.   Since there was no change in the AUC of 

the parent, we suspect that the metabolism is not changed, but rather that the metabolite is 

142 
 



not excreted from the liver back into the systemic circulation, and this is causing a 

reduction in the PK parameters in the metabolite.   

The erythromycin PK study exhibited a significant increase in PK parameters for 

both the parent and metabolite.  Since erythromycin is a class 3 drug, we did expect to 

see a difference in the parameters, which may be caused by the basolateral uptake 

transporter inhibition in CKD subjects due to the uremic toxins.  This inhibition of 

transporters would cause less of the drug to enter the hepatocyte; thus, increasing the 

AUC.  These results indicate that BDDCS could be used as a tool to predict what type of 

drug disposition changes may occur for different drugs in CKD patients.  Not all drugs 

are likely to be affected the same in CKD; hence, having a classification system to aid in 

the prediction of what differences may occur in a drug based on class may be helpful in 

drug development and drug dosing.  
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Chapter 6: Conclusions and Perspectives 
 

 

 The work presented in this thesis has for the first time investigated the use of the 

Biopharmaceutics Drug Disposition Classification System (BDDCS) in predicting drug 

disposition changes in chronic kidney disease (CKD).  Furthermore, I investigated the 

possible alteration and/or involvement of hepatic drug transporters in CKD, which may 

lead to changes in drug disposition.  I investigated whether uremic toxins, which 

accumulate in CKD patients, inhibit hepatic drug transporters and thereby inhibit the 

uptake/efflux of drugs.  Due to the involvement of drug transporters in drug disposition 

we hypothesized that if hepatic drug transporters are affected by uremic toxins, then for 

those classes (Class 2-4) of drugs that require a transporter there could be a change in 

drug uptake/disposition in the presence of uremic toxins or in CKD.  The in vitro, ex vivo, 

and human clinical studies showed results that should help to expand the use of BDDCS 

for predicting how drug disposition is altered in CKD patients.  

 The cellular in vitro studies demonstrated that uremic toxins and hemodialysis 

(HD) serum do not have an effect on the uptake or metabolism of the Class 1 drug 

propranolol.  Cells transfected with hepatic uptake transporters did not show a difference 

in propranolol uptake in the presence of uremic toxins or uremic serum compared to 

control.  However there were significant changes in the uptake of the Class 2 (losartan) 

and Class 4 (eprosartan) drugs in transfected cells.  The rat and human hepatocyte uptake 

studies showed difference in uptake for propranolol and eprosartan, but a significant 

difference for losartan.  Efflux studies using P-gp transfected cells also showed that there 
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was a significant reduction in the efflux of model compounds in the presence of uremic 

toxins, indicating that uremic toxins may not only affect uptake transporters, but also 

efflux transporters.  Finally, the metabolism studies in rat hepatocytes, and rat and liver 

human microsomes showed no significant changes in metabolism of propranolol or 

losartan in the presence of HD serum.  The expected difference in eprosartan uptake in rat 

and human hepatocytes was not seen.  The presence of uptake and efflux transporters in 

the hepatocyte may complicate the identification of specific transporters that are affected 

by uremic toxins since drugs may be substrates for both.  Transfected cells were a more 

useful assay for studying the involvement of drug transporters in the presence of uremic 

toxins/HD serum.  However, hepatocytes and microsomes are useful in determining the 

effect of uremic toxins/HD serum on drug the metabolism of drugs of different BDDCS 

classes.  

 The ex vivo studies using CKD rats and sham operated rats for isolated perfused 

rat liver (IPRL) experiments showed conflicting results.  The number of animals per 

group was low and variability was high, diminishing statistical significance of the results.  

No significant change in AUC or accumulated propranolol was observed in the presence 

of HD serum, as expected.  However, the predicted increase in perfusate AUC for Class 2 

and 4 drugs if drug transporters were being inhibited was not seen and opposite effects 

for losartan (Class 2) and eprosartan (Class 4) were observed. These confusing 

observations may be the result of high variability and low number of rats per group and 

also the use of human serum to perfuse rat livers.  The IPRL system is useful for 

investigating drug disposition, but may require perfusion with serum from the same 

species to obtain more accurate results.  
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 The human clinical study confirmed that there is no significant change in 

propranolol pharmacokinetics in CKD patients compared to healthy controls but 

significant changes were observed for EXP3174, erythromycin, and N-demethyl 

erythromycin.  This shows that uremic toxins in CKD patients have no effect on a highly 

soluble Class 1 drug that does not depend on transporters for membrane transport, but do 

affect disposition of Class 2 and 3 drugs that depend on transport for uptake and/or 

elimination.       

 This project has provided useful information for investigations on drug 

disposition in CKD patients.  Knowledge of which transporters (apical and basolateral) 

are altered in CKD might have led to a better correlation between in vitro and in vivo and 

the availability of liver samples from CKD patients would have helped in defining how 

hepatic drug transporters vary in this patient population. In vitro studies have shown that 

there is inhibition of transporters by uremic toxins, but it is not know how transporter 

expression is altered in hepatic tissue.  Although in vitro data is valuable, human clinical 

studies remain the best method for investigating the pharmacokinetic changes in CKD.  

The results of the human clinical studies provide some support for the notion that 

BDDCS is useful for predicting drug disposition changes in CKD, but further studies are 

needed.  Since non-renally excreted drugs typically have no recommendation for dose 

adjustment in renal impairment populations, BDDCS could be useful in assessing the 

need for pharmacokinetic studies in CKD patients during drug development.  The Food 

and Drug Administration (FDA) drafted a guidance for industry for pharmacokinetics in 

patients with renal impairment; however, the involvement of transporters was not 

mentioned.  Furthermore, the guidance did not mention the differences in PK in different 
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stages of CKD and dialysis, which may affect the drug exposure. Proper PK studies 

would facilitate drug dosing recommendations in special populations; thus, preventing or 

reducing undesirable drug effects, and improving therapeutic effects.   
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