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Thai general population has become more “aged society” (>60 years old) and 

chronic kidney disease (CKD) is one of major public health problems in Thailand. Ageing 

and CKD are known to affect pharmacokinetics which generally determines drug exposure 

in plasma and site of action. Due to the related mechanisms are still unclear, cytochrome 

P450 (CYP)3A and drug transporters activity changes were investigated in Thai elderly with 

or without CKD compared to healthy adults using a microdose cocktail. 

This study was conducted in 3 groups of subjects: Group 1, healthy young subjects; 

Group 2, healthy elderly subjects; Group 3; elderly with CKD. All subjects received single 

dose of microdose cocktail probe containing 30 µg midazolam, 750 µg dabigatran etexilate, 

100 µg atorvastatin, 10 µg pitavastatin, and 50 µg rosuvastatin. After 14 days of washout 

period, Group 1 continued period 2 of study received microdose cocktail plus rifampicin. 

AUC0-last (area under the concentration-time curve from time zero to last quantifiable 

concentration), AUC0-inf (AUC time zero to infinity), and Cmax (maximum concentration) 

were mainly estimated. Genotype analysis for Organic anion transporting polypeptide 

(OATP) 1B1 and breast cancer resistance protein (BCRP) transporters was analyzed for 

excluding confounding factor. 

AUC0-last and Cmax of midazolam, a CYP3A probe substrate, were increased ~2 to 

3-fold in Group 2 and Group 3. Reduction in elimination rate constant and half-life 

prolongation were observed in both groups. AUC0-last and Cmax of another CYP3A4 probe 

substrate, atorvastatin, was increased 2-fold in Group 2 and 4-fold in Group 3. 

CYP3A4 activity was reduced by advanced age resulting in decreased in midazolam 

clearance and prolonged half-life. The association of pharmacokinetics changes in other 

probe drugs with drug transporters activity including OATP1B, intestinal P-glycoprotein (P-

gp), and BCRP was still inconclusive. 

Microdose cocktail indicates the reduction in CYP3A4 activity associated with 

advanced age, especially in Thai population. Although OATP1B, P-gp, and BCRP activity 

of the special population cannot be concluded in this study yet, there was a trend of 

pharmacokinetic alterations in microdose cocktail probe drugs. 
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Chapter 1 

Introduction 

 

Background and Rationale 

In the past decades, Thai general population has become a more “aged society” as more 

than 10 percent of the population is >60 years old. There are several consequences 

associated with aging, such as the quality of life, socio-economics status of the country, 

and especially health problems.(1)  

 

Elderly population not only have comorbidities and receive polypharmacy in long term 

therapy, but also have changes in pharmacokinetics and pharmacodynamics of drugs 

associated with aging. These lead to an increased in the risk of adverse drug events 

(ADR) and drug-drug interaction (DDI).(2, 3)  

 

Pharmacokinetics determines drug exposure in plasma and its site of action. There are 

many factors influencing the changes in pharmacokinetics including age, ethnicity, and 

organ impairment. Recently, genetic variability in drug metabolizing enzymes and drug 

transporters were reported to alter pharmacokinetics.(4, 5) Hence, the exposure of drugs 

in plasma and its site of action may differ between younger adults (aged 20-60 years 

old) and the elderly. The understanding of the mechanisms underpinning PK changes 

in the elderly with and without comorbidities are still limited, especially information in 

regard to cytochrome P450 (CYP450) and drug transporter activities. 

 

Chronic kidney disease (CKD) is a major public health problem in Thailand. Its 

prevalence is remarkably high (17.5% of the population) and mostly found with 

advancing age. CKD is itself a risk factor for cardiovascular disease mortality, and end 

stage renal disease (ESRD) which required hemo- or peritoneal dialysis.(6) Since the 

kidneys are responsible for drug excretion, CKD causes major changes leading 

unexpected drug responses.  

 

Clinical studies performed to determine PK changes in special population is essential 

in dosage adjustment, especially in drug development. However, the clinical studies in 

the elderly (aged >60 years old) are underrepresented compared to the younger adults 

(aged 20-60 years old). The dosage recommendation and the extrapolation of the drug 

response listed in the small package insert may not be suitable for the elderly.(4, 7) 

Studies looking at mechanistic changes in PK and PD specifically for Thai elderly 

population is, therefore, very important. This would help adjust the optimal dosage 

regimen for Thai patients. 

Hence, this study aimed to investigate PK changes of important drug metabolizing 

enzyme and drug transporter activity in the elderly with or without CKD compared to 

healthy controls using a microdose cocktail containing several probe substrates. The 

genetic polymorphisms of drug transporters were also investigated.  
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Chapter 2 

Review of the literatures 

 

1. Ageing society of Thailand 

Due to a decreased in birth rate and mortality rate, Thai general population has currently 

been an “aged society”, defined as more than 10 %of the Thai population is aged >60 

years old, with aging index of 50-119.9, since 1990-1991. Life expectancy is expected 

to be increased from 72 and 79 years old for males and females, respectively, in 2014 

to 76 and 83 years old in the next ten years.(1) The increased in life expectancy of Thai 

population affects their quality of life, society, national economy, and importantly, 

increased health problems. The major health problems in the elderly is associated with 

the deterioration of many organs that cause chronic and degenerative diseases, such as 

hypertension, diabetes mellitus, CKD, and cardiovascular disease, etc.(2) Moreover, the 

elderly usually has comorbidities and receive polypharmacy leading to the greater risk 

of DDI and ADR.(3) 
 

2. Pharmacokinetic changes in the elderly 

The differences in physiological changes are observed in the elderly, as advanced age 

influences on all processes of pharmacokinetic related to drug efficacy and safety.  

(Table 1) 
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3. Chronic kidney disease situation in Thailand 

CKD is a risk factor for cardiovascular disease mortality and ESRD. Its prevalence is 

remarkably high (17.5% of the Thai population)(12) and mostly found with advancing 

age.  Additionally, the increased in life expectancy tend to also increase the prevalence 

of CKD.(12)  

 

CKD is defined by the Kidney Disease: Improving Global Outcomes (KDIGO) 2012(13) 

as abnormalities of kidney structure or function, present for >3 months, with 

implications for health and is classified  into 5 stages according to estimated glomerular 

filtration rate (eGFR) (Table 2).(13) 

 

Table  2 CKD stages, KDIGO 2012(13) 

 

4. Pharmacokinetic changes in chronic kidney disease  

CKD alters pharmacokinetic process by reducing renal clearance, affecting protein 

binding and non-renal clearance of drugs.(14) Unfortunately, the effects of non-renal 

drug-metabolizing enzymes (especially in the liver) or transporters activity in CKD 

could not be definitely defined because of the complexity interplays among them and 

the other factors such as genetics.(15) 

 

The pharmacokinetic changes in CKD were summarized in Table 3. 

 

CKD stage  eGFR (mL/min/1.73 m2) 

Stage 1 ≥90 

Stage 2 60-89 

Stage 3 30-59 

Stage 4 15-29 

Stage 5 (ESRD) <15 
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5. Drug metabolizing enzymes and drug transporters 

 

5.1. Drug metabolizing enzymes  
Drug metabolizing enzymes are mainly responsible for metabolizing of xenobiotic 

chemicals such as drugs, carcinogens, pesticides, pollutants and endogenous 

compounds such as steroids, prostaglandins, and bile acids.(21) There are 2 main types 

of drug metabolizing reactions which primarily occur at liver.are listed in Figure 1 

 

5.1.1. Phase I drug metabolisms  
Phase I drug metabolisms include oxidation, reduction and hydrolysis. This type of 

metabolism generally converts drug molecules to enhance their polarity to be suitable 

for renal or biliary excretion. Drug oxidation is catalyzed by two large families of 

enzymes, cytochrome P 450 (CYP450) and flavin-containing mono-oxygenases 

(FMOs).(18) The others are monoamine oxidase (MAOs), and xanthine 

oxidase/aldehyde oxidase (XO/AO).(21) 

 

5.1.2. Phase II biotransformation reactions  
Phase II biotransformation reactions include glucuronidation, sulfonation, methylation, 

acetylation, amino acids, and glutathione (GSH) conjugation. The conjugative phase II 

metabolizing enzymes consist of uridine 5’-diphodpho (UDP)-

glucuronosyltransferases (UGTs), sulfotransferase (SULTs), and glutathione S-

transferases (GSTs). Many drugs or their phase I metabolites are also conjugated by 

phase II reactions. The conjugated metabolites are more polar and readily to be excreted 

via urine or bile.(21) 

Figure  1 The metabolism processes and involving drug metabolizing enzymes 

The primarily site of biotransformation is liver. Phase I and II metabolism reactions and 

involving metabolizing enzymes are listed.(22, 23) 
 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8 

 

The amount of drug metabolizing enzymes in phase I and II metabolism reactions are 

estimated into size of each pie in pie chart as shown in Figure 2.(24, 25) 

 

 
Figure  2 Pie chart of estimated amount of metabolizing enzymes involved in phase I 

and II metabolism reactions in liver. 

It is described by relative size of each pie section. ADH, alcohol dehydrogenase; 

ALDH, aldehyde dehydrogenase; CYP, cytochrome P450; DPD, dihydropyrimidine-

dehidrogenase; NQOI, NADPH, quinone oxidoreductase; COMT, catechol O-

methvltransferase; GST, glutathione S-transferase; HMT, histamine methvl-

transferase; NAT, N-acetyl transferase; STs, sulfotransferases/SULTs; TPMT, 

thiopurine methyltransferse; UGTs, uridine 50 -triphosphate glucuronosyltransferases 
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CYP450 enzyme system is a superfamily of mixed-function mono-oxygenase that is a 

major catalyzing enzyme of phase I oxidative reaction. CYP450 isozymes are mostly 

located in liver but also found at other tissues including intestinal mucosa and kidneys. 

The CYP450 isozymes in liver and intestinal mucosa govern oral bioavailability and 

systemic metabolic clearance of drug molecules.  

 

CYP450 isozymes consist of at least 14 human families, 22 human subfamilies, and 36 

human CYP enzymes.(26) In human liver, approximately 70% of human hepatic 

CYP450 are CYP1, 2, 3 families including CYP3A4 and 3A5 (40% of total liver 

content), CYP2Cs (25%), CYP1A2 (18%), CYP2E1 (9%), CYP2A6 (2%), CYP2D6 

(2%), and CYP2B6 (<1%). CYP450 enzymes are also found in human intestine 

including CYP3A4/5 (82% of total intestine content), CYP2C9 (14%), CYP2C19 (2%), 

CYP2D6 (0.7%) and CYP2J2 (1.4%). There are some CYPs isozymes in kidneys but 

much lower than those presented in liver and intestinal mucosa (Figure 3).(18, 27)  

 

This study focuses on CYP3A, the most abundant isozymes in liver and intestine, 

activities changes in elderly with or without chronic kidney disease. 

 

 
Figure  3 Pie chart of the estimated percentage of cytochrome P450 (CYP) isozymes 

found in human liver and intestine. 

CYP3A is mostly found in both liver and intestine with 40% and 82% of their content, 

respectively.(adapted from Paine et al. 2006)(27)  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10 

 

5.2. Drug transporters  
Drug transporters are membrane bound proteins that facilitate drugs and xenobiotics 

across biological barriers. They mostly express in liver, brain, intestine, and kidney to 

act as either efflux transporter or influx transporter. Therefore, they play a critical role 

in drug absorption, distribution, and excretion thereby affecting PK and drug exposure. 

Drug transporters can be classified into 2 superfamilies.(5, 28)  

 

5.2.1. Adenosine triphosphate (ATP) binding cassette (ABC) transporters 

ABC transporters are responsible for host detoxification or protection against 

xenobiotic substances by either influx or efflux substances from the cells. They require 

energy to transport various molecules across cell membrane against the concentration 

gradient using hydrolysis of ATP.(28, 29) The ABC transporters are characterized by 

homology of their ATP binding region. All families contain two ATP binding regions 

and two transmembrane domains, except ATP Binding Cassette Subfamily G 2 

(ABCG2) that consists of several half transporters forming homo- or heterodimers to 

create active transporters. There are at least 49 ABC transporter genes that are divided 

into 7 different families (A-G) based on sequence similarity. Three of these are 

important for drug transport and multidrug resistance.(29)  

 

 P-glycoprotein or (P-gp, encoded by ABCB1 gene): P-gp, also known as 

PGY1 or multidrug resistance protein (MDR1), generally expressed in cells 

that be able to confer resistance to multiple class of drugs, especially 

chemotherapy. P-gp protein structure is a single polypeptide chain containing 

two homologue transmembrane domains with two nucleotide binding 

domains, acts as ATP binding site. Each transmembrane domain consists of 

six alpha helices. The amine (N) and carboxy (C) terminal of single 

polypeptide chain are located inside cytoplasmic region (Figure 4).(30, 31) P-gp 

transporter is located at multiple organs and excretory cell types such as, 

blood-brain barrier that mainly transport toxic compounds out of the brain, 

the canaliculi of hepatocyte to excrete xenobiotics out of liver into bile, the 

apical surface of enterocyte at intestine lumen, the apical surface of proximal 

tubule at kidney, and epithelial cell of placenta.(28, 30) Drug absorption and oral 

bioavailability of drug substrates are often influenced by ABCB1 gene on the 

apical surface of epithelial cell of lower gastrointestinal tract (jejunum, ileum, 

colon).(28) P-gp substrates are hydrophobic drugs with a polyaromatic skeleton 

and a neutral or positive charge such as cytotoxic chemotherapeutic agents, 

protease inhibitors, immunosuppressants, calcium channel blockers, beta-

blockers, statins, steroids, antihistamine, anticonvulsants and antidepressants. 

The substrate specificity of P-gp is also shared with CYP3A4.(29)  

 Multidrug resistance proteins (MRPs, encoded by ABCC family): There 

are 10 members of MRPs family and at least 7 members (MRP1 to MRP7). 

Their structure has two transmembrane domains as P-gp with one extra 

transmembrane domain containing five alpha-helices and two nucleotide 

binding domains (Figure 4).(30, 31) MRPs is associated with chemotherapeutic 

resistance, especially the most significant is MRP1. MRPs are located at the 

brain, liver, kidneys, and intestines with excretory function. MRPs substrates 

are often hydrophobic substances.(29) 
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 Breast cancer resistance protein or (BCRP, encoded by ABCG2 gene): 

BCRP transporter is an ATP binding cassette half transporter which consists 

of one nucleotide binding domain and one transmembrane domain (Figure 

4).(30) It is an unidirectional transporter that transports substrates from 

cytoplasm out of the cell.(28) Similar to P-gp, BCRP transporter expresses in 

gastrointestinal tract, liver kidney, brain, and placenta. BCRP expression can 

also induce mammary gland during lactation and secret nutrients (such as 

riboflavin) into milk.(28, 29) BCRP is also associated with hydrophobic 

anticancer resistance, similar to P-gp, and may cause either a reduction in 

drug absorption or increased biliary excretion. BRCP substrates include 

mitoxantrone, anthracyclines and camptothecin derivatives. Some drugs act 

as BCRP inhibitors such as antiviral nucleoside analogs (e.g. zidovudine, 

lopinavir, etc.)(29) 

Figure  4 The structure of P-gp, MRPs including MRP1 to MRP7, and BCRP 

transporters. 

P-gp has 2 TMDs containing six alpha-helices each with 2 NBDs, acts as ATP-binding 

sites. MRPs has 3 TMDs, containing 2 of six alpha-helices and 1 of five alpha helices, 

with 2 NBDs. BCRP has 1 TMD of six alpha-helices and 1 NBD. Both amino (N) and 

carboxy (C) terminal of P-gp and BCRP are located inside the cell whereas N-terminal 

of MRPs is located at out of cell. P-gp, P-glycoprotein; MRPs, multidrug resistance 

proteins; BCRP, breast cancer resistance protein; TMD, transmembrane domain; NBD, 

nucleotide binding domain. (Adapted from Jaramillo et al. 2018)(30) 
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5.2.2. Solute-carriers (SLCs) transporters 

SLCs transporters are important in homeostasis maintenance. They transport ions and 

organic substances across the biological membrane as passive transporters, ion coupled 

transporters, and exchangers. Most of them is uptake transporters.(28) There are more 

than 40 SLC superfamilies which are important in transportation several drugs as well 

as endogenous substances such as steroid hormones, thyroid hormones, leukotrienes, 

and prostaglandins.(29) SLCs transporters can be classified into several groups known 

as organic anion transporters (OATs), organic cation transporters (OCTs), organic 

anion transporting polypeptides (OATPs,).(29)  

 

 Organic anion transporters (OATs, encoded by SLC22A gene family): 

OATs mediate a transport of various range of low molecular weight 

compounds including steroid hormone conjugates, vitamins, flavonoids, and 

various drugs such as antivirals, nonsteroidal anti-inflammatory drugs, 

diuretics.(32, 33) OATs is located mostly at proximal tubule of kidney and also 

found at liver, skeletal muscle, and placenta.(32) OATs structure has twelve 

transmembrane domains (TMD) with intracellular N and C terminal. There is 

large extracellular loop (between TMD1 and TMD2) and intracellular loop 

(between TMD6 and TMD7) containing glycosylate site and phosphorylation 

site, respectively (Figure 5). 

 
Figure  5 The structure of OATs transporter. 

It consists of twelve TMDs with large extracellular and intracellular loop containing 

glycosylate site and phosphorylation site, respectively. The N and C terminal are 

located inside the cell. OATs, Organic anion transporters; TMD, transmembrane 

domain; G, glycosylate site; P, phosphorylation site; N or NH2, amine terminal; C or 

COOH, carboxy terminal. (Adapted from Nigam et al. 2015)(33) 
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 Organic cation transporters (OCTs, encoded by SLC22A gene family): 

OCTs is also one of SLC22A gene family which mediates the transport 

organic cations by passive diffusion according to their electrochemical 

gradients.(32) These transporters include OCT1, OCT2, and OCT3.(34) OCTs 

is expressed in the liver (especially OCT1), intestine, kidney, placenta, and 

lung. It generally transports a wide variety of structurally unrelated small 

organic cation compounds including catecholamines, monoamine 

neurotransmitters and antiviral drugs.(32) All OCTs are similar in structure 

consisted of twelve transmembrane domains with intracellular both of N and 

C terminal and two large extracellular (between TMD1 and TMD2) and 

intracellular (between TMD6 and TMD7) loop (Figure 6).(35) 

Figure  6 The structure of OCT1 consists of twelve TMDs. 

There is large extracellular loop (between TMD1 and TMD2) containing glycosylation 

sites and intracellular loop (between TMD6 and TMD7) containing protein kinase C 

phosphorylation sites and protein kinase G phosphorylation sites. OCTs, Organic cation 

transporters; TMD, transmembrane domain; orange stars, proposed glycosylation sites; 

blue stars, proposed protein kinase C phosphorylation sites; green stars, protein kinase 

G phosphorylation sites. (Adapted from Engler et al. 2011)(35)  
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 Organic anion transporting polypeptides (OATPs, encoded by SLCO 

gene family): OATPs mediates a sodium-dependent transport of amphipathic 

organic compounds including steroids conjugates, thyroid hormones, bile 

salts, xenobiotics, and pharmaceuticals.(28) The structure of OATPs consists 

of one transmembrane domain (TMD) with twelve alpha-helices and both N 

and C terminal is located inside the cell (Figure 7).(36) There are 11 members 

in OATP family including OATP1B1, OATP1B3, OATP1A2, OATP1C1, 

OATP2A1, OATP2B1, OATP3A1, OATP4A1, OATP4C1, OATP5A1, and 

OATP6A1. OATP1B1 (encoded by SLCO1B1 gene) is high expressed 

selectively at basolateral membrane of human hepatocyte. Although, 

OATP1B3 is also selectively at liver, it is primarily located at central vein. 

Therefore, the expression level of OATP1B1 is higher than OATP1B3.(37) 

There are a number of OATP1B1 drug substrates, including statins 

(pravastatin, pitavastatin, rosuvastatin, atorvastatin, etc.), enalapril, SN-38 

(an active metabolite of irinotecan), methotrexate, pioglitazone, etc.(28)  

 
Figure  7 The structure of OATPs transporter. 

It consists of twelve TDMs with intracellular N and C terminal. OATP1B1 has 

glycosylated site at the second and fifth extracellular loop. OATPs, Organic anion 

transporting polypeptides; TMD, transmembrane domain; G, glycosylate site; N or 

NH2, amine terminal; C or COOH, carboxy terminal. (Adapted from Li et al. 2019)(36) 

 

Drug transporters and their main organ expression are summarized in Table 4.
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This study focuses on intestinal P-gp, BCRP, and OATP1B1 transporters activity in 

the elderly with or without CKD. According to the previous report that these 

transporters accounted for pharmacokinetic changes of drug substrate either drug 

interaction or genetic polymorphisms.(28) Gut-P-gp which is highly located at the 

apical side of enterocyte generally transports drug substrates into the intestinal lumen 

and is associated with drug absorption and bioavailability reduction.(28, 41, 42) BCRP is 

also located at intestinal lumen and canaliculi of the hepatocyte which has been 

reported to associated with drug absorption and hepatobiliary excretion.(43, 44) 

OATP1B1 is highly expressed at the basolateral membrane of the hepatocyte and is 

associated with drug uptake and drug exposure.(32, 36, 37) 

 

Drug metabolizing enzymes and transporters expressed in human liver, kidneys and 

intestine is shown in Figure 8. 

Figure  8 The summarized drug metabolizing enzymes and dug transporters that 

operate in human liver, kidneys, and intestine.(18)  

CYP, cytochrome P 450; UGT, uridine diphosphate-glucuronosyltransferase; BCRP, 

breast cancer resistance protein; MRP, multidrug resistance-associated protein; P-gp, 

P-glycoprotein; MATE, multidrug and toxin extrusion transporters; PEPT, peptide 

transporter, OCT, organic cation transporter; OAT, organic anion-transporting 

polypeptides; OATP, Organic anion transporting polypeptide; NTCP, sodium-

taurocholate cotransporting polypeptide; ASBT, apical sodium dependent bile acid 

transporter; MCT, monocarboxylate transporters; BSEP, bile salt export pump
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5.3. Chronic kidney disease is associated with enzymes and drug transporters 

changes in intestine and liver 

The activity of non-renal drug-metabolizing enzymes (e.g. cytochrome P450 in some 

isoforms, N-acetyltransferase (NAT)) and transporters (e.g. P-gp, OATPs, multidrug 

resistance-associated protein) are reduced in CKD and may affect non-renal clearance 

of substrates and increased bioavailability of drug.(18),(15, 45-47) Many studies reported 

associations of CYP450 enzymes with PK alterations rather than drug transporters.  

 

In CKD, 30 – 67% reduction of clearance was reported for the substrates of CYP3A4, 

CYP2D6, CYP2B6, and CYP2C9 enzymes.(15) For instance, clearance of intravenous 

and oral midazolam, a probe substrate of CYP3A4, are controversial which found a 

markedly higher AUC of intravenous midazolam in CKD on hemodialysis compared 

to healthy subjects, but not found in an oral midazolam.(48, 49) These might be associated 

with CYP3A4 mediated mechanism in enterocytes of oral midazolam that could be also 

affected by CKD resulting in possible masking the effect of hepatic clearance 

reduction.(49) For other CYP450 isozymes, the clearance of bupropion is reduced in 

CKD by a reduction of CYP2B6 activity.(50, 51) The hepatic CYP2C9 activity is reduced 

in CKD patients resulting in a 50% increase in the S/R-warfarin ratio.(52)  

 

Phase II metabolizing enzymes are also altered in CKD. The clearance of isoniazid and 

procainamide is decreased due to a reduction of hepatic metabolism by NAT in patients 

with CKD.(53, 54) Area under the curve (AUC) of zidovudine, morphine and its 

metabolites (morphine-3-glucuronide and morphine-6-glucoronide) increased 

significantly in CKD patients suggesting a reduction of uridine diphosphate-

glucuronosyltransferase (UGT) activity.(55, 56) In case of drug transporter activity, 

fexofenadine clearance is decreased reflecting a reduction of hepatic OATP activity.(48, 

49)  

 

5.4. Renal drug transporters activity in CKD 

Renal drug transporters play a crucial role in drug elimination. A study in rat model 

reported a decrease in organic anion-transporter 1 (OAT1), OAT2, OAT3, organic 

anion-transporting polypeptides 4C1 (OATP4C1), and P-gp uptake transporters 

expression. Additionally, an increase in multidrug resistance-associated protein 2 

(MRP2), MRP3, MRP4 efflux transporters was also observed.(57, 58) These alterations 

may be caused by an inhibition of uremic toxins which often affect the tubular 

secretion.(16)  

 

5.5. Genetic polymorphism of drug metabolizing enzymes 

Single Nucleotide Polymorphisms (SNPs) are the substitution of single base in 

deoxyribonucleic acid (DNA) sequence which occur approximately 1/1000 base pairs. 

SNPs are the most common type of genetic variation and commonly found more than 

1% in population. Interestingly, SNPs can occur within gene and non-coding regions of 

DNA and more than 100 million SNPs in population have been discovered. Moreover, 

some SNPs are major in some region or race, others are generally found in population. 

Although most of them do not cause a disorder, some of them effect on certain health 

problem in term of drug response, PK alteration, etc. (59, 60) 
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SNPs of CYP450 have a large impact on CYP450 activity and affect drug/ substrate 

metabolism and drug efficacy.(61) For instance, statins is mainly metabolized by 

CYP3A4. Kajinami, et al.(62) showed that 290A>G variant of CYP3A4 caused a reduced 

response of atorvastatin leading to an ineffective reduction in low density lipoprotein 

(LDL)-cholesterol levels. In contrast, 445M>T, also known as 1334T>C or CYP3A4*3, 

polymorphism enhanced atorvastatin efficacy resulting in lower LDL-cholesterol levels 

in 445M>T polymorphism compared to wild type.  

 

Wang, et al.(63) conducted a study to observe the effect of CYP3A4*4 (Ile118Val) on 

the efficacy of lipid-lowering of simvastatin and CYP3A4 activity. CYP3A4*4 was 

related to a functional decreased of CYP3A4 activity and seemed to increase lipid-

lowering effect of simvastatin.  

 

Goa, et al(64) investigated the effect of CYP3A4*1G polymorphism on statins efficacy. 

A group with CYP3A41*G showed an increase in atorvastatin efficacy in lowering lipid 

levels but this was not seen in simvastatin. CYP2D6 is also involved in statin 

metabolism.  

 

Li, et al(65) showed that allele T of CYP2D6*10 is not related to hyperlipidemia, 

whereas CC genotype seemed to increase lipid lowering effect of simvastatin. 

Therefore, patients with CC genotype may require a lower dose of simvastatin than 

patients with CT/TT genotype.  

 

In patients who are on statins, CYP450 polymorphisms are also associated with ADR 

from this drug. Frudakis, et al(66) suggested that the CYP2D6*4 allele is associated with 

muscle pain, myalgia, rhabdomyolysis, and creatine kinase evaluation without pain. 

 

5.6. Genetic polymorphism of drug transporters 

The genetic variations of drug transporter proteins may also cause interindividual 

variation in drug response.(18, 28, 67) In this study, we investigated the genetic variations 

of transporters in young healthy subjects and the elderly with and without CKD to 

exclude confounding factor which could affect plasma drug concentration. OATP1B1 

and BCRP were focused. 

 

5.6.1. Genetic variations of OATP1B1 transporter 

OATP1B1 transporter is a hepatic influx transporter that uptakes substrates from the 

blood into hepatocytes. OATP1B1 transporter has more than 40 nonsynonymous SNPs 

identified on SLCO1B1 gene and several of them are associated with functional 

changes. The major haplotypes in SLCO1B1 gene which impact plasma drug 

concentration are SLCO1B1*1A (wild type), *1B (wild type), *5, *15, *17 (Table 5) 

and its frequencies also differ between ethnic groups.(5, 28, 68) 
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Table  5 The major haplotypes in SLCO1B1 gene 

Nomenclature Allele function 

status 

SNPs 

-11187 -10499 388 521 

SLCO1B1*1A Normal function G A A T 

SLCO1B1*1B Normal function G A G T 

SLCO1B1*5 Decreased function G A A C 

SLCO1B1*15 Decreased function G A G C 

SLCO1B1*17 Decreased function A A G C 
SLCO1B1, Solute carrier organic anion transporter family member 1B1; A, adenine; C, 

cytosine; G, guanine; T, thymine. 

 

SNPs associated with OATP1B1 functional change is c.521 T>C variant that results in 

a decrease in OATP1B1 activity and changes in pharmacokinetics of OATP1B1 

substrates. Statins is identified as OATP1B1 substrate (e.g. rosuvastatin, atorvastatin, 

pravastatin, pitavastatin). The c.521T>C and c.388A>G SNPs cause an increase in area 

under the concentration-time curve (AUC) and maximum plasma concentration (Cmax) 

of statins due to a reduction of OATP1B1 activity. This may increase the risk of 

systemic toxicity, especially statin-induced myopathy.(67-70)  

 

5.6.2. Genetic variations of BCRP transporter 

BCRP transporter, encoded by ABCG2 gene, transports substrates from the cytoplasm 

out of the cells. Several allelic variants may affect activity of gene products and 

modulate ABCG2 gene. The two most frequent nonsynonymous mutations are 

c.421C>A and c.34G>A. c.421C>A is associated with a reduction of BRCP transporter 

activity, which has an important role in limiting the absorption of statins.(5, 18, 68, 71)  

 

6. Clinical studies in elderly population 

Clinical studies in elderly are underrepresented compared to younger adults. Hence, the 

dosage recommendation in the small drug package insert and the expected drug 

response may not be the same as young subjects.(4, 7) 

 

At present, there was clinical review studies of pharmacotherapy in elderly population. 

For instance, Rhee et al. 2015(72) conducted the review study in HIV elderly patients 

using  antiretroviral agents. Interestingly, they showed the association of 

pharmacokinetic alteration with advanced age and suggested for more clinical 

prospective further studies. In 2017-2018, cohort study and review study were 

conducted to discover antiretroviral management in elderly but the standard dosage 

adjustment has not been achieved yet.(73, 74) Likewise, Frank et al. 2014(75) performed a 

clinical review discussing the pharmacologic treatments in depression of the elderly 

found that there were several factors influencing on individual drug management such 

as comorbidities, drug-drug interaction, and clinical outcome. 

 

Although there are several reasons related to underrepresent of elderly in clinical 

studies (such as the challenges of obtained inform consent, the effect of multiple 

comorbidities and polypharmacy to outcome assessment, the compliance to protocol, 

more supportive care requirement, and etc.), the results of clinical studies in elderly 

could especially be beneficial regard to the prediction of efficacy and risk in larger 
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elderly population, the appropriate dosage regimen for optimal outcome, and the 

standard guideline for special healthcare.(76) 

 

To date, there were no clinical studies that demonstrate the mechanistic of 

pharmacokinetic changes in the elderly to help determine dosage adjustment 

specifically for this group of Thai patients. 

 

7. Cocktail study 

Generally, the cocktail approach has been widely used as a screening tool for DDI 

assessment in human early phases of clinical trial and drug development. Interestingly, 

the cocktail approach containing multiple probe substrates has been also used as a tool 

for simultaneously determining drug metabolizing enzymes and drug transporters 

activities. These could reduce the confounding influence of the inter- and intra-

individual variability and also reduce the number of clinical trials and budget compared 

to the individual administration of specific probes in multiple studies.(77, 78)  

 

For decades, U.S. FDA guidance and The EMA draft DDI guideline have recommend 

using cocktail approach that simultaneously administers a mixture of probe substrates 

of multiple CYP enzymes and transporters to evaluate a drug’s inhibition or 

induction.(79, 80) In short, the probe drugs should be specific for individual CYP enzymes 

or transporters and do not interact with each other. The dosage should preferably be the 

dose in the validation study and the study should be conducted in a sufficient number 

of subjects. Negative results from a well-conducted cocktail study can rule out the need 

for evaluation of CYP enzymes or transporter. In contrast, if the results are positive, the 

additional studies for in vivo evaluation may be needed to provide definite quantitative 

exposure change of PK (such as AUC, Cmax).
(79, 80) Probe substrates of CYP enzymes 

and transporters for concomitant use clinical DDI studies and/or drug labeling are 

recommended by U.S. FDA are listed in Table 6 and Table 7.(81)  
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23 
 

At first, the development of cocktail drugs mostly focused on the drug metabolizing 

enzyme to explore the route of drug metabolism. The developed cocktails were also 

applied to determine phenotypic drug metabolizing enzyme activities and drug 

metabolizing enzyme-mediated drug-drug interactions in drug development and special 

population such as patient with liver disease. The development of drug metabolizing 

enzyme probes cocktail studies is summarized in Table 8. 

  

Several clinical studies have reported the association of DDI and CYP450, but mostly 

limited to drug transporters.(82) In 2015, Digoxin, a P-gp probe substrate, was added in 

validated cocktail as ‘Modified Cooperstown 5+1 cocktail’ and ‘Modified Inje cocktail’ 

to determine cytochrome P450 and P-gp transporter mediated pharmacokinetic drug-

drug interaction (Table 9).(83, 84) So far, drug transporter cocktail studies has increased 

considerably (Table 9). 

 

In 2017, digoxin was substituted by dabigatran etexilate as intestinal P-gp probe 

substrate in microdose cocktail study.(85) Because digoxin has low sensitivity to P-gp 

inhibitor and has no selectivity for P-gp in vitro and in vivo related to use for studying 

intestinal P-gp. Digoxin is not only mediated by P-gp lacated at intestine, but also 

involved in P-gp located at urinary and bile efflux.(86) Dabigatran etexelate has become 

a clinical probe for studying intestinal P-gp due to higher selectivity for intestinal P-gp 

and solely mediated by P-gp at intestine.(87) The development of drug metabolizing 

enzyme and transporter probes cocktail studies are summarized in Table.9. 
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8. Pharmacokinetics of cocktail containing probe drugs 

In this study, the validated microdose cocktail containing oral midazolam, dabigatran 

etexilate, pitavastatin, rosuvastatin, and atorvastatin in Prueksaritanont et al. 2017(85) 

was used. This microdose cocktail was further co-administered with inhibitors 

(rifampicin, itraconazole, and clarithromycin). The group found that PK of drug 

substrates was comparable to previous reports in pharmacological dose, except non-

linear PK was observed in dabigatran.(85) To understand more about drug profile, the 

pharmacokinetics of probe drugs are described below. 

 

Midazolam (probe of CYP3A) 

 Absorption 

After oral administration, midazolam is absorbed rapidly and completely with reached 

maximum concentration ~ 1 hour. Linear relationship is appeared between oral dosage 

and plasma concentration. The bioavailability (BA) is low with ranged between 40-

50% due to first-pass metabolism at intestine and liver.(108, 109)  

 

 Distribution 

Midazolam rapidly distributes to tissue within 1-2 hours after oral administration. 

Volume of distribution (Vd) is 0.8-1.5 L/kg. Midazolam is highly bound to plasma 

proteins with 96-98% protein binding primarily to albumin.(108, 109) 

 

 Metabolism  
Midazolam has intermediate hepatic extraction ratio (EH 0.3-0.6) depending on liver 

blood flow, enzyme activity, and unbound fraction for hepatic excretion.(110, 111) It is 

exclusively eliminated by biotransformation and primarily metabolized by CYP3A 

isozymes. Both CYP3A4 and CYP3A5 are involved in midazolam oxidative 

metabolism. The hydroxylation of CYP3A is occurred rapidly after oral administration 

to form 1’-hydroxymidazolam (major active metabolite), 4-hydroxymidazolam, and 

1’,4-hydroxymidazolam.(108, 112)  

 

Although there was an evidence confirmed that midazolam is predominantly mediated 

by cytochrome P450 3A4 isozymes in human liver, the regioselectivity of CYP3A4 and 

CYP3A5 was related to the formation of 1’-hydroxymidazolam. It seemed that α-

hydroxymidazolam, an active metabolite, and 4-hydroxymidazolam is mainly formed 

by CYP3A5 and CPY3A4, respectively.(113) The pharmacologically active of 1’-

hydroxymidazolam has only 10% of active midazolam and has no clinically significant 

relevance.(114) These metabolites are further rapidly metabolized by glucuronidation 

and excreted as conjugated metabolites. UDP-glucuronosyltransferase (UGT) is major 

mediated enzyme in 1’-hydroxymidazolam, 4-hydroxymidazolam, and 1’,4-

hydroxymidazolam conjugation.(115) 

 

In intestine, approximately 70% of cytochrome P450 at luminal is CYP3A4 

isozyme.(116) CYP3A4-mediated intestinal first-pass metabolism of midazolam is a 

major isozyme and has a variable role with intestinal extraction ranged 0 to 0.77.(117, 

118) The potential significant CYP3A-mediated first-pass metabolism between intestine 

and liver is comparable (mean extraction ratio ~0.44) whereas glucuronidation is only 

occurred in liver.(117) Thus, small intestine is one of the major sources of interindividual 
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variability in oral midazolam bioavailability.(117) Using midazolam as a probe substrate 

of CYP3A could represent both CYP3A mediated-intestine and hepatic metabolism. 
The metabolism pathway of midazolam is shown in Figure 9. 

 Excretion 

After oral administration, midazolam is rapidly eliminated as conjugated metabolites 

into urine within 24 hour.(110) 1’-hydroxymidazolam glucuronide, major metabolite, is 

found in urine ~60-70% of dose excreted in urine. 4-hydroxymidazolam glucuronide 

and 1’,4-hydroxymidazolam glucuronide, two minor metabolites, are only found ~3% 

and 1% of dose excreted in urine, respectively.(119) The elimination in urine as 

unchanged form is very low, approximately <1% of dose excreted in urine.(110) The 

elimination half-life ranged from 1.5 to 2.5 hours.(109) 
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Figure  9 The metabolism pathway of midazolam. 

Midazolam is primarily metabolized by both CYP3A4 and CYP3A5 and then converted 

to major metabolite (1’-OH midazolam) and two minor metabolites (4-OH midazolam, 

1’, 4-OH midazolam). These metabolites are rapidly conjugated with glucuronic acid. 

1’-OH midazolam and 4-OH midazolam are mainly mediated by UGT2B4, UGT1B7 

and UGT1A4, respectively.(120) The glucuronide conjugated metabolites are excreted 

into urine with 24 hours after oral midazolam administration. The alternative 

metabolism pathway is midazolam conjugation mediated by UGT1A4 directly when 

poor metabolism or inhibition of CYP3A4/5 are occurred.(121) CYP, cytochrome P450; 

UGT, UDP-glucuronosyltransferase; 1’-OH midazolam, 1’-hydroxymidazolam; 4-OH 

midazolam, 4-hydroxymidazolam; 1’, 4-OH midazolam, 1’, 4-hydroxymidazolam; red 

star indicates the main metabolism route. (Adapted from Hyland et al. 2009 and Nguyen 

et al. 2016)(115, 122) 
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Dabigatran etexilate (probe substrate of intestinal P-gp) 

 Absorption 

Dabigatran has high lipophilicity resulting in unabsorbed after oral administration.(123) 

Capsule of dabigatran etexilate, a prodrug of dabigatran, consists of pellets containing 

tartaric acid at the core and encapsulated with dabigatran etexilate.(124) Dabigatran 

etexilate, can increases bioavailability because tartaric acid can control acidic pH itself 

independent of gastric pH environment lead to increase drug dissolution and 

absorption.(124, 125)  

 

Dabigatran exetilate, but not dabigatran, is a substrate of efflux P-gp transporter at 

intestine with high selectivity.(124) After oral administration, dabigatran level reaches 

maximum plasma concentration within 1 hour, it could be delayed when administered 

with high-fat meal.(126) The absolute bioavailability of dabigatran is 3-7%.(126) Despite 

the low bioavailability, dabigatran has linear pharmacokinetics between dosage and 

plasma concentration.(123) 

 

 Distribution 

Volume of distribution (Vd) of dabigatran is 50-70 L. Plasma protein binding is 

approximately 35%.(126) 

 

 Metabolism 

Dabigatran etexilate is rapidly converted to dabigatran, active metabolite, by esterase 

enzymes found in enterocyte, plasma and liver.(127) Dabigatran etexilate is a double 

prodrug involving two steps of hydrolysis and has different pathways depending on 

carboxyesterase (CES) enzymes.(128) The transformation of dabigatran etexilate to 

active metabolite is mediated by CES1 and CES2 with relatively substrate 

nonspecific.(129) 

 

The bioconversion could appear in plasma, enterocyte, and liver (minor).(129, 130) In 

plasma, dabigatran etexilate is converted by nonspecific esterases into active 

metabolite.(130) 

 

In intestine, the conversion of dabigatran etexilate initially occured at enterocyte by 

carbamate hydrolysis using CES2 to BIBR0951 (M2), then transferred to liver and 

hydrolyzed by CES1 to active metabolite.(129) 

 

Another pathway is prodrug directly enters into liver and converted by ester hydrolysis 

into BIBR1087 (M1), then hydrolyzed to active metabolite by CES1. (129) Therefore, 

prodrug, M2, and active metabolite can be found in the portal vein, but the 

bioconversion to active metabolite is completed once in the liver.(127) The bioconversion 

of dabigatran etexilate to dabigatran was shown in Figure 10. 

 

Cytochrome P450 is not associated with dabigatran metabolism. Approximately 20% 

of dabigatran is conjugated with UGT2B15 (major), UGT1A9 and UGT2B7 (minor) to 

dabigatran acylglucuronides existing less than 10% of total dabigatran in plasma and 

then excreted in bile.(126, 131) 
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 Excretion 

The conjugated dabigatran is excreted in feces. The remaining 80% of dabigatran in 

systemic circulation is excreted unchanged in urine primarily via glomerular filtration. 

The elimination half-life ranged from 12 to 17 hours.(124, 126, 131) 

 

The disposition of dabigatran etexilate and dabigatran is shown in Figure 11. 
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Figure  11 The disposition of dabigatran etexilate and dabigatran 

Dabigatran etexilate is highly selective to P-gp at the intestine, so it was widely used as 

a probe substrate of intestinal P-gp. It is converted into dabigatran by CES1 and CES2 

at intestine and liver. Dabigatran is absorbed with 3%-7% of absolute bioavailability 

and then 20% of dabigatran conjugated with UGT2B15 to dabigatran acyl glucuronide 

and 80% of dabigatran is excreted unchanged in urine primarily via glomerular 

filtration. aUGT2B15 (major) is not only involved in dabigatran conjugation, but 

UGT1A9 and UGT2B7 also have minor contribution. CES, carboxylesterase; P- gp, P- 

glycoprotein; UGT, uridine 5′- diphosphoglucuronosyl transferase. (Adapted by Chu et 

al. 2018)(131) 
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Pitavastatin (Probe substrate of OATP1B) 

 Absorption 

After oral administration, pitavastatin is rapidly absorbed and reached maximum 

plasma concentration ~1 hour.(132, 133) Maximum concentration decreased by 43% when 

taken with high fat meal. The absolute bioavailability is 51%. It has linear 

pharmacokinetic relationship between dosage and plasma concentration.(132)  

 

Pitavastatin enters enterocyte by passive diffusion due to high lipophilicity and could 

be minimally transported via OATP1A2 and OATP1B1. In portal vein, the 

interconversion of pitavastatin and its inactive metabolite (pitavastatin lactone) could 

be occurred. Despite, pitavastatin in plasma is entirely stable, pitavastatin lactone is 

not.(134, 135) Pitavastatin, then, transports into liver mediated by OATP1B1 (mainly with 

87% of total uptake), OATP1B3, and NTCP transporter whereas pitavastatin lactone is 

not mediated by drug transporter.(134) 

 

 Distribution 

Pitavastatin is highly bound to plasma proteins (more than 99%), mainly both albumin 

and alpha 1-acid glycoprotein. Volume of distribution (Vd) is 148 L.(132) 

 

 Metabolism 

High lipophilic drugs are usually metabolized by cytochrome P450 at the liver. 

Although pitavastatin has high lipophilicity, it is classified to non-CYP metabolized 

type and mainly undergoes rapid glucuronidation to pitavastatin lactone.(136) 

Pitavastatin is mainly metabolized by UGT1A1, UGT1A2, and UGT2B7 for 

pitavastatin glucuronide and subsequently non-enzymatically converted into 

pitavastatin lactone. CYP2C9 has minimally involved in pitavastatin metabolism but 

has no significant.(137) 

 

Pitavastatin lactone is scarcely metabolized by CYP3A4 to form pitavastatin 

metabolite-M3 and negligible for CYP2D6 mediated pitavastatin metabolite-M13 

formation. The conversion of pitavastatin lactone to pitavastatin could appear by 

hydrolysis.(136, 138) The metabolism pathway of pitavastatin is shown in Figure 12. 

 

 Excretion 

Approximately 80% of pitavastatin and pitavastatin lactone is primarily and rapidly 

excreted into bile within 2 hours after dosing through BCRP and P-pg efflux 

transporter, respectively, at hepatic basolateral membrane.(136, 139) The elimination half-

life of pitavastatin is 12 hours.(132) The enterohepatic circulation of pitavastatin and 

pitavastatin lactone could prolong half-life.(139) Only 15% of total dose is excreted in 

urine.(132, 134, 139) 

 

Drug transporter-mediated pitavastatin disposition is shown in Figure 13.  
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Figure  12 The metabolism pathway of pitavastatin 

UGT1A1, 1A3, and 2B7 is mainly associated with pitavastatin conjugation. The 

conjugated metabolite, pitavastatin glucuronide, is continuously eliminated glucuronic 

acid moiety to form pitavastatin lactone. The conversion of pitavastatin lactone to 

pitavastatin is driven by hydrolysis. Pitavastatin is scarcely metabolized by CYP2C9 to 

pitavastatin metabolite M-13. Pitavastatin lactone is slightly metabolized by CYP3A4 

and CYP2D6 to pitavastatin metabolite M-3 and M-13, respectively. CYP, cytochrome 

P450; UGT, uridine 5′- diphosphoglucuronosyl transferase (Adapted from Alagona et 

al. 2015)(136)  
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Figure  13 Drug transporter-mediated pitavastatin and pitavastatin lactone 

disposition. 

Pitavastatin is transported into hepatocyte by OATP2 (OATP1B1), OATP8 

(OATP1B3), and NTCP (minor) uptake transporters located at apical side. Pitavastatin 

lactone is not substrate of hepatic uptake transporter. Pitavastatin is conjugated to its 

metabolite, pitavastatin lactone, by UGT-mediated lactonization. Transporter-mediated 

biliary excretion for pitavastatin and pitavastatin lactone is BCRP and MDR1 (or P-gp), 

respectively. UGT, uridine diphosphate-glucuronosyltransferase; BCRP, breast cancer 

resistance protein; MRP, multidrug resistance-associated protein; P-gp, P-glycoprotein; 

OCT, organic cation transporter; OAT, organic anion-transporting polypeptides; 

OATP, Organic anion transporting polypeptide; NTCP, sodium-taurocholate 

cotransporting polypeptide. (Adapted from Fujino et al. 2005).(134)  
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Rosuvastatin (probe substrate of BCRP and hepatic OATP1B1) 

 Absorption 

After oral administration, rosuvastatin level in plasma achieves maximum 

concentration approximately 3 to 5 hours. The absolute bioavailability is 20%. There is 

rosuvastatin dose proportion to plasma level as linear pharmacokinetics.(140) Taken with 

food could affect rate of absorption but not extent bioavailability.(141) Rifampicin has 

low ability diffusion through membrane. At intestinal lumen, rifampicin is transported 

into and out of enterocyte by OATP2B1 uptake transporter (minor), BCRP (major) and 

MRP2 (minor) efflux transporter.(142-145) From portal vein to liver, OATP1B1, 

OATP1B3, and NTCP transporter located at apical membrane of hepatocyte uptake 

rosuvastatin with contribution to 70%, 20%, and 10%, respectively.(145) OATP2B1 and 

MRP4 could minimally mediate rosuvastatin transportation in liver.(144, 145) 

 

 Distribution 

Rosuvastatin is approximately 90% protein bound mainly to albumin. Volume of 

distribution (Vd) is 134 L.(141)  

 

 Metabolism 

CYP-mediated metabolism is a minor route of clearance. Only 10% of dose is recovered 

as metabolites. Two metabolites of rosuvastatin are identified: (1) N-desmethyl 

rosuvastatin (major metabolite) mediated by CYP2C9 and, to a lesser extent, by 

CYP2C19 and CYP3A4; (2) rosuvastatin-5S-lactone mediated by UGT1B1 and 

UGT2B7.(140, 146, 147) The interconversion between rosuvastatin and rosuvastatin-5S-

lactone also appears in both liver and plasma.(148) The metabolism pathway is shown in 

Figure 14. 

 

 Excretion 

Approximately 90% of rosuvastatin is excreted in feces, primarily with unchanged form 

(~76.8%).(146) Drug transporter-mediated biliary excretion of rosuvastatin includes 

BCRP (major) and MRP2. Only 10% of rosuvastatin is renal excretion by primarily 

tubular secretion. Rosuvastatin is a substrate of renal transporters including OAT3 

located at basolateral side to pump rosuvastatin into proximal tubule and BCRP, MRP2, 

P-gp efflux transporter at apical side transporting rosuvastatin into collecting duct.(145) 

The elimination half-life is 19 hours.(140) 

 

Rosuvastatin is mediated by several drug transporters located at intestine, liver, and 

kidney. Rosuvastatin especially has high selectivity and specificity to intestine BCRP 

and hepatic OATP1B1 which has been extensively used as clinical probe to assess 

BCRP and OATP1B1 role in drug disposition.(142, 149) Drug transporter-mediated 

rosuvastatin disposition is shown in Figure 15.  
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Figure  14 The metabolism pathway of rosuvastatin 

The hepatic metabolism is a minor clearance pathway of rosuvastatin. CYP2C9 is a 

main metabolic enzyme metabolized to N-desmethyl rosuvastatin with a lesser 

contribution of CYP2C19 and CYP3A4. Lactonization is mediated by UGT1B1and 

UGT2B7 to produce rosuvastatin glucuronide and subsequently rosuvastatin-5S-

lactone as a minor metabolite. The interconversion of rosuvastatin-5S-lactone to 

rosuvastatin could occur via hydrolysis. CYP, cytochrome P450; UGT, uridine 5′- 

diphosphoglucuronosyl transferase. 
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Atorvastatin (Probe substrate of CYP3A4, hepatic OATP, BCRP, P-gp) 

 Absorption 

After oral administration, atorvastatin is rapidly absorbed and achieves maximum 

plasma concentration within 1 to 2 hours. The absolute bioavailability of atorvastatin is 

14%.(150) Low systemic bioavailability is caused by presystemic intestinal and hepatic 

first-pass metabolism.(150)  

 

Atorvastatin, a high lipophilic statin, enters to enterocyte either via passive diffusion or 

mediated minimally by OATP1A2 transporter (~7%) and ~70% of atorvastatin is 

pumped back to lumen by BCRP (major) and P-gp transporter. Atorvastatin is 

metabolized to two major active metabolites, 2-hydroxy atorvastatin (2-OH 

atorvastatin) and 4-hydroxy atorvastatin (4-OH atorvastatin), by CYP3A4 at 

enterocyte.(143, 151-153) 

 

In portal vein, interconversion to its lactone metabolites is occurred lead to reduce 

bioavailability.(154) Atorvastatin is transported into the liver mainly via uptake 

transporter including OATP1B1 (94%) and possibly OATP1B3 transporter due to low 

contribution of OATP1B3 in liver. Both active metabolites are also substrate to hepatic 

OATP1B1 and OATP1B3 transporter.(143, 151-153) 

 

 Distribution 

Volume of distribution (Vd) is 381 L. Atorvastatin is highly bound to plasma proteins 

≥98%.(150) 

 

 Metabolism 

Atorvastatin is primarily metabolized to 2-OH atorvastatin and 4- OH atorvastatin by 

CYP3A4 and undergoes further lactonization for 2-OH atorvastatin lactone and 4-OH 

atorvastatin lactone. Lactonization of atorvastatin is also directly metabolized by 

UGT1A3 to atorvastatin glucuronide and subsequently atorvastatin lactone. 

Atorvastatin lactone undergoes CYP3A4-mediated transformation to inactive 

metabolites either 2-OH atorvastatin lactone or 4-OH atorvastatin lactone. The lactone 

metabolites, including atorvastatin lactone, 2-OH atorvastatin lactone, and 4-OH 

atorvastatin lactone, could be hydrolyzed to their parent metabolites as interconversion 

process.(155-157) The metabolism pathway of atorvastatin is shown in Figure 16. 

 

 Excretion 

Atorvastatin and its metabolites are extensively excreted via biliary excretion mediated 

by efflux transporters including BCRP, P-gp, and MRP2 (minor). The elimination half-

life is 14 hours but the activity of HMG-CoA reductase inhibitory effect of active 

metabolites extends half-life to 20-30 hours due to ~70% of circulating inhibitory 

activity contribute to active metabolites.(150, 153) Approximately <2% of atorvastatin 

dosage excreted into urine.(150) 

 

Atorvastatin is a substrate to intestinal and hepatic CYP3A4, and several drug 

transporters including intestine and hepatic BCRP and P-gp, hepatic OATP1B1 and 

OATP1B3, and hepatic MRP2 transporter.(158) To use atorvastatin as probe substrate, 

previous studies have reported the affinity to drug transporters and summarized that 
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atorvastatin is a suitable probe substrate for intestinal BCRP, hepatic OATP1B1, 

intestinal and hepatic CYP3A4, and intestine P-gp (possibly at liver).(143, 158-160) Enzyme 

and drug transporter-mediated atorvastatin disposition is shown in Figure 17. 

 
Figure  16 The metabolism pathway of atorvastatin 

CYP3A4 is a major atorvastatin metabolizing enzyme to two major active metabolites, 

2-hydroxy atorvastatin and 4-hydroxy atorvastatin. These two metabolites undergo 

lactonization to their inactive lactone metabolite including 2-hydroxy atorvastatin 

lactone and 4-hydroxy atorvastatin lactone. Atorvastatin is also directly transformed to 

atorvastatin lactone, an inactive metabolite, by lactonization via atorvastatin 

glucuronide, an intermediate metabolite, mediated by UGT1A3 conjugation. The 

lactone metabolites are able to converse to their parent metabolites by hydrolysis. 

(Adapted from Hoffart et al. 2012)(155)  
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Figure  17 Enzyme and drug transporter-mediated atorvastatin drug disposition 

The involved drug transporters in atorvastatin disposition mostly located at 

intestine/intestinal and liver indicated in star. At intestinal, CYP3A4 at apical 

membrane, MRP1 (or P-gp) and BCRP efflux transporter at basolateral membrane of 

enterocyte are associated with atorvastatin transportation. At liver, OATP1B1 and 

OATP1B3 uptake transporter at basolateral membrane of hepatocyte and BCRP, MRP1 

(or P-gp), MRP2 efflux transporter at apical membrane are mediated in atorvastatin 

disposition. Red and blue color indicates major and minor role in enzyme and drug 

transporter-mediated atorvastatin disposition, respectively. (Adapted from Kellick et al. 

2014)(143)  
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Research question 

 What are the changes in PK determinants (e.g. drug transporters and enzymes) in 

Thai elderly with and without CKD? 

 Are those PK determinants changes difference from Thai healthy young people? 

 

Research Objectives 

Primary objective  
To investigate the changes in PK determinants in elderly subjects with and without 

CKD compared to healthy young subjects as a control using a microdose cocktail 

Secondary objective 

To determine the genotype variants of OATPs and BCRP transporter on PK in Thai 

elderly subjects with and without CKD and healthy young subjects  

 

Hypothesis 

There are the PK determinant changes among Thai elderly with and without CKD 

compared to healthy young subjects. 
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Conceptual framework 

 

 
Figure  18 Conceptual framework of present study 

The several factors including age, ethnicity, physiological changes, DDI, smoking, 

alcohol use, and diet could affect pharmacokinetic change lead to influence on drug 

response both of efficacy and safety.(161) In this study, Age and physiological change 

(CKD) in Thai population are investigated the association with CYP3A/transporter 

activity-mediated pharmacokinetic change by using microdose cocktail approach as 

assessment tool. Other factors would be controlled by study design. DDI, drug-drug 

interaction; PK, pharmacokinetic 
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Chapter 3 

Methodology 

1. Clinical pharmacokinetic study and Bioanalysis 

1.1. Study design 

This is an interventional study in three groups of subjects (Figure 19). Group 1 and 

2 are the main for the study and Group 3 is for preliminary results. 

 
Figure  19 Diagram of study design 

*PK sample: 

 blood collection at predose and 0.33, 0.67, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 24, 36 

and 48 hours after dosing 

 urine collection at predose and 0-4 hours, 4-8 hours, 8-12 hours, 12-24 hours, 

24-36 hours and 36-48 hours 

Note: To confirm the effect of microdose cocktail on drug transporter, rifampicin 

which is well-known as OATP1B1, BCRP, intestinal P-gp inhibitor(162) was only 

administered in the second phase of Group 1 due to safety concern in elderly 

subjects. 

 

1.2. Sample size 

For testing two independent means (two-tailed test)(163, 164): 

𝑛1 =
(𝑧

1−
𝛼
2

+ 𝑧1−𝛽)
2

[𝜎1
2 +

𝜎2
2

𝑟 ]

∆2
 

 

𝑟 =
𝑛2

𝑛1
, ∆= µ1 − µ2 

Mean in Group 1 (Cmax of midazolam) and standard deviation (SD) are obtained 

from Prueksaritanont, et al.(85) Mean in Group 2 is estimated from 70% lower than 

mean in Group 1. 

Mean in Group 1 (μ₁) = 55.70, SD in Group 1 (σ₁) = 11.84 

Mean in Group 2 (μ₂) = 38.99, SD in Group 2 (σ₂) = 11.84 

Ratio (r) = 1.00 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

50 

 

Alpha (α) = 0.05, Z (0.975) = 1.959964 

Beta (β) = 0.100, Z (0.900) = 1.281552 

From the calculation, the sample size is at least 11 per group. 

Group 1 (n₁, healthy subjects) = 11  

Group2 (n₂, elderly without CKD) = 11 

In this study, the sample size of 20 in each group will be assigned. 

 

1.3. Subjects 

Subject recruitment was complied with inclusion and exclusion criteria (Table 10). 

 Healthy young volunteers were recruited from Maha Chakri Sirindhorn 

Clinical Research Center under the Royal Patronage (ChulaCRC) volunteers’s 

database. 

 Healthy elderly volunteers were recruited from an out-patient of 

Comprehensive Geriatric Clinic of King Chulalongkorn Memorial Hospital. 

 CKD patients were recruited from an out-patient clinic of King Chulalongkorn 

Memorial Hospital by nephrologists in study team  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5
1

 
 T

a
b

le
  
1
0
 I

n
cl

u
si

o
n
 a

n
d
 e

x
cl

u
si

o
n
 c

ri
te

ri
a 

o
f 

th
e 

st
u
d
y
 

 
G

ro
u

p
 1

: 

H
ea

lt
h

y
 y

o
u

n
g
 s

u
b

je
ct

 

G
ro

u
p

 2
: 

R
el

a
ti

v
el

y
 h

ea
lt

h
y
 e

ld
er

ly
 

G
ro

u
p

 3
: 

E
ld

er
ly

 s
u

b
je

ct
 w

it
h

 C
K

D
 

In
cl

u
si

o
n

 c
ri

te
ri

a
 

 
T

h
ai

 m
al

e 
o
r 

fe
m

al
e,

 a
g
ed

 2
0
 t

o
 4

0
 

y
ea

rs
 (

in
cl

u
si

v
e)

. 

T
h
ai

 m
al

e 
o
r 

fe
m

al
e,

 a
g

ed
 ≥

6
0
 y

ea
rs

. 
(i

n
cl

u
si

v
e)

. 

B
M

I 
is

 1
8

-2
5
 k

g
/m

2
 (

in
cl

u
si

v
e)

. 
B

M
I 

is
 1

8
-3

0
 k

g
/m

2
 (

in
cl

u
si

v
e)

. 

H
ea

lt
h

y
 p

er
so

n
 b

y
 m

ed
ic

al
 h

is
to

ry
, 
p
h

y
si

ca
l 

ex
am

in
at

io
n
, 
an

d
 v

it
al

 s
ig

n
s.

 
D

ia
g
n
o
se

d
 w

it
h
 C

K
D

 a
cc

o
rd

in
g
 

to
 K

D
IG

O
 2

0
1
2
 c

ri
te

ri
a.

 
L

ab
o

ra
to

ry
 v

al
u
es

 a
t 

sc
re

en
in

g
 v

is
it

a  o
f 

ar
e 

w
it

h
in

 t
h
e 

n
o
rm

al
 r

an
g
e 

o
r 

sh
o
w

in
g
 

n
o
 c

li
n
ic

al
ly

 s
ig

n
if

ic
an

t 
ab

n
o
rm

al
it

ie
s 

as
 c

o
n
fi

rm
ed

 b
y
 t

h
e 

cl
in

ic
al

 i
n
v
es

ti
g
at

o
r.

 

eG
F

R
b
 ≥

9
0

 m
L

/m
in

/1
.7

3
 m

2
  

eG
F

R
b
 >

6
0
 m

L
/m

in
/1

.7
3

 m
2
  

eG
F

R
b
 1

5
-6

0
 m

L
/m

in
/1

.7
3
 m

2
  

E
x
cl

u
si

o
n

 c
ri

te
ri

a
 

 
H

is
to

ry
 o

f 
d

ru
g
 a

ll
er

g
y
 t

o
 d

ab
ig

at
ra

n
 e

te
x

il
at

e,
 m

id
az

o
la

m
, 
p
it

av
as

ta
ti

n
, 
ro

su
v
as

ta
ti

n
, 
at

o
rv

as
ta

ti
n
 a

n
d
 r

if
am

p
ic

in
 

H
is

to
ry

 o
f 

an
y
 i

ll
n
es

s 
th

at
, 
in

 t
h
e 

o
p
in

io
n
 o

f 
th

e 
cl

in
ic

al
 i

n
v
es

ti
g
at

o
r 

H
is

to
ry

 o
f 

h
y
p

er
te

n
si

o
n

, 
d
ia

b
et

es
 

m
el

li
tu

s,
 o

th
er

 m
aj

o
r 

sy
st

em
ic

 d
is

ea
se

 

H
is

to
ry

 o
f 

H
D

, 
P

D
, 
re

n
al

/l
iv

er
 

tr
an

sp
la

n
ta

ti
o
n
  

R
ec

ei
v
e 

an
y
 m

ed
ic

al
 p

re
sc

ri
p
ti

o
n

c  w
it

h
in

 1
4
 d

ay
s 

b
ef

o
re

 t
h

e 
fi

rs
t 

ad
m

in
is

tr
at

io
n
 o

f 
th

e 
m

ic
ro

d
o
se

 c
o

ck
ta

il
, 

es
p
ec

ia
ll

y
 d

ru
g
 r

el
at

ed
 t

o
 t

h
e 

st
u
d

y
 d

ru
g
 m

et
ab

o
li

zi
n
g
 e

n
z
y
m

e
 

H
is

to
ry

 o
f 

h
ea

v
y
 s

m
o
k

in
g
 (

>
 1

0
 c

ig
ar

et
te

s 
p
er

 d
a
y
) 

o
r 

m
o
d
er

at
e 

sm
o
k

in
g
 (

<
 1

0
 c

ig
ar

et
te

s 
p

er
 d

a
y
) 

an
d
 c

an
n
o
t 

o
m

it
 

sm
o
k

in
g
 a

 l
ea

st
 o

n
e 

d
a
y
 b

ef
o
re

 t
h

e 
st

u
d

y
 a

n
d
 u

n
ti

l 
th

e 
co

m
p
le

ti
o

n
 o

f 
th

e 
st

u
d

y
 p

h
as

e.
 

H
is

to
ry

 o
f 

al
co

h
o
li

c 
(m

o
re

 t
h
an

 2
 y

ea
rs

) 
o
r 

m
o
d
er

at
e 

d
ri

n
k
er

 (
m

o
re

 t
h
an

 3
 d

ri
n
k
s 

p
er

 d
a
y
 –

 o
n

e 
is

 e
q

u
al

 t
o
 o

n
e 

u
n
it

 

o
f 

al
co

h
o
l:

 -
 o

n
e 

g
la

ss
 o

f 
m

in
e,

 h
al

f 
p
in

e 
o
f 

b
ee

r 
o
r 

o
n
e 

m
ea

su
re

 o
f 

sp
ir

it
) 

o
r 

h
av

e 
a 

h
is

to
ry

 o
f 

an
y
 d

ru
g
 a

b
u
se

. 

P
re

g
n

an
c
y
 o

r 
b

re
as

t 
fe

ed
in

g
 (

fe
m

al
e)

. 
 

 
a L

ab
o

ra
to

ry
 t

es
ts

 i
n

cl
u

d
in

g
 c

o
m

p
le

te
 b

lo
o
d
 c

o
u
n
t 

(C
B

C
),

 f
as

ti
n
g
 b

lo
o
d
 s

u
g
ar

 (
F

B
S

),
 b

lo
o
d

 u
re

a 
n

it
ro

g
en

 (
B

U
N

),
 s

er
u

m
 c

re
at

in
in

e
 (

S
cr

),
 a

lk
al

in
e 

p
h
o
sp

h
at

as
e 

(A
L

P
),

 a
la

n
in

e 
am

in
o
tr

an
sf

er
as

e 
(A

L
T

),
 a

sp
ar

ta
te

 a
m

in
o
tr

an
sf

er
as

e 
(A

S
T

),
 t

o
ta

l 
b

il
ir

u
b

in
, 

d
ir

ec
t 

b
il

ir
u

b
in

, 
to

ta
l 

p
ro

te
in

, 
al

b
u

m
in

, 
to

ta
l 

ch
o
le

st
er

o
l 

(T
C

),
 

tr
ig

ly
ce

ri
d

e 
(T

G
),

 
lo

w
-d

en
si

ty
 

li
p
o
p
ro

te
in

 
ch

o
le

st
er

o
l 

(L
D

L
-C

),
 

h
ig

h
-d

en
si

ty
 

li
p

o
p

ro
te

in
 

ch
o

le
st

er
o

l 
(H

D
L

-C
),

 
el

ec
tr

o
ly

te
s,

 

p
ar

at
h

y
ro

id
 h

o
rm

o
n

e 
(P

T
H

),
 p

h
o

sp
h
at

e,
 u

ri
n
al

y
si

s 
(U

A
),

 H
ep

at
it

is
 B

s-
an

ti
g
en

, 
an

ti
-H

IV
. 

b
C

al
cu

la
te

d
 b

y
 e

G
F

R
 f

o
r 

T
h

ai
(1

6
5
)  

c G
ro

u
p

 3
 s

u
b

je
ct

s 
ca

n
 c

o
n

ti
n

u
e 

th
ei

r 
ch

ro
n
ic

 d
is

ea
se

 m
ed

ic
in

e
. 

B
M

I,
 b

o
d

y
 m

as
s 

in
d

ex
; 

eG
F

R
, 

es
ti

m
at

ed
 g

lo
m

er
u
la

r 
fi

lt
ra

ti
o
n
 r

at
e;

 H
D

, 
h
em

o
d
ia

ly
si

s;
 P

D
, 

p
er

it
o

n
ea

l 
d

ia
ly

si
s.

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

52 
 

1.4. Screening 

Within 4 weeks before the first treatment, subject underwent a pre-study 

examination which includes the following assessment: 

 Evaluation of eligibility regarding inclusion and exclusion criteria 

 Demographic data 

 Medical history and present status, including allergies, and previous and 

current medication 

 General physical examination 

 Vital signs 

 Clinical laboratory parameters as listed in the inclusion criteria 

 

1.5. Processing to obtain informed consent prior to the study commencement 

 Potential healthy young volunteers were contacted by phone using the Chula 

Clinical Research Center’s healthy volunteer database. Healthy elderly 

volunteers were recruited from out-patient of Comprehensive Geriatric Clinic 

of King Chulalongkorn Memorial Hospital by study team. Additionally, for 

healthy volunteers who are not on the Chula Clinical Research Center’s healthy 

volunteer database and were interested in taking part into the study could 

contact Chula Clinical Research Center according to the detail on the website 

http://www.chulacrc.org/for-particpants-thai.htmL to get more information and 

leave their contact with the staff. The investigator would later on invite them to 

come to Chula Clinical Research Center to receive full information regarding 

the study. 

 

 CKD patients were contacted at the OPD clinic of the general medicine and 

renal medicine, King Chulalongkorn Memorial Hospital by the nephrologist in 

the study team. 

 

 All information (including objective, procedure, risk, benefits, restriction, and 

requirement of study) was presented to all subjects before the process of 

informed consent. The subjects were encouraged to ask questions, which would 

be fully answered. All subjects who would be signified there would be 

participated in this study be reading, signing, and dating the approved consent 

form. A copy of the information sheet and the signed consent form was 

provided to each subject. 

 

 All study procedures were performed after subject had signed the informed 

consent. Neither the investigator, nor the trail staff, coerced or unduly 

influenced a subject to participate or to continue to participation in the study. 

The investigator or a person designated by the investigator fully informed the 

subject or the subject’s legally representative of all patient aspects of the study 

including the written information. All pertinent aspects of the study were 

explained as non-technical as practical and understandable to the volunteer or 

the volunteer’s legally acceptable representative the impartial witness, where 

acceptable. The investigator or person designated by the investigator provided 

the volunteer or the volunteer’s legally acceptable representative ample time 

and opportunity to enquire about details of the study to decide whether or not 
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to participate in the trial. All questions about the study were answered to 

satisfaction of the volunteer or the volunteer’s legally acceptable 

representative. The written informed consent forms were signed and personally 

dated both by the volunteer his/herself and by the staff who conducted the 

informed consent discussion. 

1.6 Microdose cocktail preparation 

Midazolam, pitavastatin, atorvastatin, rosuvastatin, dabigatran etexelate were diluted 

with lactose to subtherapeutic microdose by a qualified pharmacist of King Memorial 

Chulalongkorn Hospital. All drug used in preparation of the microdose are all innovator 

products. The process of preparation of the microdose cocktail was complied with Good 

Manufacturing Practice (GMP PIC/S) by Thai FDA.(166) In brief, all innovator drug 

products were separately weighed and geometric diluted with lactose monohydrate to 

obtain diluted powder of each drug at the strength as described in Table 11. The 

microdose cocktail powder was then prepared by mixing specified amount of each drug 

into 10 mL amber bottle. (Please see working formula in Appendix A) 

 

Table  11 The microdose cocktail preparation 

Study drugs Dosage form Diluent Strength Preparation 

Midazolam  

(Dormicum®) 

15 mg, tablet Lactose 

monohydrate 

(1: 500) 

30 µg Powder 

Dabigatran 

etexelate 

(Pradaxa®) 

75 mg, 

capsule 

Lactose 

monohydrate 

(1:100) 

750 µg Powder 

Pitavastatin  

(Livalo®) 

2 mg, tablet Lactose 

monohydrate 

(1:200) 

10 µg Powder 

Atorvastatin  

(Lipitor®) 

10 mg, tablet Lactose 

monohydrate 

(1: 100) 

100 µg Powder 

Rosuvastatin  

(Crestor®) 

10 mg, tablet Lactose 

monohydrate 

(1: 200) 

50 µg Powder 

 

According to Thai FDA announcement, Dormicum® tablet drug manufacturer in 

Mexico temporarily stopped the operation during the move production bases. 

Midazolam injection (5 mg/1 mL) diluted with sterile water for injection (SWII) was 

used instead in the last batch which given in 4 subjects of Group 3. 

 

1.7 Administration of microdose cocktail 

Subjects admitted to the study site 12 hours prior to the study day (around 7 p.m.). Prior 

to all dosing events, subjects were fasting overnight, starting from 9 pm.  After at least 

10 hours fasting state, a single dose of microdose cocktail was orally administered in 

fasting state with 240 mL of water. After the microdose administration, water and food 

was not permitted until 1 hour and 4 hours after dosing, respectively. Subjects were 

required to keep a supine position for 1 hour.  
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Phase II of study was performed in Group 1 (healthy young subjects) who took the 

second dose of microdose cocktail combined with rifampin 450 mg single dose as 

inhibitor of OATP1B1, BCRP, intestinal P-gp transporter with 240 mL of water in 

fasting state. The drug-free interval between two phases was at least 2 weeks. 

 

1.8 Blood sample collection (figure 20)  

18.1 Day 1 (all groups of subjects) 

Blood samples (6 mL) were collected into vacutainer with EDTA at the following time 

points:  

 Before dosing (predose): 6 mL EDTA tubes 

 At 0.33, 0.67, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 24, 36 and 48 hours after a 

microdose cocktail administration: 6 mL of each time point 

18.2 Day 15 (Group 1 healthy young subject) 

Blood samples (6 mL) were collected before administration of rifampicin plus 

microdose cocktail and after receiving rifampicin plus microdose cocktail (6 mL in each 

time point) as Day 1. 
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18.4 Dietary requirement 

All subjects abstained from alcoholic preparations two weeks prior to and throughout 

the study. 72 hours prior to the first phase and throughout the study, xanthine (caffeine) 

containing beverages, citrus and their juice, herbal and dietary supplements, products 

containing St. John’s wort (hypercum perforatum) were not allowed. On the study day, 

a standard meal was provided at 4 and 10 hours after drug intake. 

 

18.5 Concomitant medication and treatment 

Group 1 and 2 subjects abstained from other drugs intake 2 weeks prior to the study. 

During course of the study, no other medication was allowed. Group 3 subjects had 

continued their medication(s) as usual before and during the study. However, if subjects 

in Group 3 were on treatment with pitavastatin, atorvastatin or rosuvastatin, either 

discontinuation or changed to simvastatin at equivalent dose 2 weeks prior to the study 

would be considered depending on nephrologist’s decision. Any treatment for adverse 

events was only administered after notifying the clinical investigator. If this became 

necessary, the medication(s) would be reported on the adverse event section of the Case 

Report Form 

 

18.6 Subject’s safety monitoring 

Subjects were confined to the clinical study site for at least the first 12 hours post dose. 

Vital signs and medical examination would be performed immediately if subjects 

experienced any adverse events. The clinical investigator would be on site for dosing 

and remained on site of the study at least to the time to reach maximal plasma 

concentration of the study drugs. All possible adverse events were clearly explained to 

the subjects. The observation for any adverse drug effects was carefully monitored 

throughout the study. If any adverse events occurred, the appropriate treatments and 

further investigations would be acquired, and subjects could be considered to be 

withdrawn from the study for their own safety. 

 

Possible adverse events are: 

 Midazolam: over sedation 

 Dabigatran etexilate: dyspepsia, gastritis, bleeding 

 Rosuvastatin, Pitavastatin, Atorvastatin: muscle pain, tenderness 

 

However, microdose cocktail was given in subtherapeutic dose, therefore, these adverse 

events were unlikely to occur. 

 
18.7  Subject withdrawal pre-set to be 

Subjects would be withdrawn from the study under one of these conditions: 

continuation with the study would be harmful to the subject’s well-being as judged by 

the clinical investigator; serious adverse events and according to the subject’s own 

request  

 

All subjects were performed a post study early termination assessment including 

physical examination, vital signs, clinical laboratory testing and urinalysis. No subjects 

were recruited to replace the early withdraw subjects. 
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18.9 Data management, pharmacokinetics, and statistical analysis 

18.9.1 Data management 

Study data was recorded in the paper-based study source documents. Researcher 

transferred the data into online CRF via REDCap program that generated and verified 

by Chula Data Management Center (Chula DMC), faculty of medicine, Chulalongkorn 

University to capture all data listed the paper version of CRF which was approved by 

the Ethics committee 

 

18.9.2 Pharmacokinetics parameters(167) 

Noncompartmental analysis (NCA) was used. NCA is preferably used for PK analysis 

which aims to determine degree of drug exposure after administration and not require 

the assumption of specific compartment model. This NCA methodology provides the 

standard, efficient and efficiency for estimating PK parameters. The PK parameters 

generally computed from time course of measured drug concentration such as Area 

under the concentration-time curve (AUC), maximum concentration (Cmax), time of 

maximum concentration (Tmax), terminal elimination half-life (T1/2), elimination rate 

constant (Kel), renal clearance (ClR). 

 

Area under the concentration-time curve from time of drug administration “0” to time 

“tlast” (AUC0-last) was calculated by the linear trapezoidal rule as following equation: 

𝐴𝑈𝐶0
𝑡𝑙𝑎𝑠𝑡 = ∑

𝐶𝑖 +  𝐶𝑖+1 

2
×  ∆𝑡

𝑛

𝑖=1

 

Note. ∆𝑡 is time interval. 

 

Area under the concentration-time curve from time of drug administration “0” to time 

“infinity” (AUC0-inf) was used following equation: 

𝐴𝑈𝐶0−𝑖𝑛𝑓 = 𝐴𝑈𝐶0−𝑙𝑎𝑠𝑡 + 𝐴𝑈𝐶𝑙𝑎𝑠𝑡−𝑖𝑛𝑓 

which AUClast-inf was extrapolated by using following equation: 

𝐴𝑈𝐶𝑙𝑎𝑠𝑡−𝑖𝑛𝑓 =
𝐶𝑙𝑎𝑠𝑡

𝐾𝑒
 

Note. Clast is last quantifiable plasma concentration, Kel is elimination rate constant. 

 

Normally, drugs are eliminated by first-order kinetics which elimination rate depends 

on drug concentration not of time. Kel was estimated by log-linear least square 

regression of the terminal part of the plasma concentration versus time curve.(168) 

 

Cmax and Tmax were taken directly from the individual concentration versus time curve. 

 

T1/2 was calculated by using following equation: 

𝑇1/2 =
𝑙𝑛2

𝐾𝑒
 

 

Renal clearance (ClR) of dabigatran and rosuvastatin was calculated by following 

equation:(169)  

𝐶𝑙𝑅 =
𝐴𝑒

𝐴𝑈𝐶0−𝑡
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where Ae in cumulative amount of drug recovered in urine during sampling period. The 

amount of drug in urine was calculated from urine concentration and urine volume by 

using following equation: 

𝐴𝑚𝑜𝑢𝑛𝑡 (µ𝑔) = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (µ𝑔/𝑚𝑙) × 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙)  
 

19 Statistical analysis:  

 

STATA version 15.0 was used for statistical analysis. Statistical significance level was 

taken at p < 0.05. 

 

19.1 Demographic data 
Median and interquartile range (IQR) were calculated for continuous covariates (such 

as age, body mass index, laboratory results, etc.) and frequency, N (%) was computed 

for categorical covariate (such as gender). To limit the possibility errors from multiple 

testing, demographic and clinical continuous characteristics between groups were 

analyzed by using Kruskal-Wallis test, and if significant differences were found, 

pairwise comparisons between groups would made with a t-test (Wilcoxon rank-sum 

test) and a bonferronic correction was applied.  Categorical characteristics were 

compared between groups first using a Chi-square or Fisher’s exact test as appropriate, 

and if a significant difference were found between groups, pairwise comparisons would 

be made. 

 

19.2 Pharmacokinetic parameters 

The geometric mean (GM) with 95% confidential interval (CI) was computed for 

AUC0-last, AUC0-inf, Cmax, Kel, T1/2 and Clr. Median (IQR) was computed for Tmax. The 

Geometric ratio (GMR) with 90% CI was calculated to compare AUC0-last, AUC0-inf, 

Cmax, Kel, T1/2  and ClR using an analysis of variance (ANOVA). When a significant 

difference was found in these models, pairwise comparisons of these parameters were 

made between study groups and a Bonferroni’s correction was applied. Pairwise 

comparisons of the Tmax was made between the three groups using a Wilcoxon test if a 

Kruskal-Wallis test indicated differences across the groups, and a bonferronic 

correction was applied.  

 

The primary comparison of interest were the differences between elderly patients with 

CKD (Group 2), elderly patients with CKD (Group 3) and healthy young controls as a 

reference group (Group 1). These groups were surrogates for both age and renal 

function, so univariate comparison and multivariable analysis partially adjusted for 

these confounders.  

 

Adjustment was made for other factors which influence the pharmacokinetic 

parameters – namely BMI, alanine aminotransferase, aspartate aminotransferase, total 

bilirubin, direct bilirubin, total protein, albumin, if these variables showed some 

evidence for a relationship in univariable analysis at P<0.1. Due to genotypes of drug 

transporters are possible confounding factors, the impact of transporter activity on the 

drugs in the microdose cocktail between our 3 study groups was assessed. In univariable 

and multivariable analyses, associations between genotypes of transporters were 
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explored to understand how these influence pharmacokinetic parameters alone, and 

across the study groups.  

Midazolam - CYP3A 

Dabigratan – Intestinal P-gp 

Pitavastatin – Hepatic OATP 

Rosuvastatin – BCRP, Hepatic OATP, Intestinal P-gp 

Atorvastatin – CYP3A, intestinal P-gp and BCRP, Hepatic OATP1B1 

 

A sensitivity analysis explored the effect of age and renal function (eGFR) in study 

subjects, modelling these covariates as continuous, rather than as surrogates based on 

study group. 
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Bioanalysis (85)  

The bioanalytical methods were adapted from Prueksaritanont, et al, 2017(85) and 

method validation was conformed to US FDA Guidance for Industry-Bioanalytical 

Method Validation.(170) Liquid chromatography coupled with an AB Sciex 

QTRAP6500 Mass Spectrometer interfaced via the TurboV electrospray ionization 

source (ESI) to the M3 MicroLC system was used to determine plasma concentration 

of dabigatran, midazolam, pitavastatin, pitavastatin lactone, rosuvastatin, atorvastatin 

and its metabolites (2-hydroxy atorvastatin and 4-hydroxy atorvastatin), rifampicin and 

urine concentration of dabigatran and rosuvastatin. 

 

Method validations and bioanalytical methods 

LC-MS/MS was used for bioanalysis in this study. Method validation had to be 

conducted to ensure that the bioanalytical method using LC-MS/MS and its condition 

could provide the appropriate quantitative evaluation of containing drugs in microdose 

cocktail and their metabolites before drug administration. 

 

Three different types of method validations: 

 Full validation 

 Partial validation 

 Cross validation 

 

Due to the analytical method of microdose cocktail in this study was validated in 

previous publication (Prueksaritanont, et al, 2017)(85), partial validation was performed 

including following demonstrations:(170) 

1. Accuracy and precision 

1.1. Accuracy 

The replication of samples with known amount of analyte was used to 

determine the accuracy of bioanalytical methods. The number of replications 

was three determination and five determinations per concentration of drugs in 

microdose cocktail dosing and in plasma/urine, respectively. The quality 

control (QC) including three concentrations in determination range (High-QC, 

Medium-QC, Low-QC) and lower limit of quantification (LLOQ) were used. 

The accuracy indicates the closeness of mean values to actual value which 

accepted within 15% of the nominal value in High, Medium, Low-QC and 

within 20% in LLOQ 

1.2. Precision 

The determination of precision was done by repeatable analysis of single 

homogenous sample which provided the closeness of individual measures of 

an analyte. The number of replications was three determination and five 

determinations per concentration of drugs in microdose cocktail dosing and in 

plasma/urine, respectively.  The quality control (QC) including three 

concentrations in determination range (High-QC, Medium-QC, Low-QC) and 

lower limit of quantification (LLOQ) were used. The percentage of relative 

standard deviation (%RSD) at each concentration was used to determine the 

precision. The acceptance was not more than 15% of %RSD except LLOQ 

(20% of RSD). Moreover, Intra-batch and inter-batch analysis were assessed 

for precision. 
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2. Calibration curve or standard curve 

The standard curve is the relationship between response (area ratio) and known 

concentration of analytes which should be continuous and reproducible. The 

concentration of standards was chosen within expected concentration range of each 

method. A standard curve consisted of single blank (matrix sample with internal 

standard), double blank (matrix sample without internal standard), and eight 

samples with differential standard concentrations, as described in each bioanalytical 

method below. The acceptance of standard curve would be considered: - 

 Linearity: The coefficient of determination (R2) >0.99 

 Lower limit of quantification (LLOQ): %accuracy and %RSD (precision) 

should be within 20% of the nominal concentration. 

 Eight standard samples: %accuracy and %RSD (precision) should be within 

15% of the nominal concentration. 

3. Sensitivity 

LLOQ should achieve acceptable accuracy and precision. 

The bioanalytical methods consisted of 2 major parts: 

 Bioanalysis of micodose cocktail containing drugs in microdose cocktail dosing. 

 Bioanalysis of microdose cocktail containing drugs and their metabolites in plasma 

and urine samples. In plasma samples, bioanalysis of statins and their metabolites 

were simultaneously analyzed which separated from midazolam and dabigatran. 

The sample preparation for midazolam, rifampicin and statins were based on liquid-

liquid extraction whereas protein precipitation was used for dabigatran etexelate. The 

analyte and stable isotope labeled internal standard were chromatographed using 

reversed phase liquid chromatography (midazolam, rifampicin, and statins) or 

hydrophilic interaction liquid chromatography (dabigatran) and detected with tandem 

mass spectrometric detection employing a turbo ionspray (TIS) interface in the positive 

ion mode. The biological methods including condition of LC-MS/MS were described 

in detail as below:  
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A. Bioanalytical method for determination of microdose cocktail by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) 

1. Reagents 

1.1. Midazolam 

1.2. Dabigatran etexilate 

1.3. Rosuvastatin calcium salt 

1.4. Pitavastatin calcium salt 

1.5. Atorvastatin calcium salt 

1.6. Labetalol hydrochloride (Internal standard) 

1.7. Acetonitrile  

1.8. Formic acid 

1.9. Dimethyl sulfoxide (DMSO) 

1.10. Ultrapure water 

2. Apparatus 

2.1. Pipetted and pipette tips 

2.2. HPLC-MS/MS ACE C18-300, 3 µm, 50x1.0 mm 

2.3. Volumetric flask 100 mL 

2.4. Stirling rod 

2.5. Breaker 80 mL, 10 mL 

2.6. Microcentrifuge tubes 

2.7. Pasture pipette 

2.8. Polypropylene syringe 

2.9. Nylon membrane syringe filter 25 mm 0.45 µm 

3. Sample preparation 

3.1. A microdose cocktail was dissolved in 100 mL of 50%acetonitrile/water. 

3.2. The solution was filtrated through nylon membrane syringe filter 0.45 µm into 

100 mL volumetric flask. 

4. Cocktail standard stock solution preparations 

Weighed 5 compounds and dissolved in methanol (for midazolam) or DMSO 

(for statins) to prepare stock solutions. Then diluted with their own solvents 

for working stock solutions and mixed 25 µL of each working stock solution 

for cocktail stock solutions as described in table 13. 

5. Internal standard preparation 

To prepare 100 ng/mL labetalol in 100% acetonitrile, 100x diluted of 10 

µg/mL labetalol stock in 100% acetonitrile. 

6. Standard solutions preparation and quality control preparation 

6.1. Standard solution preparation 

Standard solutions were prepared in seven differential concentrations by 

using cocktail stock solutions and 10x diluted of cocktail stock solution as 

described in table 13.  

6.2. Quality control preparation 

High-quality control (High-QC) sample was prepared from cocktail stock 

solution whereas medium-quality control (Medium-QC) and low-quality 

control (Low-QC) sample were prepared from 10x diluted cocktail stock 

solution (Table 14). 

The final concentration of standard and quality control of containing drugs in 

microdose cocktail was summarized in Table 15 and 16. 
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7. Sample analysis 

Prior to sample injection, 50 µL of sample was dissolved in 50% acetonitrile 

with 0.1% formic acid and then mixed with 25 µL of 100 µg/mL labetalol, 50 

µL of 100% acetonitrile with 0.1% formic acid and 875 µL water with 0.1% 

formic acid. 

8. Experimental conditions for LC-MS/MS 

The following conditions have been proposed based on the using of an AB 

Sciex QTRAP6500 Mass Spectrometer interfaced via the TurboV 

electrospray ionization source (ESI) to the M3 MicroLC system. The mass 

spectrometer was operated in multiple reaction monitoring (MRM) mode. All 

instruments were controlled by Analyst software version 1.6. 

8.1. M3 MicroLC autosampler with a 5 µL loop 

Wash 1: 80% Acetonitrile with 0.1% formic acid 

Wash 2: 20% Acetonitrile with 0.1% formic acid 

Injection volume: 5 µL 

8.2. M3 MicroLC pump 

Mobile phase A: Water with 0.1% formic acid 

Mobile phase B: 100% Acetonitrile with 0.1% formic acid 

Flow rate: 50 µL/min 

Table  17 Gradient (microdose cocktail)  

Time (sec) %A %B 

0 95 5 

0.5 95 5 

3 5 95 

4 5 95 

4.5 95 5 

5 95 5 

8.3. Chromatography 

Column: ACE 3 C18-300, 50 x 1 mm, 3 µm, 300 Å 

Temperature: 60°C 

8.4. Mass spectrometer 

AB Sciex 6500 QTRAP Mass Spectrometer with electrospray (ESI)  was used 

in the positive ionization mode. Nitrogen (99.999%) was used for nebulization, 

curtain, and collision gas. Mass spectrometry parameters and multiple reaction 

monitoring (MRM) transitions are listed in Table 18 and 19. 

  

Table  18 Mass spectrometry parameters (microdose cocktail)  

Instrument parameters 

Curtain gas 40.0 Heater setting (TEM) 350 

Collision gas medium Gas 1 30 

IonSpray voltage (V) 4000 Gas 2 30 
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B. Bioanalytical method for determination of Midazolam in plasma by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) 

1. Reagents 

1.1. Frozen human EDTA plasma samples 

1.2. Midazolam 

1.3. [2H6]-Midazolam (internal standard) 

1.4. Sodium carbonate or sodium bicarbonate 

1.5. Methyl tert-butyl ether (MTBE) 

1.6. Nitrogen gas 

1.7. 50% Methanol/water, 100% methanol  

1.8. Ultrapure water 

2. Apparatus 

2.1. Pipetted and pipette tips 

2.2. HPLC-MS/MS ACE C18-300, 3 µm, 50x1.0 mm 

2.3. Ice bath 

2.4. pH meter 

2.5. Vortex mixer 

2.6. Microcentrifuge tubes 

2.7. Positive stepper 

2.8. Nitrogen evaporator 

2.9. 100 µL glass insert with bottom spring 

2.10. Refrigerated centrifuge 

2.11. 1.5 mL amber glass vial 

3. Midazolam stock solution 

 Diluted 10 µL of 1 mg/mL stock to a final volume of 1.0 mLwith 100% 

methanol. 

Stock solution: 10 µg/mL in 100% methanol. 

 Diluted 10 µL of 10 µg/mL stock to a final volume of 1.0 mL with 100% 

methanol. 

Stock solution: 100 ng/mL in 100% methanol. 

 Diluted 100 µL of 100 ng/mL stock to a final volume of 1.0 mL with 100% 

methanol. 

Stock solution: 10 ng/mL in 100% methanol. 

4. Internal standard preparation 

 Dissolved 1 mg of [2H6]-Midazolam in 50% methanol/water and mix well 

for 1 mg/mL internal standard concentration.  Then diluted with 100% 

methanol to 10 ng/mL. 

Internal standard stock solution: 10 ng/mL of [2H6]-Midazolam in methanol 

 On analyze date, diluted 10 ng/mL [ 2H6] - Midazolam in methanol with 

100% methanol. 

Working internal standard stock solution:  1.25 ng/mL 2[H6]-Midazolam. 

5. Working standard and quality control solution preparation 

Working standard and quality control solutions were prepared from stock 

solution (10 ng/mL) diluted with 100% methanol in differential 

concentrations as described in Table 20 and 21.  
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6. Standard and quality control sample preparation 

6.1. Thawed an aliquot of plasma sample (250 µL) on ice. 

6.2. Added 50 µL of working standard stock solution B through I to successive 

tubes to yield nominal concentrations of 1000, 800, 500, 100, 20, 5, 2 and 1 

pg/mL, respectively. And added 50 µL of quality control (High-QC, Medium-

QC, Low-QC, and LLOQ) at concentrations of 750, 60, 2.5 and 1 pg/mL. 

6.3. Designated two further tubes as “single” and “double” blank. Added 10 and 

20 µL of 100% methanol, respectively. 

6.4. Spiked the plasma with 50 µL of internal standard solution except for double 

blank. 

7. Unknown plasma sample preparation 

7.1. Aliquoted 250 µL of unknown samples into microcentrifuge tubes. 

7.2. Added 50 µL of 100% methanol. 

7.3. Added 50 µL of working internal standard to all samples. 

8. Plasma sample extraction 

Midazolam was isolated from plasma sample by liquid-liquid extraction. 

8.1. Vortexed all prepared standard, quality control and unknown samples. 

8.2. Adjusted pH by addition of 100 µL of carbonated buffer (pH 9.8), then mixed 

thoroughly. 

8.3. Added 1,000 µL of MTBE (an extraction solvent) into sample and mixed for 

15 minutes at room temperature. 

8.4. Centrifuged all samples at 4,500 g for 10 minutes at 4°C 

8.5. Transferred 850 µL of organic layer to new tube, then dried under nitrogen at 

40°C 

8.6. Reconstituted the dried sample in 100 µL of 50%methanol/water  

9. Sample analysis 

LC-MS/MS was used to analyze all samples including standard, quality 

control, and unknown samples by monitoring the precursor ion and the 

corresponding product fragment ion. The experimental conditions have been 

proposed based on the using of an AB Sciex QTRAP6500 Mass Spectrometer 

interfaced via the TurboV electrospray ionization source (ESI) to the M3 

MicroLC system. The mass spectrometer was operated in multiple reaction 

monitoring (MRM) mode. All instruments were controlled by Analyst 

software version 1.6. 

10. M3 MicroLC autosampler with a 5 µL loop 

Wash 1: Water with 0.1% formic acid 

Wash 2: 100% Methanol with 0.1% formic acid 

Injection volume: 5 µL 

11. M3 MicroLC pump 

Mobile phase A: Water with 0.1% formic acid 

Mobile phase B: 100% Methanol with 0.1% formic acid 

Flow rate: 50 µL/min  
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Table  22 Gradient (midazolam) 

Time (sec) %A %B 

0 65 35 

0.7 65 35 

1.2 5 95 

2 5 95 

2.3 65 35 

2.8 65 35 

 

12. Chromatography 

Column: ACE 3 C18-300, 50 x 1 mm, 3 µm, 300 Å. 

Temperature: 60°C 

13. Mass spectrometer 

AB Sciex 6500 QTRAP Mass Spectrometer with electrospray (ESI)  was used 

in the positive ionization mode. Nitrogen (99.999%) was used for nebulization, 

curtain, and collision gas. Mass spectrometry parameters and multiple reaction 

monitoring (MRM) transitions are listed in Table 23 and 24. 
Table  23 Mass spectrometry parameters (midazolam) 

Instrument parameters 

Curtain gas 40.0 Heater setting (TEM) 350 

Collision gas medium Gas 1 30 

IonSpray voltage (V) 4000 Gas 2 30 

 

Table  24 Multiple reaction monitoring transitions for midazolam and [2H6]-

midazolam 

Compounds Precursor 

(Q1, m/z) 

Product 

Ion 

(Q3, m/z) 

Dwell 

(ms) 

DP 

(V) 

EP 

(V) 

CE 

(V) 

CXP 

(V) 

Parent        

Midazolam 326.1 291.2 150 46 10 34 8 

Internal 

standard 

       

[2H6]-Midazolam 332.086 297 150 46 10 35 26 
Note: DP, Declustering potential; EP, Entrance potential); CE, Collision energy; CXP, 

Collision exit potential 
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C. Bioanalytical method for determination of Dabigatran in plasma by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) 

1. Reagents 

1.1. Frozen human EDTA plasma samples 

1.2. Dabigatran 

1.3. [13C6]-Dabigatran (internal standard) 

1.4. Acetonitrile 

1.5. Formic acid 

1.6. Ultrapure water 

2. Apparatus 

2.1 Pipetted and pipette tips 

2.2 HPLC-MS/MS TSKgel Amide-80, 50 x 1 mm, 5 µm. 

2.3 Ice bath 

2.4 Vortex mixer 

2.5 Multitube vortex 

2.6 Microcentrifuge tubes 

2.7 250 µL glass flat bottom insert 

2.8 1.5 mL amber glass vial 

3. Dabigatran stock solution 

 Weighed ~1 mg of dabigatran accurately into vial and dissolved with 1 mL 

of 50% acetonitrile/water, mixed well. 

Stock solution: 1 mg/mL dabigatran in 50% acetonitrile/water. 

 Diluted 1 mg/mL stock solution to 1 µg/mL with 50% acetonitrile/water. 

Stock solution: 1 µg/mL dabigatran in 50% acetonitrile/water. 

4. Internal standard preparation 

 Dissolved ~1 mg of [13C6]-Dabigatran in 1 mL of 50% acetonitrile/water.  

Internal standard stock solution: 1 mg/mL of [13C6]-Dabigatran in 50% 

acetonitrile/water. 

 On analyzed date, diluted 1 mg/mL internal standard stock solution with 

50% acetonitrile/water.  

Working internal standard solution: 5 ng/mL [13C6]-Dabigatran in 50% 

acetonitrile/water. 

5. Working standard and quality control solution preparation 

Diluted 1 µg/mL dabigatran stock solution with 50% acetonitrile/water to 50 

ng/mL dabigatran as working stock solution. 

Working standard and quality control solution preparation was prepared in 

differential concentrations as described in Table 25 and 26 

6. Standard and quality control sample preparation 

6.1. Thawed an aliquot of plasma sample (250 µL) on ice. 

6.2. Added 25 µL of working standard stock solution B through I to successive 

tubes to yield nominal concentrations of 5000, 4000, 2000, 1000, 400, 200, 

100, 20 pg/mL, respectively. And add 25 µL of quality control solutions (High-

QC, Medium-QC, Low-Q C, and LLOQ) at concentrations of 3750, 1200, 30, 

20 pg/mL.  

6.3. Designate two further tubes as "single" and "double" blank by adding 25 and 

50 µL of 50 % acetonitrile/water, respectively. 
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6.4. Spike the plasma with 25 µL of internal standard solution except for double 

blank. 
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7. Unknown plasma sample preparation 

7.1. Aliquoted 100 µL of unknown samples into microcentrifuge tubes. 

7.2. Added 25 µL of 50% acetonitrile. 

7.3. Added 25 µL of working internal standard to all samples. 

8. Plasma sample extraction 

Dabigatran was isolated from plasma sample by protein precipitation. 

8.1. Added 300 µL of acetonitrile and mixed well. 

8.2. Centrifuged at 12,000 rpm for 10 minutes at 4°C. 

8.3. Collected 200 µL of supernatant. 

9. Sample analysis 

LC-MS/MS was used to analyze all samples including standard, quality 

control, and unknown samples by monitoring the precursor ion and the 

corresponding product fragment ion. The experimental conditions have been 

proposed based on the using of an AB Sciex QTRAP6500 Mass Spectrometer 

interfaced via the TurboV electrospray ionization source (ESI) to the M3 

MicroLC system. The mass spectrometer was operated in multiple reaction 

monitoring (MRM) mode. All instruments were controlled by Analyst software 

version 1.6. 

9.1. M3 MicroLC autosampler with a 5 µL loop 

Wash 1: 80% Acetonitrile/water containing 0.1% formic acid 

Wash 2: 20% Acetonitrile/water containing 0.1% formic acid 

Injection volume: 5 µL 

9.2. M3 MicroLC pump 

Mobile phase A: Water containing 0.1% formic acid  

Mobile phase B: 100% acetonitrile, 2mM ammonium formate, pH 4.0 

Flow rate: 50 µL/min 

Table  27  Gradient (dabigatran)  

Time (sec) %A %B 

0 30 70 

0.5 30 70 

2 95 5 

2.7 95 5 

3 30 70 

3.5 30 70 

9.3. Chromatography 

Column: TSKgel Amide-80, 50 x 1 mm, 5 µm.  

Temperature: 60°C 

9.4. Mass spectrometer 

AB Sciex 6500 QTRAP Mass Spectrometer with electrospray (ESI) was used 

in the positive ionization mode. Nitrogen (99.999%) was used for nebulization, 

curtain and collision gas. Mass spectrometry parameters and multiple reaction 

monitoring (MRM) transitions are listed in Table 28 and 29. 
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Table  28 Mass spectrometry parameters (dabigatran) 

Instrument parameters 

Curtain gas 40.0 Heater setting (TEM) 350 

Collision gas medium Gas 1 30 

IonSpray voltage (V) 4000 Gas 2 30 

 

Table  29 Multiple reaction monitoring transitions for dabigatran and [13C]-

dabigatran 

Compounds Precursor 

(Q1, m/z) 

Product 

Ion 

(Q3, m/z) 

Dwell 

(ms) 

DP 

(V) 

EP 

(V) 

CE 

(V) 

CXP 

(V) 

Parent        

Dabigatran 472.2 289.0 75 111 10 37 22 

  330.0 75 111 10 27 12 

Internal 

standard 

       

[13C]-Dabigatran 478.1 295.0 75 101 10 37 12 

   75 101 10 67 18 
Note: DP, Declustering potential; EP, Entrance potential); CE, Collision energy; CXP, 

Collision exit potential 
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D. Bioanalytical method for determination of Statins and their main metabolites 

in plasma by liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

1. Reagents 

1.1. Frozen human EDTA plasma samples (pH adjusted by 1M acetate buffer, pH 

5.0) 

1.2. Pitavastatin calcium 

1.3. Pitavastatin lactone 

1.4. Rosuvastatin calcium salt 

1.5. Atorvastatin calcium salt 

1.6. 2-Hydroxyatovastatin calcium salt 

1.7. 4-Hydroxyatorvastatin hemicalcium salt 

1.8. [2H5]-Pitavastatin sodium salt (internal standard of pitavastatin) 

1.9. [2H5]-Pitavastatin lactone (internal standard of pitavastatin lactone) 

1.10. [2H6]-Rosuvastatin sodium salt (internal standard of rosuvastatin) 

1.11. [2H5]-Atorvastatin calcium salt (internal standard of atorvastatin) 

1.12. [2H5]-2-Hydroxyatovastatin (internal standard of 2-hydroxyatorvastatin) 

1.13. [2H5]-4-Hydroxyatorvastatin (internal standard of 4-hydroxyatorvastatin) 

1.14. Methyl tert-butyl ether (MTBE) 

1.15. 1M Ammonium acetate pH 5.0 

1.16. Nitrogen gas 

1.17. Acetonitrile  

1.18. Formic acid 

1.19. Dimethyl sulfoxide (DMSO) 

1.20. Ultrapure water 

2. Apparatus 

2.1. Pipetted and pipette tips 

2.2. Positive strepper 

2.3. Microcentrifuge tubes 

2.4. HPLC-MS/MS ACE C18-300, 3 µm, 50x1.0 mm 

2.5. Ice bath 

2.6. pH meter 

2.7. Vortex mixer 

2.8. Multitube vortex mixer 

2.9. Nitrogen evaporator 

2.10. Refrigerated centrifuge 

2.11. Multiwell sample plate 

3. Mixed statin and pitavastatin lactone stock solution preparation  

3.1. Prepared 50 ng/mL working stock solution of mixed statins (except pitavastatin 

lactone) 

 Weighed ~0.5 mg of each standard statins (rosuvastatin, atorvastatin, 4-

hydroxy atorvastatin, 2-hydroxy atorvastatin, pitavastatin) accurately into 

vials and diluted with DMSO separately. Then mixed well for 0.5 g mg/mL 

mixed statins stock solution. Then diluted 0.5 mg/mL to 0.1 mg/mL with 

DMSO. 

Stock solution: 0.1 mg/mL mixed statins stock solution. 

 Using 0.1 mg/mL mixed statins stock solution diluted with 50% 

acetonitrile/water. 
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Stock solution: 50 ng/mL mixed statins stock solution. 

3.2. Prepared 50 ng/mL working stock solution of pitavastatin lactone. 

 Weighed ~0.5 mg of pitavastatin lactone diluted with DMSO for 0.5 mg/mL 

stock solution and then diluted with DMSO to 0.1 mg/mL  

Stock solution: 0.1 mg/mL pitavastatin lactone stock solution. 

 Using 0.1 mg/mL stock solution of pitavastatin lactone diluted with 100% 

acetonitrile. 

Stock solution: 50 ng/mL pitavastatin lactone stock solution. 

4. Internal standard preparation  

4.1. Prepared 50 ng/mL of internal standard working stock solution 

0.5 mg/mL internal standard of mixed statins and internal standard of 

pitavastatin lactone ([2H5]-Pitavastatin lactone) stock solution were prepared 

similar to standard of mixed statins and pitavastatin lactone preparation, 

respectively. 

4.2. Working internal standard solution 

On analyze date, diluted 50 ng/mL internal standard of mixed statins and [2H5]-

Pitavastatin lactone stock solution with 50% acetonitrile/water and 100% 

acetonitrile, respectively. Working internal standard solution:  12.5 ng/mL. 
5. Working standard and quality control solution preparation 

Diluted 50 ng/mL of stock solutions with diluents which 100% acetonitrile for 

pitavastatin lactone and 50% acetonitrile/water for others to prepare working 

standard stock solution 10 ng/mL of standard and quality control solutions 

preparation as described in Table 30 and 31. 

6. Standard and quality control sample preparation 

6.1. Thawed an aliquot of plasma sample (250 µL) on ice, then spiked 1M 

ammonium acetate at pH 5.0 at 5/100 (buffer/plasma) into tubes. 

6.2. Added 50 µL of each working standard stock solution B through I to successive 

tubes to yield nominal concentrations of 1000, 800, 500, 200, 100, 50, 20, 5 

pg/mL, respectively. And add 50 µL of quality control solutions (High-QC, 

Medium-QC, Low-QC, and LLOQ) at concentrations of 750, 250, 40, 5 pg/mL. 

6.3. Added 50 µL of each internal standard stock solution (mixed statins and 

pitavastatin lactone). For single blank, added 25 µL of 50% acetonitrile/water 

and 25 µL 100% acetonitrile instead. 

6.4. For double blank, added 50 µL of 50/50 acetonitrile/water (%v/v) and 50 µL 

100% acetonitrile (for pitavastatin lactone) instead. 
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7. Unknown plasma sample preparation  

7.1. Aliquoted 250 µL of unknown samples into microcentrifuge tubes. 

7.2. Added 25 µL of 50% acetonitrile/water and 25 µL of 100% acetonitrile instead 

of working standard solution. 

7.3. Added 50 µL of each internal standard solution. 

8. Plasma sample extraction 

Statins was isolated from plasma sample by liquid-liquid extraction. 

8.1. Adjusted pH of plasma by addition of 100 µL 1M ammonium acetate at pH 5.0 

buffer and mix thoroughly. 

8.2. Added 1,000 µL of MTBE (extraction solvent) into the plasma and mix for 15 

minutes at room temperature. 

8.3. Centrifuged at 12,000 rpm for 5 minutes at 4°C 

8.4. Transferred 850 µL of the organic layer to a new tube, and dry under nitrogen 

at 40°C. 

8.5. Reconstituted the dried samples in 100 µL of 50% acetonitrile containing 

0.05% acetic acid. 

9. Sample analysis 

LC-MS/MS was used to analyze all samples including standard, quality 

control, and unknown samples by monitoring the precursor ion and the 

corresponding product fragment ion. The experimental conditions have been 

proposed based on the using of an AB Sciex QTRAP6500 Mass Spectrometer 

interfaced via the TurboV electrospray ionization source (ESI) to the M3 

MicroLC system. The mass spectrometer was operated in multiple reaction 

monitoring (MRM) mode. All instruments were controlled by Analyst software 

version 1.6. 

9.1. M3 MicroLC autosampler with a 5 µL loop 

Wash 1: 80% Acetonitrile with 0.1% formic acid 

Wash 2: 20% Acetonitrile with 0.1% formic acid 

Injection volume: 5 µL 

9.2. M3 MicroLC pump 

Mobile phase A: Water with 0.1% formic acid 

Mobile phase B: 100% acetonitrile/water with 0.1%formic acid 

Flow rate: 50 µL/min 

Table  32 Gradient (statins)  

Time (sec) %A %B 

0 50 50 

1 50 50 

2.5 5 95 

3 5 95 

3.2 50 50 

5 50 50 

9.3. Chromatography 

Column: ACE 3 C18-300, 50 x 1 mm, 3 µm, 300 Å. 

Temperature: 60°C  
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9.4. Mass spectrometer 

AB Sciex 6500 QTRAP Mass Spectrometer with electrospray (ESI)  was used 

in the positive ionization mode. Nitrogen (99.999%) was used for nebulization, 

curtain, and collision gas. Mass spectrometry parameters and multiple reaction 

monitoring (MRM) transitions are listed in Table 33 and 34 

Table  33 Mass spectrometry parameters (statins) 

Instrument parameters 

Curtain gas 40.0 Heater setting (TEM) 350 

Collision gas medium Gas 1 30 

IonSpray voltage (V) 4000 Gas 2 30 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8
3
 

 T
a
b

le
  
3
4
 M

u
lt

ip
le

 r
ea

ct
io

n
 m

o
n
it

o
ri

n
g
 t

ra
n
si

ti
o
n
s 

fo
r 

st
at

in
s 

an
d
 i

n
te

rn
al

 s
ta

n
d
ar

d
s 

N
o
te

: 
D

P
, 
D

ec
lu

st
er

in
g
 p

o
te

n
ti

al
; 

E
P

, 
E

n
tr

an
ce

 p
o
te

n
ti

al
);

 C
E

, 
C

o
ll

is
io

n
 e

n
er

g
y
; 

C
X

P
, 

C
o
ll

is
io

n
 e

x
it

 p
o

te
n

ti
al

C
o
m

p
o
u

n
d

s 
P

r
ec

u
rs

o
r 

(Q
1
, 
m

/z
) 

P
ro

d
u

ct
 I

o
n

 

(Q
3
, 
m

/z
) 

D
w

el
l 

(m
s)

 

D
P

 

(V
) 

E
P

 

(V
) 

C
E

 

(V
) 

C
X

P
 

(V
) 

P
a
re

n
t 

 
 

 
 

 
 

 

P
it

av
as

ta
ti

n
 

4
2
2
.2

 
2
9
0
.0

 
5
0
 

1
9
1
 

1
0
 

3
7
 

2
4
 

R
o
su

v
as

ta
ti

n
 

4
8
2
.2

 
2
5
7
.9

 
2
0
 

1
9
6
 

1
0
 

4
5
 

1
8
 

A
to

rv
as

ta
ti

n
 

5
5
9
.2

 
4
4
0
.2

 
2
0
 

1
5
6
 

1
0
 

2
9
 

1
8
 

2
-O

H
 A

to
rv

as
ta

ti
n

 
5
7
5
.2

 
4
4
0
.1

 
2
0
 

1
3
6
 

1
0
 

3
1
 

1
6
 

4
-O

H
 A

to
rv

as
ta

ti
n

 
5
7
5
.2

 
4
4
0
.1

 
2
0
 

1
3
1
 

1
0
 

2
9
 

1
6
 

P
it

av
as

ta
ti

n
 L

ac
to

n
e 

4
0
4
.1

 
2
9
0
.0

 
2
0
 

1
9
1
 

1
0
 

3
3
 

1
2
 

In
te

rn
a
l 

st
a
n

d
a
rd

 
 

 
 

 
 

 
 

[2
H

5
]-

P
it

av
as

ta
ti

n
 

4
2
7
.2

 
2
9
5
.1

 
5
0
 

1
9
1
 

1
0
 

3
7
 

2
4
 

[2
H

6
]-

R
o
su

v
as

ta
ti

n
 

4
8
8
.2

 
2
6
3
.9

 
2
0
 

2
0
1
 

1
0
 

4
5
 

2
0
 

[2
H

5
]-

A
to

rv
as

ta
ti

n
 

5
6
4
.2

 
4
4
5
.2

 
2
0
 

1
8
6
 

1
0
 

2
9
 

1
8
 

[2
H

5
]-

2
-O

H
-A

to
rv

as
ta

ti
n

 
5
8
0
.3

 
4
4
5
.2

 
2
0
 

1
6
1
 

1
0
 

3
1
 

1
6
 

[2
H

5
]-

4
-O

H
 A

to
rv

as
ta

ti
n

 
5
8
0
.3

 
4
4
5
.2

 
2
0
 

1
5
1
 

1
0
 

3
1
 

1
8
 

[2
H

5
]-

P
it

av
as

ta
ti

n
 L

ac
to

n
e 

4
0
9
.1

 
2
9
5
.0

 
2
0
 

1
7
1
 

1
0
 

3
7
 

2
4
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

84 

 

E. Bioanalytical method for determination of Rifampicin in plasma by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) 

1. Reagents 

1.1. Frozen human EDTA plasma samples 

1.2. Rifampicin 

1.3. Rifabutin (internal standard) 

1.4. Acetonitrile 

1.5. Formic acid 

1.6. MTBE 

1.7. Nitrogen gas 

1.8. Ultrapure water 

2. Apparatus 

2.1. Pipetted and pipette tips 

2.2. HPLC-MS/MS TSKgel Amide-80, 50 x 1 mm, 5 µm. 

2.3. Positive strepper 

2.4. Microcentrifuge tubes 

2.5. HPLC-MS/MS Kinetex C18, 1.7 µm, 50 x 0.5 mm 

2.6. Ice bath 

2.7. pH meter 

2.8. Vortex mixer 

2.9. Multitube vortex mixer 

2.10. Nitrogen evaporator 

2.11. Refrigerated centrifuge 

2.12. Multiwell sample plate 

3. Rifampicin stock solution 

 Weighed ~1 mg of rifampicin accurately into vial and dissolved with 1 mL 

of 50% acetonitrile/water, mixed well. 

Stock solution: 1 mg/mL rifampicin in 50% acetonitrile/water. 

4. Internal standard preparation 

 Dissolved ~1 mg of rifabutin in 1 mL of 50% acetonitrile/water. 

Internal standard stock solution: 1 mg/mL of rifabutin in 50% 

acetonitrile/water. 

 On analyze date, diluted 1 mg/mL rifabutin with 50% acetonitrile/water. 

Working internal standard solution: 0.2 ng/rifabutin in 50% 

acetonitrile/water 

5. Working standard and quality control solution preparation 

Diluted 1 mg/mL of stock solutions with 50% acetonitrile/water for 100 µg/mL 

rifampicin as working stock solution. Working standard and quality control 

solution preparation was prepared in differential concentrations as shown in 

Table 35 and 36. 

6. Standard and quality control sample preparation 
6.1 Thawed an aliquot of plasma sample (50 µL) on ice. 

6.2 Added 10 µL of each working standard stock solution B through H to 

successive tubes to yield nominal concentrations of 20, 10, 5, 2, 1, 0.5, 0.2, 0.1 

µg/mL, respectively. And add 10 µL of quality control solutions (High-QC, 

Medium-QC, Low-QC, and LLOQ) at concentrations of 15, 4, 0.4, 0.1 µg/mL. 
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6.3 Designate two further tubes as "single" and "double" blanks. Add 10 and 50 µL 

of 50 % acetonitrile/water, respectively. 

6.4 Spike the plasma with 10 µL of internal standard solution except for double 

blank. 
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7. Unknown plasma sample preparation  

7.1. Aliquoted 50 µL of unknown samples into microcentrifuge tubes. 

7.2. Added 10 µL of 50% acetonitrile/water instead of working standard solution. 

7.3. Added 10 µL of working internal standard solution to all samples. 

8. Plasma sample extraction 

Rifampicin was isolated from plasma sample by liquid-liquid extraction. 

8.1. Added 150 µL of 100% acetonitrile and mixed well. 

8.2. Centrifuged at 12,000 rpm for 10 minutes at 4°C. 

8.3. Collected supernatant. 

8.4. Diluted supernatant to 50% acetonitrile/water before injection. 

9. Sample analysis 

LC-MS/MS was used to analyze all samples including standard, quality 

control, and unknown samples by monitoring the precursor ion and the 

corresponding product fragment ion. The experimental conditions have been 

proposed based on the using of an AB Sciex QTRAP6500 Mass Spectrometer 

interfaced via the TurboV electrospray ionization source (ESI) to the M3 

MicroLC system. The mass spectrometer was operated in multiple reaction 

monitoring (MRM) mode. All instruments were controlled by Analyst software 

version 1.6. 

9.1. M3 MicroLC autosampler with a 5 µL loop 

Wash 1: 80% Acetonitrile with 0.1% formic acid 

Wash 2: 20% Acetonitrile with 0.1% formic acid 

Injection volume: 1 µL 

9.2. M3 MicroLC pump 

Mobile phase A: Water with 0.1% formic acid  

Mobile phase B: 100% acetonitrile/water with 0.1%formic acid 

Flow rate: 100 µL/min 

Table  37 Gradient (rifampicin)  

Time (sec) %A %B 

0 50 50 

1 50 50 

2.5 5 95 

3 5 95 

3.2 50 50 

5 50 50 

9.3. Chromatography 

Column: Kinetex C18, 1.7 µm, 50 x 0.5 mm. 

Temperature: 45°C 

9.4. Mass spectrometer 

AB Sciex 6500 QTRAP Mass Spectrometer with electrospray (ESI) was used 

in the positive ionization mode. Nitrogen (99.999%) was used for nebulization, 

curtain, and collision gas. Mass spectrometry parameters and multiple reaction 

monitoring (MRM) transitions are listed in Table 38 and 39  
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Table  38 Mass spectrometry parameters (rifampicin) 

Instrument parameters 

Curtain gas 40.0 Heater setting (TEM) 350 

Collision gas medium Gas 1 30 

IonSpray voltage (V) 4000 Gas 2 30 

 

Table  39 Multiple reaction monitoring transitions for the rifampicin and 

rifabutin 

Compounds Precursor 

(Q1, m/z) 

Product 

Ion 

(Q3, m/z) 

Dwell 

(ms) 

DP 

(V) 

EP 

(V) 

CE 

(V) 

CXP 

(V) 

Parent        

Rifampicin 823.3 791.2 85 126 10 23 28 

  399.0 85 126 10 35 26 

Internal 

standard 

       

Rifabutin 847.3 815.2 75 171 10 37 32 

  755.1 75 171 10 43 20 
Note: DP, Declustering potential; EP, Entrance potential); CE, Collision energy; CXP, 

Collision exit potential 
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F. Bioanalytical method for determination of Dabigatran in urine by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) 

1. Reagents 

1.1. Frozen human EDTA urine samples 

1.2. Dabigatran 

1.3. [13C6]-Dabigatran (internal standard) 

1.4. Acetonitrile 

1.5. Formic acid 

1.6. Dimethyl sulfoxide (DMSO) 

1.7. Ultrapure water 

2. Apparatus 

2.1. Pipettes and pipette tips 

2.2. HPLC-MS/MS TSKgel Amide-80, 50 x 1 mm, 5 µm. 

2.3. Microcentrifuge tubes 

2.4. Ice bath 

2.5. Multitube vortex 

2.6. Refrigerated centrifuge 

2.7. 1.5 mL Amber glass vial 

2.8. 250 µL glass flat bottom insert  

3. Dabigatran stock solution 

 Weighed ~0.5 mg of dabigatran accurately into vial and dissolved with 1 

mL of 50% acetonitrile/water, mixed well. 

Stock solution: 500 µg/mL dabigatran in 50% acetonitrile/water. 

4. Internal standard preparation 

 Dissolved ~0.5 mg of [13C6]-Dabigatran in 1 mL of 50% 

acetonitrile/water. 

Internal standard stock solution: 500 µg/mL of [13C6]-Dabigatran in 50% 

acetonitrile/water. 

 On analyze date, diluted 500 µg/mL [13C6]-Dabigatran with 50% 

acetonitrile/water. 

 Working internal standard solution: 20 ng/mL [13C6]-Dabigatran in 50% 

acetonitrile/water. 

5. Working standard and quality control solution preparation 

Diluted 500 µg/mL dabigatran with 50% acetonitrile/water to 500 ng/mL 

dabigatran as working stock solution. Working standard and quality control 

solution preparation was prepared in differential concentrations as described in 

Table 40 and 41. 

6. Standard and quality control sample preparation 

6.1. Thawed an aliquot of urine sample (100 µL) on ice. 

6.2. Added 25 µL of working standard stock solution B through I to successive 

tubes to yield nominal concentrations of 50, 40, 25, 10, 5, 2, 1 and 0.5 ng/mL, 

respectively. And add 25 µL of quality control solutions (High-QC, Medium-

QC, Low-QC, and LLOQ) at concentrations 40, 20, 1.5 and 0.8pg/mL, 

respectively. 

6.3. Designated two further tubes as "single" and "double" blanks. Add 25 and 50 

µL of 50 % acetonitrile/water, respectively. 
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6.4. Spiked the sample with 25 µL of internal standard solution except for double 

blank. 
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7. Unknown urine sample preparation 

7.1. Aliquoted 100 µL of unknown samples into microcentrifuge tubes. 

7.2. Added 25 µL of 50% acetonitrile/water. 

7.3. Added 25 µL of working internal standard to all samples. 

8. Urine sample extraction  
Dabigatran was isolated from urine sample by protein precipitation. 

8.1. Added 300 µL of acetonitrile and mixed well. 

8.2. Centrifuged at 12,000 rpm for 10 minutes at 4°C. 

8.3. Collected 200 µL of supernatant. 

9. Sample analysis 
LC-MS/MS was used to analyze all samples including standard, quality control, 

and unknown samples by monitoring the precursor ion and the corresponding 

product fragment ion. The experimental conditions have been proposed based 

on the using of an AB Sciex QTRAP6500 Mass Spectrometer interfaced via the 

TurboV electrospray ionization source (ESI) to the M3 MicroLC system. The 

mass spectrometer was operated in multiple reaction monitoring (MRM) mode. 

All instruments were controlled by Analyst software version 1.6. 

9.1. M3 MicroLC autosampler with a 5 µL Loop  

Wash 1: 20% acetonitrile/water containing 0.1% formic acid 

Wash 2: 80% acetonitrile/water containing 0.1% formic acid 

Injection volume: 5 µL 

9.2. M3 MicroLC pump 

Mobile phase A: 20% acetonitrile/water containing 0.1% formic acid  

Mobile phase B: 100% acetonitrile, 2mM ammonium formate, pH 4.0. 

Flow rate: 50 µL/min 

Table  42 Gradient (dabigatran for urine sample)  

Time (sec) %A %B 

0 50 50 

1 50 50 

2.5 5 95 

3 5 95 

3.2 50 50 

5 50 50 

9.3. Chromatography 

Column: TSKgel Amide-80, 50 x 1 mm, 5 µm.  

Temperature: 45°C 

9.4. Mass spectrometer 

AB Sciex 6500 QTRAP Mass Spectrometer with electrospray (ESI)  was used 

in the positive ionization mode. Nitrogen (99.999%) was used for nebulization, 

curtain, and collision gas. Mass spectrometry parameters and multiple reaction 

monitoring (MRM) transitions are listed in Table 43 and 44.  
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Table  43 Mass spectrometry parameters (dabigatran for urine sample) 

Instrument parameters 

Curtain gas 40.0 Heater setting (TEM) 350 

Collision gas medium Gas 1 30 

IonSpray voltage (V) 4000 Gas 2 30 

 

Table  44 Multiple reaction monitoring transitions for the dabigatran and 

[13C]-Dabigatran (urine sample) 

Compounds Precursor 

(Q1, m/z) 

Product 

Ion 

(Q3, m/z) 

Dwell 

(ms) 

DP 

(V) 

EP 

(V) 

CE 

(V) 

CXP 

(V) 

Parent        

Dabigatran 472.2 289.0 75 111 10 37 22 

  330.0 75 111 10 27 12 

Internal 

standard 

       

[13C]-Dabigatran 478.1 295.0 75 101 10 37 12 

   75 101 10 67 18 
Note: DP, Declustering potential; EP, Entrance potential); CE, Collision energy; CXP, 

Collision exit potential 
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G. Bioanalytical method for determination of Rosuvastatin in urine by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) 

1. Reagents 

1.1. Frozen human EDTA plasma samples 

1.2. Rosuvastatin calcium salt 

1.3. [2H6]- Rosuvastatin calcium salt (internal standard) 

1.4. Acetonitrile 

1.5. Formic acid 

1.6. Dimethyl sulfoxide (DMSO 

1.7. Ultrapure water 

2. Apparatus 
2.1. Pipettes and pipette tips 

2.2. HPLC-MS/MS ACE 3 C18-300, 50 x 1 mm, 3 µm, 300 Å. 

2.3. Microcentrifuge tubes 

2.4. Ice bath 

2.5. Multitube vortex 

2.6. Refrigerated centrifuge 

2.7. 1.5 mL Amber glass vial 

2.8. 250 µL glass flat bottom insert  

3. Rosuvastatin stock solution 

 Weighed ~0.5 mg of rosuvastatin calcium accurately into vial and diluted 

with 1040 µL DMSO and mixed well. The concentration of free base 

rosuvastatin was 500 µg/mL. Diluted 50 µL of 500 µg/mL stock to final 

volume 450 mL with DMSO. Then diluted with 50% acetonitrile/water to 

1 µg/mL stock solution. 

Stock solution: 1 µg/mL rosuvastatin in 50% acetonitrile/water. 

 Diluted 1 µg/mL stock solution with 50% acetonitrile/water. 

Stock solution: 100 ng/mL rosuvastatin in 50% acetonitrile/water. 

4. Internal standard preparation 

 Weighed ~0.5 mg of [2H6]-rosuvastatin calcium salt accurately into vial and 

diluted with 1045 µL DMSO and mixed well. The concentration of free 

base [2H6]-rosuvastatin was 500 µg/mL. Diluted 50 µL of 500 µg/mL stock 

to final volume 450 mL with DMSO. Then diluted with 50% 

acetonitrile/water to 1 µg/mL stock solution. 

Internal standard stock solution: 1 µg/mL [2H6]-rosuvastatin in 50% 

acetonitrile/water. 

 Diluted 1 µg/mL internal standard stock solution with 50% 

acetonitrile/water. 

Internal standard stock solution: 100 ng/mL [2H6]-rosuvastatin in 50% 

acetonitrile/water. 

 On analyze date, diluted 100 ng/mL internal standard stock solution. 

Working internal standard stock solution: 12 ng/mL [2H6]-rosuvastatin in 

50% acetonitrile/water. 

5. Working standard and quality control solution preparation 
Diluted 1 µg/mL of rosuvastatin stock solution with 50% acetonitrile/water to 

prepare 100 ng/mL rosuvastatin working stock solution. Working standard and 
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quality control solution preparation was prepared in differential concentrations 

as described in Table 45 and 46. 
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6. Standard and quality control sample preparation 

6.1. Thawed an aliquot of urine sample (100 µL) on ice. 

6.2. Added 25 µL of working standard stock solution B through I to successive 

tubes to yield nominal concentrations 10, 8, 5, 2, 1, 0.5, 0.1 and 0.05 ng/mL, 

respectively. And add 25 µL of quality control solutions (High-QC, Medium-

QC, Low-QC, and LLOQ) at concentrations 9, 4, 0.3 and 0.08 ng/mL, 

respectively. 

6.3. Designated two further tubes as "single" and "double" blanks. Add 25 and 50 

µL of 50 % acetonitrile/water, respectively. 

6.4. Spiked the sample with 25 µL of internal standard solution except for double 

blank. 

7. Unknown urine sample preparation 
Aliquoted 100 µL of unknown sample into microcentrifuge tubes. Added 25 

µL of 50 % acetonitrile/water and 25 µL of working internal standard to all 

samples. 

8. Urine sample extraction 

Rosuvastatin was isolated from urine sample by protein precipitation. 

8.1. Added 100 µL of acetonitrile and mixed well. 

8.2. Centrifuged at 12,000 rpm for 10 minutes at 4°C. 

8.3. Collected of supernatant. 

9. Sample analysis 

LC-MS/MS was used to analyze all samples including standard, quality 

control, and unknown samples by monitoring the precursor ion and the 

corresponding product fragment ion. The experimental conditions have been 

proposed based on the using of an AB Sciex QTRAP6500 Mass Spectrometer 

interfaced via the TurboV electrospray ionization source (ESI) to the M3 

MicroLC system. The mass spectrometer was operated in multiple reaction 

monitoring (MRM) mode. All instruments were controlled by Analyst software 

version 1.6. 

9.1. M3 MicroLC autosampler with a 5 µL loop 

Wash 1: Acetonitrile with 0.1% formic acid 

Wash 2: Water with 0.1% formic acid 

Injection volume: 15 µL 

9.2. M3 MicroLC pump 

Mobile phase A: Acetonitrile with 0.1% formic acid 

Mobile phase B: Water with 0.1% formic acid 

Flow rate: 100 µL/min 

Table  47 Gradient (rosuvastatin in urine sample)  

Time (sec) %A %B 

0 50 50 

1 50 50 

2.5 5 95 

3 5 95 

3.2 50 50 

5 50 50 
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9.3. Chromatography 

Column: ACE 3 C18-300, 50 x 1 mm, 3 µm, 300 Å. 

Temperature: 45°C 

9.4. Mass spectrometer 

AB Sciex 6500 QTRAP Mass Spectrometer with electrospray (ESI)  was used 

in the positive ionization mode. Nitrogen (99.999%) was used for nebulization, 

curtain and collision gas.  Mass spectrometry parameters and multiple reaction 

monitoring (MRM) transitions are listed in Table 48 and 49 

 

Table  48 Mass spectrometry parameters (rosuvastatin in urine sample) 

Instrument parameters 

Curtain gas 40.0 Heater setting (TEM) 350 

Collision gas medium Gas 1 30 

IonSpray voltage (V) 4000 Gas 2 30 

 

Table  49 Multiple reaction monitoring transitions for the rosuvastatin and 

[2H6]-rosuvastatin 

Compounds Precursor 

(Q1, m/z) 

Product 

Ion 

(Q3, m/z) 

Dwell 

(ms) 

DP 

(V) 

EP 

(V) 

CE 

(V) 

CXP 

(V) 

Parent        

Rosuvastatin 482.2 257.9 20 196 10 45 18 

Internal 

standard 

       

[2H6]-

Rosuvastatin 

488.2 263.9 25 201 10 45 20 

Note: DP, Declustering potential; EP, Entrance potential); CE, Collision energy; CXP, 

Collision exit potential
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Data analysis 

Standard curve, as known as calibration curve, was constructed by plotting the peak 

area ratios against the concentrations of the analytes in sample. The coefficient of 

determination (R2) was determined including the concentrations of each compound in 

microdose cocktail by using MultiQuant software version 2.1. 

3. In vitro experiments 

Pharmacogenetic analysis 

To eliminate the effect of confounding factor to drug level, genotyping was done in 

SLCO1B1 gene and ABCG2 gene with following variants: 

 SLCO1B1 gene (encode OATP1B1 drug transporters) 

 c.521T>C (rs4149056) 

 c.388A>G (rs2306283) 

 g.-11187 (rs4149015) 

 ABCG2 gene (encode BCRP transports) 

  c.421C>A (rs2231142) 

Genotype analysis RT-PCR 

For each subject, 3 mL venous blood samples drawn with EDTA as anticoagulant was 

collected and stored at –80 °C before DNA extraction. According to PureLinkTM 

Genomic DNA extraction protocol(171), DNA was extracted as following procedures. 

A. Genomic DNA extraction 

1. Reagent 

1.1. PureLinkTM Genomic DNA extraction mini kits. 

1.1.1. RNase A 

1.1.2. Proteinase K 

1.1.3. Genomic lysis 

1.1.4. Wash buffer 1  

1.1.5. Wash buffer 2 

1.1.6. Elution buffer 

1.1.7. Ethanol 

2. Apparatus 

2.1. PureLinkTM Spin columns in collection tube 

2.2. Microcentrifuge tubes 

2.3. Vortex mixer 

2.4. Water bath 

3. Blood lysate preparation 

3.1. Set water bath at 55°C. 

3.2. Added 200 µL of whole blood samples to Microcentrifuge tube. 

3.3. Added 20 µL of Proteinase K to the sample. 

3.4. Added 20 µL of RNase A to the sample and mixed well by vortexing. 

3.5. Incubated the sample at 25°C for 2 minutes. 

3.6. Added 200 µL of Genomic lysis and mixed well by vortexing to obtain 

homogenous solution. 

3.7. Incubated at 55°C in water bath for 10 minutes for protein digestion. 

3.8. Added 200 µL of 100% Ethanol to the lysate and mixed well by vortexing for 

5 seconds. 

4. Purification procedures 

4.1. Added the prepared lysate to the PureLinkTM Spin columns 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

100 

 

4.2. Centrifuged at 10,000 g for 1 minute at 25°C. 

4.3. Discarded the collection tube and placed the spin column into a new collection 

tube. 

5. Washing DNA 

5.1. Prepared Wash buffer 1 and Wash buffer 2 with ethanol 15 mL and 17.5 mL, 

respectively.  

5.2. Added 500 µL of prepared Wash buffer 1 to the spin column.  

5.3. Centrifuged at 10,000 g for 1 minute at 25°C. 

5.4. Discarded the collection tube and placed the spin column into a new collection 

tube. 

5.5. Added 500 µL of prepared Wash buffer 2 to the spin column.  

5.6. Centrifuged at 14,000 g for 3 minutes at 25°C. 

5.7. Discarded the collection tube. 

6. Eluting DNA 

6.1. Placed the spin column into sterile microcentrifuge tube. 

6.2. Add 50 µL of elution buffer to the column. 

6.3. Incubated at room temperature for 2 minutes. 

6.4. Centrifuged at 13,000 g for 1 minutes at room temperature. 

6.5. The tube contains purified genomic DNA. 

B. Genotype analysis 

1. Reagent 

1.1. Purified genomic DNA samples. 

1.2. Elution buffer 

1.3. Taqman genotyping Master mix 

1.4. Nuclease free water 

1.5. TaqMan Drug Metabolism Genotyping Assays (containing TaqMan probe and 

Primers) 

1.5.1. SLCO1B1 rs4149056: Assay ID C__30633906_10 

1.5.2. SLCO1B1 rs2306283: Assay ID C__ 1901697_20 

1.5.3. SLCO1B1 rs4149015: Assay ID C__32325356_10 

1.5.4. ABCG2 rs2231142: Assay ID C__15854163_70 

2. Apparatus 

2.1. NanodropTM One/OneC Microvolume UV-Vis Spectrophotometer 

2.2. Real Time PCR StepOnePlus 

2.3. PureLinkTM Spin columns in collection tube 

2.4. Microcentrifuge tubes 

2.5. 0.1 mL clear PCR strip of 8 tubes with 0.2 mL RT PCR caps 

2.6. Lint-free laboratory wipe 

2.7. Spin down 

2.8. Centrifuge 

2.9. Vortex mixer 

3. DNA quantification 

3.1. Cleaned the upper and lower pedestals with 2 µL of nuclease free water. 

3.2. Pipetted 2 µL of elution buffer onto the lower measurement pedestal to set 

blank.  

3.3. Pipetted 2 µL of purified genomic DNA sample onto the lower measurement 

pedestal for measurement. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

101 

 

3.4. Wiped the pedestals with lint-free laboratory wipe between samples and 

cleansed with nuclease free water after the measurement was completed. 

3.5. DNA concentrations were provided. 

4. Genotype analysis 

4.1. Diluted DNA concentration to 10 ng/µL with nuclease free water 

4.2. Prepared RT-PCR reaction mixture 20 µL in PCR strip tube contains 10 µL of 

Taqman genotyping Master mix, 1 µL of TaqMan Drug Metabolism 

Genotyping Assays, 6 µL of nuclease free water and 3 µL of diluted DNA (30 

ng per tube). 

4.3. Prepared negative control by using nuclease free water instead of diluted DNA. 

4.4. Analyzed PCR assays by using universal thermal cycling conditions thermal 

cycling protocol(172): 

4.4.1. Pre-PCR read (holding stage): 60°C for 30 seconds. 

4.4.2. Holding stage: 95°C for 10 minutes. 

4.4.3. Cycle stage: 95°C for 15 seconds (Denaturation) 

: 60°C for 1 minutes (Extension) 

4.4.4. Post-PCR read (holding stage): 60°C for 30 seconds  
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Chapter 4 

Results 

 

1. Bioanalytical method development and validations (Please see Appendix B). 

 

2. Subjects, baseline characteristics, and genetic profile. 

 

One hundred two subjects were enrolled for eligibility assessment. Of these, forty-nine 

subjects were excluded according to the inclusion and exclusion criteria (n=31) and 

subject’s willingness (n=18). Fifty-three eligible subjects were allocated into three 

groups: healthy young subjects (Group 1, n=20), healthy elderly subjects (Group 2, 

n=16), elderly subjects with CKD (Group 3, n=17). All studied subjects completed the 

study per protocol. The study flow diagram is shown in Figure 22. 

 

Baseline characteristics are shown in Table 50 (please see concomitant drug in 

Appendix C). The subject median age were 30, 64.5, and 74 years old in Group 1, Group 

2, and Group 3, respectively. The median of Thai estimated glomerular filtration rate 

(eGFR) were 112.4, 94.8, 32.6 mL/min/1.73m2 in Group 1, Group 2, and Group 3, 

respectively.  

 

Besides age and eGFR, there were significant differences in red blood cell, hematocrit, 

platelet, blood urea nitrogen (BUN), serum creatinine, and parathyroid hormone 

between the groups due to renal deterioration in CKD. Although, the slight difference 

of alkaline phosphatase (ALP), total cholesterol (TC), triglyceride (TG), high-density 

lipoprotein cholesterol (HDL) were also observed, there were no clinically significant 

difference. 

 

The underlying diseases were found in elderly subjects, especially Group 3. These were 

hypertension (n=14), dyslipidemia (n=11), diabetes mellitus (n=6), gout (n=6), benign 

prostate hypertrophy (n=5), osteoarthritis (n=3), and coronary heart disease (n=2). 

Some subjects in Group 2 had osteoarthritis (n=2), gout (n=1), and benign prostate 

hypertrophy (n=1) (Table 50). 

 

Table 51 presents genetic data. In SLCO1B1 gene, homogenous wild type TT at 

c.521T>C and GG at -11187G>A were mostly found across three groups whereas 

homogenous variant GG was the highest frequency at c.388A>G. In ABCG2 gene, 

homogenous wild type CC at c.421C>A was mostly observed.  

 

Based on 3 SNPs consisted of c.521T>C, c.388A>G and g.-11187G>A, wild type 

haplotypes of SLCO1B1 (*1A and *1B) were mostly found while variants haplotypes 

(*5, *15, *17, *21) were less observed. All study groups had the similar highest 

prevalence of wild type diplotype *1B/*1B (primary) and *1A/*1B. Even though the 

sample size was small, the homozygous variant diplotype including *5/*15, *15/*15, 

and *15/*17 were also found in our population as described in Table 52.
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3. Safety monitoring 

No serious adverse events observed (Table 53). Five Group 1, period 1 subjects in 

period 1 had diarrhea (n=1), dysmenorrhea (n=1), dyspepsia (n=1), migraine (n=1), and 

upper respiratory tract infection (n=1) which were unrelated to study medications. One 

subject in Group 3 had nasal congestion which was unlikely related to study drugs and 

was fully recovered after taking one dose of 60 mg of pseudoephedrine. All Group 1, 

period 2 subjects in period 2 had darken urine which was related to rifampicin. The 

darken urine was recovered in approximately 3-4 day. 

 

Safety laboratory monitoring was also analyzed at baseline and the last visit. There were 

no significant differences in laboratory results between baseline and the last visit (Table 

54). 

 

 

Table  53 The summaries of adverse events and study drug related in three group of 

subjects 

Safety parameters Group 1 (n=20) Group 2 

(n=16) 

Group 3 

(n=17) Period 1 Period 2 

Adverse events (n) 

Diarrhea 1 0 0 0 

Dysmenorrhea 1 0 0 0 

Migraine 1 0 0 0 

Upper tract infection 1 0 0 0 

Darken urine 1 20 0 0 

Nasal congestion 0 0 0 1 

Study drug related (n) 

Unrelated 5 0 0 0 

Unlikely 0 0 0 1 

Definite 0 20 0 0 
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4. Pharmacokinetic parameters estimation in microdose cocktail containing 

drugs. 

The plasma concentration time curves and pharmacokinetic parameters were calculated 

from plasma drug level (midazolam, dabigatran, pitavastatin, pitavastatin lactone, 

atorvastatin, 4-hydroxy atorvastatin, rosuvastatin) and urine drug level (only dabigatran 

and rosuvastatin). Because plasma concentration was lower than LLOQ, 2-hydroxy 

atorvastatin could not be estimated.  

 

Statins plasma concentration of one subject in Group 2 were considered outlier and 

were not included in the analyses. Some pharmacokinetic parameters (AUC0-inf, T1/2, 
and the Kel) of atorvastatin, 4-hydroxy atorvastatin, and rosuvastatin could not be 

estimated because last four timepoints were mostly lower than LLOQ. 

 

Urine pharmacokinetic parameter represented by, renal clearance (CLR), was estimated 

for dabigatran and rosuvastatin. 

 

Please see timepoint plasma and urine concentration of each subject in Appendix D-E. 

 

Midazolam (Figure 23 and Table 55) 

 

The differences in plasma midazolam concentration among 3 groups were observed. 

AUC0-last and AUC0-inf in Group 2 and Group 3 had significantly higher than Group 1 

(GMR~2.3 in Group 2, GMR~3 in Group 3). Cmax of Group 2 and Group 3 were also 

higher than Group 1 (GMR~2 in both Group 2 and Group 3). 

 

Half-life prolongation was found in Group 2 and Group 3 (GMR~2.3 in Group 2, 

GMR~2.5 in Group 3). Kel of Group 2 and Group 3 were slightly reduced (GMR~0.4 

in both groups). 

 

Pharmacokinetic parameters of midazolam co-administered with rifampicin in period 2 

of Group 1 were comparable to that of period 1. 
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Dabigatran (Figure 24 and Table 56) 
 

AUC0-last and AUC0-inf were higher in Group 2 (GMR~1.5) and Group 3 (GMR~4). 

Group 3 had significant higher in Cmax than Group 1 (GMR~1.7). 

 

CLR of Group 2 and Group 3 were significantly decreased for GMR~0.61 and 

GMR~0.19, respectively. Half-life prolongation and reduced Kel were found only in 

Group 3. 

 

Compared to Group 2, AUC, T1/2, Kel, and CLR in Group 3 also had significant 

differences. 

 

Both advanced age and CKD might affect dabigatran plasma concentration in this study 

because the significant higher dabigatran level was found compared to either Group 1 

or Group 2. The increased dabigatran plasma concentration was probably related to the 

observed lowering renal clearance in Group 2 and Group 3 whereas only Group 3 had 

half-life prolongation. 

 

Results in period 2 of Group 1 showed that rifampicin, a intestine p-gp inhibitor, 

affected dabigatran pharmacokinetic process by increasing AUC and Cmax compared to 

Group 1 (GMR~2 for AUC and Cmax) and slightly increased in Tmax whereas Kel and 

CLR were decreased.  
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Pitavastatin (Figure 25 and Table 57) 

 

AUC and Cmax were significantly increased in Group 3 with GMR~1.6 and GMR~1.5 

compared to Group 1, respectively. And these differences were also found when 

compared to Group 2 (GMR~1.6 in AUC and GMR~1.4 in Cmax). Hence, renal 

dysfunction could be a factor related to increase a pitavastatin plasma concentration. 

 

There was no significant difference in pharmacokinetic parameters between Group 2 

and Group 1. Thus, advanced age was possibly not associated with pitavastatin 

pharmacokinetic alteration in this study. 

 

The coadministration of rifampicin acting as OATP1B1 and OATP1B3 inhibitors in 

Group 1 led to significantly increased in AUC (GMR~4.5), Cmax (GMR~5.4), Kel 

(GMR~1.7), and a reduction in half-life (GMR~0.6).  

 

Pitavastatin lactone (Figure 26 and Table 57) 

 

Similar to pitavastatin, only Group 3 had a significant increase in AUC (GMR~1.8-1.9) 

and Cmax (GMR~1.4) compared to Group 1. And these changes also held through when 

Group 2 was a reference group. 

 

In period 2 of the study, pitavastatin lactone which is not a substrate for OATP showed 

that there was no difference in pharmacokinetic parameters of pitavastatin lactone 

except a slight increase in Cmax with GMR~1.3.  

 

There was no significant different in AUC0-last ratio of Pitavastatin lactone/Pitavastatin 

ratio among three groups. This AUC0-last ratio was significantly lower in Group 1 with 

rifampicin (GMR~0.4) versus without rifampicin which could be from 

OATP1B1/1B3 inhibitory effect of rifampicin resulting in increased a pitavastatin in 

systemic circulation and a reduction of the conversion of pitavastatin into pitavastatin 

lactone in hepatocyte.
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Atorvastatin (Figure 27 and Table 58) 

 

AUC0-last and Cmax of subjects were increased in Group 2 (GMR~2) and Group 3 

(GMR~4) subjects compared to Group 1. These were also observed in Group 3 

compared to Group 2. Thus, both advanced age and CKD seemed to alter 

pharmacokinetics of atorvastatin. 

 

The coadministration with rifampicin, an OATP1B1 and OATP1B3 inhibitor, in period 

2 of Group 1 increased AUC0-last Cmax, and Tmax of atorvastatin. 

 

4-Hydroxy atorvastatin (Figure 28 and Table 58) 

 

Similar to atorvastatin, 4-hydroxy atorvastatin’s AUC0-last and Cmax in Group 3 were 

increased with GMR~3 and GMR~2, respectively. Group 2 showed significant change 

only in AUC0-last (GMR~2). 

 

The comparison of Group 3 versus Group 2 showed significant difference in both 

AUC0-last and Cmax. 

 

4-Hydroxy atorvastatin is an OATP1B1 substrate. Therefore, the effect of rifampicin in 

Group 1 period 2 was found.  

 

4-Hydroxy atorvastatin/Atorvastatin ratio 

AUC0-last of the ratio was lower in Group 2 (GMR~0.8) and Group 3 (GMR~0.7) 

compared to Group 1. There was no changes seen on this ratio when rifampicin was 

added.  
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Rosuvastatin (Figure 29 and Table 59) 

 

Group 3 had a significant increase of both AUC0-last and Cmax compared to Group 1 

(GMR~2 for both). Due to the nonsignificant differences results on AUC0-last and Cmax 

of Group 2 versus Group 1 and Group 3 versus Group 2, the effects of either advanced 

age or CKD on rosuvastatin pharmacokinetic profiles cannot be estimated. 

 

Renal clearance was significantly decreased in Group 2 (GMR~0.7) and Group 3 

(GMR~0.2) compared to Group 1. This reduction was also found in between Group 3 

vs Group 2 subjects.  

 

Rifampicin, an OATP1B1 and OATP1B3 inhibitor, significantly increased AUC0-last 

(GMR~4) and Cmax (GMR~7), in the same time, decreased Tmax and CLR (GMR~0.7) 

of plasma rosuvastatin.  
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5. Univariate and multivariable analysis. 

 

Midazolam (Table 60 and Table 61) 

 

AUC0-last: After univariate analysis, albumin and AST were adjusted in multivariable 

analysis, AUC0-last was 2.19-fold higher (95%CI 1.61-2.98) in Group 2 vs Group 1 

subjects and 2.68-fold higher (95%CI 1.95-3.68) in Group 3 vs Group 1. Adjusted R2 

of AUC0-last multivariable model was 0.5248. 

 

Cmax: Cmax was higher in Group 2 (1.83-fold, 95%CI 1.40-2.38) and Group 3 (1.86-

fold, 95%CI 1.42-2.44) vs Group 1 after adjusting for AST. Adjusted R2 of Cmax 

multivariable model was 0.3889. 

 

T1/2 and Kel: After adjusting for BMI in multivariable model, T1/2 of Group 2 and 

Group 3 were obviously prolonged by about 2.33-fold (95%CI 1.71-3.18) and 2.56 

(95%CI 1.84-3.56) and Kel was reduced by 57% in Group 2 (95%CI 0.31-0.59) and 

61% in Group 3 (95%CI 0.28-0.54) vs Group 1. Adjusted R2 of T1/2 and Kel 

multivariable models were both 0.4766. 
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Dabigatran (Table 62 and Table 63) 

 

AUC0-last: After adjusting for BMI, AST, and ALT in multivariable analysis, AUC0-last 

was 1.65-fold higher (95% CI 1.15-2.35) in Group 2 and 4.43-fold higher (95%CI 3.01-

6.52) in Group 3 vs Group 1. Moreover, Group 3 had AUC0-last 2.69-fold (95%CI 1.93-

3.75) higher than Group 2. Adjusted R2 of AUC0-last multivariable model was 0.6263. 

 

Cmax: Although Cmax of Group 2 seemed to be 23% higher than Group 1, there was no 

statistically significant difference. Cmax was 61% increase in Group 3 vs Group 1 after 

adjusting for AST. Adjusted R2 of Cmax multivariable model was 0.1751. 

 

T1/2 and Kel: When BMI was adjusted, half-life was prolonged by 3.18-fold (95%CI 

2.49-4.06) and Kel GM was reduced by 69% (95%CI 0.25-0.40) in Group 3 vs Group 

1. The statistical difference between Group 3 vs Group 2 was also indicated, with 2.61-

fold (95%CI 2.07-3.30) half-life prolongation and 62% (0.30-0.48) Kel reduction. 

Adjusted R2 of T1/2 and Kel multivariable models were both 0.6831.
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135 

 

Pitavastatin (Table 64 to Table 67) 

 

AUC0-last: Group 3 had 57% (95%CI 1.26-1.97) higher and 59% (95%CI 1.26-2.01) 

increased in AUC0-last than Group 1 and Groups 2, respectively, after adjusting for 

albumin, respectively. Adjusted R2 of AUC0-last multivariable model was 0.3440. 

 

Cmax: After adjusting for BMI and albumin in multivariable analysis, Cmax GM was 

90% (95% 1.42-2.54) higher in Group 3 vs Group 1 and 70% (95%CI, 1.31-2.20) higher 

in Group 3 vs Group 2. Moreover, Cmax was about 7% decreased for an increase in BMI. 

Adjusted R2 of Cmax multivariable model was 0.3817. 

 

T1/2 and Kel: Both half-life and elimination rate constant did not show any significant 

association with variable risk factors. 
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140 

 

Pitavastatin lactone (Table 68 to Table 71) 

 

AUC0-last: In multivariable analysis, AUC0-last was 80% (95%CI 1.40-2.31) higher in 

Group 3 vs Group 1 and 57% (95%CI 1.21-2.04) higher in Group 3 vs Group 2 after 

adjusting for albumin and total bilirubin. There was a minimal AUC0-last reduction by 

26% (95%CI 0.59-0.97) for an increase total bilirubin. Adjusted R2 of AUC0-last 

multivariable model was 0.3669. 

 

Cmax: Cmax was 36% (95%CI 1.10-1.68) higher in Group 3 vs Group 1 and 40% (95%CI 

1.13-1.75) higher in Group 3 vs Group 2 after adjusting for albumin, total bilirubin, and 

direct bilirubin. Adjusted R2 of Cmax multivariable model was 0.3817. 

 

T1/2 and Kel: Both half-life and elimination rate constant did not have any significant 

association with variable risk factors. 
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Atorvastatin (Table 72 and Table 73) 

 

AUC0-last: After adjusting for BMI, AST, and ALT in multivariable model, AUC0-last of 

Group 2 subjects was higher by 2.19-fold (95%CI 1.48-3.22) compared to Group 1. 

And Group 3 subjects had dramatically higher AUC0-last by 4.20-fold (95%CI 2.78-

6.35) and 1.92-fold (1.34-2.76) than Group 1 and Group 2. Adjusted R2 of AUC0-last 

multivariable model was 0.5972. 

 

Cmax: The magnitude of changes in Cmax was comparable to AUC0-last. After adjusting 

for BMI, albumin, and AST in multivariable analysis, Cmax was 2.28-fold (95%CI 1.56-

3.33) higher in Group 2 vs Group 1 and 4.42-fold (95%CI 2.93-6.65) higher in Group 

3 vs Group 1. And Cmax in Group 3 was also 1.94-fold (95%CI 1.35-2.78) higher than 

Group 2. Adjusted R2 of Cmax multivariable model was 0.6002. 
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4-hydroxy Atorvastatin (Table 74 and Table 75) 

 

AUC0-last: After adjusting for AST, Group 2 and Group 3 had higher AUC0-last by 1.54-

fold (95%CI 1.10-2.14) and 2.55-fold (95%CI 1.82-3.56) vs Group 1. And Group 3 had 

1.66-fold (95%CI 1.17-2.34) higher than Group 2. Adjusted R2 of AUC0-last 

multivariable model was 0.3931. 

 

Cmax: After adjusting for SLCO1B1 diplotype, Cmax GM was 71% higher in Group 3 vs 

Group 1. There was only one subject with *15/*17 diplotype (subject number 36 in 

Group 3) showed slightly significance of 2.49-fold higher in Cmax GM vs subjects with 

wild type. Adjusted R2 of Cmax multivariable model was 0.2840. 
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Rosuvastatin (Table 76 and Table 77) 

 

AUC0-last: AUC0-last GM was 83% (95%CI 1.25-2.69) higher in Group 3 vs Group 1 

subjects after adjusting for rs2231142 ABCG2 (c.421C>A) genotype. Moreover, 

Subjects who carried CA and AA genotype had higher AUC0-last by 1.67-fold (95%CI 

1.51-6.18) and 3.06-fold (95%CI 1.18-2.35) vs subjects with CC (wild type) genotype. 

Adjusted R2 of AUC0-last multivariable model was 0.3241. 

 

Cmax: Consistent with AUC0-last, Cmax was 59% (95%CI 1.12-2.26) higher in Group 3 

vs Group 1 and subjects with CA and AA genotype had increased Cmax GM by 2.18-

fold (95%CI 1.14-4.16) and 1.43-fold (95%CI 1.04-1.96) compared to subjects with 

wild type genotype. Adjusted R2 of Cmax multivariable model was 0.2119. 
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6. Bioanalysis of rosuvastatin in wild type (rs2231142) ABCG2 genotype subjects 

and multivariable analysis 

Due to rosuvastatin multivariable analysis, c.421C>A variant genotype was a 

confounding factor in this study. The bioanalysis data of rosuvastatin was re-analyzed 

with data of subjects with CA (n=20) and AA (n=3) genotype were excluded. 

 

Subjects who carried 421CA genotype was excluded for 5 subjects of Group 1, 8 

subjects of Group 2, and 7 subjects of Group3. Subjects with 421AA genotype 

including 2 subjects in Group 1 and 1 subject in Group 2 were also excluded.  

 

Interestingly, the results showed that the significant difference in AUC0-last was 

observed by GMR 2.02 (95%CI 1.16-3.51) in Group 2 vs Group 1 but not in overall 

subject comparison. Moreover, the higher magnitude of difference was shown from 

GMR 1.09 (1.23-2.93) to GMR 2.09 (95%CI 1.26-3.49) between Group 3 and Group 

1. 

 

The pharmacokinetic parameters of rosuvastatin in wild type subjects are described in 

Table 78. Plasma concentration time profile of rosuvastatin in three groups of subjects 

with and without variant c.421C>A genotype are shown in Figure 30. 

 

Univariate and multivariable analysis in rosuvastatin (wild type rs2231142) was carried 

out. There were no other variables associated with AUC0-last and Cmax except subjects 

in Group 2 and Group 3. From univariate analysis, AUC0-last was higher in Group 2 

(2.02-fold, 95%CI 1.16-3.51) and Group 3 (2.09-fold, 95%CI 1.26-3.49) vs Group 1. 

Cmax was increased only found in Group 3 (1.57-fold, 95%CI 1.01-2.44) compared to 

Group 1 subjects.  

 

The univariate regression model for rosuvastatin (wild type rs2231142) AUC0-last and 

Cmax, are shown in Table 79-80.  
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Chapter 5 

Discussion and Conclusion 

 

Discussion 

In this study, the activity of CYP3A and drug transporters were indirectly determined 

by pharmacokinetic profile of microdose cocktail containing probe substrates. These 

microdose cocktail contained 30 µg of midazolam (a specific and sensitive probe 

substrate of CYP3A), 750 µg of dabigatran etexelate (a selective and sensitive probe 

substrate of intestinal P-gp), 10 µg of pitavastatin (a relatively selective probe substrate 

of OATP1B), 50 µg of rosuvastatin (a probe substrate of BCRP, OATP), and 100 µg of 

atorvastatin (a probe substrate of OATP, BCRP, P-gp, CYP3A) and had approximately 

1/100th subtherapeutic dose due to safety concern. This study showed that the 

microdose cocktail were efficient to represent their own probe substrates activity and 

CYP3A and rug transporters activities were altered by aging and CKD.(85, 173) 

 

Midazolam 

The results showed that CYP3A activity was obviously decreased in advanced age by 

increased in AUC (~2-fold in Group 2, ~3-fold in Group 3) and Cmax (~2-fold in both 

Groups) of midazolam plasma concentration. The elimination rate constant was 

reduced ~60% and half-life was prolonged by ~2-3-fold in both groups vs Group 1, but 

not found in Group 3 vs Group 2. 

 

CKD seemed not to influence on midazolam pharmacokinetics because there were no 

significant differences in pharmacokinetic parameters between Group 3 and Group 2. 

 

Midazolam is metabolized by liver using CYP3A (mainly CYP3A4 and CYP3A5), and 

then conjugated with UGT (UGT1A4, UGT2B4, and UGT2B7).(115, 174) The metabolites 

including 1’-hydroxy midazolam glucuronide (primary metabolite), 4-hydroxy 

midazolam glucuronide, and 1’,4 dihydroxy midazolam glucuronide, are rapidly 

excreted via urine within 24 hour.(119, 175)  

 

There are several reasons supporting the results of this study in relation to the 

physiological change in the elderly. First, midazolam is an intermediate hepatic 

extraction ratio drug (extraction ratio, ER 0.3-0.6) which generally depends on hepatic 

blood flow, unbound fraction, and enzyme capacity.(110, 111) As a reduction of cardiac 

output in elderly causes a reduction in hepatic blood flow, hepatic clearance of 

intermediate hepatic extraction ratio drug then depend on enzyme capacity and unbound 

fraction, resulting in drug hepatic clearance reduction.(110, 111, 176, 177) Once the hepatic 

clearance decreases, the elevation of midazolam plasma level and half-life prolongation 

might occur.(176-178)  

 

Second, although the main excretion of midazolam is via the kidney, renal dysfunction 

does not affect midazolam plasma level because there is less than 1% of midazolam 

unchanged form excreted by urine.(110) Besides, midazolam has very high plasma 

protein binding (96%), especially albumin. And the reduced plasma protein binding is 

commonly found in advancing age and CKD leading to prolonged midazolam half-
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life.(108, 179, 180) However, plasma albumin in our subjects was within normal range and 

no differences were seen between the patients groups. These might explain the results 

of this study which showed that renal dysfunction in CKD did not alter pharmacokinetic 

profiles of midazolam. 

 

The effect of CKD on midazolam in this study was consistent with Tatosian et al.(107) 

they evaluated the effect of renal impairment on drug interactions using the same 

microdose cocktail as the present study. They also found that neither AUC nor Cmax of 

midazolam, a CYP3A probe, was affected by renal impairment.(107) 

Moreover, atorvastatin which is mainly metabolized by CYP3A4 was markedly 

increased in AUC and Cmax when combined with itraconazole, a strong CYP3A4 

inhibitor(85, 181) Atorvastatin, therefore, is also another effective probe substrate for 

CYP3A4 including several drug transports (such as BCRP, OATP1B, ang P-gp).(85, 157) 

The significance difference approximately 2-fold higher of AUC0-last and Cmax in Group 

2 vs Group 1 confirmed age-related CYP3A4 activity change. 

 

Rifampicin is a either CYP3A4 inducer or inhibitor depending on period of time after 

the last dose. The earlier the time after rifampicin dose favor an inhibitory effect. Then 

later the time after rifampicin dose suggests an induction effect.(182) In this study, there 

were a slight increase in midazolam plasma concentration by GMR~1.2-1.3 (both AUC 

and Cmax) when coadministration with 450 mg of rifampicin (intestinal-CYP3A 

inhibitor) but no statistically significant difference was found. This is consistent with 

previous study where coadministration of rifampicin 600 mg and microdose cocktail 

containing midazolam 10 µg had no significance change in AUC and Tmax but slightly 

affected midazolam pharmacokinetics by 30% increase in Cmax
(85) 

 

Genetic polymorphism of CYP3A may be a confounder in this study. CYP3A4 

polymorphism is rarely found in Asian population whereas CYP3A5*3 is 

predominantly found in many population, especially 65-85% in Asians.(183, 

184)Although some studies indicated polymorphism of CYP3A4/5 may affect their 

substrate clearance such as tacrolimus, CYP3A genetic variation has no significant 

correlation with in vivo midazolam metabolism and disposition.(185-187)  To ensure the 

influence of CYP3A genetic variation on midazolam pharmacokinetics in this study, 

CYP3A5*3 polymorphism genotyping and pharmacokinetic parameters analysis were 

also conducted. The genotype frequency of CYP3A5 showed no wild type CYP3A5 in 

Group 2 subject was not found (Table 109 in Appendix F).  The midazolam 

pharmacokinetic comparison in wild type subjects was analyzed to exclude possible 

confounding effect of the genetic variation. The results showed that wild type subjects 

in Group 3 (n=5) still had higher midazolam plasma concentration by GMR~2.0-3.0 in 

AUC and Cmax than wild type subjects in Group 1 (n=5) (Table 110 in Appendix F). 

To exclude age effect, the comparison between CYP3A5 genotype within Group 1 

subjects was analyzed. There were no significant differences between CYP3A5 

genotypes (Table 111 in Appendix F). 

 

Hence, the pharmacokinetic alteration of midazolam shown here can be concluded that 

it was associated mainly with advanced age by reducing midazolam elimination 

resulting in half-life prolongation and increased midazolam plasma level. 
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Dabigatran 

Dabigatran etexelate is a prodrug that is metabolized by carboxylesterase (CES) to an 

active metabolite, dabigatran, at the intestine (major pathway), plasma, and liver.(127) 

The substrate of intestinal P-gp is dabigatran etexelate, not the active metabolite. 

Furthermore, dabigatran etexelate is not transported by other transporters at the 

intestine and is higher sensitive to intestinal P-gp at the microdose than the therapeutic 

dose due to unsaturated intestinal P-gp at microdose.(85, 131, 188-190) 

 

Digoxin, another P-gp probe substrate, has been previously studied.(103, 104) However, 

digoxin has low sensitivity to P-gp and has no selectivity for P-gp in vitro and in vivo 

used for studying intestinal P-gp. Additionally, digoxin also involved in P-gp located 

at urinary and bile efflux. Hence, dabigatran etexilate was preferred to be used as an 

intestinal P-gp probe substrate than digoxin.(86, 87) 

 

In the present study, AUC of dabigatran was elevated with approximately 2-fold in 

Group 2, 4-fold in Group 3 compared to Group 1 and 3-fold in Group 3 vs Group 2. 

However, increased in Cmax was only observed in Group 3 vs Group 1 by ~2-fold. It 

seems that advanced age and renal dysfunction influence the change in dabigatran 

plasma level. 

 

The elimination rate constant and half-life of dabigatran were changed in Group 3 with 

a decreased Kel (~70% of Group 1, ~60% of Group 2) and an increased in T1/2 (~3-fold 

vs Group 1, ~2.6-fold vs Group 2). 

 

Furthermore, renal clearance of dabigatran showed a significant reduction by 

approximately 40% (Group 2 vs Group 1), 80% (Group 3 vs Group 1), and 70% (Group 

3 vs Group 2). These might be related to their significant different eGFR. 

 

Although, advanced age seems to affect intestinal P-gp activity in this study, the 

previous studies showed P-gp expression and activity changes in several organs but not 

in human intestinal P-gp.(191-193) Larsen et al. reported AUC elevation of digoxin, 

another probe of intestinal P-gp, in the elderly compared to adults but no significant 

different was found.(191) 

 

Dabigatran is mainly 80% excreted by glomerular filtration at the kidneys.(194) Renal 

function is generally reduced by 8 mL/min/1.73 m2 per decade from age of 30 years 

old. Evidence confirmed the significant lower eGFR in healthy elderly compared to 

younger subjects.(195, 196) Although insignificant, a slight decreased in eGFR was 

observed in Group 2 compared to Group 1. These could explain the findings which 

showed a higher dabigatran plasma level in healthy elderly than healthy young subjects 

.(131, 197) 

 

The comparison between elderly with CKD subjects and healthy young subjects 

showed a higher magnitude of increased in dabigatran plasma level than those 

compared to healthy elderly subjects due to the effect of both aged-related renal 

function reduction and CKD.  
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The previous studies in rats reported that CKD affected intestinal P-gp activity by 

downregulation of intestinal P-gp leading to an increase in drug absorption.(198, 199). The 

latest clinical study by Tatosian et al. was conducted in renal impairment patients using 

dabigatran etexilate as intestinal p-gp probe. They found the progressive increased in 

dabigatran AUC0-inf and Cmax with severity of renal impairment up to 4.9 and 1.7-fold, 

respectively.(107) Comparable to the present study, AUC0-inf of subjects with severe and 

moderate renal impairment were higher by 4.3 and 3.1-fold compared to normal renal 

function subjects but had no difference was seen in moderate vs severe renal function 

(Table 112 in Appendix G). 

 

 

Tatosian et al. also found the lower magnitude of drug-drug interaction with rifampicin 

in higher severity of renal impairment. These confirm their conclusion that renal 

impairment reduced intestinal P-gp activity.(107) Unfortunately, there was no such data 

in this study as rifampicin was administered only in Group 1. 

 

Therefore, the results in the present study might be concluded that was mainly 

associated with their renal function. Although, the effect of renal impairment on 

intestinal P-gp might not be definitely concluded in this study, it should not be 

excluded. 

 

To determine human intestinal P-gp activity in advance age population and/or CKD 

population, confirmation by rifampicin coadministration in further study is necessary.  

 

Rifampicin is an intestinal P-gp inhibitor when given acutely.(200). Prueksaritanont et 

al. proved the intestinal P-gp inhibitory effect of rifampicin confirming dabigatran 

etexilate as P-gp substrate.(85) In this study, rifampicin slightly increased dabigatran 

level by GMR~2.3-fold of AUC, GMR~1.9-fold of Cmax, and increased Tmax from 1.5 

hour to 2.0 hour consistent with previous the microdose cocktail study.(85) 

 

Pitavastatin 

Pitavastatin is an OATP1B1 substrate. Although, OATP1B1 transporter locates at 

several organs including apical site of intestine and sinusoidal membrane of liver, 

pitavastatin is more selective and sensitive to hepatic OATP1B1 influx transporter.(142) 

 

Rifampicin, a potent OATP1B1 inhibitor, has been used to confirm the function of 

pitavastatin as an OATP1B1 probe substrate. The coadministration of microdose 

cocktail and rifampicin significantly increased AUC (GMR~4) and Cmax (GMR~5.4) of 

pitavastatin but there were not seen in pitavastatin lactone. Although there was a slight 

increase in Cmax (GMR~1.3) of pitavastatin lactone, AUC of pitavastatin lactone 

showed no change. The AUC ratio of pitavastatin lactone to pitavastatin was decreased 

(GMR~0.4) in rifampicin coadministration confirming that hepatic OATP1B1 influx 

transporter was inhibited by rifampicin and the subsequence metabolism for 

pitavastatin lactone mediated by UGTs was therefore prevented.(142) The effect of 

rifampicin in the present study was consistent with previous Prueksaritanont et al 

microdose cocktail study(85) where an increased in AUC and Cmax of pitavastatin with 
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GMR~4.0 and a decreased in AUC ratio for pitavastatin lactone to pitavastatin with 

GMR~0.2 were observed. 

 

In the present study, pitavastatin level in the elderly subject with CKD was affected by 

an increased in AUC (~1.6-fold compared to both healthy young and healthy elderly 

subjects) and Cmax (~2-fold of healthy young subjects and ~1.7-fold of healthy elderly 

subjects). It seems that renal dysfunction plays a role in pitavastatin pharmacokinetics. 

Advanced age has a lesser role as there was a minimal change only ~10% higher in 

Cmax between healthy elderly and healthy young subjects. These are consistent with the 

pharmacokinetic study which demonstrated an increased in ~10% Cmax and ~30% AUC 

of pitavastatin in the elderly.(132) 

 

Although pitavastatin is mainly excreted via biliary excretion after glucuronidation into 

pitavastatin lactone (major inactive metabolite) and urinary excretion in its unchanged 

form is relatively small (less than 15% of dose), the renal impairment might influence 

pitavastatin exposure as reported in several previous studies.(132, 137, 201) It was reported 

that patients with moderate renal impairment (eGFR 30-59 mL/min/1.73 m2) had 102% 

and 86% increase in AUC0-inf  and Cmax, respectively, than healthy subjects.(132) In case 

of patients with severe renal impairment (eGFR 15-29 mL/min/1.73 m2) without 

hemodialysis in another pharmacokinetic studies, 36% and 18% higher in AUC0-inf and 

Cmax, respectively, compared with healthy subjects were shown.(132) In rat model, Naud 

et al. incubated rat hepatocytes with serum from chronic renal impairment subjects. 

Hepatocytes incubated with chronic renal impairment serum had a decreased in 

OATP1B1 expression.(202) Those results led to a hypothesizing uremic toxin 

accumulation in renal impairment patients which alters nonrenal enzymes and drug 

transporters including OATPs transporters.(203)  

 

In this study, pharmacokinetic parameters comparison between normal, moderate, and 

severe renal function was analyzed. Similar to the previous studies, the effect of renal 

impairment on pitavastatin plasma level was observed.(107, 132) Tatosian et al(107) used 

microdose pitavastatin as OATP1B probe substrate in renal impairment patients found 

an increased pitavastatin level by approximately 2-fold in both AUC0-inf and Cmax 

without association with renal impairment severity comparable to the results of this 

study where a trend AUCo-inf and Cmax were higher by 1.5 to 1.6-fold in moderate and 

severe renal impairment than normal subjects (Table 113 in Appendix H). 

 

Of note, the increased in pitavastatin plasma level without a trend on severity of renal 

impairment does not  support the uremic toxin hypothesis.(107)  

 

Interestingly, the recent Physiologically Based Pharmacokinetic Modeling (PBPK) 

study also reported the changes in the activity of hepatic OATP1B1 transporter up to 

60% in patients with severe CKD.(204) 

 

The effect of renal dysfunction on OATP1B1 activity in the present study was still 

inconclusive. Because pitavastatin lactone, which is not an OATP1B1 substrate, also 

had an increased in AUC (~2-fold) and Cmax (~1.4-fold) in CKD elderly subjects 

compared to both healthy elderly and healthy young subjects. Besides, if OATP1B1 
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activity change was the major cause of an increased in pitavastatin exposure, the 

difference in AUC ratio of pitavastatin lactone to pitavastatin between groups should 

also be observed.  

 

Therefore, changes in pitavastatin in drug disposition may also be affected by other 

drug metabolism enzymes, uptake and efflux transporters such as UGTs, BCRP, P-gp, 

NTCP which also involved in metabolism and excretion of pitavastatin and pitavastatin 

lactone.(134, 138, 204)  

 

Moreover, the association of increasing BMI and pitavastatin Cmax was observed by 

approximately a decreased 7% in Cmax. Due to high lipophilicity of pitavastatin, it could 

be affected by higher fat in increased BMI resulting in higher volume of distribution. 

The physiological change of the elderly in higher fat and BMI is usually occurred. 

Although, BMI was not significant different among the three groups, there was a trend 

of higher BMI in the elderly subjects.  

 

Rosuvastatin 

Rosuvastatin is a probe substrate of BCRP and hepatic OATP1B1 transporter. (85, 104, 

142) The plasma level of rosuvastatin was only higher in elderly subjects with CKD for 

approximately 2-fold and 1.6-fold in AUC and Cmax, respectively, than healthy young 

subjects. 

 

Interestingly, after adjustment for confounding factors in multivariable analysis, 

ABCG2 polymorphisms showed the impact on both AUC and Cmax of rosuvastatin. 

Subjects with homozygous variant 421AA had dramatically increased by 3-fold in 

AUC and 2-fold in Cmax and heterozygous variant 421CA also had an increased in AUC 

and Cmax, 1.7-fold and 1.4-fold, respectively, compared to 421CC wild type. Consistent 

with previous studies, they reported the association of C.421A allele with higher 

rosuvastatin plasma level by increase in both AUC and Cmax.
(71, 205, 206) 

 

To evaluate rosuvastatin exposure without confounding factor, the data of c.421CA and 

c.421AA subjects were excluded. The significant 2-fold higher of AUC in healthy 

elderly subjects and more in CKD (from 1.90 to 2.09-fold), were shown after re-

analyzing data whereas no significant difference between elderly with or without CKD 

was found. Therefore, rosuvastatin exposure might be affected only by advanced age, 

not CKD. 

 

Although rosuvastatin is mainly excreted by biliary excretion, 28% of rosuvastatin is 

also significantly eliminated by renal tubular secretion via OAT3, BCRP, P-gp, and 

MRP2 efflux transporter.(145, 207) Renal clearance was also examined. The significantly 

reduction was found in healthy elderly and elderly with CKD compared to healthy 

young subjects. A significant difference between renal clearance of elderly with CKD 

and healthy elderly subjects was also found. These results were not related to 

rosuvastatin AUC, thus the reduction of renal clearance was caused mainly by their own 

renal function and probably not associated with rosuvastatin exposure in this study. 
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Rosuvastatin package insert suggests that mild/moderate renal impairment does not 

affect rosuvastatin level but dosage adjustment is recommended in severe renal 

impairment.(140) Consistent with the present study, Tatosian et al. with the same 

microdose cocktail also reported the nonsignificant difference of rosuvastatin among 

mild, moderate, and severe renal impairment patients, thus renal impairment does not 

affect rosuvastatin level.(107) 

 

Rifampicin, an intestinal BCRP efflux and hepatic OATP influx transporter(208), 

markedly affected rosuvastatin exposure as evidenced by 5-fold increased in AUC and 

8-fold increased in Cmax. Consistent with Prueksaritanont et al(85) and Tatosian et al(107), 

their rosuvastatin level was increased in 5-fold (AUC) and 11-fold (Cmax), 3.5-fold 

(AUC) and 5-fold (Cmax), respectively. The greater impact on Cmax suggest that 

rifampicin has strong intestinal BCRP inhibitory effect leading to increase rate of 

absorption more than increase the extent of rosuvastatin absorption. 

 

The cause of advanced age increasing rosuvastatin level was still unclear in this study. 

If the significant change of rosuvastatin level was associated with age-related renal 

dysfunction, there would be significant difference between elderly with CKD and 

healthy elderly subjects. Furthermore, the significant change of rosuvastatin exposure 

have not been reported in the elderly.(209-211) 

 

Taking these into consideration, in this study, the cause of change in rosuvastatin 

plasma level was inconclusive. Further study on drug transporters involved in 

rosuvastatin elimination and the larger sample size in the elderly with or without CKD 

is warranted. 

 

Atorvastatin 

The last probe substrate in microdose cocktail, atorvastatin is a substrate of CYP3A4, 

OATP1B1, BCRP, and P-gp.(212, 213) Atorvastatin had a significant increase in both 

AUC and Cmax.compared to healthy young subjects. There was also a significant 

difference between the elderly with CKD and healthy elderly by an increased 

approximately 2-fold in both AUC and Cmax. These imply that both advanced age and 

CKD affect atorvastatin exposure. 

 

A previous study reported the effect of age on atorvastatin pharmacokinetics in the 

elderly. Both AUC and Cmax was increased by 27.3% and 42.5% in elderly participants 

(66-92 years) than young participants (19-35 years) which might be caused by CYP3A4 

metabolizing enzyme activity reduction.(214) The association of advanced age and 

atorvastatin level in this study could be related to a decrease in CYP3A4 activity 

comparable to findings observed in midazolam. 

 

The effect of renal dysfunction to atorvastatin and its metabolite level alteration, it 

could not be definitely concluded. There was less than 2% of atorvastatin and its 

metaboites excreted via urine.(153) The reported renal impairment effect on atorvastatin 

pharmacokinetics in previous studies were inconsistent. Stern et al. reported the 

unchanged in atorvastatin pharmacokinetics in renal dysfunction whereas some 

previous studies reported the decreased in in vivo CYP3A4 activity by 28% in the end-
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stage renal disease group.(215, 216) Tatosian et al. found the significant effect of renal 

impairment on atorvastatin level. Their results also showed the higher AUC and Cmax 

of atorvastatin as the severity of renal impairment increased.(107) Conversely, 4-hydroxy 

atorvastatin , another OATP1B substrate, showed similar findings to atorvastatin in this 

study but no data reported in Tatosian et al.(107)   

 

Rifampicin, a potent OATP, BCRP, and P-gp inhibitor, had a larger impacted on Cmax 

than AUC of atorvastatin and 4-hydroxy atorvastatin and had no significant change in 

4-hydroxy atorvastatin to atorvastatin ratio consistent with previous studies.(85, 217) 

These confirm that the effect of rifampicin causing higher AUC and Cmax in atorvastatin 

and its metabolite were due to inhibition of hepatic OATP1B uptake transporter 

resulting in a reduction in  hepatobiliary elimination.(217) 

 

Interestingly, Tatosian et al. also found the greater increase in Cmax of atorvastatin in 

renal impairment patients with rifampicin, thus intestinal BCRP and P-gp could be 

additional factors involved in atorvastatin pathway in CKD.(107) However, BCRP and 

intestinal P-gp are substrate to atorvastatin, its effect was still unexplained in this study 

due to inconclusive result of dabigatran and rosuvastatin. 

 

Because of the conversion of atorvastatin into 4-hydroxy atorvastatin is mediated by 

CYP3A4, the significant reduction in 4-hydroxy atorvastatin to atorvastatin ratio in 

both healthy elderly and elderly with CKD subjects compared to healthy young subjects 

in this study were associated with CYP3A4 activity reduction more than effect on 

hepatic OATP1B activity. Unfortunately, pitavastatin, another potent OATP1B 

substrate, was unable to determine OATP1B activity in this study. 

 

Therefore, the differences in atorvastatin pharmacokinetic parameters could be 

determined by the association of decrease CYP3A4 activity with advanced age as 

mentioned in midazolam.  

 

The strength of this study is there was the novel application of microdose cocktail 

approach to determine CYP enzyme and drug transporters in special population, 

especially in the elderly. Although some drug transporter activity cannot be concluded 

yet, the study results could provide a trend of their changes. The further study with 

larger sample sizes, especially elderly with CKD subjects, rifampicin coadministration 

in all study population, using internal biomarkers for result confirmation will be of 

benefit. 

 

Conclusion 

Microdose cocktail approach indicated that CYP3A4 activity was obviously reduced in 

elderly subjects, especially Thai population. Although the association of OATP1B1, 

BCRP, and P-gp transporter with special population in this study might be inconclusive, 

there was probably a trend in these transporter activity alterations. Elderly with CKD 

in this study was a preliminary study, to obtain more explicit impact, the larger sample 

size should be considered. It is very important to determine mechanistic changes in PK 

and PD specifically for Thai elderly population. This would help adjusted the optimal 

dosage regimen for Thai patients. 
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Clinical application 

The study of CYP enzymes and drug transporters activity dose not only provide more 

understand in pharmacokinetic changes in special population, but it is also important 

and useful for medical professional. CYP3A4 is a metabolizing enzyme which mostly 

involved in metabolism of severe drugs. The study results indicated CYP3A4 activity 

change by advanced age lead to enhance awareness of possible drug interaction in the 

elderly, predict drug efficacy and promote more concern about adverse drug reaction. 
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Appendix 

 

A. Microdose cocktail preparation 

Materials 

 Midazolam 15 mg, tablet (Dormicum®) 

 Dabigatran etexelate 75 mg, capsule (Pradaxa®) 

 Pitavastatin 2 mg, tablet (Livalo®) 

 Atorvastatin 10 mg, tablet (Lipitor®) 

 Rosuvastatin 10 mg, tablet (Crestor®) 

 Lactose monohydrate, USP 

 Sterile water for injection 

 Mortar and pestle 

 Spoon 

 Stainless spatula 

 Analytical balance 

 Weighing paper 

 Volumetric flask, 10 mL 

 Cylinder, 10 mL 

 Amber bottle, 10 mL  
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Midazolam 30 µg (Powder)     Prep by……………. 

Date…………... 
Compound: 
 Active ingredient: Midazolam (Dormicum®) 15 mg (15,000 µg)/tablet 

 Diluent: Lactose monohydrate 

*For midazolam 30 µg/dose, 35 doses: dilute 1:500* 

Preparation: 

1. Weighed midazolam (15,000 µg) tablet: X g  

2. Added lactose q.s. to 10-fold of X g 

 

 

 

3. Weigh mixing compound in step 2 equal to 2-fold of X g 

 

 

 

Midazolam strength 3,000 µg 

4. Added lactose q.s. to 20-fold of X g 

 

 

  

5. Weigh mixing compound in step 4 equal to 7-fold of X g (A) 

 

 

 

 

Midazolam 1,050 µg (for 35 doses) 
 

Midazolam 30 µg (Solution)* 

Compound: 
 Active ingredient: Midazolam injection 5 mg/1 mL (5,000 µg)/vial 

 Diluent: Sterile water for injection 

*For midazolam 30 µg/10mL/dose, 20 doses* 

Preparation: 

1. Pipetted midazolam injection (5,000 µg/mL): 120 µL into volumetric flask, 

200 mL 

2. Added sterile water for injection q.s. to 200 mL (for 20 doses) 

3. Measured to cylinder for volume 10 mL 

4. Filled into amber bottle and label 

 

*For last 4 subjects due to Dormicum® tablet was temporarily stopped operation. 

 

    

Mixed (geometric dilution) 

Mixed (geometric dilution) 
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Dabigatran etexilate 750 µg       Prep by……………. Date…………... 

Compound: 

 Active ingredient: Dabigatran etexilate (Pradaxa®) 75 mg (75,000 µg)/capsule 

 Diluent: Lactose monohydrate 

*For dabigatran etexilate 750 µg/dose, 35 doses: dilute 1:100* 

Preparation: 

1. Weighed dabigatran etexilate (75,000 µg) 2 capsules): X g 

2. Added lactose q.s. to 10-fold of X g 

  

 

 

 

3. Weigh mixing compound in step 2 equal to 2-fold of X g 

 

 

 

 

Dabigatran etexilate strength 30,000 µg 

4. Added lactose q.s. to 20-fold of X g 

 

 

 

5. Weigh mixing compound in step 4 equal to 17.5-fold of X g (B) 

 

 

 

 

Dabigatran etexilate 26,250 µg (for 35 doses)  

Mixed (geometric dilution) 

Mixed (geometric dilution) 
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Pitavastatin 10 µg         Prep by……………. 

Date…………... 

Compound: 
 Active ingredient: Pitavastatin (Livalo®) 2 mg (2,000 µg)/tablet 

 Diluent: Lactose monohydrate 

*For pitavastatin 10 µg/dose, 35 doses: dilute 1:200* 

Preparation: 

1. Weighed pitavastatin 1 tablet (2,000 µg): X g  

2. Added lactose q.s. to 10-fold of X g 

  

 

 

3. Weigh mixing compound in step 2 equal to 2-fold of X g 

 

 

 

Pitavastatin strength 400 µg 

4. Added lactose q.s. to 10-fold of X g 

 

 

 

5. Weigh mixing compound in step 4 equal to 8.75-fold of X g (C) 

 

 

 

 

Pitavastatin 350 µg (for 35 doses)  

Mixed (geometric dilution) 

Mixed (geometric dilution) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

172 

 

Rosuvastatin 50 µg     Prep by……………. Date…………... 

Compound: 
 Active ingredient: Rosuvastatin (Crestor®) 10 mg (10,000 µg)/tablet 

 Diluent: Lactose monohydrate 

*For rosuvastatin 50 µg/dose, 35 doses: dilute 1:200* 

Preparation: 

1. Weighed rosuvastatin 1 tablet (10,000 µg): X g  

2. Added lactose q.s. to 10-fold of X g 

  

 

 

3. Weigh mixing compound in step 2 equal to 2-fold of X g 

 

 

 

Rosuvastatin strength 2,000 µg 

4. Added lactose q.s. to 10-fold of X g 

 

 

 

5. Weigh mixing compound in step 4 equal to 8.75-fold of X g (D) 

 

 

 

 

Rosuvastatin 1,750 µg (for 35 doses)  

Mixed (geometric dilution) 

Mixed (geometric dilution) 
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Atorvastatin 100 µg        Prep by……………. Date…………... 

Compound: 
 Active ingredient: Atorvastatin (Lipitor®) 10 mg (10,000 µg)/tablet 

 Diluent: Lactose 

*For atorvastatin 100 µg/dose, 35 doses: dilute 1:100* 

Preparation: 

1. Weighed atorvastatin (10,000 µg) 2 tablets: X g 

2. Added lactose q.s. to 10-fold of X g 

  

 

 

 

3. Weigh mixing compound in step 2 equal to 2-fold of X g 

 

 

 

 

Atorvastatin strength 4,000 µg 

4. Added lactose q.s. to 20-fold of X g 

 

 

 

5. Weigh mixing compound in step 4 equal to 17.5-fold of X g (E) 

 

 

 

Atorvastatin 3,500 µg (for 35 doses)  

Mixed (geometric dilution) 

Mixed (geometric dilution) 
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Microdose cocktail 

Component: 

 Active ingredients 

1. Midazolam (Dormicum®)  30  µg 

2. Dabigatran etexilate (Pradaxa®) 750  µg 

3. Pitavastatin (Livalo®)   10  µg 

4. Rosuvastatin (Crestor®)  50  µg 

5. Atorvastatin (Lipitor®)  100  µg 

 

 Working formular 

1. Midazolam (Dormicum®)  A  µg 

2. Dabigatran etexilate (Pradaxa®) B  µg 

3. Pitavastatin (Livalo®)   C  µg 

4. Rosuvastatin (Crestor®)  D  µg 

5. Atorvastatin (Lipitor®)  E  µg 

 

 Preparation* 

1. Mixed A+B+C+D+E by geometric dilution technique. (for 35 doses) 

2. Weighed 1/35 of total mixing compound in step 1. 

3. Filled into amber bottle and labeled. 

 

*For last 4 subjects, B+C+D+E mixing and midazolam solution were prepared 

separately. B+C+D+E mixing was administered to subjects followed by midazolam 

solution.   
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B. Results of method validation 

Developed LC-MS/MS method for quality control dosing of microdose cocktail 

Reagent: Midazolam, Dabigatran etexelate, Rosuvastatin Calcium, Pitavastatin 

Calcium, Atorvastatin Calcium, Labetarol hydrochloride 

Diluent: 50% acetonitrile with 0.1% formic acid 

Drugs label amount in microdose cocktail, standard concentration range and retention 

time are shown in Table 81 (including internal standard). The standard curves (a plot 

of area ratio vs concentration ratio) of each drug in microdose cocktail with R2 was met 

linearity and in acceptance criteria (Figure 31 to Figure 35). The chromatogram 

contains 6 nominal concentration of 6 standard points, 3 nominal concentrations of QC, 

and internal standard are presented in Figure 36. The partial validations for dosing of 

microdose cocktail were conducted both intra-day (three replications of QC, n=3) and 

inter-day (two days of three replications of QC, n=6) assays. These partial validation 

results corresponded to acceptance criteria in both precision and accuracy as presented 

in Table 82. 

 

Table 81. The amounts of drugs in microdose cocktail, standard curve range and their 

retention time 

 Label 

amount 

(µg)  

Standard curve 

range (µg/mL) 

Retention 

time 

(min) Min Max 

Midazolam 30 6 120 2.14 

Dabigatran etexilate 750 150 3000 2.42 

Rosuvastatin calcium 50 10 200 2.41 

Pitavastatin calcium 10 2 40 2.35 

Atorvastatin calcium 30 20 400 2.75 

Labetalol (internal 

standard) 
   

1.94 

 

 
Figure 31. The standard curve and R2 of midazolam in microdose cocktail dosing 
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Figure 32. The standard curve and R2 of dabigatran in microdose cocktail dosing 

 
Figure 33. The standard curve and R2 of pitavastatin in microdose cocktail dosing  
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Figure 34. The standard curve and R2 of atorvastatin in microdose cocktail dosing 

 
Figure 35. The standard curve and R2 of rosuvastatin in microdose cocktail dosing 
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Developed LC-MS/MS method for determine the concentration of cocktail in 

plasma and urine 

Midazolam 

Reagent: Midazolam, [2H6]-Midazolam (internal standard) 

Sample matrix: Plasma 

Standard calibration range: 1-1000 pg/mL 

Retention time: 1.54 min 

The standard curve with R2 was accepted for linearity. The standard curve with R2 and 

chromatogram of midazolam and [ 2H6] - Midazolam with retention time are shown in 

Figure 37 and Figure 38, respectively. Inter-day (five replications of QC in two days, 

n=10) and intra-day (five replications of QC, n=5) assays were performed to assess 

partial validation. The partial validation was accepted for precision and accuracy as 

described in Table 83. 

 
Figure 37. The standard curve and R2 of midazolam 
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Dabigatran 

Reagent: Dabigatran, [13C6]-Dabigatran (internal standard) 

Sample matrix: Plasma 

Standard calibration range: 20 - 5000 pg/mL 

Retention time: 1.09 min 

The standard curve with R2 and the chromatogram of Dabigatran and [13C6]-

Dabigatran are shown in Figure 39 and Figure 40. Inter-day (five replications of QC 

in two days, n=10) and intra-day (five replications of QC, n=5) assays were 

performed to assess partial validation. The partial validation results corresponded to 

the acceptance of linearity, precision, and accuracy (Table 84). 

 
Figure 39. The standard curve and R2 of dabigatran.  
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Statins 
Reagent: 

1. Pitavastatin calcium 

2. Pitavastatin lactone 

3. Rosuvastatin calcium salt 

4. Atorvastatin calcium salt 

5. 2-Hydroxy atovastatin calcium salt 

6. 4-Hydroxy atorvastatin hemicalcium salt 

7. [2H5]-Pitavastatin sodium salt (internal standard of pitavastatin) 

8. [2H5]-Pitavastatin lactone (internal standard of pitavastatin lactone) 

9. [2H6]-Rosuvastatin sodium salt (internal standard of rosuvastatin) 

10. [2H5]-Atorvastatin calcium salt (internal standard of atorvastatin) 

11. [2H5]-2-Hydroxy atovastatin (internal standard of 2-hydroxyatorvastatin) 

12. [2H5]-4-Hydroxy atorvastatin (internal standard of 4-hydroxyatorvastatin) 

Sample matrix: Plasma 

Standard calibration range: 5 - 1000 pg/mL 

The standard curves of pitavastatin, pitavastatin lactone, atorvastatin, 2- Hydroxy 

atorvastatin, 4- Hydroxy atovastatin with R2 are shown in Figure 41 to Figure 45. The 

chromatogram and their retention time are presented in Figure 46 and Table 85, 

respectively. Inter-day (three replications of QC in two days, n=6) and intra-day (three 

replications of QC, n=5) assays were performed to assess partial validation as shown in 

Table 85. The results of partial validation including linearity, precision, and accuracy 

were accepted. 

 
Figure 41. The standard curve and R2 of pitavastatin 
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Figure 42. The standard curve and R2 of pitavastatin lactone 

 
Figure 43. The standard curve and R2 of atorvastatin 
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Figure 44. The standard curve and R2 of 2-hydroxy atorvastatin 

 
Figure 45. The standard curve and R2 of 4-hydroxy atorvastatin 
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Rifampicin 
Reagent: Rifampicin, Rifabutin (Internal standard) 

Sample matrix: Plasma 

Standard calibration range: 0.1 - 20 µg/mL 

Retention time: 1.89 min 

The standard curves of rifampicin, rifabutin with R2 are shown in Figure 47. The 

chromatogram is presented in Figure 48. Inter-day (five replications of QC in two days, 

n=10) and intra-day (five replications of QC, n=5) assays were performed to assess 

partial validation as shown in Table 86. The results of partial validation including 

linearity, precision, and accuracy were accepted. 

 
Figure 47. The standard curve and R2 of 4-hydroxy atorvastatin 
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Dabigatran in urine sample 

Reagent: Dabigatran, [13C6]-Dabigatran (Internal standard) 

Sample matrix: Urine 

Standard calibration range: 0.5 - 50 ng/mL 

Retention time: 2.58 min 

The partial validation results of dabigatran in urine corresponded to acceptance of 

linearity which shown as standard curve with R2 in Figure 49, precision and accuracy 

as presented in Table 87. The precision and accuracy were obtained from Inter-day 

(five replications of QC in two days, n=10) and intra-day (five replications of QC, 

n=5) (Table 87). The chromatogram is shown in Figure 50. 

 
Figure 49. The standard curve and R2 of dabigatran in urine 
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Rosuvastatin in urine sample 
Reagent: Rosuvastatin, [2H6]-Rosuvastatin (internal standard) 

Sample matrix: Urine 

Standard calibration range: 0.5 - 50 ng/mL 

Retention time: 2.50 min 

The partial validation results of rosuvastatin in urine corresponded to acceptance of 

linearity which shown as standard curve with R2 in Figure 51, precision and accuracy 

as presented in Table 88. The precision and accuracy were obtained from Inter-day 

(five replications of QC in two days, n=10) and intra-day (five replications of QC, 

n=5) (Table 88). The chromatogram is shown in Figure 52. 

 
Figure 51. The standard curve and R2 of rosuvastatin in urine 
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Table 90. Number of subjects in each concomitant drugs 

Concomitant drugs Number of subjects 

Alfuzosin 2 

Allopurinol 7 

AmLodipine 5 

Aspirin 5 

Atenolol 2 

Benzbromarone 1 

Betahistine 1 

Calciferol 7 

Calcium carbonate 5 

Cardesartan 1 

Carvedilol 2 

Ceterizine 1 

Clopidogrel 1 

Colchicine 3 

Diacerin 1 

Doxazosin 3 

Dutasteride 1 

Enalapril 5 

Eprex 1 

Ezetimibe 1 

Ferrous sulfate 4 

Folic acid 7 

Furosemide 4 

Gabapentin 1 

Glipizide 3 

Glucosamine sulphate 1 

Hemax injection 2 

Hydralazine 1 

Insulin mixtard HM30 1 

Insulin novo mix penfill injection 1 

Irbesartan 2 

Lercanidipine 1 

Linagliptin 3 

Lorazepam 1 

Losartan 4 

Manidipine 6 

Melatonin 1 

Metoprolol 1 

Nicergoline 1 

Omeprazole 2 

Perindopril 1 

Pioglitazone 2 

Pocitrin (K, Na) 1 

Pregabalin 1 
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Concomitant drugs Number of subjects 

Propranolol 1 

Sennoside b 1 

Silodosin 2 

Simethicone 1 

Simvastatin 6 

Sodamint 7 

Sodium chloride 1 

Vitamin B6 1 
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