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HLMs human liver microsomes  

HPLC high-performance liquid chromatography 

HS9 human liver S9 fractions 

Iav average systemic plasma concentration  

IC25 25% of maximum reversible inhibition 

IC50 half maximal inhibitory concentration 

Iin maximum hepatic input concentration  

Iin,u maximum unbound hepatic input concentration 

Imax maximum systemic plasma concentration  

Imax,u maximum unbound systemic plasma concentration 

INR international normalized ratio 

IVIVE in vitro-in vivo extrapolation 

k  elimination rate constant 

ka absorption rate constant 

kdeg(CYP2C9) first-order rate constant of in vivo degradation of CYP2C9 

Ki enzyme-inhibitor constant 

KI inactivator concentration required for half the maximal inactivation rate 

Ki, u 

reversible inhibition constant adjusted by the free fraction of noscapine 

in pooled HLMs 

KI, u unbound KI adjusted by the free fraction of noscapine in pooled HLMs 

kinact maximal inactivation rate 
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LIST OF ABBREVIATIONS (continued) 

 

Km, S50 substrate concentration that yields a half-maximal velocity 

kobs observed rate of inactivation 

LC-MS/MS liquid chromatography-tandem mass spectrometry 

LORA low oxygen recovery assay 

LTBI latent TB infection  

MABA microplate Alamar Blue assay  

MBI mechanism-based inactivation 

MDR-TB Multidrug-resistant TB 

MGS metabolite generation system 

MLM mouse liver microsomes 

MS mass spectrometer 

PM, IM, EM poor, intermediate, extensive metabolizer, respectively 

Qh hepatic blood flow rate 

RFU relative fluorescence units 

RLU relative luminescence units 

RS9 Rat Liver S9 Fractions 

S, I concentrations of substrate and inhibitor, respectively 

TAMA TB-active metabolite assay 

TB tuberculosis 

TDI time-dependent inhibition 

TFP trifluoperazine  

TFPG trifluoperazine glucuronide 

TKIs tyrosine kinase inhibitors 
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LIST OF ABBREVIATIONS (continued) 

 

TPMT thiopurine S-methyltransferase 

UDPGA uridine 5-diphosphoglucuronic acid trisodium salt 

UGT UDP-glucuronosyltransferase; 

v, Vmax velocity and maximal velocity of the enzymatic reaction, respectively 

VTE venous thromboembolism 

XDR-TB drug-resistant TB 

τ dosing interval of inhibitors  
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Summary 

Drug metabolism (and pharmacokinetics) plays a delicate and important role in interfacing with 

the various disciplines, including medicinal chemistry, pharmacology, preclinical development, 

safety assessment, clinical development and regulatory affairs in the complex and 

multidisciplinary process of drug discovery and development. With the increasing efforts of 

applying DMPK principles for drug candidate optimization, selection and characterization during 

the drug discovery and development process, the frequency of clinical trial failures due to 

undesirable DMPK properties have decreased in the last several years.  

 

However, the current methodologies of this discipline are neither practical nor adequate for 

predicting and solving all the problems encountered in the process of drug discovery and 

development. In contemporary drug discovery algorithms, drug discovery efforts often begin 

with the screening of focused or diverse compound libraries against either molecular targets or 

whole cells and hits are subsequently identified. Compounds that are inactive in such screens 

but which might be converted to active metabolites in vivo by liver enzymes go undetected. 

(Such prodrugs are occasionally designed later in the drug discovery scheme only when a 

clinical candidate requires chemical modification to improve ADME properties). Selected hits 

that emerge from initial screens will be subjected to a number of in vitro filters in the hit-to-lead 

phase prior to choosing a smaller number for scale up synthesis and evaluation of 

pharmacokinetics and/or efficacy in animal models. Library hits or synthesized analogs with 

poor stability in the presence of liver enzymes (as determined by LC-MS) are typically not 

progressed to in vivo evaluation of pharmacokinetics or efficacy. In our own experience, liver 

microsome instability is the most commonly encountered deficit among selectively anti-TB hits 

 



xx 
 

Summary (continued) 

and their subsequently synthesized analogs. In cases where the compound is deemed to be of 

sufficient interest, identification of the major metabolite(s) is determined in order to guide analog 

synthesis toward more stable compounds. To assess whether such metabolites might possess 

activity equal to or greater than that of the parent compound, the metabolite need not only to be 

identified but to be synthesized as well. Because of the amount of effort involved, this is usually 

part of the more downstream lead optimization process and only performed on compounds 

which already have some degree of metabolic stability. 

 

The consequence of relying only upon chemical measurements of metabolic stability is that hits 

or synthesized analogs that are rapidly metabolized to equally or more active compounds by 

liver enzymes will be missed in the hit-to-lead phase of drug discovery. This is especially 

disconcerting considering that such metabolites often make better drugs than their respective 

parent compounds. As the product of metabolism and detoxification, active metabolites usually 

have lower drug-drug interactions and improved physicochemical (e.g. solubility), 

pharmacokinetic and overall safety profiles than the parent drug. Examples of clinical drugs in 

the market that were developed from active metabolites include sulfanilamide (parent drug: 

prontosil), acetaminophen (parent drug: phenacetin), digoxin (parent drug: parent drug: β-

methyldigoxin), fexofenadine (parent drug: terfenadine), mesoridazine (parent drug: thioridazine) 

and morphine (parent drug: codeine), et al. Some existing and experimental anti-tuberculosis 

drugs also have known or suspected active liver enzyme-generated metabolites. For example, 

the experimental compounds SQ-109 and LL3858 are reported to be active in vivo, but are not 

stable in the presence of liver microsomes. These findings highlight the need to develop early-

stage methods for evaluating parent compounds and their metabolites.  
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The overall goal in Chapters 2 was to develop TB-Active Metabolite Assays (TAMA) by 

combining a metabolite generation system (MGS) with a rapid anti-TB assay in 96-well format. 

Both enzymatic and cellular MGS were evaluated with the goal of using the former in a one pot 

TAMA for HTS. The TAMA has the potential to significantly increase the chance of identifying 

active metabolites in early drug discovery including prodrugs. The use of MGS in general should 

effectively expand the chemical diversity of compound libraries. It should also greatly impact 

early go/no go decisions in other infectious and non-infectious disease drug discovery. 

 

In this work, two compounds and their corresponding enzyme derived metabolites were 

selected as the positive control for type-3 (active parent, active metabolite) and type-4 prodrug 

(inactive parent, active metabolite) compounds, which are clarithromycin/14-(R)-OH 

clarithromycin (CLA/14-(R)-OH CLA) and amidoxime/amidine, respectively. In order to obtain 

the expected metabolite of these two positive controls, various MGS were examined, including 

human liver microsomes (HLM), mouse liver microsomes (MLM), rat liver S9 fractions (RS9) 

and human liver S9 fractions (HS9), with NADPH, NADH and NAD+ as the cofactor, 

respectively, and HepaRG cells. This initial comparison suggested that MLM with NADH was 

the most efficient MGS in metabolizing the amidoxime and producing the corresponding amidine, 

while it was not detected in the HepaRG cell-based MGS. Generation of the amidine was 

subsequently found to be optimal using a combination of 0.1 mg/ml MLM, 0.5% rat S9 and 1.0 

mM NAD+ in PBS at pH 6.0 resulting in the production of 8 μM of the amidine from 15.4 μM of 

the amidoxime.  
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An additional, unanticipated problem was the loss of biological activity of the MGS-generated 

metabolite due to protein binding, an issue that had not been originally anticipated. A series of 

extraction methods including sonication, centrifugation, ultrafiltration and precipitation with 

organic solvent – acetonitrile (ACN), were explored, among which, only the latter yielded a 

sufficient yield of biologically active amidine. Although preliminary experiments had suggested 

that bioassay of the MGS/parent/product(s) mixture could be performed directly by inoculation 

with M. tuberculosis without significant inhibition, further studies demonstrated that the blank 

control (only MGS with incubation) and negative control (MGS plus amidoxime prodrug without 

incubation) of type 4 positive control also inhibit the growth of M. tuberculosis H37Rv lux 

ABCDE, although there was certain differentiation at higher fold dilutions of the controls in the 

antibacterial assay. It was later found that the organic solvent (ACN) used in the extraction step 

was responsible for inhibition of the blank and negative controls. When methanol was used 

instead, this inhibition was not detected in blank and negative controls. 

 

The activity of amidine produced from amidoxime in this MGS was confirmed with an MIC of 1.5 

μM against M. tuberculosis H37Rv lux ABCDE by measuring the quantity of the amidine with 

LC/MS/MS, while that of the organic synthetic amidine was 0.1μM ~ 0.5 μM.  

  

The MGS was also investigated for the formation of 14-(R)-OH CLA from CLA. This exploration 

ceased due to several reasons. First, the inhibitory activity of 14-(R)-OH CLA against replicating 

M. tuberculosis H37Rv luxABCDE is quite moderate compared to that of the parent CLA, with a 

MIC of 35 µM versus 1.8 µM. This was unexpected considering that this metabolite is known to  
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have potency comparable to the parent compound against other bacteria. According to a 

previous study of CLA metabolism in HLM (Rodrigues et al., 1997), besides the formation of 14-

(R)-OH CLA, there are several other metabolites, including N-desmethyl CLA and 14-(S)-OH 

CLA. The formation of N-desmethyl-CLA and 14-(R)-OH CLA both contribute greatly to the 

clearance of CLA with a V max/KM of 3.3 ± 0.53 μl/min/mg protein and 4.2  ± 0.21 μl/min/mg 

protein, which means that the percentage of 14-(R)-OH CLA formed from CLA in humans is only 

around 56% at most. If so, in order to achieve a concentration above 70 µM of 14-(R)-OH CLA 

from CLA in MGS, the parent concentration should be at least 125 µM. Even if the yield of 14-

(R)-OH CLA is 100%, the concentration of CLA in MGS would still need to be as high as 70 µM 

in order to realize a 90% inhibition in the antibacterial assay with a metabolite concentration of 

14-(R)-OH CLA at 35 µM. However, in this case, the negative control, containing 35 µM CLA, 

would be too inhibitory to come up with a data analysis method to correlate bioassay-generated 

data with type-3 positive control inhibition profile. Secondly, with 25 mM NADP+ as the optimal 

concentration to generate the active metabolite of CLA, the background inhibition from the MGS 

will be as high as 45%, which is not acceptable for the assay control. HLM at the optimal 

concentration of 0.5 mg/ml could still be an inhibition factor even if solvent extraction could 

remove most of it.  

 

HepaRG cells were utilized as the cell-based, liver metabolic enzyme source to generate 

metabolites. The specific cell culture method is critical to ensure the expression of the 

metabolizing enzymes and transporters. For the type 3 positive control CLA/14-(R)-OH CLA, in 

the in-house customized medium, the formation of metabolite 14-(R)-OH CLA was higher than 

that in the commercial medium. However, the yield of the metabolite of CLA in the optimized  
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assay was still too low to inhibit M. tuberculosis even when this yield was improved by raising 

the ratio of cell numbers versus the parent molecules. In addition, the MIC of 14-(R)-OH CLA for 

M. tuberculosis H37Rv lux ABCDE is much higher than that of the parent (35 µM vs 0.9 µM), an 

unexpected result which makes CLA unsuitable for use as a positive control for type 3 

compounds.  

 

The liver microsome-based MGS optimized for type 4 positive control was tested with ten 

marketed drugs with known metabolism by different CYP450s by measuring the disappearance 

of parent compounds. The challenge is its low efficiency in metabolism, which leads to a low 

yield of metabolites, especially when the parent compounds are incubated at a high 

concentration, such as 50 μM. A prolonged incubation facilitates metabolite accumulation which 

is suitable for compounds such as the amidine which don’t appear to be further metabolized (to 

inactive products).  

 

Besides the methodology development of in vitro drug metabolism to expedite the process of 

drug discovery, studies of drug metabolism in the presence of inhibitors were also performed 

with marketed drugs.  

 

To achieve the desired therapeutic plasma or tissue concentration and maintain it for a certain 

period of time, a balance must be reached between the amount of administered drug and the 

rate of drug clearance. Since hepatic metabolism is the major clearance pathway for small 

molecule drug substances, the inhibition of these enzymes by co-administered drug(s) can  
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cause overexposure to the victim drugs and thus increased toxicities, i.e., leading to drug-drug 

interactions (DDIs). Both phase I and phase II enzymes can be inhibited by drugs. 

Pharmacokinetic DDIs have been observed with the inhibitor drugs, which require caution when 

they are co-administered with the victim drugs. For example, clarithromycin inhibits CYP3A4 

through a mechanism-based inactivation, and the co-administration of clarithromycin incurred 

significant AUC increases of midazolam (a CYP3A4 substrate) following i.v. and oral dosing by 

3.2-fold and 8.0-fold, respectively. 

 

The drug-drug interactions associated to tyrosine kinase inhibitors (TKIs) recently received 

considerable attention due to their clinical relevance. In the first part of chapter 3 the effects of 

four TKIs, axitinib, imatinib, lapatinib and vandetanib, on UDP-glucuronosyltransferase (UGT) 

activities were investigated and compared to quantitatively evaluate their DDI potential due to 

UGT inhibition. Lapatinib exhibited potent competitive inhibition against UGT1A1 activity with a 

Ki of 0.5 µM. Imatinib was found to exhibit broad inhibition of several UGTs, with particularly 

potent competitive inhibition against UGT2B17 with a Ki of 0.39 µM. All four TKIs also exerted 

intermediate inhibition against several UGTs, including UGT1A7 by lapatinib, UGT1A1 by 

imatinib, UGT1A4, 1A7 and 1A9 by axitinib, as well as UGT1A9 by vandetanib. Further 

“quantitative prediction of DDI risk indicated that the [co-administration of lapatinib or imatinib] at 

clinical doses could result in a significant increase of AUC of drugs primarily cleared by UGT1A1” 

or UGT2B17, suggesting that lapatinib and imatinib could induce clinically significant DDI with 

co-administered UGT1A1 or 2B17 substrates. 
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Besides the evaluation of the inhibition of drug metabolism for potential DDIs, an exploration of 

the inhibition mechanism of drug metabolism with observed adverse reactions was performed. 

Since the metabolizing enzyme inhibited is polymorphic, it is likely that this inhibition is also 

different among its genetic variant proteins.  

 

“Noscapine is an antitussive and potential anticancer drug. Clinically significant interactions 

between warfarin and noscapine have been previously reported. In order to provide a basis for 

warfarin dosage adjustment, the inhibition kinetics of noscapine” against warfarin metabolism 

was characterized. The enzyme kinetics data obtained from human liver microsomes and 

recombinant CYP2C9 proteins indicate that noscapine is a competitive inhibitor of the (S)-

warfarin 7-hydroxylation reaction by CYP2C9. Interestingly, noscapine also inhibited (S)-

warfarin metabolism in a NADPH- and time-dependent manner, and removal of unbound 

noscapine and its metabolites by ultrafiltration did not reverse inhibition of (S)-warfarin 

metabolism by noscapine, suggesting mechanism-based inhibition of CYP2C9 by noscapine. 

Spectral scanning of the reaction between CYP2C9 and noscapine revealed the formation of an 

absorption spectrum at 458 nm indicating the formation of a metabolite-intermediate complex. 

Surprisingly, noscapine is a 2- to 3-fold more efficient inactivator of CYP2C9.2 and CYP2C9.3 

variants than it is of the wild-type, by unknown mechanisms. Based on the inhibitory kinetic data, 

(S)-warfarin exposure is predicted to increase up to 7-fold (depending on CYP2C9 genotypes) 

upon noscapine coadministration, mainly due to mechanism-based inactivation of CYP2C9 by 

noscapine. Together, these results indicate that mechanism-based inhibition of CYP2C9 by 

noscapine may dramatically alter pharmacokinetics of warfarin and provide a basis for warfarin 

dosage adjustment when noscapine is co-administered. 
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In summary, this dissertation has covered the studies about drug metabolism in different stages 

of drug discovery and development, including early stage screening assay development and the 

evaluation of DDI potential of drug co-administration and drug dose adjustment due to DDIs in 

clinical practice. The work in chapter 2 elaborates the importance of the methodology 

development of drug metabolism in drug discovery. Although this work has yet to result in the 

development of a practical HTS assay, it has provided the proof of concept. The two studies in 

chapter 3 utilized the theories and approaches of DDIs to exemplify the applications and 

significance of the emphasis of drug metabolism in drug discovery and development, which is 

essential to avoid drug attrition. 



 
 

Chapter 1  

Introduction to Drug Metabolism in Drug Discovery and 

Development 

1.1 Introduction to Drug Metabolism 

In the early 19th century, the first mammalian drug metabolite hippuric acid was identified and 

isolated in the urine of diabetic human (Liberg, 1829; Lehmann, 1835; Ure, 1841).  The 

discipline of drug metabolism was not fully established until it was demonstrated that 4-

dimethylaminoazobenzene could form 4-monomethylaminoazobenzene and 4-

aminoazobenzene in rat liver homogenates (Mueller and Miller, 1948; Mueller and Miller, 1949; 

Mueller and Miller, 1953). The investigators found that this in vitro system was functional only 

when nicotinamide adenine dinucleotide phosphate (NADP+), O2, and both the microsomal and 

soluble fractions from liver homogenates were present, and that the microsomal fraction 

functioned as an oxidase (Brodie et al., 1955; Mason, 1957).  Later this microsomal fraction was 

found to exhibit strong UV-VIS absorption maxima at the wavelength of 450 nm when it was 

reduced upon exposure to CO.  Based on the above characteristics, these microsomal proteins 

were named cytochrome P450s (CYP450s) (Garfinkel, 1958; Klingenberg, 1958).  

 

 In 1982, the amino acid sequences of two CYP450 enzymes were determined for the 

first time in history.  The sequences of CYP101 of Pseudomonas putida (Haniu et al., 1982) and 

phenobarbital-inducible form P450b (i.e., CYP2B1) of rat were deduced from the cloned cDNA 

(Fujii-Kuriyama et al., 1982).  Since then, numerous CYP450s have been discovered.  CYP450s 

are found in practically all living organisms and have been retained and adapted through 

evolution (Urlacher, 2012).  The analysis of human genome indicates that approximately sixty 

CYP450s are present in Homo sapiens (Lewis, 2004).  Based on the homology of amino acid 

sequence, the CYP450 superfamily is divided into several subfamilies, and the drug 
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metabolizing CYP450s belong to subfamilies 1, 2, 3, and 4. These subfamilies are further 

divided into isoforms, the majority of which are involved in the metabolism of xenobiotics in 

humans, such as CYP1A2, CYP2C9, CYP2C19, CYP2D6 and CYP3A4 (Nelson et al., 1993).  

The CYP450s not in the other superfamily are responsible for synthesizing endogenous 

structural and signaling molecules.  For example, CYP51 and CYP19A synthesize cholesterol 

and estrogen, respectively (Lephart, 1996; Rozman et al., 1996; Lewis and Ito, 2009).  

 

The metabolism of xenobiotics in humans includes a range of metabolic reactions that 

are broadly divided into phase I and phase II reactions.  Phase I metabolism involves the 

functionalization reactions whereby a polar functional group is introduced onto the molecule.  

Examples include hydroxylation of an aliphatic or aromatic carbon or epoxidation of an aromatic 

or olefinic double bond, such as 7- and 6- hydroxylation of (S)-warfarin (Kaminsky and Zhang, 

1997; Patki et al., 2003).  CYP450s are the major enzymes involved in phase I reactions.  

Phase I metabolites are excreted as such or undergo phase II metabolism prior to elimination.  

Phase II metabolism is mediated by a group of conjugation enzymes. Phase II enzymes include 

UDP-glucuronosyltransferase (UGT), sulfotransferase and glutathione S-transferase, among 

others. These enzymes catalyze the transfer of small polar endogenous molecules, such as 

glucuronic acid, sulfate and amino acids, to parent molecules or its phase I metabolites.  

Through phase I and/or phase II metabolism, parent molecules are transformed into water-

soluble metabolites and readily excreted into the urine or bile.  

 

1.2 Drug Metabolism in Drug Discovery and Development 

The process of drug discovery and development is inherently multidisciplinary, involving 

medicinal chemistry, pharmacology, preclinical development, safety assessment, clinical 
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development and regulatory affairs (Yengi et al., 2007). Drug metabolism and pharmacokinetics 

(DMPK) plays a delicate and important role in interfacing with these various disciplines (Figure 

1.1).  Pharmaceutical industry expends significant effort in applying DMPK principles for drug 

candidate optimization, selection and characterization during the drug discovery and 

development process.  “In fact, in 1990 it was estimated that approximately 40% of drug attrition 

was due to undesirable DMPK properties. In 2000, this number was reduced to 10%” based on 

the incorporation of DMPK knowledge in early stages of drug development (Yengi et al., 2007). 

(Figure 1.2 a, b, c and d). During the years between 2008 and 2010, based on a report of phase 

II and phase III trials, the undesirable properties of pharmacokinetics and bioavailability (PKBA) 

are only responsible for 1% failures in phase II trials, while in phase III trials, there were no 

failures due to DMPK (Arrowsmith and Miller, 2013).  Between 2011 and 2012, none of the 

failures in phase II and III trials was caused by undesired DMPK properties (Arrowsmith and 

Miller, 2013). All these indicates that incorporating DMPK in early drug development process 

helps increase the success rate of drug development and reduce the average cost.  

 

Figure 1.1 A central role of drug metabolism (and drug safety) in pharmaceutical 

research 
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c 

 

d 

 

Figure 1.2 Factors causing attrition in drug development in 1990 (a) and 2000 (b); factors 

for drug failures in phase II trials between 2008 and 2012 (c); and drug failures in phase III 

trials and submission between 2007 and 2012 (d) 
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1.2.1 Identification of Lead Compounds 

1.2.1.1 Metabolic Stability of Lead Compounds 

At the early discovery stage, results from metabolic stability studies provide a basis for choosing 

the lead compounds. Intrinsic clearance (CLint, the intrinsic ability of hepatic enzymes to 

metabolize the drug) estimated from using liver tissue fractions have been one of the most 

important determinants of its pharmacokinetic parameters, and are critical in predicting the 

hepatic clearance of the candidate compound in vivo.  Briefly, in vitro systems of liver 

homogenates or cryopreserved hepatocytes are used to determine of CLint of the compound, 

and then in vivo hepatic clearance values can be estimated through in vitro-in vivo extrapolation 

(IVIVE) approaches (Wilkinson and Shand, 1975; Pang and Rowland, 1977; Obach, 1999; 

Poulin, 2013). The in vivo clearance values estimated through IVIVE were shown to be in good 

agreement with the observed in vivo hepatic clearance values in different species, as 

demonstrated for indinavir (Lin et al., 1996).  

 

For human risk assessment, not only the systemic exposure of an unchanged drug is required 

by regulatory agencies, but also that of its major metabolites and the relative contribution of the 

corresponding metabolic pathways to the overall elimination of the drug. In addition, the 

structural identification of the metabolites could facilitate rational modifications of drug 

candidates during the optimization process aimed at blocking the relevant metabolic soft spots.  

 

1.2.1.2 Identification of Active Metabolites  

For the host system, the metabolism of the xenobiotics is a detoxifying process accomplished 

by increasing its hydrophilic properties to facilitate elimination it through excretion in urine or bile. 

In drug discovery, this metabolism usually leads to the inactivation of the pharmacologically 
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active parent drug and therefore reduces the portion of the parent drug responsible for its 

efficacy in vivo. However, there is increasing evidence that the metabolites of some drugs are 

pharmacologically active, and therefore, this process of drug metabolism is utilized to improve 

the DMPK properties of the drug candidate by synthesizing a prodrug. Such an example can be 

found in pafuramidine, an orally available inactive prodrug of DB75 for the treatment of malaria, 

which was developed to overcome the poor bioavailability of DB75 due to rapid reduction of 

amidine bond (Figure 1.3). Also, pharmacologically active metabolites have been used as a 

source of new drug candidates. For example, acetaminophen is an O-deethylated metabolite of 

phenacetin, and when compared with phenacetin, acetaminophen shows superior analgesic 

activity but lacks the adverse effects, including methemoglobinemia and hemolytic anemia 

resulting from the formation of N-hydroxyphenatidine, a metabolite of phenacetin (Figure 1.4) 

(Jensen and Jollow, 1991).  
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Figure 1.3 The structure of the prodrug pafuramidine and its active metabolite DB75 
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Figure 1.4 The structure of phenacetin, its active metabolite acetaminophen and its toxic 

metabolite N-hydroxyphenetidine 
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1.2.2 Prediction of Drug-drug Interactions 

For the metabolically unstable drug candidate, the identification of the specific drug-

metabolizing enzymes is important for determining its involvement in drug-drug interactions 

(DDIs). Metabolic DDIs occur when one therapeutic agent alters the concentration of another 

agent by either increasing or decreasing its metabolic clearance through the induction or 

inhibition of the metabolizing enzymes (Lemke, 2012). In drug discovery and development, the 

drug candidate may be subject to DDI as a victim whose metabolism is affected by another drug 

or drugs or a precipitant drug (the drug that affects the efficacy of the targeted drug) or a 

precipitant affecting metabolism of interacting drugs.   

 

“Metabolism of drugs is often very complex, involving several pathways and various enzyme 

systems. In some cases, all the metabolic reactions of a drug are catalyzed by a single enzyme, 

whereas, in other cases, a single metabolic reaction may involve multiple enzymes”. If the 

enzyme identified in the phenotyping assay is responsible for 25% or more of the systemic 

clearance of the drug candidate, the potential a drug-drug interaction should be studied (USFDA, 

2012b).  

 

If this drug candidate is metabolically stable, it is still likely that it interferes the metabolizing 

enzymes with other drugs as the substrates. Therefore, an in vitro investigation of this drug 

candidate as an interacting drug of an enzyme (precipitant) with most sensitive substrates will 

be done in terms of its inhibition and induction potential (USFDA, 2012b). In vivo studies with 

other substrates selected based on likely co-administration and/or narrow therapeutic range will 

be conducted when significant interactions are observed in vitro. 
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Metabolic DDIs may occur via two mechanisms: inhibition and induction of DME activity.  To 

assess the potential for metabolic DDIs through enzyme inhibition, it is routinely tested whether 

a drug candidate as the precipitant reversibly inhibits CYP450 activity. Also, mechanism-based 

inactivation (MBI) of CYP450s by compounds harboring functional groups such as 

methylenedioxyphenyls, acetylenes, furans, thiophenes, secondary or tertiary amines are 

increasingly being recognized as a source of inhibitory DDIs (Yengi et al., 2007). Understanding 

the mechanisms of MBI allows the determination of potential structure-inhibition relationships, 

and the possibility to modify the structure of the drug candidates without the features 

responsible for bio-activation and inhibition. Enzyme induction is the other mechanism leading 

to DDIs.  Induction of hepatic drug metabolism was recognized in animals as early as 1956 that 

3-methylcholanthrene increased the ability to metabolize methylated aminoazo dyes (Lin and Lu, 

1997). Induction of drug-metabolizing enzymes may lead to either a decrease in toxicity through 

an elevated detoxification, or an increase in toxicity due to an enhanced reactive metabolite 

formation. Overall, induction can lead to a beneficial or harmful outcome depending on the 

balance between detoxification and activation. 
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1.3 Drug Metabolism in Clinical Practice 

The concomitant administration of multiple drugs is common especially for elderly people and 

hospitalized patients (Lin and Lu, 1997). The risk of clinical consequences from DDIs is higher 

with drugs with narrow therapeutic index.  Therefore, metabolic DDIs have become an important 

aspect to ensure the safety and efficacy of drugs used in combination. For example, it was 

found that the AUC of atorvastatin was increased by 494% due to its inhibition of CYP3A4 

(Jacobson, 2004). Besides, significant increases the AUC had also been observed with the 

coadministered drugs including digoxin, midazolam, trizolam etc. With the inhibition of more 

than 26 marketed drugs in humans, mibefradil has been withdrawn from market since 1998 (Po 

and Zhang, 1998). Another example, it was observed during a clinical trial that a combination of 

dextromethorphan (a substrate of CYP2D6) and quinidine (a CYP2D6 inhibitor), each drug at a 

dose of 30 mg twice daily, enhanced the plasma AUC of paroxetine (20 mg daily) by 30%. For 

dextromethorphan and quinidine, the AUC exposure increased by 50% and 40%, respectively, 

which indicated that patients should be monitored for adverse reactions, and 

dosage adjustment should be considered when combining these agents (Schoedel et al., 2012). 
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1.4 Pharmacogenetics of Drug Metabolism  

Pharmacogenetics is a study of genetic differences in metabolic pathways which can affect 

individual responses to drugs, both in terms of therapeutic effect as well as adverse effects 

(Klotz, 2007). This “concept that inheritance can have an important role in individual variation in 

drug response originally grew out of clinical observations of large differences among patients in 

their response to doses of a drug” and plasma concentrations or other pharmacokinetic 

parameters are highly heritable for some drugs (Weinshilboum and Wang, 2004). Drug 

metabolism is one of the major determinants of the pharmacokinetics characteristics involved in 

the majority of 'classic' pharmacogenetic traits. Mutations in the gene for a drug-metabolizing 

enzyme, due to environmental or evolutionary factors, can result in enzyme variants with higher, 

lower, or no activity.  Sometimes, such mutations may lead to gene deletion (Lin and Lu, 1997). 

This genetic variability can cause interindividual variation in the rate and extent of drug 

metabolism. For example, CYP2C9*2 and CYP2C9*3 allele carriers have a reduced S-warfarin 

clearance by 35% (Hirota et al., 2013). Patients carrying CYP2C9.2 and CYP2C9.3 experience 

more toxicity (Wang et al., 2009), indicating that individuals who inherit an impaired ability to 

catalyze enzymatic reactions may be at an increased risk of concentration-related adverse 

effects and toxicity. 

 

The thiopurine S-methyltransferase (TPMT) genetic polymorphism is one of the most studied 

examples in pharmacogenetics. TPMT is responsible for various activation and deactivation 

steps of thiopurine drugs, which are used for the treatment of acute lymphoblastic leukaemia of 

childhood, inflammatory bowel disease and organ transplant recipients. However, thiopurine 

drugs have a narrow therapeutic index with the potential for life-threatening drug-induced 

toxicity, primarily myelosuppression. It was found that inherited decrease in the level of red 

blood cell TPMT activity makes more drug available for the multistep pathway that leads to the 
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formation of active metabolites, 6-thioguanine nucleotides, resulting in drug-induced 

myelosuppression. Therefore, genetic polymorphisms of TPMT has become one of the causes 

that lead to decreased methylation and decreased inactivation of the drugs. The most common 

variant allele for TPMT in Caucasians is TPMT*3A, that has a frequency of approximately 5% in 

Caucasian populations, but is rarely, if ever, observed in East Asian populations. For the  

homozygous carriers of TPMT*3A, they are at greatly increased risk for life-threatening 

myelosuppression when treated with standard doses of thiopurine drugs, and approximately 90% 

reduction of the standard dose with careful monitoring has to be made for their treatment 

(Weinshilboum and Wang, 2004; Wang and Weinshilboum, 2006).  

 

These advances and insights have affected drug metabolism studies in terms of the design and 

conduct of and interpretation of results in the drug discovery and development process (Yengi et 

al., 2007).  For example, a strong CYP2D6 inhibitor, such as fluoxetine will increase the plasma 

concentrations of atomoxetine, a CYP2D6 substrate, in extensive metabolizers (EMs) of 

CYP2D6, but will have negligible  effect in poor metabolizers (PMs) of CYP2D6, since PMs do 

not have active enzyme to inhibit. However, it should be noted that CYP2D6 PMs will have 

significantly increased plasma levels of atomoxetine if they are given usual doses (USFDA, 

2012b). Taken these together, the consideration of pharmacogenetics in drug metabolism 

studies, especially DDIs have proven to be of significant value in the success drug discovery 

and development. 
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1.5 Rationale and Overview of Proposed Research 

Although the last two decades have witnessed significant progress in the development and 

application of the theories and methodologies of drug metabolism, much remains to be explored 

and applied. The goal of this dissertation is to utilize the knowledge and methodology of drug 

metabolism to solve specific problems that are encountered from early drug discovery to clinical 

pharmacy practice.  

Aim 1. Develop an in vitro assay to detect liver enzymes derived active metabolites 

against M. tuberculosis. 

A direct in vitro system will be developed to incubate compounds with and without a liver 

enzyme metabolite generation system (MGS) prior to incubation with M. tuberculosis. Both 

particle/enzymatic and cellular MGS will be evaluated using control compounds. The substrate 

concentration, incubation time and organic solvent concentrations will be optimized. A data 

analysis method will be established to correlate bioassay-generated data with mass 

spectrometry data to identify active metabolite(s). In the end, this TB-active metabolite assay 

(TAMA) will be applied in anti-tuberculosis drug discovery. 

 

Aim 2. Identify the in vitro inhibitory activities of tyrosine kinase inhibitors against UGT 

isoforms and predict the in vivo impact on AUC of the substrate drug 

A series of tyrosine kinase inhibitors toward the inhibition of the glucuronidation of the non-

selective substrate will be screened across a panel of UGT isoforms to establish their inhibitory 

profiles. The selectivity and potency of each TKI in terms of inhibiting glucuronidation among 

these UGT isoforms will be investigated in vitro. With the characterized inhibition kinetics of 

these TKIs, a prediction of AUC change for the non-selective UGT substrates and victim drug 

(the drug that is affected due to the existence of another drug or drugs in DDIs) will be made.  
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Aim 3. Investigate the mechanism of DDIs between noscapine and warfarin, and its 

clinical implications 

An adverse reaction of warfarin with an elevated international normalized ratio, which indicates 

a higher risk of bleeding, had been observed in clinical practice due to the suspected drug-drug 

interactions with noscapine. The mechanism of this DDI will be explored through a series of 

experiments and predictions. This DDI will also be investigated in CYP2C9 variants in order to 

recommend a dose adjustment based on the inhibition of noscapine and the clearance of 

different genotype carriers. 
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Chapter 2  

Drug Metabolism in Early Stage anti-TB Drug Discovery 

2.1 Introduction 

2.1.1 Introduction to Tuberculosis 

Tuberculosis (TB) is an infectious disease caused by members of the Mycobacterium 

tuberculosis complex, which includes Mycobacterium tuberculosis, M. africanum, M. bovis, M. 

caprae, M. microti, M. pinnipedii and M. canettii (Zumla et al., 2013). TB is transmitted through 

droplet aerosolization by an individual with active pulmonary disease (Sia and Wieland, 2011).  

TB can affect any organ system, though typically targets the lungs. TB infection begins when 

the mycobacteria reach the pulmonary alveoli, where they invade and replicate 

within endosomes of alveolar macrophages (Ahmad, 2011). The ensuing immune response 

arrests further growth of bacteria. The pathogen is completely eradicated in ~10% of those 

infected, while in the remaining ~90%, the immune response only succeeds in containment of 

the infection. Some bacilli are able to escape killing by blunting the microbicidal mechanisms of 

immune cells and subsequently remain in a non-replicating state in old lesions. About 10% of 

immunocompetent persons with latent TB infection (LTBI) will develop active TB over their 

lifetime, half of these occurring during the first 2 years post-infection (Sia and Wieland, 2011). 

For those with active TB, symptoms present insidiously, most commonly with fever, cough, 

weight loss, fatigue, and night sweats. Less common symptoms include chest pain, dyspnea, 

and hemoptysis. TB remains the eighth leading cause of death in the world. 

 

An estimated one-third of the world’s population is infected with M. tuberculosis. According to a 

World Health Organization report on the worldwide incidence of TB, “in 2011 there were 8.7 

million new cases and 1.4 million deaths from TB, including 350,000 deaths associated with co-
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infection with HIV” (Zumla et al., 2013). “Sub-Saharan Africa has the highest rates per capita of 

TB, which is driven primarily by the HIV epidemic in that region. India, China, South Africa and 

the Russian Federation have almost 60% of the world’s TB cases”. Multidrug-resistant TB 

(MDR-TB), which is a TB resistant to at least isoniazid and rifampin, is now ubiquitous with an 

estimated half million cases reported in 2011. The more critical one, extensively drug-resistant 

TB (XDR-TB), which is resistant to isoniazid and rifampin, plus any fluoroquinolone and at least 

one of three injectable second-line drugs, has been reported in 84 countries (Zumla et al., 2013).  

 

2.1.2 Current TB Regimens  

The first antibiotic used for TB, streptomycin (STD), was purified from Streptomyces griseus, 

and showed some promise in curing TB patients (Zumla et al., 2013). However, drug resistance 

rapidly developed since it was used as monotherapy. “In the 1950s, several additional TB drugs 

with different mechanisms of action were discovered and developed, including para-amino 

salicylic acid, isoniazid, pyrazinamide, cycloserine and kanamycin”, which led to a combination 

therapy of 18-months duration or longer. The current therapeutic regimen of isoniazid, rifampicin, 

pyrazinamide and ethambutol, developed in the 1960s, shortened the treatment duration to 6 

months. Besides the above four first-line TB drugs, there are three groups of second-line TB 

drugs which are the reserved therapy for TB resistant to the first-line drugs. Third-line TB drugs 

include one group and have “unclear efficacy or undefined roles” (Table I). 

 

 

 

 



16 
 

First-line anti-

TB drugs 

Oral: isoniazid, rifampicin/rifampin, pyrazinamide, ethambutol, rifapentine or rifabutin. 

Second-line 

anti-TB drugs 

Group 1. Injectable aminoglycosides: streptomycin, kanamycin , amikacin. Injectable 

polypeptides: capreomycin, viomycin. 

Group 2. Oral and injectable fluoroquinolones: ciprofloxacin, levofloxacin, 

moxifloxacin , ofloxacin, gatifloxacin. 

Group 3. Oral: para-aminosalicylic acid, cycloserine, terizidone, ethionamide, 

prothionamide , thioacetazone, linezolid . 

Third-line 

anti-TB drugs 

Clofazimine, linezolid, amoxicillin plus clavulanate, imipenem plus cilastatin, 

clarithromycin . 

Table I. CLASSIFICATION OF DRUGS USED TO TREAT DRUG-SUSCEPTIBLE AND 

DRUG-RESISTANT TUBERCULOSIS (Zumla et al., 2013). This table is adapted from  

 

At the end of 2012, the U.S. Food and Drug Administration approved bedaquiline (aka TMC-207; 

Sirturo®) as part of a combination therapy to treat adults with MDR-TB as a third-line drug (Gras, 

2013). Bedaquiline possesses potent and selective in vitro mycobactericidal activity by inhibiting 

ATP synthesis under both aerobic and anaerobic conditions and it is active in in vivo murine 

models of TB. It is mechanistically and structurally unrelated to all existing TB drugs.  

 

2.1.3 Global Urgencies of Discovering New Drugs for TB Treatment 

The current TB regimen drugs were developed 40 years ago. The 6-month treatment duration 

results in poor patient compliance, and the current TB drugs are not sufficiently effective in 

treating MDR-TB, XDR-TB nor totally drug-resistant TB (TDR-TB) (Zumla et al., 2013). Effective 

treatment of HIV/TB co-infections requires the concurrent use of HIV and TB drugs, therefore 
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pharmacokinetic drug-drug interactions are another concern for the current TB regimen. Several 

TB drugs, including rifampin, are notorious for inducing liver CYP450s (Franzblau et al., 2012). 

Often, the intolerance and toxicities of current TB drugs results in treatment interruptions and 

changes to the regimen. With all the above shortcomings of the current TB treatment regimens, 

the primary goals of new drug development includes shortening and simplifying treatment of 

active TB, providing safer and more efficacious treatments for drug-resistant TB, eliminating 

drug-drug interactions for TB/HIV co-infections, and improving treatment for LTBI.  

 

2.1.4 Traditional Methodologies in TB Drug Discovery 

2.1.4.1 The Platform of TB Drug Discovery and its Deficiencies 

Contemporary TB drug discovery efforts often start with screening focused or diverse compound 

libraries, and mostly utilize cellular assays. The classical whole cell screening assays, 

conducted for decades on solid media or in tube-based liquid media,  were adapted to 

microplate format in the late 1990s for actively replicating cultures initially using the microplate 

Alamar Blue assay (MABA) (Collins and Franzblau, 1997) and later for use with non-replicating 

cultures, eventually with a colony forming unit (CFU)-independent readout using the low oxygen 

recovery assay (LORA)  (Collins and Franzblau, 1997; Cho et al., 2007). The hits that showed 

inhibitory activities against replicating and/or non-replicating bacteria are selected from the initial 

screens and subjected to a number of in vitro filters, such as cytotoxicity against VERO cells 

(isolated from African green monkey kidney), bactericidal activities and anti-tuberculosis activity 

in the J774A.1 mouse macrophage-like cell line. The metabolic stability to mouse and human 

liver enzymes is another criterion in the hit-to-lead phase. As xenobiotics, such compounds 

typically undergo various metabolic reactions catalyzed by phase I and/or phase II liver 

enzymes, such as CYP450s and UGTs. Compounds with half-lives of less than 30 min due to 

liver metabolism are considered to be metabolically unstable and less likely to be prioritized for 
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scale up synthesis or pharmacokinetic and/or efficacy evaluation in animal models (Thompson, 

2001; Di et al., 2003).  

 

With this TB drug discovery platform, there are several shortcomings. It is possible that 

compounds that are inactive in the in vitro antibacterial assays might still be converted to active 

metabolites in vivo by liver enzymes. Also library hits or synthesized, active analogs, which are 

poorly stable in the presence of liver enzymes, are typically not further progressed to in vivo 

pharmacokinetics or efficacy evaluation although structural instability may not necessarily result 

in loss of anti-TB activity. Our own experience concludes that liver microsome instability is the 

most common deficit among selectively toxic anti-TB hits and their subsequently synthesized 

analogs. For example, 27 of 34 prioritized hit classes from 3 libraries screened in our lab had 

half-lives of less than 30 min in liver microsomes. For compounds with potential of becoming a 

lead for in vivo testing, identification of the soft-spots and the major metabolite(s) are critical to 

guide analog synthesis toward more stable compounds, while maintaining the antibacterial 

activities. The process of determining whether such metabolites might possess equal or greater 

activity than that of the parent compound is time- and resource-consuming, requiring synthesis 

of the metabolites. Such an effort is part of the more downstream lead optimization process.  

 

2.1.4.2 Anti-tuberculosis Assays in TB Drug Discovery 

The radiometric BACTEC 460 system, based on the detection of 14CO2 generated from the 

metabolism of 1-14C-palmitic acid by replicating mycobacteria, had been used as the clinical 

drug susceptibility system of choice two decades ago (Heifets, 1991; Murray et al., 1995) due to 

its speed and reduced labor requirement relative to the counting/detection of M. tuberculosis 

colonies. However, due to its high cost, high culture volume, lack of high-throughput format, and 
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the requirement for radioisotope disposal, it was difficult to apply it in massive antimycobacterial 

drug screening. Collins and Franzblau developed MABA which detects the fluorescence 

produced from the reduction of Alamar Blue or resazurin by the reducing power of the live 

bacteria (Collins and Franzblau, 1997).  The Alamar Blue (resazurin) is a general indicator of 

cellular growth and/or viability; the blue, non-fluorescent, oxidized form becomes pink and 

fluorescent upon reduction. Concentrations of established anti-TB agents effecting a reduction 

in fluorescence intensity (measured in a microplate fluorometer) of 90% relative to untreated 

control cultures correlated well with those effecting a reduction of 99% in 14CO2 generation in 

the BACTEC 460 (which in turn had been correlated with reductions of 99% in CFU by classical 

methods); therefore such (interpolated) concentrations defined the minimum inhibitory 

concentration (MIC) in the MABA.  

 

With MABA, the screening for antimycobacterial drugs can be performed rapidly and efficiently 

at relatively low cost. However, it is widely accepted that a physiological state of non-replicating 

persistence is responsible for antimicrobial tolerance in many bacterial infections.  Cho et al. 

developed another assay LORA for rapidly screening compounds against non-replicating 

mycobacteria (Cho et al., 2007). A M. tuberculosis H37Rv luxAB strain expressing luciferase 

was adapted to low oxygen conditions by extended culture in a fermentor, and was 

subsequently incubated in microplate cultures maintained under anaerobic conditions for 10 

days with test compounds before enabling metabolic recovery under ambient oxygen for 

another 28 hr. A luminescent signal was measured to calculate the MIC.  

 

Since M. tuberculosis can replicate within endosomes of alveolar macrophages, macrophage 

assays to assess intracellular activity have been developed with a wide variety of cell sources 
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such as rat cell lines, bone-marrow derived macrophages, J774 and THP-1 cells (Franzblau et 

al., 2012). Mycobacteria are phagocytized by the macrophages and these cultures exposed to 

test compounds for varying periods of time and finally the viability of the M. tuberculosis 

assessed by CFU or metabolic/imaging readouts.    

 

2.1.5 Significance of in vitro Detection of anti-TB Liver Metabolites in Early Drug 

Discovery 

This traditional hit-to-lead process often neglects those metabolically unstable hits or 

synthesized analogs, which might be rapidly metabolized to equally or more active compounds 

by liver enzymes. As the product of liver metabolism and detoxification, active metabolites 

usually have lower drug-drug interactions and improved physicochemical (e.g. solubility), 

pharmacokinetic and overall safety profiles than the parent drug, which make them often better 

drugs than their respective parent compounds. For examples, ulfanilamide, acetaminophen, 

digoxin, fexofenadine, mesoridazine and morphine as the active metabolites, were developed 

from the parent drugs prontosil, phenacetin, β-methyldigoxin, terfenadine, thioridazine and 

codeine, respectively. 

 

Some existing and experimental anti-tuberculosis drugs also have known or suspected liver 

enzyme-generated active metabolites (Table II). There are a total of 24 marketed drugs and 4 

compounds (PA824, OPC67683, SQ109 and LL3858) at various stages of clinical trials for the 

treatment of TB. Out of these 24 anti-TB drugs approved, only 9 were found to form active 

metabolites. Eight of the 28 were studied for metabolite toxicity (Daniel et al., 2000; Jia et al., 

2006; Matsumoto et al., 2006; Preziosi, 2007; 2008a; Budha et al., 2008; Henderson et al., 2008; 
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Diacon et al., 2009), of which 7 were found to have toxic metabolites. These findings highlight 

the need to develop early-stage methods for evaluating parent compounds and their metabolites.  
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Drug Active 
metabolite 

Toxic 
metabolite 

Ref. Drug Active metabolite Toxic metabolite Ref. 

Rifampin 25-deacetyl 
rifampicin 
(esterase) 

NA*   p-Aminosalicylic 
acid 

NA N-acetylated 
PAS(NAT1) 

 (Yamada et 
al., 1991) 

Isoniazid NA AcHZ, 
Hydrazine 
(MFO, 
CYP2E1) 

 (Preziosi, 
2007) 

Ethionamide S-oxide Ethionamide 
(FMO) 

S-oxide 
Ethionamide (FMO) 

 (Henderson 
et al., 2008) 

Pyrazinamide Pyrazinoic acid 
(xanthine 
oxidase) 

PA, 5-OH-PA  (2008a; 
Budha et 
al., 2008) 

Prothionamide sulfoxide metabolite NA  (Peters et 
al., 1983) 

Ethambutol NA NA  (Shih et 
al., 2013) 

Linezolid Inactive metabolites 
(aminoethoxy-acetic 
and hydroxyethyl 
glycine derivatives) 

NA  FDA 
label;(Barry 
and 
O'Connor, 
2007) 

Rifapentine 25-desacetyl-
rifapentine 

NA  (Rastogi et 
al., 2000) 

Clofazimine No major metabolite 
identified 

No major 
metabolite 
identified 

 

Streptomycin No major 
metabolite 
identified 

No major 
metabolite 
identified 

  Imipenem No major metabolite 
identified 

No major 
metabolite 
identified 

 

Kanamycin No major 
metabolite 
identified 

No major 
metabolite 
identified 

  Clarithromycin 
(CLA) 

14-(R)-OH 
CLA (CYP3A4) 

NA  (2008a; 
Budha et al., 
2008) 

Amikacin No major 
metabolite 
identified 

No major 
metabolite 
identified 

 Thioridazine Mesoridazine, 
sulforidazine                      
(CYP2D6) 

Thioridazine 5-
sulphoxide 

 (Daniel et 
al., 2000; 
Wen and 
Zhou, 2009) 

Capreomycin NA NA   Metronidazole HO- metronidazole HO-metronidazole  (Menéndez 
et al., 2002) 

Ciprofloxacin Four 
metabolites 

NA  FDA label PA824 NA NA   
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Ofloxacin/ 
levofloxacin 

No major 
metabolite 
identified 

No major 
metabolite 
identified 

 OPC67683 No major metabolite 
identified 

No major 
metabolite 
identified 

 (Matsumoto 
et al., 2006) 

Moxifloxacin Inactive 
metabolites 
(glucuronide 
and sulphate 
moxifloxacin)  

Inactive 
metabolites 
(glucuronide 
and sulphate 
moxifloxacin)  

 (2008a; 
Budha et 
al., 2008) 

TMC207 N-monodesmethyl 
metabolite (CYP3A4) 

N-monodesmethyl 
metabolite 
(CYP3A4) 

 (Rustomjee 
et al., 2008; 
Diacon et al., 
2009; 
USFDA, 
2012a; 
Dooley, Mar 
3rd, 2013) 

Gatifloxacin No major 
metabolite 
identified 

No major 
metabolite 
identified 

 SQ109 NA NA  (Jia et al., 
2006; Meng 
et al., 2009) 

Cycloserine No major 
metabolite 
identified 

No major 
metabolite 
identified 

  LL3858 NA NA  (2008b) 

Table II. ESTABLISHED ANTI-TB DRUGS WITH ACTIVE OR TOXIC METABOLITES. THE ACTIVE OR TOXIC METABOLITE IS 

DEFINED TO BE THE METABOLITE WITH A MIC OR IC50 AT MICROMOLAR LEVEL DETERMINED BY IN VITRO 

ANTIBACTERIAL OR CYTOTOXICITY ASSAYS, RESPECTIVELY. NA: NO DATA AVAILABLE  
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2.1.6 Objective and Overall Research Strategies 

At present, the platforms for anti-TB drug discovery, especially HTS-based anti-TB drug 

discovery, fail to account for the possibilities of active metabolites early in the drug discovery 

process. In this chapter, in vitro assays will be established to rapidly detect the anti-TB activity 

of liver enzyme-derived metabolites. These TB-active metabolite assays (TAMA) should obviate 

the need for metabolite ID and synthesis to confirm the presence or absence of an active 

metabolite. A novel method to evaluate metabolite activity will be developed by combining a 

liver enzyme MGS with an anti-TB assay. For detection of prodrugs (anti-TB inactive parent 

compound with liver enzyme-generated anti-TB active metabolites), an HTS-compatible assay 

will be established, which will also serve to increase compound library chemical diversity. To 

distinguish liver enzyme-derived anti-TB active metabolites of anti-TB active parent compounds 

(type 3 compounds) from anti-TB active parent compounds that are relatively stable to liver 

enzymes (type 1 compounds), concurrent LC/MS/MS analysis of parent compound stability is 

required along with optimized data analysis. The ability to detect liver enzyme-generated anti-

TB active metabolites by this method early in the drug discovery process will allow for the 

further progression of some active (type 3) compounds with poor metabolic stability to liver 

enzymes that otherwise would be deprioritized using only LC/MS/MS based stability assays on 

the assumption that they were type 2 compounds, which are active anti-TB parent compound 

but generate inactive metabolites. The above methodology will be developed using established 

and modified control compounds and then applied to a HTS for proof of concept. 

Aim 1.  Develop and validate a direct in vitro system to measure the anti-TB activity of 

liver enzyme mediated metabolites.  

Compounds are incubated with and without a liver enzyme MGS prior to incubation with M. 

tuberculosis. Both particle/enzymatic and cellular MGSs will be evaluated using control 
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compounds. The substrate concentration, incubation time and organic solvent concentrations 

will be optimized. 

           Aim1a. Evaluate enzymatic and cellular MGS with respect to metabolite formation 

and compatibility for coupling with a M. tuberculosis growth inhibition assay.  

           Aim1b. Validation of the assay with control compounds 

           Aim1c. Development of a HTS format assay  

 

Aim 2. Establish a data analysis method to correlate bioassay-generated data with mass 

spectrometry data to identify active metabolite(s)  

 

Aim 3.  Application of a TB-active metabolite assay (TAMA) in anti-tuberculosis drug 

discovery.  

A 100,000 compound library will be screened against M. tuberculosis with and without MGS 

using one of the systems developed in Aim 1. All active compounds (including Type 4 prodrugs) 

will be assessed for metabolic stability by LC/MS/MS and the reactions re-tested vs. TB in 2-fold 

dilution. Active metabolites will be identified and selected metabolites confirmed by synthesis 

and bioassay as proof of concept. 
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2.2 Assay Development to Detect Liver Microsomes Derived Active Metabolites 

against M. tuberculosis  

2.2.1 Introduction 

Our lab has been conducting anti-TB drug assay development and HTS-based anti-TB drug 

discovery for more than a decade. Our own screening efforts demonstrate that a large 

proportion of library compounds are not active, while among the active hits and synthesized 

analogs, a high percentage are metabolically unstable compounds/classes (Table III). Twenty-

seven of thirty-four prioritized hit classes from 3 libraries and nearly half of the synthesized 

analogs had half-lives less than 30 minutes in liver microsomes. For compounds that are 

inactive in such screens but might be converted to active metabolites in vivo by liver enzymes, 

there is no way using our current approaches to detect the latter. Meanwhile, such unstable 

compounds tend to be deprioritized without knowing whether they are metabolized to equally or 

more active compounds by liver enzymes. For compounds deemed to be of sufficient interest, a 

significant effort must be made to determine the metabolic soft spots and to identify the 

structures of the corresponding metabolites, in order to guide analog synthesis toward more 

stable compounds.  

 

Based on the anti-TB activity and stability to liver enzymes, we categorize compounds into four 

types (Table IV & Figure 2.1). An example of a type 1 compound (active and metabolically 

stable), is clofazimine which is active against replicating M. tuberculosis H37Rv luxABC with a 

MIC <0.2 µM, and in humans, its half-life is as long as 70 days. An example of a type 2 

compound (active parent; inactive metabolite), is a mefloquine-isoxazole carboxylic acid ester 

(the subject of a previous unsuccessful lead optimization effort) with MICs of 0.6 µM and 3.0 µM 

against replicating and non-replicating M. tuberculosis, respectively. As the positive control for 
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type 4 compounds (prodrug: inactive parent; active metabolite) -- the amidoxime analog (LLK2-

161) has an MIC against replicating M. tuberculosis H37Rv luxABCDE that is much higher than 

that of its active metabolite-amidine analog (LLK2-150), 28 µM vs. 0.2 µM, respectively. CLA, as 

the positive control for type 3 compounds (active parent; active metabolite) inhibits replicating M. 

tuberculosis H37Rv luxABCDE with a MIC of 1.8 µM. However, the known active metabolite (vs. 

gram-positive bacteria) of CLA (14-(R)-OH CLA) is not as active vs. M. tuberculosis H37Rv 

luxABCDE as expected, with an MIC as high as 35 µM.  

 

Subcellular fractions, such as liver microsomes and S9 fractions, have been great in vitro tools 

for investigating the metabolism of compounds, including intrinsic clearance, metabolite 

identification and drug-drug interactions since they contain many of the phase I and phase II 

drug metabolizing enzymes found in the liver. Liver microsomes and S9 fractions are easy to 

prepare from the liver tissue “and can be stored for long periods of time. They are easily 

adaptable to high throughput screens which enable large numbers of compounds to be 

screened rapidly and inexpensively”. 
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Table III. A SUMMARY OF THE COMPOUNDS SCREENED IN HOUSE WITH METABOLIC STABILITIES (ND, Not Determined) 

 

 
Type 1 Type 2 Type 3 

Type 4 
Prodrug 

Parent active active active inactive 

Stability high low low low 

Metabolite NA inactive active active 

Example Clofazimine 

Mefloquine-
Isoxazole 
Carboxylic 
Acid Ester 

CLA 
In-house 

amidoxime 
analog 

Table IV. DEFINITIONS OF 4 TYPES OF COMPOUNDS IN ANTI-TB SCREEN ASSAYS AND EXAMPLES AS THE CONTROLS 

 

No. % No. % No. %

Axinex 53620 3 76 0.14 21(12) 14 (9) 67 ND ND ND ND ND ND

Analyticon 6000 3 13 0.22 8 (5) 8 (5) 100 ND ND ND ND ND ND

Chembridge 2 102634 3 1105 1 5 (5) 5 (5) 100 7 5 71 16 8 50

Chembridge NovaCore 50000 10 60 0.12 ND ND ND 31 11 35 11 7 64

Actino extr 65000 10 ul/ml 312 0.48 ND ND ND ND ND ND ND ND ND

Library

No. No.

Evaluated for microsome stability

t1/2 < 30 min.

Total 

Cmpd 

No.

Hits (chemical series) Active analogs Inactive analogs

Screening 

Conc./µM t1/2 < 30 min. t1/2 < 30 min.No. %
No.
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D 

 

Figure 2.1 Structures of 4 type example compounds as the controls and their metabolism 

by liver enzymes (A. clofazimine; B. mefloquine-isoxazole carboxylic acid ester and its 

major metabolite mefloquine-isoxazole carboxylic acid by hydroxysis; C. CLA and its 

oxidative active metabolite 14-(R)-OH CLA; D. amidoxime prodrug-LLK2-161 and its 

reductive active amidine metabolite LLK2-150).  
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2.2.2 Materials and methods 

2.2.2.1 Materials  

Pooled mouse liver microsomes (MLM) and human liver microsomes (HLM) were purchased 

from XenoTech (Lenexa, KS). Rat Liver S9 Fractions (RS9) was purchased from Moltox (Boone, 

NC). All chemicals were purchased from Sigma Aldrich (St. Louis, MO). All solvents were HPLC 

grade and purchased from Fisher Scientific (Hanover Park, IL). Phosphate Buffered Saline (10X 

solution) was purchased from Fisher BioReagents.  

 

2.2.2.2 Interference of NADPH, HLM and RS9 in Fluorometric Readout  

NADPH, HLM and RS9, at final highest concentrations of 2 mM, 2 mg/ml and 2 mg/ml, 

respectively, were dissolved or suspended and serially diluted 2-fold in 7H12 medium before 

adding 20 μl 10x Alamar Blue dye and 12.5 μl 20% Tween-80 into the wells. After 20 hr 

incubation at  37°C in the absence of M. tuberculosis, fluorescence was measured in a VICTOR 

3 Multilabel Plate Reader using excitation/emission wavelengths of 530/590 nm (PerkinElmer, 

Fremont, CA).  

 

2.2.2.3 Inhibition of M. tuberculosis H37Rv luxABCDE by NADPH, NADP+, NADH, NAD+, 

HLM and RS9 

NADPH, NADP+, NADH, NAD+, HLM and RS9, at final highest concentrations of 2 mM, 25 mM, 

10 mM, 10 mM, 2 mg/ml and 2 mg/ml, respectively, were dissolved or suspended and serially 

diluted 2-fold in 7H12 medium. A stock of M. tuberculosis H37Rv luxABCDE was inoculated to 

achieve a final cell density of 8 x 105 cells/ml. After 5 days incubation at 37°C, luminescence 

was measured in a VICTOR 3 Multilabel Plate Reader (PerkinElmer, Fremont, CA).  
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2.2.2.4 Bactericidal Effect of NADPH, HLM and RS9 against the Growth of M. tuberculosis 

H37Rv luxABCDE 

NADPH, HLM and RS9, at final highest concentrations of 2 mM, 2 mg/ml and 2 mg/ml, 

respectively, were dissolved or suspended and serially diluted 2-fold in 7H12 medium before 

inoculating with M. tuberculosis H37Rv luxABCDE, which have been growing in a 50 ml tube for 

3 days from a density of 5 x 105 cells/ml at day 0. After 1 day incubation, luminescence was 

measured in a VICTOR 3 Multilabel Plate Reader (PerkinElmer, Fremont, CA).  

 

2.2.2.5 Effect of Cofactors on the Efficiency of MGS for Type 4 Positive Control 

HLM, MLM, RS9 and human liver S9 fractions (HS9) were incubated at a final concentration of 

0.5 mg/ml in PBS with 1 μM LLK2-161 for 5 min at 37 °C before the reaction was initiated by 

addition of NADPH, NADH or NAD+ at a  final concentration of 1 mM to each of the enzyme 

systems. After 1 hr at 37 °C, the metabolic reactions were quenched and the relative amount of 

LLK2-161 and generated LLK2-150 was quantified by LC/MS/MS.  

 

2.2.2.6 pH Dependence of MGS for Type 4 Positive Control  

MLM were incubated at a final concentration of 0.2 mg/ml in PBS at pH 5.6, 6.0, 6.6, 7.0, 7.4 

and 8.0 (adjusted by HCl), with 15.4 μM LLK2-161 at 37 °C for 5 min. The reactions were 

initiated by addition of NADH at a final concentration of 1 mM into MLM and the reaction 

mixtures were incubated at 37 °C for 24 hr. The concentration of the metabolite LLK2-150 

generated was quantified by LC/MS/MS. 
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2.2.2.7 Optimization of MGS for Type 4 Positive Control 

MLM were incubated at a final concentration of 1 mg/ml, 0.5 mg/ml, 0.1 mg/ml and 0.05 mg/ml 

in PBS with 15.4 μM LLK2-161 for 5 min at 37 °C. The reactions were initiated by addition of 

NADH at final concentrations of 2.5 mM, 1 mM, 0.5 mM, 0.25 mM, 0.1 mM, 0.05mM and the 

reactions were incubated at 37 °C for 6 hr. The concentration of the generated metabolite LLK2-

150 was determined by LC/MS/MS. 

 

2.2.2.8 Kinetics of Metabolite Formation in Optimized MGS for Type 4 Positive Control 

MLM were incubated at a final concentration of 0.1 mg/ml in PBS with 15.4 μM LLK2-161 at pH 

6.6. The reactions were initiated by addition of NADH at final concentrations of 0.1 mM and 

0.05mM into MLM and the reactions were incubated at 37 °C for 24 hr. The formation of 

metabolite LLK2-150 was monitored at 10 hr, 15 hr and 20 hr. The concentration of the 

generated metabolite LLK2-150 was determined by LC/MS/MS. 

 

2.2.2.9 Inhibition of M. tuberculosis H37Rv luxABCDE by MGS-Generated Type 4 Positive 

Control Metabolite  

MLM were incubated at a final concentration of 0.1 mg/ml in PBS with 15.4 μM LLK2-161 at pH 

6.6. The reactions were initiated by addition of NADH at a final concentration of 0.1 mM into 

MLM and the reaction mixtures were incubated at 37 °C for 20 hr. The concentration of the 

generated metabolite LLK2-150 was determined by LC/MS/MS. The reaction mixtures were 

extracted with acetonitrile (ACN), solvent removed in a speed vacuum and precipitate dissolved 

in sterile water at the same volume as the reaction system. The dissolved metabolites were 

serially diluted 2-fold before inoculating with M. tuberculosis H37Rv luxABCDE, the stock of 

which was suspended in a 2X 7H12 medium to achieve a density of 8 x 105 cells/ml. After 5 
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days incubation, luminescence was measured in a VICTOR 3 Multilabel Plate Reader 

(PerkinElmer, Fremont, CA). 

 

2.2.2.10 Optimization of MGS with NADH-regenerating System for Type 4 Positive Control 

MLM (0.1 mg/ml, suspended in PBS at pH 6.6 containing 8 mM MgCl2 and 20 mM glucose-6-

phosphate (G-6-P)) were incubated with LLK2-161 (15.4 μM) and RS9 at final concentrations of 

5%, 2%, 1%, 0.5% and 0.1% for 5 min at 37 °C. The reactions were initiated by addition of 

NAD+ at a final concentration of 5 mM, 2.5 mM, 1.0 mM, and 0.5 mM into each concentration of 

MLM and the reactions were incubated at 37 °C for 6 hr. The concentration of the generated 

metabolite LLK2-150 was determined by LC/MS/MS. 

 

2.2.2.11 Kinetics of Type 4 Positive Control Metabolite Formation in Optimized MGS 

MLM (0.1 mg/ml, suspended in PBS at pH 6.6 containing 8 mM MgCl2 and 20 mM G-6-P) were 

incubated with LLK2-161 (15.4 μM) and RS9 at final concentrations of 1% and 0.5% for 5 min at 

37 °C. The reactions were initiated by addition of NAD+ at final concentrations of 2.5 mM and 

1.0 mM for MGS with 1% RS9 fractions, and 1 mM for MGS with 0.5% RS9. The reactions were 

incubated at 37 °C for 10 hr and the formation of metabolite LLK2-150 was monitored at 2 hr, 6 

hr and 10 hr. The concentration of the generated metabolite LLK2-150 was determined by 

LC/MS/MS. 
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2.2.2.12 Inhibition of M. tuberculosis H37Rv luxABCDE by Type 4 Positive Control 

Metabolite Produced in MGS with NADH-regenerating System 

MLM (0.1 mg/ml, suspended in PBS at pH 6.6 containing 0.5% RS9, 8 mM MgCl2 and 20 mM 

G-6-P) was incubated with 15.4 μM LLK2-161 as the inhibition positive control and negative 

control, and without 15.4 μM LLK2-161 as the inhibition blank control. The reactions were 

initiated by addition of NAD+ at a final concentration of 1.0 mM into MLM into the inhibition 

positive control and blank control. A same volume of buffer was added instead for the inhibition 

negative control. All the reactions were incubated at 37 °C for 6 hr. The concentration of the 

generated metabolite LLK2-150 was determined by LC/MS/MS. The reaction mixtures were 

extracted by ACN, the solvent removed in speed vacuum dissolved in sterile water at the same 

volume as the reaction system. The dissolved metabolite was serially diluted 2-fold before 

inoculating with M. tuberculosis H37Rv luxABCDE, the stock of which was suspended in a 2X 

7H12 medium to achieve a density of 8 x 105 cells/ml. After 5 days incubation, luminescence 

was measured in a VICTOR 3 Multilabel Plate Reader (PerkinElmer, Fremont, CA). 

 

2.2.2.13 Exploration of Inhibitory Components in MGS 

MgCl2, G-6-P, NADH, and NAD+ were dissolved at final concentrations of 60 mM, 35 mM, 10 

mM and 10 mM and serially diluted 2-fold in sterile water before inoculating with M. tuberculosis 

H37Rv luxABCDE, the stock of which was suspended in a 2X 7H12 medium to achieve a 

density of 8 x 105 cells/ml.  

 

Sterile 1X PBS at pH 5.6, 6.0, 6.6, 7.0, 7.4 and 8.0 were serially diluted 2-fold in sterile water 

before inoculating with M. tuberculosis H37Rv luxABCDE, the stock of which was suspended in 

a 2X 7H12 medium to achieve a density of 8 x 105 cells/ml.  
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After 7 days incubation at 37 °C, luminescence was measured in a VICTOR 3 Multilabel Plate 

Reader (PerkinElmer, Fremont, CA). 

 

2.2.2.14 Inhibition of M. tuberculosis H37Rv luxABCDE by Type 4 Positive Control 

Metabolites Formed in Optimized MGS with NADH-regenerating System  

MLM (0.1 mg/ml, suspended in PBS at pH 6.6 containing 0.5% RS9, 8 mM MgCl2 and 20 mM 

G-6-P) was incubated with 15.4 μM LLK2-161 as the inhibition positive control and negative 

control, and without 15.4 μM LLK2-161 as the inhibition blank control. The reactions were 

initiated by addition of NAD+ at a final concentration of 2.0 mM into MLM into the inhibition 

positive control and blank control. The same volume of buffer was added instead for the 

inhibition negative control. All the reactions were incubated at 37 °C for 6 hr. The concentration 

of the metabolite LLK2-150 generated was quantified by LC/MS/MS. The reaction mixtures were 

extracted by MeOH, solvent removed in a speed vacuum and precipitate dissolved in sterile 

water at the same volume as the reaction system. The dissolved metabolite was serially diluted 

2-fold before inoculating with M. tuberculosis H37Rv luxABCDE, the stock of which was 

suspended in a 2X 7H12 medium to achieve a density of 8 x 105 cells/ml. After a 5-day 

incubation, luminescence was measured in a VICTOR 3 Multilabel Plate Reader (PerkinElmer, 

Fremont, CA). 

 

2.2.2.15 Optimization of MGS for Type 3 Positive Control 

HLM, at a final concentration of 0.5 mg/ml, 0.25 mg/ml, 0.1 mg/ml and 0.05 mg/ml, were 

suspended in PBS at pH 7.4, containing 8 mM MgCl2, 20 mM G-6-P, 10 ug/ml CLA and RS9 at 

2%, 1% or 0.5%. After being pre-warmed at 37 °C for 5 min, reactions were initiated by addition 

of NADP+ at a final concentration of 1 mM, and the reaction mixtures were incubated at 37 °C 
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for 6 hr. The relative amount of the metabolite 14-(R)-OH CLA generated was quantified by 

LC/MS/MS. 

 

HLM, to a final concentration of 0.5 mg/ml, 0.25 mg/ml and 0.1 mg/ml, were suspended in PBS 

at pH 7.4 PBS, containing 8 mM MgCl2, 20 mM G-6-P, 10 ug/ml CLA and 0.5% RS9. After being 

pre-warmed at 37 °C for 5 min, reactions were initiated by addition of NADP+ at a final 

concentrations of 50 mM, 25 mM, 10 mM or 5 mM to HLM at each concentration, and the 

reaction mixtures were incubated at 37 °C for 6 hr. The relative amount of the generated 

metabolite 14-(R)-OH CLA was quantified by LC/MS/MS. 

 

2.2.2.16 pH Dependence of MGS for Type 3 Positive Control 

HLM were suspended to a final concentration of 0.5 mg/ml in PBS at pH 5.6, 6.0, 6.6, 7.0, 7.4 

and 8.0 (adjusted by HCl), containing 8 mM MgCl2 and 20 mM G-6-P, and incubated with 10 

μg/ml CLA and 0.5% RS9 at 37 °C for 5 min. The reactions were initiated by addition of NADP+ 

at a final concentration of 25 mM or 10 mM and incubated at 37 °C for 6 hr. The relative amount 

of the generated metabolite 14-(R)-OH CLA was quantified by LC/MS/MS. 

 

2.2.2.17 Kinetics of Metabolite Formation in Optimized MGS for Type 3 Positive Control 

HLM (0.5 mg/ml, suspended in PBS at pH 6.6 containing 0.5% RS9, 8 mM MgCl2 and 20 mM G-

6-P) were incubated with 10 μg/ml CLA (15.4 μM) for 5 min at 37 °C. The reactions were 

initiated by addition of NADP+ at a final concentration of 25 mM. The reactions were incubated 

at 37 °C for 9.5 hr and the formation of the 14-(R)-OH CLA metabolite was monitored at 2 hr, 
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4hr, 6 hr and 9.5 hr. The relative amount of the generated 14-(R)-OH CLA metabolite was 

quantified by LC/MS/MS. 

 

2.2.2.18 Inhibition of M. tuberculosis H37Rv luxABCDE by Type 3 Positive Control CLA 

and its Active Metabolite 14-(R)-OH CLA  

The inhibitory activities of CLA and 14-(R)-OH CLA were assessed against M. tuberculosis 

H37Rv luxABCDE strain with rifampin and isoniazid as the positive controls. Beginning with 

maximum concentrations of 20 μg/ml for CLA and 40 μg/ml for 14-(R)-OH CLA, 2-fold serial 

dilutions were made with 7H12 medium in 96-well plates. After addition of the M. tuberculosis 

inoculum to achieve a density of 4 x 105 cells/ml, plates were incubated for 7 days at 37 °C and 

luminescence was measured in a VICTOR 3 Multilabel Plate Reader. 

 

2.2.2.19 Quantification of 14-(R)-OH CLA Formed in Optimized MGS 

HLM (0.5 mg/ml, suspended in PBS at pH 6.6 containing 0.5% RS9, 8 mM MgCl2 and 20 mM G-

6-P) were incubated with 10 μg/ml CLA (15.4 μM) for 5 min at 37 °C. The reactions were 

initiated by addition of NADP+ at a final concentration of 25 mM. The reaction mixtures were 

incubated at 37 °C for 9.5 hr and the formation of metabolite 14-(R)-OH CLA was monitored at 4 

hr and 6 hr. The relative amount of the metabolite 14-(R)-OH CLA generated was quantified by 

LC/MS/MS. 

 

2.2.2.20 Protein Binding of LLK2-150 and LLK2-161 in HLM 

MLM (0.1 mg/ml) solutions (100 μL) containing LLK2-161 and LLK2-150 (2 and 10 μg/ml) were 

placed into the sample chamber of Single-Use Rapid Equilibrium Dialysis plates with cutoff 
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molecular weight 8000 Da (Thermo Scientific-Pierce Biotechnology, Rockford, IL). Three 

hundred microliters of PBS dialysis buffer was added into the adjacent chamber. Samples were 

setup in triplicate. The content of organic solvent in the final microsomal solutions was kept 

below 1%. The plates were then covered with sealing tape (MicroAmpTM, Applied Biosystems, 

Foster City, CA) and incubated at 37 °C for 4 hours on an orbital shaker at 100 rpm. Aliquots 

(50 μL) were removed from each side of the insert and placed in separate tubes. The same 

volume (50 μL) of blank microsomes was added to the buffer samples and an equal volume of 

PBS was added to the collected microsomes samples for matrix matching. To each sample, 200 

μL of acetonitrile containing sulfaphenazole was added. These samples were vortexed for 30 s 

and chilled on ice for 30 min, then centrifuged at 16,100g for 15 min at 4 °C. LLK2-161 and 

LLK2-150 concentrations in the supernatant were determined by LC/MS/MS. 

 

2.2.2.21 Measurement of LLK2-150 and 14-(R)-OH CLA in LC/MS/MS 

The concentrations of LLK2-150 and 14-(R)-OH CLA formed were determined by LC/MS/MS. A 

Shimadzu Prominence HPLC interfaced with ABSciex Qtrap 4000 “equipped with an 

electrospray ion source was used. Chromatographic separation was carried out with a Waters 

XTerra MS C18 column (2.1×50 mm, 3.5 μm; Waters Corporation, Milford, MA)”. For LLK2-150, 

mobile phase was delivered at 200 μl/min, and the gradient was initiated at 75% A : 25% B (A, 

0.1% formic acid in H2O; B, acetonitrile containing 0.1% formic acid). The proportion of mobile 

phase B was held at 25% for 1 min, and then increased to 95% over 2 min, held constant for 

another 1 min, and then restored to the initial composition. For 14-(R)-OH CLA, mobile phase 

was delivered at 200 μl/min, and the gradient was initiated at 72 % A - 28% B (A, 0.1% formic 

acid in H2O; B, acetonitrile containing 0.1% formic acid). The proportion of mobile phase B was 

held at 28% for 2 min, and then increased to 90% over 1.5 min, held constant for another 1 min, 

and then restored to the initial composition. A positive mode was utilized. As shown in figure 2.2, 
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the selective reaction monitoring (SRM) transitions for LLK2-150 and 14-(R)-OH CLA were 

195.2/170.1 and 748.6/158.1 as the quantifiers, and the qualifiers were 195.2/157.2 and 

748.6/606.5, respectively. Sulfophenazole was used as the internal standard with a SRM 

transition of 315/158. The dwell time for each transition was 5 ms.  

A. 

 

B. 

 

Figure 2.2 The spectrum of the product ions of LLK2-150 and 14-(R)-OH Clarithromycin. 
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2.2.3 Results 

2.2.3.1 Interference of NADPH, HLM and RS9 in Fluorometric Readout 

NADPH, HLM and RS9 were able to reduce Alamar Blue in a concentration-dependent pattern 

as determined by the relative fluorescence units (RFU) at Ex/Em of 530/590 nm (Figure 2.2). 
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Figure 2.3 Fluorometric readout for resorufin reduced by NADPH, HLM and RS9. The data 

shown represent the mean ± S.D. from three replicates. 

 

2.2.3.2 Inhibition of M. tuberculosis H37Rv luxABCDE by NADPH, NADP+, NADH, NAD+, 

HLM and RS9  

The extent of inhibition of NADPH, NADP+, NADH, NAD+ HLM and RS9 on the growth of M. 

tuberculosis was calculated based on the ratio of the luminescence signal produced in the 

presence and absence of these assay components (Figure 2.3). NADPH, NADP+, NADH, NAD+, 

HLM and RS9 all showed a concentration-dependent inhibition against M. tuberculosis H37Rv 

luxABCDE. In order to avoid any background inhibition from the assay system, the highest 
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concentration of NADPH, NADP+, NADH, NAD+, HLM and RS9 acceptable in this assay under 

development is 0.1 mM, 6.25 mM, 5 mM, 5 mM, 0.25 mg/ml and 0.5 mg/ml, respectively.  

A. 

0.0 0.5 1.0 1.5 2.0 2.5
0

20

40

60

80

100
NADPH

HLM

RS9

NADPH (mM) or
HLM (mg/ml) or S9 (%)

%
 I

n
h

ib
it

io
n

 

 

 

B. 

0 10 20 30
0

10

20

30

40

50

NADP+ (mM)

%
 I

n
h

ib
it

io
n

 

 



 

43 
 

C. 
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Figure 2.4 Inhibition of M. tuberculosis H37Rv luxABCDE by NADPH, HLM and RS9 (A) 

and NADP+ (B) NADH and NAD+ (C). The data shown represent the mean ± S.D. from three 

replicates. 

 

2.2.3.3 Bactericidal Effect of NADPH and HLM against M. tuberculosis H37Rv luxABCDE 

HLM effected a concentration-dependent reduction in luminescence signal relative to the 

bacterial control without HLM after 24 hr incubation (Figure 2.4). NADPH with the same 

concentration range as in the inhibition study did not show a killing effect, and the luminescence 

increase was the same in the absence and presence of NADPH at various concentrations. RS9 

showed a concentration-dependent inhibition against the growing bacteria, however, even in the 

presence NADPH at 2.0 mM, M. tuberculosis H37Rv luxABCDE was still able to grow with an 

increase in relative luminescence units (RLU) of 2-fold. 
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Figure 2.5 The effect of NADPH, HLM and RS9 on growing cultures of M. tuberculosis 

H37Rv luxABCDE. The data shown represent the mean ± S.D. from three replicates. 

 

2.2.3.4 Effect of Cofactors on the Efficiency of MGS for Type 4 Positive Control 

Using the value obtained without any cofactor as 100%, the percentage of remaining LLK2-161 

was calculated for each MGS with different cofactors (Figure 2.5). MGS with MLM yielded the 

highest metabolism of LLK2-161, followed by RS9, compared to that with HLM or HS9, 

regardless of the cofactor (Figure 2.5A). With respect to the specific formation of metabolite 

LLK2-150, MLM with NADH as the cofactor led to a much higher formation than MLM with any 

other cofactor and any other subcellular fractions with any cofactor (Figure 2.5B).   
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Figure 2.6 LLK2-161 metabolism (A) and LLK2-150 formation (B) in different MGS 

combinations. The data shown represent the mean ± S.D. from three replicates. 

 

2.2.3.5 pH Dependence of MGS for Type 4 Positive Control 

According to Saulter J, et al. 2005, the reduction of the amidoxime analog was more rapid at pH 

6.5 compared to pH 7.4; therefore the pH range used in this experiment included and extended 
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beyond these values.  The rate of LLK2-150 formation was most rapid at pH 6.0, achieving a 

maximum concentration as high as 8 µM at 3 hr (Figure 2.6). At higher pH values there was a 

corresponding decrease in rates of LLK2-150 formation. At pH 5.6-7, maximum LLK2-150 

concentration was attained after 3 hours whereas at higher pH maxima were achieved at 12 

hours.  
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Figure 2.7 pH dependence of LLK2-150 formation in MLM with NADH. The data shown 

represent the mean ± S.D. from three replicates. 

 

2.2.3.6 Optimization of MGS for Type 4 Positive Control 

Using the optimal pH (6.0) for the reduction of the amidoxime LLK2-161, the MGS for this type 4 

positive control was optimized with respect to the concentration of MLM and NADH. The 

production of amidine metabolite was inversely correlated with NADH at concentrations of 

NADH between 2.5 mM and 10 mM (Figure 2.7A). Optimal metabolite production was observed 

at 2 mg/ml MLM and 2.5 mM NADH. Therefore a lower concentration range of NADH and MLM 

was investigated in a subsequent experiment. The higher MLM concentrations of 1 and 2 mg/ml 

did not result in greater formation of the metabolite compared to that produced at 0.1 and 0.2 
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mg/ml (Figure 2.7B). The inhibition by NADH holds true over a range of NADH concentrations 

and it is more apparent at lower concentrations of MLM. For MLM at 0.1 or 0.2 mg/ml, this 

inverse correlation between the production of metabolite and the concentration of NADH exists 

within the concentration range of NADH of 0.25 mM to 2.5 mM. At lower concentrations of 

NADH, the production of amidine decreased slightly with a concentration of LLK2-150 still at 

approximately 4 µM. In summary, the optimal concentrations of MLM and NADH to form LLK2-

150 are 0.1-0.2 mg/ml, and 0.25 mM, respectively.  
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Figure 2.8 Formation of LLK2-150 at different concentrations of MLM and NADH. The data 

shown represent the mean ± S.D. from three replicates. 
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2.2.3.7 Kinetics of Metabolite Formation in Optimized MGS for Type 4 Positive Control 

The formation of metabolite LLK2-150 was monitored over 20 hrs. With NADH at 0.1mM, the 

formation of metabolite continued increasing throughout the incubation achieving a maximum 

concentration of ~7 µM (Figure 2.8). At 0.05 mM NADH, metabolite yield plateaued as early as 

10 hr at a maximum concentration of only 3 µM. 
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Figure 2.9 Time course of metabolite LLK2-150 formation. The data shown represent the 

mean ± S.D. from three replicates.  

 

2.2.3.8 Inhibition of M. tuberculosis H37Rv luxABCDE by MGS-Generated Type 4 Positive 

Control Metabolite  

The optimized MGS incubated with LLK2-161 achieved a concentration of 6.5 µM LLK-150. This 

was extracted from the MGS, reconstituted to the same concentration in the antibacterial assay 

and serially diluted. After 7 days incubation with M. tuberculosis H37Rv luxABCDE, the MIC was 

determined by measuring the luminescence of the treated cultures in comparison to bacterial 

controls without addition of metabolites. The MIC of LLK2-150 formed in the optimized MGS 
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was 1.5 µM (Figure 2.9). The negative control, from the same MGS without NADH, did not show 

any inhibition except for the 1st dilution which corresponds to the highest concentration of LLK2-

161 (7.7 µM), which indicates that the background inhibition from the assay is negligible.  
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Figure 2.10 Inhibition profiles of LLK2-150 formed in MGS and the corresponding 

negative control. The negative control dilutions were compared to the same dilutions of 

positive control and profiled at the x-axis value of the corresponding positive control 

dilutions. The data shown represent the mean ± S.D. from two replicates.  

 

2.2.3.9 Optimization of MGS with NADH-regenerating System for Type 4 Positive Control 

The optimal NAD+ concentration for LLK2-150 formation is 5.0 mM with RS9 at a concentration 

of 2%, 1% or 0.5% (Figure 2.10), with a maximum concentration of 9 µM LLK2-150 produced at 

0.5% RS9. The highest (5%) and lowest (0.1%) concentrations of RS9 resulted in significantly 

lower yields of the amidine metabolite. At RS9 concentrations of 0.5-2%, there was a clear 

dose-response with respect to NAD+ concentration.  
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Figure 2.11 Formation of LLK2-150 at different concentrations of RS9 and NAD+. The data 

shown represent the mean ± S.D. from three replicates. 

 

2.2.3.10 Kinetics of Type 4 Positive Control Metabolite Formation in Optimized MGS  

With the MGS containing 0.1 mg/ml MLM and three selected NADH-regenerating system 

conditions (2.5 mM NAD+ plus 1.0% RS9, 1.0 mM NAD+ plus 1.0% RS9, and 1.0 mM NAD+ plus 

0.5 % RS9), the formation of metabolite LLK2-150 was monitored. The latter reached a plateau 

at 6 hr, with a concentration as high as 7 µM (Figure 2.11). Considering that the amount of 

metabolite formed with NAD+ at 1.0 mM plus RS9 at 0.5 % was comparable or superior to the 

other conditions, this lower concentration combination of NAD+ and RS9 was chosen for the 

final optimized MGS. 
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Figure 2.12 Time course of metabolite LLK2-150 formation with selected NADH-

regenerating systems. The data shown represent the mean ± S.D. from three replicates. 

 

2.2.3.11 Inhibition of M. tuberculosis H37Rv luxABCDE by Type 4 Positive Control 

Metabolite Formed in MGS with NADH-regenerating System  

Using the optimized MGS containing a NADH-regenerating system, the metabolites formed from 

LLK2-161 were extracted and tested in the bacterial inhibition assay against M. tuberculosis 

H37Rv luxABCDE. The blank control included only the components of the optimized MGS with 

NADH-regenerating system in order to show that the MGS is not involved in the inhibition of 

bacteria. The negative control contained all the components (the MGS with NADH-regenerating 

system) in the blank control plus LLK2-161 at a final concentration of 15.4 µM, but no incubation 

was performed, in order to show the extent of inhibition by the combination of LLK2-161 and the 

optimized MGS. The positive control was of the same composition as the negative control but 

incubated for 6 hr at 37 °C to generate the expected metabolite and its inhibition was studied. 

However, the highest concentration of metabolites in the positive control and corresponding 

negative control and blank control made no difference in inhibiting bacterial growth with more 
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than 90% inhibition (Figure 2.12). For the positive control with generated metabolites, the 

inhibition difference on bacterial growth appeared for 2-fold to 32-fold compared to that of the 

negative control or blank control.  
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Figure 2.13 Bacterial growth inhibition of metabolites formed in positive control in 

comparison with negative control and blank control. The negative control and black 

control dilutions were compared to the same dilutions of positive control and profiled at 

the x-axis value of the corresponding positive control dilutions. The data shown 

represent the mean ± S.D. from three replicates. 

 

2.2.3.12 Exploration of Inhibitory Components in MGS 

PBS, adjusted by HCl, inhibited bacterial growth in a concentration and pH-dependent pattern 

on day 4 (Figure 2.13A). At low PBS concentrations, there was little difference in 

growth/inhibition regardless of the pH of the added PBS whereas at increasing PBS 

concentrations, more pronounced pH-related inhibition was observed. These effects were 

minimal at pH 6.6 to 7.0. When the incubation time was extended to 7 days, this pH-dependent 

inhibition of bacterial growth dropped below 30%, although the pH dependence was maintained 

(Figure 2.13B). Since the concentration of the salts in the commercial 1X PBS stock (0.137 mM 
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NaCl, 2.7 mM KCl, and 11.9 mM phosphate buffer) are comparable to that of the commercial 

mycobacterial medium, the inhibition from the blank control and negative control found in the 

inhibition study (refer to 2.2.3.11) should not be due to the salts in the buffer.   

 

Besides the MLM and RS9, which were previously optimized, the remaining components in the 

MGS are MgCl2 and G-6-P. MgCl2 did not exhibit any inhibition up to 60 mM (data not shown). 

In contrast, G-6-P is inhibitory at concentrations exceeding 12 mM (Figure 2.14). 
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Figure 2.14 Inhibition of M. tuberculosis H37Rv luxABCDE growth by pH-adjusted PBS at 

Day 4 (A) and at an cxpanded pH range at 4-Day and 7-Day (B). The data shown represent 

the mean ± S.D. from two replicates. 
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Figure 2.15 Inhibition of the growth of M. tuberculosis H37Rv luxABCDE by G-6-P. The 

data shown represent the mean ± S.D. from two replicates. 

  

2.2.3.13 Inhibition of M. tuberculosis H37Rv luxABCDE by Type 4 Positive Control 

Metabolite Formed in Optimized MGS with NADH-regenerating System  

When methanol was used as the organic solvent to extract the metabolites formed in the MGS, 

the blank control and negative control did not exhibit significant inhibition. The blank control 

included only the components of the optimized MGS with a NADH-regenerating system in order 

to show that the MGS is not involved in the inhibition of bacteria. The negative control contained 

all the components (the MGS with NADH-regenerating system) in the blank control plus LLK2-

161 at a final concentration of 15.4 µM, but no incubation was performed, in order to show the 

extent of inhibition by the combination of LLK2-161 and the optimized MGS. The positive control 

had the same composition as the negative control but was incubated for 6 hr at 37 °C to 

generate the expected metabolite and its inhibition was studied. In comparison, the positive 

control effected a significant inhibition of M. tuberculosis from the formed metabolites of LLK2-

161 with an MIC ~0.75 µM (Figure 2.15). In comparison to the result observed in 2.2.3.11, 

where the acetonitrile solvent may have been the cause of the significant inhibition of the blank 
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and negative controls, when methanol was used, no inhibition was observed with the negative 

control. Although the blank control exhibited a 30% inhibition, this may not be due to the MGS. 
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Figure 2.16 Inhibition of bacterial growth by the optimized MGS-generated LLK2-150 in 

comparison with negative control and blank control. The negative control and black 

control dilutions were compared to the same dilutions of positive control and profiled at 

the x-axis value of the corresponding positive control dilutions. The data shown 

represent the mean ± S.D. from three replicates. 

 

2.2.3.14 Optimization of MGS for Type 3 Positive Control 

CLA is metabolized by human liver CYP3A4 to 14-(R)-OH CLA, with the latter being more active 

against M. tuberculosis (Rodrigues D, et al 1997). Since this metabolite is absent in mice 

(Bédos, JP, et al, 1992), HLM was chosen to be the enzyme source for generating metabolites 

in using CLA as a positive control for type 3 compounds. Also, RS9 were included as the 

NADPH-regenerating system with NADP+ as the cofactor. Higher yields of 14-(R)-OH CLA were 

obtained at higher concentrations of HLM and at the lowest concentration of RS9 (0.5%) (Figure 

2.16A). At 0.5% RS9, the concentration of NADP+ also affects metabolite formation for all 



 

56 
 

concentrations of HLM in a positive manner except at 50 mM, where no formation of 14-(R)-OH 

CLA was observed (Figure 2.16B). When incubated with 25 mM, 10 mM or 5 mM NADP+, the 

generation of metabolite showed a positive concentration dependence on HLM in the range 

between 0.1 mg/ml and 0.5 mg/ml.  
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Figure 2.17 Optimization of MGS for type 3 positive control (A and B). The data shown 

represent the mean ± S.D. from three replicates. 
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2.2.3.15 pH Dependence of MGS for Type 3 Positive Control 

The pH dependence for the formation of 14-(R)-OH CLA was studied in the same manner as 

that for LLK2-150. However, in this case there was no difference across the pH range in terms 

of the amount of metabolite formed (Figure 2.17). Since the pH of the incubation system could 

impart inhibition in the antibacterial assay and PBS at pH 6.6 was previously observed to 

produce the least inhibition, for subsequent experiments with 14-(R)-OH CLA formation, the 

same pH value (pH 6.6) was chosen.  
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Figure 2.18 pH Dependence of 14-(R)-OH CLA Formation in HLM with NADP+ and RS9. 

The data shown represent the mean ± S.D. from three replicates. 

 

2.2.3.16 Kinetics of Metabolite Formation in Optimized MGS for Type 3 Positive Control 

With the optimized MGS, the formation of 14-(R)-OH CLA was monitored over a period of 10 

hours. The maximum concentration of 14-(R)-OH CLA was obtained at 6 hours (Figure 2.18).  
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Figure 2.19 Time Course of 14-(R)-OH CLA Formation with Optimized MGS. The data 

shown represent the mean ± S.D. from three replicates. 

 

2.2.3.17 Inhibition of M. tuberculosis H37Rv luxABCDE by Type 3 Positive Control CLA 

and its Active Metabolite 14-(R)-OH CLA  

In the bacterial assay against the luxABCDE strain, the MIC of 14-(R)-OH CLA against M. 

tuberculosis H37Rv luxABCDE was 35 µM a value significantly higher than that (0.164 µM) 

reported previously for penicillin- and erythromycin-resistant Streptococcus pneumonia (Martin 

et al., 2001).  

 

2.2.3.18 Quantification of 14-(R)-OH CLA Formed in Optimized MGS 

In the optimized MGS, the concentration of 14-(R)-OH CLA (at both 2 hr and 6 hr) was ~3 µM 

when the starting concentration of CLA was 13.3 µM (10 µg/ml). This is comparable to a report 

that 14-(R)-OH CLA accounts for approximately 20% of the parent drug's metabolism (Langtry 

and Brogden, 1997). 
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2.2.3.19 Protein Binding of LLK2-150 and LLK2-161 in HLM 

At the two concentrations of LLK2-150 and LLK2-161 tested, each had a fu,m of approximately  

0.25-0.3, indicating that more than 70% of the molecules are bound to the microsomal proteins.  
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2.2.4 Discussion 

In this chapter, a liver-enzyme based MGS was successfully developed with LLK2-161/LLK2-

150 as the positive control (type 4). A high yield of the active amidine metabolite LLK2-150 from 

the prodrug - amidoxime analog was realized, a reaction catalyzed by NADH-dependent 

cytochrome b5 reductase, and the inhibitory activity of the generated active metabolite was 

confirmed. To summarize, a few key points are made as follows. 

 

2.2.4.1 Rationale of Utilizing M. tuberculosis H37Rv luxABCDE as the Bacterial Strain in 

Active Metabolite Assay Development 

The reductive potential of NADPH, MLM and RS9 were investigated for compatibility with MABA. 

In the classical anti-replicating bacteria assay MABA, M. tuberculosis H37Rv is used and the 

readout is fluorometric measurement of resazurin reduction. Considering that the metabolic 

reactions in liver are primarily oxidoreductions catalyzed by CYP450s, it was anticipated that the 

existence of these P450s in the MGS would be problematic with using the reduction of resazurin 

as the endpoint of bacterial viability in 2.2.3.2.  

 

2.2.4.2 The Criteria for Determining the Components and Concentrations of MGS  

The inhibitory effects of HLM, RS9 and NADPH/NADP+, NADH/NAD+ on the growth of M. 

tuberculosis and the concentration dependence of these inhibitions clearly indicate that the 

concentration of these enzymes and cofactors in the MGS should be as low as possible without 

compromising the yield of the expected metabolites. Considering that NADPH is more inhibitory 

than NADP+ at the same concentration and the sustainability of the formation of metabolites, 

NADP+ was chosen as the cofactor using a NADPH-regenerating system. Although the 
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inhibition of NADH is comparable to that of NAD+, the latter is considered to be superior again 

due to the sustainability of metabolite generation with an NADH regeneration system.  

 

The same rationale can apply to the RS9. As the supernatant obtained from the liver 

homogenate, RS9 contains cytosol and microsomes, which means it includes a diverse library 

of phase I and phase II metabolism enzymes. 

 

Although HLM was reported to be able to generate the amidine metabolite with either NADPH or 

NADH and to be more efficient with the latter cofactor (Saulter et al., 2005), in our study, both 

conditions appeared to be incomparable to that of MLM with NADH. Also, it was found 

previously that cytochrome b5 and b5 reductase play an important role in catalyzing the 

reduction of amidoxime to form amidine with NADH as the cofactor. This might imply that MLM 

is richer in cytochrome b5 and b5 reductase than HLM. In addition, MLM has a significant 

advantage in cost for a HTS assay.  

 

For drug metabolism studies, a typical pH value for incubation is 7.4 to reflect that in blood.  It is 

known that the growth of M. tuberculosis in culture media is pH dependent with pH 6.6 ± 0.2 as 

the optimal range. (Piddington et al., 2000). Although this is a more acidic optimum than for 

many other bacteria, fortunately, this falls within the range for optimal yield of metabolites in the 

MGS. 
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The combination of MLM and NADH in MGS was studied in order to achieve a high yield of 

LLK2-150 and these studies revealed that NADH at a high concentration could inhibit the 

formation of the amidine metabolites. It is possible that NADH competes with amidoxime in 

binding the enzyme, and when the concentration of NADH increases, the binding of amidoxime 

to the protein decreases, which leads to a decreasing yield of metabolites. With regard to HLM, 

high protein concentrations are not always an advantage in generating metabolites. An increase 

in protein binding may reduce the free parent LLK2-161 and therefore decrease the yield of 

metabolites. When MLM exceeds a threshold concentration, the metabolic contribution of 

increased enzyme concentration may be offset by the enhanced protein binding of the parent 

compound. This same may be true with respect to the use of RS9 in MGS.  

 

The dynamics of metabolite formation was monitored since it was found that metabolite LLK2-

150 was relatively stable in microsomes (data not shown). However, the primary metabolite 

produced could degrade or be further metabolized upon extended incubation. It is unknown 

whether the formation rate of the metabolites in the late stage of the incubation will exceed its 

degradation rate. These dynamics appeared to vary in response to the composition of the MGS. 

At 0.1 mM NADH, the formation of metabolite continued to increase at 20 hr. In contrast, at 0.05 

mM NADH the amount of LLK2-150 had decreased at 20 hr, compared to that at 15 hr. When a 

NADH-regenerating system is utilized, the concentration of LLK2-150 achieved plateau as early 

as 6 hr.  

 

2.2.4.3 The Inhibition Activity of Amidine Metabolite Formed in MGS 

The MIC of LLK2-150 (1.5 µM) generated from LLK2-161 in MGS was slightly higher than that 

of the pure synthetic LLK2-150 (0.2 µM). This discrepancy could however just be the result of 
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variability in the antibacterial assay, since MICs of the synthetic LLK2-150 varied from 0.2 µM to 

0.9 µM. There was also variability over several runs in the LC/MS/MS quantification of LLK2-150 

formed in the MGS. 

 

2.2.4.4 The Drawback of Type 3 Positive Control – CLA 

The MGS was also investigated for the formation of 14-(R)-OH CLA from CLA. This exploration 

ceased due to several reasons. First, the inhibitory activity of 14-(R)-OH CLA against replicating 

M. tuberculosis H37Rv luxABCDE is quite moderate compared to that of the parent CLA, with a 

MIC of 35 µM versus 1.8 µM. This was unexpected considering that this metabolite is known to 

have potency comparable to the parent compound against other bacteria. According to a 

previous study of CLA metabolism in HLM (Rodrigues et al., 1997), besides the formation of 14-

(R)-OH CLA, there are several other metabolites, including N-desmethyl CLA and 14-(S)-OH 

CLA. The formation of N-desmethyl-CLA and 14-(R)-OH CLA both contribute greatly to the 

clearance of CLA with a V max/KM of 3.3 ± 0.53 μl/min/mg protein and 4.2  ± 0.21 μl/min/mg 

protein, which means that the percentage of 14-(R)-OH CLA formed from CLA in humans is only 

around 56% at most. If so, in order to achieve a concentration above 70 µM of 14-(R)-OH CLA 

from CLA in MGS, the parent concentration should be at least 125 µM. Even if the yield of 14-

(R)-OH CLA is 100%, the concentration of CLA in MGS would still need to be as high as 70 µM 

in order to realize a 90% inhibition in the antibacterial assay with a metabolite concentration of 

14-(R)-OH CLA at 35 µM. However, in this case, the negative control, containing 35 µM CLA, 

would be too inhibitory to come up with a data analysis method to correlate bioassay-generated 

data with type-4 positive control inhibition profile. Secondly, with 25 mM NADP+ as the optimal 

concentration to generate the active metabolite of CLA, the background inhibition from the MGS 

will be as high as 45%, which is not acceptable for the assay control. HLM at the optimal 
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concentration of 0.5 mg/ml could still be an inhibition factor even if solvent extraction could get 

rid of most of it.  

 

2.2.4.5 Protein Binding of Metabolites  

High protein binding is frequently seen with drug molecules. For the type-4 positive control 

(LLK2-161) and its active metabolite (LLK2-150), more than 70% were bound to the proteins in 

the assay system at the two concentrations tested. The properties of these molecules imply that 

an extraction of the metabolites from the MGS is necessary or even critical in order to obtain 

free and active metabolites. Unfortunately this precludes the use of a one-pot assay and creates 

additional challenges for true HTS. 

 

2.2.4.6 The Overall Disadvantages of Liver Enzyme-based MGS for the Assay 

Although the metabolite of the positive control for type 4 compounds was successfully obtained 

at a high yield and its antibacterial activity confirmed with M. tuberculosis H37Rv luxABCDE, the 

procedures to complete this assay are complicated and would take 2~3 days in addition to the 

time required for the antibacterial assay. This involves the incubation of the MGS with the parent 

compounds, the extraction of the metabolites formed and parent compounds, and the 

evaporation of the extraction solvent. Therefore, the development of this assay for HTS would 

first require the successful automation of these procedures.  
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2.3 An Alternative anti-TB Assay Development Approach using HepaRG-Derived 

Active Metabolites  

2.3.1 Introduction 

M. tuberculosis is a facultative intracellular pathogen that, like all such organisms, depends 

upon the host for nutrients when residing intracellularly (Smith, 2003). Although macrophages, 

as phagocytic immune cells, are responsible for engulfing TB pathogens to destroy them, they 

also attract mononuclear cells and T lymphocytes by inducing a localized pro-inflammatory 

response after infection resulting in a granuloma, which is the hallmark tissue reaction of TB 

(Gengenbacher and Kaufmann, 2012). Several methods are available to determine the viability 

of phagocytosed M. tuberculosis for the purpose of TB drug discovery. The most common 

method involves the plating on agar-based media of a defined volume of serially diluted, 

infected macrophage cell lysates followed by CFU analysis (Parish and Brown, 2008). Infected 

macrophages are cultured in Dulbecco's modified Eagle's medium, which is a typical 

mammalian cell culture medium. It is likely that M. tuberculosis is also able to grow in 

mammalian cell culture medium. In this chapter, an alternative MGS, an immortal mammalian 

HepaRG cell line, was utilized to generate metabolites. 

 

HepaRG is a new human hepatoma cell line derived from a differentiated tumor. Seeded at low 

density (2.6× 104 cells/cm2), HepaRG cells rapidly proliferate, and differentiate toward 

hepatocyte-like and biliary-like cells when they reach confluence (Le Vee et al., 2006; Cerec et 

al., 2007). Addition of 1% ~ “2% dimethyl sulfoxide (DMSO) and 50 µM hydrocortisone 

hemisuccinate to the culture medium induces the differentiation of the hepatocyte-like cells into 

more granular cells, closely resembling typical adult primary hepatocytes with one or two nuclei 

and bile canaliculi-like structures”. The differentiated cells could transdifferentiate into bipotent 
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hepatic progenitors when seeded at low density (2.6×104 cells/cm2), and this can be avoided by 

seeding differentiated cells at high density (0.46×106 cells/cm2).  

 

The differentiated HepaRG cells express “various nuclear receptors (aryl hydrocarbon receptor, 

pregnane X receptor, constitutive androstane receptor, peroxisome proliferator-activated 

receptor), CYP450s (CYP1A2, 2C9, 2D6, 2E1, 3A4), phase II enzymes (UGT1A1, GSTA1, 

GSTA4, GSTM1) and other liver-specific functions”, the corresponding mRNA levels of which 

are comparable to those in human primary hepatocytes. The functional resemblance of 

HepaRG cells to human primary hepatocytes, including the basal activities of P450s, their 

response to prototypical inducers, metabolic profiles and cytotoxicity was confirmed (Aninat et 

al., 2006)”. The “expression and function of drug transporters in differentiated HepaRG cells has 

also been studied and was demonstrated to be close to that in primary human hepatocytes (Le 

Vee et al., 2006). Because of all of these hepatocyte-like characteristics, multiple assays have 

been developed with HepaRG cells as a human primary hepatocyte surrogate for studies of liver 

metabolism, induction and cytotoxicity (Guillouzo et al., 2007; Jossé et al., 2008; Pernelle et al., 

2011). In our lab, the HepaRG cell line had been evaluated for liver drug metabolism and 

induction assays for anti-TB drug discovery (Song, 2011). In addition, the culture medium of 

HepaRG had been customized and optimized in order to shorten the culture time to 2 weeks 

and to reduce the cost of the cellular assay, especially at a HTS level.  

 

In this subchapter, the potential of HepaRG cells as a screening assay to detect liver enzymes-

derived active metabolites against M. tuberculosis was explored. 
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2.3.2 Materials and Methods 

2.3.2.1 Materials 

Williams’ Medium E, GlutaMAX™-I Supplement, HepaRG™ Thaw, Plate, & General Purpose 

Medium Supplement, HepaRG™ Maintenance/Metabolism Medium Supplement, fetal calf 

serum (FCS) was purchased from Invitrogen (Carlsbad, CA). Human insulin, hydrocortisone, 

and DMSO were purchased from Sigma-Aldrich (St Louis, MO).  

 

2.3.2.2 Compatibility of HepaRG Culture Medium with the Growth of M. tuberculosis 

H37Rv lux ABCDE  

In-housed customized medium was prepared with Williams’ medium E supplemented with 10% 

FCS, 1% DMSO, 5 μg/ml human insulin, 2 mM glutamine, and 50 µM hydrocortisone.  

 

The commercial HepaRG Metabolism Medium or the in-house customized medium or D.I. water 

were added into the wells of 96-well white plates at a volume from 0 μl to 190 μl into 2X 7H12 

medium at a volume from 190 μl to 0 μl to arrive at a percentage of cell culture medium in the 

total volume (200 μl) from 0% to 95%. Bacterial stock of M. tuberculosis H37Rv luxABCDE was 

diluted into 2X 7H12 medium, 10 μl of which then was inoculated into each well of the plates. 

The final bacterial density was 4×105 cells/ml. After the incubation at 37 °C for 7 days, 

luminescence from each well was measured in a VICTOR 3 Multilabel Plate Reader 

(PerkinElmer, Fremont, CA). 
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2.3.2.3 Metabolism of Type 3 and 4 Positive Controls in HepaRG Cells 

In-housed customized medium was prepared with Williams’ medium E supplemented with 10% 

FCS, 1% DMSO, 100 units/ml penicillin, 100 μg/ml streptomycin, 5 μg/ml human insulin, 2 mM 

glutamine, and 50 µM hydrocortisone.  

 

Differentiated HepaRG cells were seeded into 96-well plates at a high density of 1.45×106 

cells/ml (~0.46×106 cells/cm2) in the in-house customized medium. The medium was 

replenished every 2 ~ 3 days. On day 7, the adherent and differentiated cells were replenished 

with 100 µl medium containing the type-3 positive control at final concentrations of 0.5, 1.0, 2.0 

and 4.0 µg/ml and the type-4 positive control at final concentrations of 2.5, 5.0, 10 and 20 µg/ml. 

The culture supernatants were collected at 0 hr, 24 hr, 48 hr and 72 hr in order to monitor the 

metabolite formation. An equal volume of acetonitrile containing internal standard was added to 

extract the metabolites. The samples were then centrifuged for 30 min at 2200 g and 4 °C, and 

the supernatant was collected and analyzed by LC/MS/MS to quantify the formed metabolites.   

 

2.3.2.4 Optimization of MGS with HepaRG Cells for Type 3 Positive Control in 96-well 

Plates 

HepaRG cells were cultured as described above in 2.3.2.3. On day 7, the differentiated cells 

were treated with 100 µl medium containing the type-3 positive control, CLA, at 2 and 4 µg/ml. 

The culture supernatants were collected at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, 144 hr and 

168 hr in order to monitor the metabolite formation. Metabolite extraction and analysis was 

performed as described above in 2.3.2.3.   
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2.3.2.5 Optimization of MGS with HepaRG Cells for Type 3 Positive Control in 24-well 

Plates 

HepaRG cells were cultured as described above in 2.3.2.3. On day 7, the differentiated cells 

were treated with 250 µl medium containing type-3 positive CLA at 2 µg/ml. The medium 

supernatant of corresponding wells was collected at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr and 120 hr in 

order to monitor the metabolite formation. Metabolite extraction and analysis was performed as 

described above in 2.3.2.3.   

 

HepaRG cells were cultured as described above in 2.3.2.3. On day 7, the differentiated cells 

were treated with 150 µl and 250 µl medium containing type-3 positive CLA at 2 µg/ml. The 

medium supernatant of corresponding wells was collected at 0 hr, 72 hr and 144 hr in order to 

monitor the metabolite formation. Metabolite extraction and analysis was performed as 

described above in 2.3.2.3.   

 

2.3.2.6 Quantitation of 14-(R)-OH CLA Formed in Optimized MGS 

HepaRG cells were cultured as described above in 2.3.2.3. in both in-house and commercial 

medium, individually. On day 7, the differentiated cells were treated with 150 µl medium 

containing type-3 positive CLA at 2 µg/ml. The medium supernatant of corresponding wells was 

collected at 0 hr, 72 hr and 144 hr in order to quantify the metabolite formation. Metabolite 

extraction and analysis was performed as described above in 2.3.2.3.   
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2.3.2.7 Measurement of LLK2-150 and 14-(R)-OH CLA in LC/MS/MS 

Refer to 2.2.2.21 (Page 39). 

 

2.3.2.8 Inhibition of M. tuberculosis H37Rv luxABCDE by Type 3 Positive Control CLA 

and its Active Metabolite 14-(R)-OH CLA  

Refer to 2.2.2.18 (Page 38). 

 

2.3.2.9 Detection of LLK2-150 as the impurity of LLK2-161 in LC/MS/MS 

The detection of LLK2-150 as the impurity in LLK2-161 powder was performed in mass 

spectrometer. The LC/MS/MS method for LLK2-150 quantifier and qualifier as decribed in 

section 2.2.2.21 was used to analyze the pure LLK2-161 solution sample which was dissolved 

in acetonitrile.  
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2.3.3 Results  

2.3.3.1 Compatibility of HepaRG Culture Medium with the Growth of M. tuberculosis 

H37Rv lux ABCDE 

The metabolites are mostly extracellular after their formation and release from the cells. In order 

to improve the efficiency of this assay, metabolites are not extracted from the culture medium. 

Instead, the supernatant, which is composed of the medium and metabolites released from the 

adherent cells, is incubated with the bacteria directly. The cell culture medium alone should not 

affect the growth of M. tuberculosis in the antibacterial assay.  

 

The commercial HepaRG metabolism medium, when mixed with 2X 7H12 medium at any ratio 

between 0.05 ~ 0.95, was inhibitory for the growth of M. tuberculosis (data not shown). 

Commercial cell culture medium typically contains streptomycin (which is active against M. 

tuberculosis) as the antibacterial reagent and this was detected in the commercial medium by 

LC/MS/MS (data not shown).  In contrast, the extent of growth of M. tuberculosis when cultured 

in a mixture of the in-house customized medium without antibiotic and 2X 7H12 medium, was 

not much different than that obtained when the 2X 7H12 was diluted with water when the 

proportion of in-house medium or H2O was ≤ 0.3 (Figure 2.19). When the 2X 7H12 medium is 

diluted 1:1 with water (proportion of water in the final medium of 0.5) the optimum level of 

growth was obtained as expected and both lower and higher proportions of water decreased the 

overall extent of growth, in the latter case completely inhibiting growth at a proportion of 0.95.  In 

contrast, the in-house medium, regardless of proportion, yielded growth that was approximately 

50% of the of the 1X 7H12. Overall, the in-house customized medium without antibiotic can be 

used as the HepaRG cell culture medium for developing MGS.  
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Figure 2.20 Growth of M. tuberculosis in mixtures of 2X 7H12 medium plus in-house 

HepaRG medium or H2O. The data shown represent the mean ± S.D. from three replicates. 

 

2.3.3.2 Metabolism of Type 3 and 4 Positive Controls in HepaRG Cells 

Since the positive controls of type 3 and type 4 compounds generate active metabolites, their 

metabolism was investigated to maximize the yield of the expected metabolites. With a regular 

high cell plating density and culture conditions, increases of the metabolite LLK2-150 from the 

type 4 positive control LLK2-161 were not observed during the 72-hour incubation regardless of 

the initial LLK2-161 concentration (Figure 2.20A). Instead, LLK2-150 was found to be an 

impurity in the parent powder LLK2-161, which was proven in LC/MS/MS as shown in Figure 

2.22. Both of the LLK2-150 quantifier and qualifier transitions could be detected in the pure 

LLK2-160 solution sample.  As the impurity of LLK2-161, LLK2-150 was slightly metabolized 

further. In contrast, increases in the 14-(R)-OH CLA metabolite of the type 3 positive control, 

were detected throughout the entire incubation at all tested concentrations (Figure 2.20B).  
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Figure 2.21 Formation of metabolite LLK2-150 (A) and 14-(R)-OH CLA (B) in HepaRG cells. 

The data shown represent the mean ± S.D. from two replicates. 
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Figure 2.22 Detection of LLK2-150 as the impurity in LLK2-161 in LC/MS/MS (A) and the 

chromatography of the mixture of LLK2-150 and LLK2-161 in LC/MS/MS (B). 
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2.3.3.3 Optimization of MGS with HepaRG Cells for Type 3 Positive Control in 96-well 

Plates 

Due to the lack of the chemical standard of metabolite 14-(R)-OH CLA for the time being, the 

ratio of metabolite formed over IS in terms of their responses in LC/MS/MS was compared 

throughout the incubation (Figure 2.21). Significant increases in metabolite occurred within the 

first 24 hr (day 1) for both concentrations of 2 and 4 µg/ml CLA and then remained essentially 

unchanged for the following 144 hr. However, compared to the response ratio of CLA at 2 µg/ml 

(~ 2.7 µM) over IS, it can be anticipated that the metabolite formed is far below the MIC of 14-

(R)-OH CLA in M. tuberculosis (35 µM) and therefore would be undetectable by bioassay with M. 

tuberculosis. 
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Figure 2.23 Formation of metabolite 14-(R)-OH CLA from CLA in HepaRG cells in 96-well 

plates with a volume of 100 µl. The data shown represent the mean ± S.D. from three 

replicates. 
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2.3.3.4 Optimization of MGS with HepaRG Cells for Type 3 Positive Control in 24-well 

Plates 

It has been reported that a high plating density of cells (0.46×106 cells/cm2) and the presence of 

DMSO (1~2%) are required for the expression of metabolizing enzymes and transporters (Le 

Vee et al., 2006; Cerec et al., 2007; Guillouzo et al., 2007). In order to achieve high expressions 

of these metabolizing enzymes, it is not advised to manipulate the conditions of culturing 

HepaRG cells. An alternative approach to increase metabolite production is to increase the total 

cell number.  

 

When 500 µl cells were cultured in high density in 24-well plates for 7 days and was then 

replaced with 250 µl medium containing 2 µg/ml CLA, metabolite formation significantly 

increased until 96 hr (Figure 2.22). When the volume of medium containing 2 µg/ml CLA 

decreased to 150 µl, the concentration of 14-(R)-OH CLA was much higher than that of 250 µl 

at 72 hr and 144 hr (Figure 2.23), which indicated that a higher ratio of cells over parent 

molecules does help in generating metabolites. 
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Figure 2.24 Formation of 14-(R)-OH CLA metabolite from CLA in HepaRG in a 24-well 

plate with a volume of 250 µl. The data shown represent the mean ± S.D. from two 

replicates. 
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Figure 2.25 Formation of 14-(R)-OH CLA metabolite from CLA in HepaRG cells in a 24-

well plate with a volume of 150 µl and 250 µl. The data shown represent the mean ± S.D. 

from two replicates. 

 

2.3.3.5 Quantitation of 14-(R)-OH CLA Formed in Optimized MGS 

The formation of metabolite 14-(R)-OH CLA in cells growing in commercial medium and in-

house customized medium was compared (Figure 2.24). It was evident that at the two time 

points of 72 hr and 144 hr, the amount of metabolite formed in in-house medium was ~2x that 

found in commercial medium (0.053 µM vs 0.026 µM at 72 hr and 0.116 µM vs 0.050 µM at 144 

hr), indicating the in-house medium was superior in supporting  a higher yield of metabolite.   
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Figure 2.26 Formation of metabolite 14-(R)-OH CLA from CLA in HepaRG cells growing in 

commercial medium and in-house medium. The data shown represent the mean ± S.D. 

from two replicates. 

 

2.3.3.6 Antibacterial Activity of 14-(R)-OH CLA Formed in HepaRG Cells 

The anti-tuberculosis activity of the metabolites formed after 144-hr incubation of Hepa-RG with 

CLA in in-house medium was tested. The highest concentration of metabolite generated in this 

MGS was 0.116 µM (from parent at 3.7 µM), which failed to effect any inhibition in the bacterial 

assay (data not shown). Subsequently the MIC of the synthetic 14-(R)-OH CLA metabolite was 

determined to be as high as 35 µM, which was found to be 10.5 µM and 42 µM for strains MO-1 

and LV-2 of the M. avium complex, respectively (Cohen et al., 1992).  Therefore, with this 

optimized MGS, the amount of metabolite generated is far below that required to serve as the 

positive control for type 3 compounds.  
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2.3.4 Discussion 

HepaRG cells have been utilized as the liver metabolic enzyme source to generate metabolites. 

The specific cell culture method is critical to ensure the expression of the metabolizing enzymes 

and transporters. For the type 3 positive control CLA/14-(R)-OH CLA, in the in-house 

customized medium, the formation of metabolite 14-(R)-OH CLA was higher than that in the 

commercial medium. Other advantages are the lower cost and the lack of streptomycin which is 

found in commercial medium. However, the yield of the metabolite of CLA in the optimized 

assay was still too low to inhibit M. tuberculosis even when this yield was improved by raising 

the ratio of cell numbers versus the parent molecules. In addition, the MIC of 14-(R)-OH CLA for 

M. tuberculosis H37Rv lux ABCDE is much higher than that of the parent (35 µM vs 0.9 µM), an 

unexpected results which makes CLA unsuitable for use as a positive control, for type 3 

compounds.  
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Chapter 3. The Inhibition of Drug Metabolism  

3.1 Introduction  

3.1.1 Introduction to Inhibitory Drug-drug interactions 

To achieve the desired therapeutic plasma or tissue concentration and maintain it for a certain 

period of time, a  balance must be reached between the amount of administered drug and the 

rate of drug clearance (Fowler and Zhang, 2008). Since hepatic metabolism is the major 

clearance pathway for small molecule drug substances, the inhibition of these enzymes by 

coadministered drug(s) can cause overexposure to the victim drugs and thus increased 

toxicities, i.e., leading to drug-drug interactions (DDIs) (Danton et al., 2013). Both phase I and 

phase II enzymes can be inhibited by drugs. Pharmacokinetic DDIs have been observed with 

the inhibitor drugs, which require cautions when they are coadministered with the victim drugs. 

For example, clarithromycin inhibits CYP3A4 through a mechanism-based inactivation, and the 

coadministration of clarithromycin incurred significant AUC increases of midazolam (a CYP3A4 

substrate) following i.v. and oral dosing by 3.2-fold and 8.0-fold, respectively (Quinney et al., 

2008; Quinney et al., 2010). Also, fluconazole and voriconazole are reversible inhibitors of 

CYP3A4, CYP2C9 and CYP2C19, and these two drugs increased AUC of S-(+)-ibuprofen (a 

CYP2C9 substrate) by 105% and 83%, respectively (Hynninen et al., 2006). Atazanavir 

reversibly inhibits UGT1A1-mediated bilirubin glucuronidation, and hyperbilirubinemia was 

observed in subjects administered with atazanavir (Bissio and Lopardo, 2013). Mibefradil that 

inhibits CYP3A4 and CYP2D6 was shown to interact with more than 26 marketed drugs in 

humans and have been withdrawn from market since 1998 (Po and Zhang, 1998). 

3.1.2 Reversible Inhibition of Drug-Metabolizing Enzymes (DME) 

Inhibition of drug metabolizing enzymes including CYP450s and UGTs may occur through 

different mechanisms. When the inhibitor binds the enzyme non-covalently, this inhibition is 
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reversible. Based on the interactions among inhibitor, substrate, and enzyme, reversible 

inhibition can be further characterized as competitive, noncompetitive, uncompetitive or mixed 

inhibition (Kakkar et al., 1999).   

 

3.1.2.1 Competitive Inhibition 

Inhibitor only binds the unbound enzyme and the binding of the inhibitor to the active site of the 

enzyme prevents binding of the substrate and vice versa (Figure 3.1, Pathway 1). For example, 

sulfaphenazole inhibits diclofenac 4'-hydroxylation by binding to the catalytic site of CYP2C9 

and preventing diclofenac’s binding to CYP2C9 (Zweers-Zeilmaker et al., 1997). 

 

3.1.2.2 Uncompetitive Inhibition 

Inhibitor cannot bind to the free enzyme, but to the complex formed between the enzyme and 

the substrate (the E-S complex) (Figure 3.1, Pathway 2).  

 

3.1.2.3 Noncompetitive Inhibition 

Inhibitor binds to both unbound and substrate-bound enzyme at the site(s) different from the 

substrate-binding site. The inhibitor binding to the enzyme reduces the enzyme activity (Figure 

3.1, Pathways 1 and 2). Examples include the inhibition of noscapine against (S)-warfarin 7-

hydroxylation by CYP2C9 (Fang et al., 2010).  
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3.1.2.4 Mixed Inhibition 

Inhibitor binds, similarly “as the noncompetitive, but possibly at the site(s) overlapped with 

substrate-binding site, the unbound and the substrate bound enzyme with potentially different 

affinities” (Figure 3.1, Pathways 1, 2 and 3). Felodipine and fluoxetine both exhibited mixed 

inhibition toward 1’-hydroxylation of midazolam (Foti et al., 2010). 

 

Figure 3.1 Reversible Enzyme Inhibitions Follows Michaelis - Menten Kinetics 

 

3.1.3 Mechanism-based inhibition of CYP450s 

This mechanism can be divided into the following three categories based on the underlying 

biochemical reactions: (1) covalent modification of apoproteins, (2) covalent modification of 

haem, and (3) quasi-irreversible inactivation involving the formation of metabolic-intermediate 

complex (MIC) (Figure 3.2). The former two involve the formation of a covalent bond between 

the enzyme and the activated inhibitor while the latter one refers to the formation of a metabolic 

intermediate that chelates the haem iron (Venkatakrishnan et al., 2007). A series of functional 

groups have been found to be associated with mechanism-based inactivation of CYP450 

enzymes, including alkene, alkyne, 2-alkylimidazole and methylenedioxyphenyl (Orr et al., 

2012a). 
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Figure 3.2 Mechanism-based inhibition of CYP450s. 

 

3.1.4 Methodology of the Study of DME inhibition  

Recombinant proteins for drug-metabolizing enzymes and freshly isolated primary hepatocytes 

have been well-established tools for DME inhibition studies. In vitro studies using the tools can 

be used to identify metabolizing enzymes inhibited by drugs and to estimate the risk of drug-

drug interactions.  

 

3.1.4.1 In Vivo Consequences of Reversible Inhibition of DME 

The inhibition constant Ki of the inhibitor is calculated by nonlinear regression based on different 

inhibitory mechanisms of competitive inhibition (eq. 1), uncompetitive inhibition (eq. 2), 

noncompetitive inhibition (eq. 3), or mixed inhibition (eq. 4) (Zhang and Wong, 2005).  
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When the plasma concentration of inhibitor is higher than Ki, the inhibitor might inhibit the 

hepatic metabolism and clearance of victim drugs and cause overexposure of the victim drug, 

which might incur toxicity in vivo. However, how much the overexposure of the victim drug is 

and whether the overexposure is high enough to cause adverse reactions in vivo cannot be 

determined from the difference between the value of Ki and the plasma concentration of the 

inhibitor. A calculation of AUC change of the victim drug in plasma due to the inhibition of its 

clearance has to be made. For competitive or noncompetitive inhibition, the AUC change of the 

victim drug will be calculated using eq. 5 when the victim drug concentration in plasma is much 

lower than the Km (Brown et al., 2005b), where D is the dose of victim drug. When the victim 

drug is eliminated by the metabolic pathway  by a fraction (fm), AUC change upon 

coadministration of the inhibitor can be calculated using eq. 6 (Brown et al., 2005a). 
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3.1.4.2 In Vivo Consequences of Irreversible Inhibition of DME 

The prediction of drug-drug interaction by irreversible inhibition is based on the studies of 

mechanism-based enzyme inactivators (Silverman, 1995). The mechanism-based inactivation 

of metabolizing enzymes involves the synthesis and degradation of the affected enzyme, 

besides the inactivation by the precipitant drug (Figure 3.3).  As described previously, upon 

binding to an enzyme, the inactivator (I) is destined to one of three fates: it can be converted to 

a product and released from the enzyme or released from the enzyme through reversible 

binding, or it can inactivate the enzyme by forming an irreversible complex (EMI) (Mayhew et 

al., 2000). 

 

Figure 3.3 Inactivation of enzyme by inhibitors 

 

The rate of enzyme inactivation at a given inactivator concentration is referred to as the 

apparent inactivation rate constant kinact, denoted by  and the mathematical model of the rate of 

enzyme inactivation is as eq. 7 (Tudela et al., 1987):  
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kinact is the maximum inactivation rate constant (when the inactivator concentration is close to 

infinity), and KI is the inhibitor concentration that produces half the maximal rate of inactivation. 

 

The steady-state concentration of enzyme (in the absence of inhibitors) is defined by the eq. 8: 

    
      

       
            

where ksynth is the rate constant for enzyme synthesis and  kdegrad is the rate constant for enzyme 

degradation.  

 

In the presence of a mechanistic inactivator, an additional pathway for enzyme degradation 

needs to be included (Figure 3.4) and the new steady-state concentration of enzyme is defined 

by the eq. 9: 

 

Figure 3.4 A steady-state model of enzyme content in synthesis, degradation and 

inactivation 
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Since intrinsic clearance (CLint) is proportional to [E]ss and CLint is inversely proportional to 

AUCpo, the AUC change for mechanism-based inactivation can be expressed as eq. 10 

(Wilkinson and Shand, 1975; Houston, 1981). 

    

   
 

   

   
  

        
        
    

       
            

       

For the metabolic pathway responsible for a fraction (fm) of the clearance of the victim drug, 

AUC change can be calculated as eq. 11 (Obach et al., 2006). 

    

   
 

 

       

  
               
          

            

            

 

3.1.5 Overall Research Objective  

The inhibitory DDIs with the increased exposure of victim drugs can be predicted through the 

calculation of AUC change of the victim drugs. A clear understanding of the inhibition 

mechanism of precipitant drug against the metabolizing enzymes with the victim drug as the 

substrate is critical in estimating the AUC change.  

 

In this chapter, the inhibitory DDIs through the reversible inhibition and mechanism-based 

inactivation were investigated. The reversible inhibition study is to explore the potential risk of 

DDIs by investigating the inhibition kinetics of four commonly used TKIs against the 

glucuronidation of a panel of UGT isoforms. The mechanism-based inactivation study of 
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noscapine is also to identify the inhibition mechanism of noscapine toward (S)-warfarin 7-

hydroxylation by CYP2C9. By determining the inactivation parameters of noscapine in three 

CYP2C9 variant proteins, AUC change of (S)-warfarin was predicated and a dose adjustment 

was calculated for these variant carriers from different populations.  
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3.2 Reversible Inhibition of Tyrosine Kinase Inhibitors on UDP-glucuronosyltrans- 

ferase Glucuronidation 

3.2.1 Introduction 

Tyrosine-kinase inhibitors (TKIs) are anticancer drugs.  Tyrosine kinases phosphorylate the 

tyrosine residues of proteins involved in the activation of signal transduction cascades that play 

key roles in biological processes including growth, differentiation and apoptosis in cancer cells 

(Paul and Mukhopadhyay, 2004).  Currently, 17 FDA-approved TKIs are used clinically. More 

than 80 % of cancer cases are developed in patients older than 60 years old (Howlader et al., 

2013) who are subject to other diseases that require drug treatment (Christensen et al., 2009).  

As a result, TKIs have been commonly combined with other drugs in cancer patients for the 

treatment of multiple diseases (Bressler and Bahl, 2003; Costa and Huberman, 2006), and 

drug-drug interaction involving TKIs is a potential clinical concern.  

 

UDP-glucuronosyltransferases (UGT), a class of phase II enzymes, catalyze the conjugation of 

glucuronic acid to endogenous substances and exogenous compounds.  “UGT-catalyzed 

glucuronidation reactions are responsible for the metabolism of approximately 35% of all drugs 

metabolized by phase II enzymes” or “one-seventh of the drugs prescribed” in the United States 

in 2002 (Williams et al., 2004). The human UGT superfamily involved in xenobiotics metabolism 

is comprised of 2 families: UGT1 and UGT2 (Izukawa et al., 2009).  UGT1A1, 1A3, 1A4, 1A6, 

1A9, 2B7 and 2B15 are major UGTs responsible for metabolism of drugs (Miners et al., 2010).  

UGT1A7, 1A8, 1A10 and 2B4 have also been found to metabolize drugs including lorazepam, 

FYX-051, GV150526 and Z-338 (Gilissen et al., 2000; Furuta et al., 2004; Omura et al., 2007; 

Uchaipichat et al., 2013). The distribution of UGT isoforms is quite broad and most of them were 
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found in liver except UGT1A7, 1A8 and 1A10, which are expressed mainly in intestine 

(Strassburg et al., 1997; Harbourt et al., 2012). 

 

The attentions to the inhibition of glucuronidation by UGT have been drawn recently. Although 

there have been many findings about the inhibition of UGT in vitro, the clinical observations of 

DDIs involving UGTs and the correlations with the clinically relevant interactions in humans are 

quite rare (Midgley et al., 2007; Liu et al., 2010c; Fujita et al., 2011; Ai et al., 2013). The reason 

for the low frequency is that UGT substrate drugs are often metabolized by multiple UGTs and 

have high Km values in vitro when compared with substrates of P450 enzymes. The in vitro data 

also suggest that the ratio of inhibitor plasma concentration over Ki would be low. In addition, 

only 10 % of the top 200 drugs prescribed in US in 2002 are cleared by UGT glucuronidation 

(Williams et al., 2004). Even if the inhibition of UGT glucuronidation happens, the AUC change 

of the victim drug as the UGT substrate is usually less than 2-fold, except that of probenecid 

inhibited by zomepirac (AUC change>4-fold), which has been withdrawn from market. 

  

Previous in vitro and in vivo studies indicate that TKIs may alter the hepatic elimination of co-

administered drugs by inhibiting their metabolism. For example, nilotinib and erlotinib inhibit 

UGT1A1 activity whereas gefitinib inhibits UGT1A1, UGT1A7, UGT1A9 and UGT2B7 activities 

(Liu et al., 2010a; Liu et al., 2010b; Fujita et al., 2011). A clinical study also showed that co-

administration of lapatinib with irinotecan leads to a ~40% increase in the AUC of SN-38 (an 

active metabolite of irinotecan and a UGT1A1 substrate) (Midgley et al., 2007), suggesting the 

inhibition of UGT1A1 activity by lapatinib.  However, whether these TKIs affect activities of 

others UGT isoforms and whether other TKIs affect UGTs remain unknown.  
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In this study, four commonly used TKIs − axitinib, imatinib, lapatinib and vandetanib (Figure 3.5) 

− were evaluated for their capabilities to inhibit UGT activities. The inhibition kinetics of each 

compound was characterized with a non-selective substrate except for UGT1A4. Based upon 

inhibition potency, an inhibition kinetics study of selected TKIs against certain UGT isoforms 

with corresponding drugs or endogenous molecules as the substrate was performed. In the end, 

the risks of the inhibition of UGT glucuronidation activities by TKIs in clinical were estimated.   

 

Figure 3.5 Structures of TKIs and UGT substrates 
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3.2.2 Materials and Methods 

3.2.2.1 Materials  

Axitinib, imatinib, lapatinib, vandetanib, SN-38 and SN-38 glucuronide (SN-38G) were 

purchased from Toronto Research Chemicals, Inc (Toronto, Ontario, Canada). Tris-HCl, 4-

methylumbelliferone (4-MU), 4-methylumbelliferone-β-D-glucuronide (4-MUG), and uridine 5-

diphosphoglucuronic acid trisodium salt (UDPGA) were purchased from Sigma-Aldrich (St. 

Louis, MO).  Trifluoperazine (TFP) was from purchased Enzo Life Science (Farmingdale, NY).  

All other reagents were of high-performance liquid chromatography (HPLC) grade or the highest 

grade commercially available.  “A panel of recombinant human UGT supersomes (UGT1A1, 

1A3, 1A4, 1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B15, and 2B17) expressed in 

baculovirusinfected insect cells was purchased from BD Gentest” (Woburn, MA). HLM (n=50 

donors) were purchased from Invitrogen (Carlsbad, CA). 

 

3.2.2.2 Inhibition of UGT Glucuronidation Assay 

The nonselective substrate of UGTs, 4-MU, was used as a probe substrate for all UGT isoforms 

except for UGT1A4. “A typical incubation mixture with a total volume of 100 l contained 

recombinant UGT isoform (final concentration: 0.1, 0.15, 0.05, 0.01, 0.01, 0.01, 0.01, 0.5, 0.05, 

0.15 and 0.1 mg/ml for recombinant UGT1A1, 1A3, 1A6, 1A9, 2B4, 2B7 and 2B15, 

respectively)”, 10 mM UDPGA, 5 mM MgCl2, 100 mM Tris-HCl buffer (pH 7.4), and 4-MU in the 

absence or presence of 100 M TKI. “Incubations with 4-MU were performed at the final 

concentration corresponding to the apparent Km or S50 value reported for each isoform (110, 

1200, 110, 15, 750, 30, 80, 1200, 350, 250, and 2000 M 4-MU for UGT1A1, 1A3, 1A6, 1A7, 

1A8, 1A9, 1A10, 2B4, 2B7, 2B15, and 2B17, respectively)” (Liu et al., 2010a). For UGT1A4, 

TFP was selected as the substrate. At a final concentration of 10 μM, TFP was incubated with 

four TKIs individually and 0.025 mg/ml UGT1A4. The following known UGT inhibitors were used 
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as positive controls (at 100 μM): diclofenac for UGT1A1, 1A6, 1A7, and 1A9; hecogenin for 

UGT1A4, androsterone for UGT1A3, 2B7, and 2B15; and phenylbutazone for UGT1A8 and 

1A10, respectively (Uchaipichat et al., 2004; Uchaipichat et al., 2006; Liu et al., 2010a). As there 

are no inhibitors of UGT2B4 and 2B17 that are previously reported, positive controls for these 

enzymes were not included. All the inhibitors and 4-MU or TFP were dissolved in DMSO. The 

final concentration of DMSO in the incubation system was 1% (v/v). The UGT reaction mixtures 

were pre-incubated at 37 °C for 5 min, and reactions were initiated by adding UDPGA. 

Incubation time differed among the UGT isoforms based on the linear formation of product as 

follows: it was 120 min for UGT1A1, 1A10, 2B4, 2B7, 2B15, and 2B17, 75 min for UGT1A3, 45 

min for UGT1A4 and 30 min for UGT1A6, 1A7, 1A8, and 1A9. All the reactions were quenched 

by adding 100 l of chilled acetonitrile containing 1 M phenytoin as an internal standard. The 

sample mixtures were centrifuged at 16,000 g for 16 min to obtain the supernatant. Samples 

were then analyzed in LC/MS/MS. The relative rate of 4-MUG or trifluoperazine glucoronide 

(TFPG) formation for each isoform was linear with respect to protein concentration and 

incubation time. 

 

3.2.2.3 Inhibition of SN-38 glucuronidation assay 

SN-38 glucuronidation activity was determined with a slight modification of a previously 

published method (Liu et al., 2010d). SN-38 was incubated in the absence or presence of 

different concentrations of lapatinib (0-200 µM). Reactions were performed in 0.1 mg/ml 

UGT1A1 or 0.4 mg/ml pooled HLM. “After preincubation of the reaction mixture for 5 min, the 

reaction was started by adding UDPGA for a final concentration of 5 mM. Incubation was 

performed at 37°C for 30 min”. 
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3.2.2.4 Determination of IC50 

The same incubation condition as for the preliminary inhibition study was used for each UGT 

isoform, except that the concentration of each inhibitor was ranged from 0 μM to 200 μM.  SN-

38 was also included for the inhibition of UGT1A1 by lapatinib. At a concentration of 4 μM and 

2.5 μM, SN-38 was preincubated with lapatinib (0 μM to 200 μM) in 0.1 mg/ml UGT1A1 or 0.2 

mg/ml HLM for 5 min before addition of UDPGA to initiate the reaction (Liu et al., 2010d).The 

relative formation rate of 4-MUG, TFPG or SN-38G as compared to the absence of inhibitor was 

estimated, and the half maximal inhibitory concentration (IC50) value for each TKI was estimated 

by using GraphPad Prism 5 software (La Jolla, CA). 

 

3.2.2.5 Determination of Ki 

4-MU at four concentrations (ranging from 0.5×Km to 4×Km) was incubated with recombinant 

UGT1A1, 1A3, 1A7, 1A8, 1A9, 1A10, 2B7, 2B15 or 2B17 at a final protein concentration as 

described in the UGT glucuronidation inhibition assay in the absence or presence of TKI at four 

different concentrations (ranging from IC50/4 to 4×IC50) to determine the inhibition constant (Ki) 

values. The inhibition kinetics of lapatinib against SN-38 glucuronidation by UGT1A1 and HLM 

was also investigated. SN-38 (2 μM, 4 μM, 10 μM or 20 μM) was incubated with 0.1 mg/ml for 

UGT1A1 or 0.4 mg/ml for HLM (final concentrations) in the presence of lapatinib (0 μM, 0.1 μM, 

0.5 μM, 1 μM or 2 μM). The incubation time for each UGT isoform was the same as that used to 

determine IC50. Ki values were calculated with nonlinear regression according to the equations 

for competitive inhibition (eq. 1), noncompetitive inhibition (eq. 3), or mixed inhibition (eq. 4) 

(Copeland, 2000), where v is the reaction rate, and S “and I are the concentrations of substrate 

and inhibitor, respectively. Ki is the inhibition constant of the inhibitor for the enzyme, and Km is 

the substrate concentration at half of the maximum velocity (Vmax) of the reaction. The type of 

inhibition was determined from the fitting of data to the enzyme inhibition models. Goodness of 
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fit to kinetic and inhibition models was assessed from the F statistic, r2 values, parameter 

standard error estimates and 95% confidence intervals by using GraphPad Prism 5 software”. 

Kinetic constants are reported as the mean value ± standard error of the parameter estimate.  

 

3.2.2.6 Calculation of TKI Concentrations 

The average systemic plasma concentration ([I]av), the maximum systemic plasma concentration 

([I]max), the maximum unbound systemic plasma concentration ([I]max,u), the maximum hepatic 

input concentration ([I]in) and the maximum unbound hepatic input concentration ([I]in,u) of TKIs 

after repeated oral administration were estimated based on the following equations (eq. 12 ~ 16) 

(Ito et al., 2004). 

                                                                                         

                                                                             

                                                                           

                   

 

  
                                                                  

                        

 

  
                                                        

“where D and τ represent dose and dosing interval of inhibitors used in the in vivo interaction 

study, respectively; k is the elimination rate constant; ka is the absorption rate constant; Fa is the 

fraction absorbed from the gut into the portal vein; Qh is the hepatic blood flow rate; and fu is the 

unbound fraction. The values of ka, Fa and fu for TKIs were obtained from the literature” (Brunton 

et al., 2005; Peng et al., 2005; Rugo et al., 2005; USFDA, 2007; Smith et al., 2009; EMA, 2011; 
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Martin et al., 2012; Garrett et al., 2013). Qh value of 1610 ml/min (Ito et al., 2004) was used for 

estimation. 

 

3.2.2.7 Determination of fu,m 

Single-Use Rapid Equilibrium Dialysis plate from Thermo Scientific-Pierce Biotechnology 

(Rockford, IL) with cutoff molecular weight 8000 Da was used. HLM (0.4 mg/ml) solutions (100 

μL) containing Lapatinib (0.1 μM, 0.5 μM, 1 μM, 5 μM) were placed into the sample chamber 

and 300 μL PBS dialysis buffer was added into the adjacent chamber in triplicate. The content 

of organic solvent in the final microsomal solutions was kept below 1%. The plates were then 

covered with sealing tape (MicroAmpTM, Applied Biosystems, Foster City, CA) and incubated at 

37 °C for 4 hours on an orbital shaker at 100 rpm. Aliquots (50 μL) were removed from each 

side of the insert and placed in separate tubes. The same volume (50 μL) of blank microsomes 

was added to the buffer samples and an equal volume of PBS was added to the collected 

microsomes samples for matrix matching. To each sample, 100 μL of acetonitrile containing 

phenytoin (1 μM; internal standard) was added. These samples were vortexed for 30 sec and 

chilled on ice for 30 min, then centrifuged at 16,100 g for 15 min at 4 °C. Lapatinib 

concentrations in the supernatant were determined by LC/MS/MS. 

 

3.2.2.8 Prediction of AUC Change for UGT Substrates 

The magnitude of the inhibition of TKIs was estimated as the ratio of the area under the curve 

(AUCi/AUC) of UGT substrates in the presence and absence of the inhibitor. The ratio was 

calculated based on the eq. 17 for drugs orally administered (Ito et al., 2004):  
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where AUCi and AUC are the AUC in the presence and absence of inhibitor, respectively; Ki is 

inhibition constant from the in vitro inhibition experiment; fm is the fraction of the UGT substrate 

“metabolized by the inhibited enzyme; and [I] is the TKI concentration at the enzyme active site.” 

 

“In view of the general assumption that only unbound drug is available for interaction with the 

enzyme active site, and the consideration that the aim of DDI research is to exclude the highest 

risk, we used in this study the maximum unbound hepatic input concentration ([I]in,u) as the 

inhibitor concentration at the active site of the UGT isoforms mainly distributed in liver”, and the 

maximum unbound systemic plasma concentration ([I]max,u) was used for the isoforms mainly in 

gastrointestinal track, such as UGT1A7. The prediction of AUC ratio is for any potential UGT 

substrates with undetermined fm, a range of fm between 0.1 and 1 was included for calculating 

AUCi/AUC ratio.  

 

3.2.2.9 LC/MS/MS Quantification Method 

4-MUG concentrations were determined by using an Agilent 1200 HPLC interfaced with Applied 

Biosystems Qtrap 3200 “equipped with an electrospray ion source. Chromatographic separation 

was carried out with a Waters XTerra MS C18 column” (2.1×50 mm, 3.5 μm; Waters 

Corporation, Milford, MA). Mobile phase was delivered 250 μl/min, and the gradient was initiated 

at 85% A-15%B (A, 0.1% formic acid in water; B, acetonitrile). The proportion of mobile phase B 

was increased to 90% over 1 min, held constant for 1.5 min, and then restored to the initial 

composition until 10 min. 4-MUG was detected by using SRM transition (353/177), and 

phenytoin was used as the internal standard (253/182) in positive ion mode (Yuan et al., 2009; 

Donato et al., 2010) . The dwell time for each transition was 5 ms.  
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Signals for TFPG were detected by using Applied Biosystems Qtrap 4000 with an electrospray 

ion source interfaced with a Shimazu Prominence Modular HPLC. The mobile phase consisted 

of 0.1% formic acid in water (A) and acetonitrile (B). The column was first equilibrated at 25% 

mobile phase B for 1.5 min at a 200 μl/min flow rate. The elution was then ramped linearly to 90% 

mobile phase B over 1.5 min, maintained for 5 min, and followed by a return to initial conditions. 

TFPG was detected using SRM pair of 584/408 in positive ionization mode (Gagez et al., 2012).  

Phenytoin was used as the internal standard (Yuan et al., 2009). The dwell time for each 

transition was 5 ms.  

 

 The quantification of SN-38G was performed in AB SCIEX 5500 QTRAP (AB SCIEX, Foster 

City, CA) equipped with a turbo ionspray ionization source coupled to an automated Agilent 

1200 series liquid chromatograph and autosampler (Agilent Technologies, Wilmington, DE). The 

SRM transition setting for SN-38G was 569.2/393.2 in the positive mode (Corona et al., 2010). 

The same internal standard phenytoin was used for quantification (Yuan et al., 2009). The 

mobile phase consisted of 0.1% formic acid in water (A) and acetonitrile (B). The column was 

first equilibrated at 10% mobile phase B for 1 min at a 250 μl/min flow rate. The elution was then 

ramped linearly to 90% mobile phase B over 2 min, maintained for 2 min, and followed by a 

return to initial conditions. The dwell time for each transition was 5 ms.  
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3.2.3 Results 

3.2.3.1  Inhibition of UGT Glucuronidation Assay 

As a preliminary study, the UGT inhibitory potentials of TKIs were examined. To this end, 

axitinib, imatinib, lapatinib or vandetanib (at 100 M) was incubated with a UGT substrate (4-MU 

for all UGTs except for UGT1A4 for which TFP was used) and a panel of recombinant UGT 

enzymes (UGT1A1, 1A3, 1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B15, and 2B17), and the 

changes in the extent of glucuronide metabolite production were examined. The results showed 

that at 100 M concentration, axitinib reduced the glucuronidation of UGT1A3, 1A4 and 1A7 by 

greater than 50% while having insignificant effects on the remaining UGTs (Figure 3.6). On the 

other hand, imatinib exhibited greater than 50% inhibition of UGT1A1, 1A7, 1A8, 1A10, 2B7, 

2B15 and 2B17 activities. The inhibition of UGT1A1 and 1A7 activity by lapatinib and that of 

UGT1A7 and 1A9 activity by vandetanib were also found to be greater than 50%.   
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Figure 3.6 The inhibition of axitinib, imatinib, lapatinib, and vandetanib on recombinant 

UGT activities. The data shown represent the mean ± S.D. from two replicates. (The 
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following “known UGT inhibitors were used as positive controls (at 100 μM): diclofenac for 

UGT1A1, 1A6, 1A7, and 1A9; hecogenin for UGT1A4, androsterone for UGT1A3, 2B7, and 

2B15; and phenylbutazone for UGT1A8 and 1A10, respectively” (Uchaipichat et al., 2004; 

Uchaipichat et al., 2006; Liu et al., 2010a). As there are no inhibitors of UGT2B4 and 2B17 that 

are previously reported, positive controls for these enzymes were not included.) 

 

For these UGTs that are inhibited by TKIs (100 M) by greater than 50%, IC50 values of TKIs 

were further estimated.   To this end, recombinant UGTs were incubated with one of the TKIs at 

different concentrations, and the extent of 4-MU or TFP (for UGT1A4) glucuronidation was 

examined.  The results showed that axitinib inhibited UGT1A7 and 1A9 with an IC50 of 3.3 M 

and 3.6 M, respectively (Figure 3.7 A). Imatinib inhibited UGT2B17 activity with an IC50 as low 

as 0.81 M (Figure 3.7 B). Lapatinib has a different inhibition profile with an IC50 of 0.50 M 

against UGT1A1 and 2.7 M against UGT1A7 toward 4-MU glucuronidation (Figure 3.7 C), 

while vandetanib inhibiting 4-MU glucuronidation by UGT1A9 is as high as 5.0 M (Figure 3.7 

D). The IC50 values of four TKIs are summarized in Table V. 

 Axitinib (µM) Imatinib (µM) Lapatinib (µM) Vandetanib (µM) 

UGT1A1 N.D. 11.0 0.46 14.5 

UGT1A3 N.D. N.D. N.D. N.D. 

UGT1A4 14.2 N.D. N.D. N.D. 

UGT1A7 3.3 19.5 2.7 38.9 

UGT1A8 N.D. 22.9 N.D. N.D. 

UGT1A9 3.6 N.D. N.D. 5.0 

UGT1A10 N.D. 47.3 N.D. N.D. 

UGT2B7 N.D. 68.4 N.D. N.D. 

UGT2B15 N.D. 91.0 N.D. N.D. 

UGT2B17 N.D. 0.81 N.D. N.D. 

Table V. THE IC50 OF TKIS IN THE INHIBITION OF UGT ACTIVITIES. The data shown 

represent the mean ± S.D. from two replicates. N.D., not determined. 
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Figure 3.7 The IC50 of axitinib (A), imatinib (B), lapatinib (C) and vandetanib (D) against 

the glucuronidation of recombinant UGT isoforms. The data shown represent the mean ± 

S.D. from two replicates. 
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3.2.3.2 Inhibition Kinetics of TKIs against Recombinant UGT Isoforms 

In order to characterize these inhibitors, kinetics studies were performed with the corresponding 

UGT isoforms. The Cmax values of TKIs tested in this study are at the micromolar level (Brunton 

et al., 2005) except that of axitinib (USFDA, 2012c). For TKIs that exhibit IC50 values lower than 

10 M (i.e., imatinib against UGT1A1 and 2B17; lapatinib against UGT1A1, 1A7, and 1A9; and 

vandetinib against UGT1A9), their UGT inhibitory kinetics profiles were further characterized 

using 4-MU. Because axitinib’s IC50 values were much higher than its Cmax (i.e., 0.16 M) 

(USFDA, 2012c), axitinib was not included in this study.   

 

The representative Lineweaver-Burk plots for the inhibition of 4-MUG formation by imatinib and 

analysis of the parameters of the enzyme inhibition model suggested that the inhibition type of 

imatinib against UGT1A1 and UGT2B17 was both competitive (Figure 3.8A and 3.8C). Ki values 

of imatinib were estimated to be 19.1 M and 0.39 M against the UGT1A1 and UGT2B17, 

respectively (Figure 3.8B and 3.8D).  Lapatinib exhibits a potent competitive inhibition against 

UGT1A1 with a Ki of 0.5 M (Figure 3.9A and 3.9B), a non-competitive inhibition with a Ki of 4.5 

M against UGT1A7 (Figure 3.9C and 3.9D) and a mixed inhibition with a Ki of 3.0 M against 

UGT1A9 (Figure 3.9E and 3.9F). Vandetanib showed a mixed inhibition against UGT1A9 with a 

Ki of 9.0 M (Figure 3.10A and 3.10B). 

 

3.2.3.3 Inhibition of Lapatinib on SN-38 Glucuronidation 

Lapatinib inhibition of UGT1A1 activity was one of the most potent among all UGT inhibition by 

TKIs (second lowest Ki next to imatinib inhibition of UGT2B17).  To estimate clinical relevance 

of the finding, UGT1A1 inhibition was examined using a clinically used UGT substrate, SN-38 

(there are no clinically used UGT2B17 substrates currently available).  To this end, IC50 values 
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were estimated for lapatinib inhibition of SN-38 glucuronidation in human microsomes and 

UGT1A1 proteins, and their kinetic parameters were estimated.  Lapatinib showed strong 

inhibition against SN-38 glucuronidation, the IC50 of which is 0.33 µM in UGT1A1 and 0.42 µM 

in HLM (Figure 3.11A). Kinetic experiments were performed to further characterize the inhibition 

of SN-38 glucuronidation by lapatinib. The Ki were 0.56 µM and 1.6 µM for UGT1A1 and HLM 

(Figure 3.11B – 3.11E), respectively, which are similar to the Ki for inhibition of 4-MU 

glucuronidation by lapatinib. Interestingly, the kinetic profile of lapatinib inhibition of SN-38 

glucuronidation was different from that of 4-MU glucuronidation in UGT1A1. In both UGT1A1 

and HLM, lapatinib showed a non-competitive inhibition against SN-38 glucurnidation.  
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Figure 3.8 Representative Lineweaver-Burk plots and Dixon plots showing the effects of 

imatinib on 4-MU glucuronidation in UGT1A1 (A and B) and UGT2B17 (C and D). The data 

shown represent the mean ± S.D. from two replicates. 
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Figure 3.9 Representative Lineweaver-Burk plots and Dixon plots showing the effects of 

lapatinib on 4-MU glucuronidation in UGT1A1 (A and B), UGT1A7 (C and D) and UGT1A9 

(E and F). The data shown represent the mean ± S.D. from two replicates. 
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Figure 3.10 Representative Lineweaver-Burk plots and Dixon plots showing the effects of 

vandetinib on 4-MU glucuronidation in UGT1A9 (A and B). The data shown represent the 

mean ± S.D. from two replicates. 
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Figure 3.11 The IC50 of lapatinib against SN-38 glucuronidation by recombinant UGT1A1 

and HLM (A). Representative Lineweaver-Burk plots and Dixon plots showing the effects 

of lapatinib on SN-38 glucuronidation in UGT1A1 (B and C) and HLM (D and E). The data 

shown represent the mean ± S.D. from two replicates. 
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3.2.3.4 Concentrations of TKIs with Repeated Oral Administration in Liver or GI Track 

In order to estimate the AUC change of the victim drugs due to the inhibition of UGT isoforms, 

the hepatic or systemic concentrations of each TKI were first estimated using previously 

reported clinical pharmacokinetic data (Table VI). For the inhibitions of UGT1A1 by lapatinib, 

UGT1A9 by vandetanib and UGT2B17 by imatinib, the maximum unbound hepatic input 

concentrations of inhibitors were estimated. For lapatinib that inhibits UGT1A7, which is mainly 

expressed in intestines, systemic drug concentration was estimated.  

 

3.2.3.5 Quantitative Prediction of DDI Potential (AUCi/AUC) with Nonselective Substrate 

The risk of DDIs due to the inhibition of TKIs on UGTs was evaluated by predicting the ratio of 

AUC of a victim drug (whose fm may range from 0.1 to 1.0) in the presence and absence of the 

inhibitors (i.e., AUCi/AUC). To this end, the hepatic or systemic concentrations of each TKI were 

first estimated using previously reported clinical pharmacokinetic data (Table VI).  For the 

inhibitions of UGT1A1 by lapatinib, UGT1A9 by vandetanib and UGT2B17 by imatinib, the 

maximum unbound hepatic input concentrations of inhibitors were estimated. For lapatinib that 

inhibits UGT1A7, which is mainly expressed in intestines, systemic drug concentration was 

estimated. The AUC ratios of each inhibitor were estimated based on Ki values obtained in this 

study and the calculated hepatic or plasma concentrations of TKIs.  The results showed that the 

predicted AUC changes of the UGT2B17 substrate by imatinib (at the time for Cmax) were found 

significant; when fm of the victim drug was 90%, UGT2B17 inhibition by imatinib was predicted 

to increase the AUC of 4-MU by 137% (Figure 8A). On the other hand, the AUCi/AUC ratios of 

4-MU were less than 1.25  for imatinib, lapatinib, and vandetanib against UGT1A1, UGT1A7 

and UGT1A9, respectively (data not shown), suggesting minor clinical impacts of the TKIs on 

the pharmacokinetics of their substrates according to the FDA guideline (USFDA, 2012b).  Also, 

lapatinib was predicted to cause ~21% increase in AUC of UGT1A1 substrates (4-MU) when the 
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fm of 4-MU is 0.9 (Figure 3.12B), which is considered to be a potential risk with marginal 

significance. With concerns of clinical DDIs between drug substrate and lapatinib, SN-38 was 

also included for this evaluation. When HLM is at 0.4 mg/ml, the fu,m of lapatinib is 0.032 ± 

0.0033, and the Ki,u in HLM is calculated to be 0.051 µM. The AUC change of SN-38 due to the 

inhibition of lapatinib when fm is 0.81 (Hanioka et al., 2001), is predicted to be 133% increase 

(Figure 3.12C).  
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Figure 3.12 3-Dimensional plots for the calculated AUCi/AUC ratios of 4-MU by imatinib (A) 

and lapatinib (B) and AUCi/AUC ratio of SN-38 by lapatinib (C)
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Drugs 
Dose 
(mg) 

Dosing 
Interval 

(hr) 

Cmax 

(M) 

Absorption 
Rate 

Constant 

(ka, h-1) 

Fraction 
absorbed 

(Fa) 

Plasma 
Unbound 
Fraction 

(fu,p) 

Oral    
CL 

(L/h) 

t1/2 
(h) 

Calculated Concentrations Reference 

Iav 
(µM) 

Imax,u (M) Iin,u (M) 

Axitinib 5 12 0.16 0.523 0.88 0.01 45 3.2 0.024 0.00067 0.00086 

(Rugo et al., 2005; 
USFDA, 2012c; 
Garrett et al., 
2013)   

Imatinib 400 24 4.41 1.64 1 0.05 11.2 22 2.52 0.18 0.70 

(Brunton et al., 
2005; Peng et al., 
2005; van Erp et 
al., 2007)  

Lapatinib 1250 24 4.2 0.7 0.73 0.01 114 24 0.79 0.011 0.12 
(USFDA, 2007; 
Smith et al., 2009)  

Vandetanib 300 24 3.32 0.3 0.935 0.06 13.2 456 1.99 0.12 0.23 
(EMA, 2011; Martin 
et al., 2012) 

Table VI. OBSERVED AND CALCULATED PHARMACOKINETIC PARAMETERS OF TKIS  
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3.2.4 Discussion 

Previous in vitro studies have shown that several TKIs including erlotinib, efitinib, and sorafenib 

inhibit UGTs (Liu et al., 2010a; Liu et al., 2010b; Peer et al., 2012). Sorafenib and lapatinib were 

also shown to increase AUC of SN-38, which is a UGT1A1 substrate by 120% and 41% 

(Midgley et al., 2007; Mross et al., 2007). In the present study, we investigated the effects of 

four TKIs, including axitinib, imatinib, lapatinib, and vandetanib, on UGT activities.  

 

Our data offer in vitro evidence that lapatinib is a potent inhibitor of UGT1A1 and also an 

intermediate inhibitor of UGT1A7. UGT1A1 is broadly expressed in human organs including liver, 

intestines, and kidney (Ritter et al., 1991; Strassburg et al., 1998a; Strassburg et al., 1998b) 

although the expression levels in the intestines and kidney are one third as high as that in liver 

(Harbourt et al., 2012). UGT1A1 is the only isoform involved in bilirubin glucuronidation, and 

UGT1A1 inhibition by antiviral agents (atazanavir and indinavir) and a TKI (erlotinib) is known to 

cause hyperbilirubinemia (Jakacki et al., 2008; Liu et al., 2010a), suggesting that the inhibition 

of UGT1A1 by lapatinib is associated with hyperbilirubinemia. Indeed, clinical studies have 

shown that the administration of lapatinib with capetitabine could trigger hyperbilirubinemia in 

34.6% of 52 metastatic breast cancer patients with a dose of lapatinib at 1250 mg once daily 

and capecitabine at 2000 mg/m2 per day (Xu et al., 2011).  However, in our study it was found 

that lapatinib did not exhibit inhibition against bilirubin glucuronidation in UGT1A1 up to 200 µM, 

“although it potently inhibited 4-MU glucuronidation in UGT1A1. This finding further confirms the 

observation that the inhibition of UGT1A1 activity might vary with the substrate” (Udomuksorn et 

al., 2007). The absence of in vitro inhibition of bilirubin glucuronidation by lapatinib suggests 

there might be other causes to the observed hyperbilirubinemia. Another clinical study showed 

that HLA-DQA1*02:01 might be a risk factor for lapatinib-induced hepatotoxicity resulting in 
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hyperbilirubinemia (Spraggs et al., 2011). In addition, capecitabine was also found to cause 

hyperbilirubinemia in cancer patients (Abdel-Rahman et al., 2013).  

 

About 15% of top 200 prescribed drugs in the United States in 2002 are eliminated mainly via 

glucuronidation by UGT1A1 (Williams et al., 2004). The inhibition of UGT1A1 can have clinically 

significant impacts on therapy using a narrow therapeutic index drug such as irinotecan. 

Irinotecan is a chemotherapeutic agent commonly used, alone or in combination, for the 

treatment of colorectal cancer. Irinotecan requires metabolic activation by carboxylesterase 2 to 

the active metabolite SN-38. SN-38 is eliminated via glucuronidation by UGT1A1, 1A3, 1A6, and 

1A9. UGT1A1 shows the highest activity of SN-38 glucuronidation (Hanioka et al., 2001). 

However, considering that the inhibition of UGT1A1 is substrate- dependent (Udomuksorn et al., 

2007), the effects of lapatinib on SN-38 glucuronidation in HLM and recombinant UGT1A1 were 

also investigated in this study. The inhibition potential in UGT1A1 is similar to that when 4-MU 

was the substrate.    

 

Our study has revealed that imatinib is a broad inhibitor of several UGTs. Imatinib is a potent 

inhibitor of UGT2B17; an intermediate inhibitor of UGT1A1; and a weak inhibitor of UGT1A7, 

1A8, 1A9, 1A10, 2B7, and 2B15. The human UGT2B enzymes are involved in the metabolism 

of steroid hormones as well as bile acids, acidic steroids, and fatty acids (Radominska-Pandya 

et al., 1999). Among UGT2Bs, UGT2B17 exhibits high levels of activity against androgens and 

xenobiotics including carcinogens, coumarins, anthraquinones, flavonoids, nonsteroidal anti-

inflammatory drugs, monoterpenoids, and phenols (Turgeon et al., 2003). Individuals lacking the 

expression of UGT2B17 was shown to  exhibit altered clearance rates of suberoylanilide 

hydroxamic acid (SAHA) or exemestane, both of which are UGT2B17 substrates (Balliet et al., 
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2009; Sun et al., 2010). Therefore, the inhibition of UGT2B17 by imatinib could potentially have 

a significant clinical effect on the metabolism of UGT2B17 substrates.  

 

Different from above two TKIs, vandetanib was found as an intermediate inhibitor of UGT1A9, 

which is also involved in the glucuronidation of a number of drugs (Kiang et al., 2005). UGT1A9 

is expressed in both human liver and some extrahepatic tissues including the gastrointestinal 

tract (Kiang et al., 2005). Significant evidence exists supporting a role for gastrointestinal UGTs 

as modifiers of pharmacokinetics and biological responses to drugs and xenobiotics (Ritter, 

2007). Our data show that vandetanib might influence the first-pass effect and bioavailability of 

more orally administered drugs. This issue requires additional attentions, especially when 

modern medicinal chemistry tends to synthesize polar chemicals to avoid the metabolism by 

CYPs, which makes Phase II enzymes become the main metabolizing enzymes such as UGTs. 

 

The “quantitative prediction of DDI risk indicated that the coadministration of lapatinib or imatinib 

at clinical doses could result in a significant increase of AUC of drugs primarily cleared by 

UGT1A1 or UGT2B17, suggesting that lapatinib and imatinib can induce clinically significant 

DDI with co-administered UGT1A1 or 2B17 substrates”. Our prediction with SN-38 and lapatinib 

is consistent with the clinical observation that co-administration of lapatinib increased the AUC 

of SN-38 by an average of 41% (Midgley et al., 2007). In addition, the pharmacokinetic 

parameters used to calculate concentrations are mean values of the parameters reported, but 

inter-individual variability is high. Furthermore, in vitro data tend to underestimate inhibition of` 

drug glucuronidation in vivo (Uchaipichat et al., 2006). Therefore, the actual effects of lapatinib 

and imatinib might be different than those calculated here. 
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In summary, the present findings highlight the need to pay more attention to UGT-mediated 

DDIs by TKIs, and also shed light on the mechanisms underlying clinically adverse effects 

associated with TKIs. Our study provides the basis for further clinical studies investigating the 

DDI potential between TKIs with UGT substrates. 
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3.3 Mechanism-based Inhibition of Noscapine on Liver Metabolism of Warfarin 

3.3.1 Introduction 

Noscapine (Figure 3.13), a non-addictive phthalideisoquinoline alkaloid obtained from opium 

poppy latex, has been broadly recognized as a safe and promising oral antitussive agent 

(Karlsson et al., 1990). Recently, noscapine has shown antiproliferative activity against a wide 

variety of tumor cell types (Mahmoudian and Rahimi-Moghaddam, 2009). Pretreatment with oral 

noscapine was also proven to limit lymphatic metastasis of PC3 human prostate cancer in nude 

mouse models (Barken et al., 2010). 

 

Noscapine is currently undergoing phase I/II trials for non-Hodgkin’s lymphoma or hematological 

malignancies treatment (Aneja et al., 2007), and combination chemotherapy regimens with 

noscapine are being investigated for human non-small lung cancer and triple negative breast 

cancer (Chougule et al., 2011a; Chougule et al., 2011b). As an anticancer agent, noscapine is 

used at 6- to 15-fold higher doses than as a cough suppressant [MedInsight Research Institute, 

http://www.pcref.org/MedInsight%20-%20PCREF%20Noscapine%20Review.pdf]. In humans, 

the pharmacokinetic behavior of noscapine shows a relatively high interindividual variation, as 

well as extensive “first pass” metabolism due to C-C cleavage, O-demethylation, 

monohydroxylation and demethylenation reactions (Tsunoda and Yoshimura, 1981). Several 

cytochrome P450 (CYP) enzymes (CYP1A2, CYP2C9, CYP2C19, and CYP3A4/5) and flavin-

containing mono-oxygenase 1 are responsible for these reactions (Fang et al., 2012).  
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Figure 3.13 Chemical structures of noscapine and (S)-warfarin. Arrows denote the 

proposed oxidation sites by CYP2C9. 

 

Venous thromboembolism (VTE) is a common complication of cancer and its therapy (Streiff, 

2009). The prevalence of VTE in cancer patients is 2- to 6-fold higher than in the general 

population (Rahme et al., 2013). The anticoagulant warfarin is frequently prescribed for the 

initial phase treatment of VTE, and used for long-term treatment to prevent recurrent thrombosis 

(Lee, 2009). Of note, warfarin is a narrow therapeutic index drug that can cause life-threatening 

bleeding; thus, better understanding of factors that can influence the pharmacokinetics of 

warfarin is essential to achieve optimal warfarin therapy. Clinical evidence indicates that 

noscapine causes significant drug-drug interactions (DDI) with warfarin when administrated as 

an antitussive agent (Ohlsson et al., 2008; Scordo et al., 2008; Myhr, 2009). Considering the 

higher doses of noscapine used for cancer treatment (Madan et al., 2011), clinically significant 

interactions between noscapine and warfarin are therefore expected. However, the magnitude 

and underlying mechanisms of noscapine-warfarin interaction remain unknown. 
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Warfarin is administrated as a racemic mixture and undergoes stereoselective metabolic 

clearance in the human liver. (S)-warfarin (Figure 3.13) has a 5-fold higher anticoagulant activity 

than the (R)-isomer (Hirsh et al., 2001), and is primarily metabolized by CYP2C9 to form 7- and 

6-hydroxy warfarin as the major metabolites (Rettie et al., 1992). CYP2C9 is subject to several 

well studied genetic polymorphisms that affect enzyme activity and therefore affect the 

clearance of (S)-Warfarin (Redman, 2001). Although the relatively complex metabolic profile of 

both warfarin enantiomers might suggest that a range of CYP450 polymorphisms could affect 

metabolism and be therefore relevant to dose requirement, only CYP2C9 genotype appears 

relevant to dose requirement based on a large number of published studies to date (Daly, 2013). 

The most common variant alleles are CYP2C9*2 and *3, which are mainly among Caucasians 

with the frequency as high as 19% and 16.2%, respectively (Miners and Birkett, 1998; Yamazaki 

et al., 1998; Xie et al., 2002). Both alleles are associated with amino acid substitutions which 

appear to affect catalytic activity with (S)-warfarin. Besides the above two alleles, it was found 

that CYP2C9*5, *6, *8, *11 and *13 are also associated to warfarin response.  Compared to the 

wildtype CYP2C9*1, CYP2C9*2, *3, *5, *6, *8, *11 and *13 showed decreased activities in 

metabolizing (S)-warfarin, which leads to a decrease in dose of (S)-warfarin accordingly (Daly, 

2013).  

 

A previous study demonstrated that noscapine inhibited CYP2C9 turnover in a noncompetitive 

and time-dependent manner in HLM when diclofenac was used as the probe substrate (Fang et 

al., 2010). Of note, CYP2C9 inhibitors have shown substrate-dependent differences in inhibitory 

potencies, with warfarin generally being more susceptible to CYP2C9 inhibition. For example, 

the reversible inhibition by CYP2C9 inhibitors including benzbromarone, sulfamethizole, and 

progesterone was greater with (S)- warfarin than phenytoin, tolbutamide and diclofenac was as 

probe substrates (Kumar et al., 2006). Also, (S)-warfarin was a more sensitive probe substrate 
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of CYP2C9 to mechanism-based inactivation (MBI), in comparison with (S)-flurbiprofen and 

diclofenac (Hutzler et al., 2009). In addition to exhibiting substratedependent inhibition kinetics, 

CYP2C9 also shows genotype-dependent inhibition patterns. For example, CYP2C9.3 (I359L), 

the enzyme product of a predominant CYP2C9 variant in Caucasians, was found to be less 

susceptible than the wild-type CYP2C9.1 to a reversible inhibitor fluconazole as compared to 

the wild-type CYP2C9.1 (Kumar et al., 2006), when fluriprofen was used as a probe substrate. 

Whether CYP2C9 variants exhibit different inhibition kinetics for warfarin metabolism remains 

unknown. Together, the inhibition kinetics of noscapine remains to be characterized specifically 

for warfarin considering its narrow therapeutic index.  

 

In the present study, we examined the inhibitory mechanisms of noscapine against (S)-warfarin 

7- hydroxylation at noscapine concentrations required for cancer treatment, and characterized 

the in vitro inhibition kinetics using pooled HLM and complementary DNA (cDNA)-expressed 

CYP2C9. Furthermore, we examined the effects of CYP2C9 genotype on the inhibitory potency 

of noscapine to guide warfarin dosage adjustment. The extent of the in vivo noscapine-warfarin 

interaction was then predicted from the obtained kinetic data. 
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3.3.2 Materials and Methods 

3.3.2.1 Materials 

(S, R)-Noscapine, (S)-warfarin, 7-hydroxywarfarin, mebendazole, phenytoin, phosphate-

buffered saline (PBS), isocitric acid, magnesium chloride, isocitric acid dehydrogenase, 1-

aminobenzotriazole (ABT), sulfaphenazole, nicotinamide adenine dinucleotide phosphate 

(NADP+), and NADPH were purchased from Sigma-Aldrich (St. Louis, MO). Pooled HLM (n=50 

donors) were from Invitrogen (Carlsbad, CA). cDNA-expressed CYP2C9.1 (wild-type), .2 

(R144C), and .3 (I359L) co-expressing human NADPH-CYP reductase and human cytochrome 

b5 were obtained from BD Biosciences (Woburn, MA). Formic acid (ACS grade), acetonitrile 

and methanol (Optima grade) were purchased from Fisher Scientific (Pittsburgh, PA). All other 

reagents were of high performance liquid chromatography (HPLC) grade or the highest grade 

commercially available. 

 

3.3.2.2 Determination of Km  

Pooled HLM (0.1 mg/ml) were incubated with (S)-warfarin (0 - 20 μM) in NADPH-regenerating 

system (5 mM isocitric acid, 0.2 unit/ml isocitric acid dehydrogenase, and 5 mM magnesium 

chloride in 100 mM Tris-HCl buffer, pH 7.4; 100 μl total volume). After preincubation at 37 oC for 

5 min, the reactions were started by addition of NADP+ (1 mM) and further incubated for another 

20 min. The reactions were then terminated by adding 100 μL ice-cold acetonitrile containing 

mebendazole (1 μM) as internal standard and kept on ice for 30 min, followed by centrifugation 

at 16,100g for 15 min at 4 oC to obtain the supernatant. The concentrations of 7-hydroxywarfarin 

in the supernatants were measured using LC/MS/MS. 7- Hydroxywarfarin formation rates were 

determined, and the Km values were estimated by using GraphPad Prism 5 software (La Jolla, 

CA). The incubations were performed in duplicate, and the experiments were repeated at least 
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two times. The final concentrations of organic solvent in the incubation media were kept below 1% 

(v/v) for all microsomal reactions. 

 

3.3.2.3 Determination of IC50  

Pooled HLM (0.1 mg/ml) or recombinant enzymes (40 pmol/ml) were incubated with (S)-warfarin 

(2.5 μM) in the presence of noscapine (0-100 μM) in NADPH-regenerating system for 20 min. 

The warfarin concentration was selected based on the apparent Km values in pooled HLM or 

cDNA-expressed CYP2C9 (2 - 9 μM) (Liu et al., 2012) and the clinically relevant concentration 

range (Cmax, ~5 μM) (Maddison et al., 2013). 7-Hydroxywarfarin formation rates were 

determined, and the half maximal inhibitory concentration (IC50) values were estimated. 

 

3.3.2.4 Determination of Ki 

(S)-warfarin (1.0, 2.5, 5.0, and 10 μM) was incubated with pooled HLM or recombinant 

CYP2C9.1 in the presence of noscapine at different concentrations (0 - 25 μM), and the 

concentration of 7-hydroxywarfarin was measured. The Ki values of noscapine were calculated 

via nonlinear regression of the data to the equations for competitive inhibition (eq. 1), 

noncompetitive inhibition (eq. 3), or mixed inhibition (eq. 4), using GraphPad Prism 5 software:  
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where v represents the velocity of the reaction; S and I are the concentrations of substrate and 

inhibitor, respectively; and Km is the substrate concentration that yields a half-maximal velocity 

(Vmax). The inhibition type was determined from the Lineweaver-Burk plot, the Dixon plot, and 

fits to the enzyme inhibition kinetic models. Comparisons of goodness of the fits were 

determined by examination of the residues, R2 values, the parameter standard error estimates, 

and 95% confidence intervals. Kinetic constants were reported as the mean ± S.E. of the 

parameter estimate. Ki values were further adjusted for nonspecific binding to 0.1 mg/ml 

microsomes to get unbound Ki (Ki, u) for calculation. 

 

3.3.2.5 Time- and NADPH-Dependent Inhibition.  

Noscapine (15 μM) was pre-incubated with CYP2C9.1, CYP2C9.2, or CYP2C9.3 (400 pmol/ml) 

for 30 min at 37 oC with regeneration system in the presence or absence of NADP+. The 

concentration of noscapine was selected to be 10-fold higher than the concentration exhibiting 

25% of maximum reversible inhibition according to a previous study (Obach et al., 2007). An 

aliquot of the inactivation mixture (10 μl) was then added to an incubation mixture containing 

(S)-warfarin (2.5 μM), NADP+ and regeneration system for the measurement of residual 

CYP2C9 activity. 

 

3.3.2.6 Determination of KI and kinact.  

Noscapine (0 - 50 μM) was pre-incubated with pooled HLM (1mg/ml) or recombinant CYP2C9 

enzymes (400 pmol/ml) in NADPH-regenerating system. At different time points (0-30 min), an 

aliquot (10 μl) was transferred into a secondary incubation system containing (S)-warfarin (25 

μM), and 7-hydroxywarfarin concentrations were measured by LC/MS/MS. The concentration of 

warfarin in the secondary incubation system was determined to be >4 times higher than the 
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apparent Km values obtained from different enzyme sources (Hutzler et al., 2009; Liu et al., 

2012). The observed rates of inactivation (kobs) were determined from the slopes of residual 

CYP2C9 activity vs. time plot. Inactivation kinetic parameters (kinact and KI) were calculated 

using nonlinear regression of the data according to eq. 18.  

               
          

    
                               

 

where [I] represents the initial concentrations of noscapine in the inactivation preincubations; 

kobs[I]=0 is the apparent inactivation rate constant measure in the absence of noscapine; kinact is 

the theoretical maximal inactivation rate; KI is the inactivator concentration required for half the 

maximal inactivation rate; and unbound KI (KI, u) is KI multiplied by fu, m, where fu, m is the free 

fraction of noscapine in the primary microsomal incubation (1 mg/ml). 

 

3.3.2.7 Effects of Ultrafiltration on CYP2C9 Inactivation  

HLM (1 mg/ml) were pre-incubated with ABT (1 mM), noscapine (50 μM), sulfaphenazole (10 

μM), or vehicle (control) in NADPH-regenerating system for 20 min at 37oC. The preincubation 

mixtures (100 μl) were chilled on ice, 5-fold diluted, and then filtered through Amicon Ultra-0.5 

centrifugal filter devices (Millipore, Billerica, MA; cut-off of 30 kDa) according to the 

manufacturer’s instructions. Samples were washed with 450 μl of 100 mM Tris-HCl buffer (pH 

7.4), centrifuged at 14,000 g for 10 min, collected by a reverse spin at 1000 g for 2 min, and 

then resuspended with buffer to the original volume. Aliquots (10 μl) were removed and diluted 

10- fold to determine the residual CYP2C9 activities by incubating with warfarin (2.5 μM). 
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3.3.2.8 Determination of fu, m 

Single-Use Rapid Equilibrium Dialysis plate from Thermo Scientific-Pierce Biotechnology 

(Rockford, IL) with cutoff molecular weight 8000 Da was used. HLM (0.1 mg/ml or 1 mg/ml) 

solutions (100 μL) containing noscapine (0.3 - 50 μM) were placed into the sample chamber and 

300 μL PBS dialysis buffer was added into the adjacent chamber in triplicate. The content of 

organic solvent in the final microsomal solutions was kept below 1%. The plates were then 

covered with sealing tape (MicroAmpTM, Applied Biosystems, Foster City, CA) and incubated at 

37oC for 4 hours on an orbital shaker at 100 rpm. Aliquots (50 μL) were removed from each side 

of the insert and placed in separate tubes. The same volume (50 μL) of blank microsomes was 

added to the buffer samples and an equal volume of PBS was added to the collected 

microsomes samples for matrix matching. To each sample, 200 μL of acetonitrile containing 

phenytoin (1 μM; internal standard) was added. These samples were vortexed for 30 sec and 

chilled on ice for 30 min, then centrifuged at 16,100g for 15 min at 4 oC. Noscapine 

concentrations in the supernatant were determined by LC/MS/MS. 

 

3.3.2.9 Measurement of 7-Hydroxywarfarin and Noscapine 

7-Hydroxywarfarin concentrations in microsomal samples were determined by a LC/MS/MS 

method as previously described with slight modifications (Liu et al., 2012). An Agilent 1200 

HPLC interfaced with Applied Biosystems Qtrap 3200 “equipped with an electrospray ion source 

was used. Chromatographic separation was carried out with a Waters XTerra MS C18 column” 

(2.1×50 mm, 3.5 μm; Waters Corporation, Milford, MA). Mobile phase was delivered 250 μl/min, 

and the gradient was initiated at 90% A-10%B (A, 5 mM ammonium acetate buffer, pH 4.6; B, 

acetonitrile). The proportion of mobile phase B was increased to 60% over 1 min, held constant 

for 1 min, and then restored to the initial composition. 7-Hydroxywarfarin was detected by 

MS/MS (323/176), and mebendazole was used as the internal standard (294/262) in negative 



 

125 
 

ion mode. The mobile phase for noscapine consisted of 0.1% formic acid in water (A) and 

acetonitrile (B). The column was first equilibrated at 25% mobile phase B for 1.5 min at a 200 

μl/min flow rate. The elution was then ramped linearly to 90% mobile phase B over 1.5 min, 

maintained for 5 min, and followed by a return to initial conditions. SRM pair for noscapine 

(MS/MS 414/220) was performed in positive ionization mode, and phenytoin (MS/MS 253/182) 

was employed as the internal standard (Sproll et al., 2006; Yuan et al., 2009). The dwell time for 

each transition was 5 ms.  

 

3.3.2.10 Spectral Analysis of Metabolite-Intermediate (MI) Formation 

Recombinant CYP2C9.1 was diluted into buffer (0.1 M potassium phosphate buffer, pH 7.4) to 

yield a final concentration of 0.3 μM and a stock solution of reduced NADPH was added to yield 

a final concentration of 1 mM NADPH. The solution was split into sample and reference 

cuvettes and spectra recorded on an Olis-modernized Aminco DW-2 spectrophotometer (Olis, 

Bogart, GA). After 3 min of pre-incubation at 37°C, the experiment was initiated by adding 

vehicle to the reference cuvette (2 μl methanol) and substrate to the sample cuvette (2 μl of 

noscapine stock solution) to yield a final concentration of 50 μM noscapine. The final volume in 

both cuvettes was 0.40 ml and contained 0.5% methanol. The spectrophotometer was operated 

in split beam mode and repetitive scans were taken from 500 to 400 nm wavelength light 

(readings at 1 nm intervals) at 1, 2, 4, 8, and 16 min. Once MI complex formation had ceased, 

the incubation was quenched by adding a few crystals of dithionite to each cuvette. Following a 

3 min incubation period, a new baseline scan was taken and the spectrum blanked. CO gas was 

then bubbled gently into the sample cuvette only and scans taken to determine the amount of 

residual CYP capable of binding CO. The amount of CO-bound CYP was quantified by applying 

a molar extinction coefficient of 91 cm-1 mM-1 to the 450 – 490 nm absorbance difference 

(OMURA and SATO, 1964a; OMURA and SATO, 1964b). Control runs were performed in the 
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absence of NADPH. The kinetic profile of metabolic intermediate (MI) complex formation was 

captured by measuring the absorbance at 458 nm and 490 nm from 0 min to 20 min and plotting 

the increase in difference in absorbance over time. The concentrations of MI complexes were 

approximately calculated by dividing the absorbance difference at 458 nm and 490 nm by the 

molar extinction coefficient of 65 cm-1 mM-1 (Manno et al., 1988). The initial rates of MI complex 

formation (k) and maximal concentration of MI complex (MICmax) were calculated by fitting the 

data to the standard monoexponential function MICt = MICmax (1 - e-kt), where MICt is the 

concentration of MI complex at each time point. 

 

3.3.2.11 Quasi-irreversibility of the Inhibition of CYP2C9 by Noscapine 

The preincubation was performed as in 3.3.2.2.4 in the presence or absence of 10 uM 

noscapine (Barbara et al., 2013). The preincubation mixtures of both types were 2-fold diluted 

into the buffer with or without 10 mM ferricyanide and incubated for 10 min at 37 °C before 

another 5-fold dilution into the reaction mixture containing the substrate. The final incubation 

was in the same oncidtion as that in 3.3.2.2.4. 

 

3.3.2.12 Quantitative Predictions of In Vivo Drug Interactions 

The relative changes in area under the curve (AUC) of (S)-warfarin upon co-administration of 

noscapine were predicted based on reversible inhibition (eq. 17) or TDI mechanism (eq. 18) 

(Brown et al., 2005a; Grimm et al., 2009). 
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AUCi/AUC is the predicted ratio of in vivo exposure of (S)-warfarin with vs. without 

coadministration of noscapine; kdeg(CYP2C9) is the first-order rate constant of in vivo degradation of 

CYP2C9 [0.00026 min-1 (Obach et al., 2007)]; Ki,u is Ki adjusted by the free fraction of noscapine 

in 0.1mg/ml pooled HLM (= Ki × fu); kinact is the theoretical maximal inactivation rate; and KI, u is 

the unbound inhibitor concentration at 1 mg/ml microsomes yielding 0.5 times kinact. [I]in vivo 

represents the inhibitor concentration at the enzyme active site. The unbound Cmax at steady 

state (defined as fu × Cmax, Cmax,u) was used for [I]in vivo because Cmax,u yields the most accurate 

predictions of drug-drug interactions (Obach et al., 2007) and the use of total Cmax typically 

leads to overprediction of DDI risk (Fujioka et al., 2012). The free fraction of noscapine (fu) in 

pooled human serum is about 7% (Karlsson and Dahlstrom, 1990). In previous clinical 

pharmacokinetic studies of noscapine, single doses of 100 mg, 200 mg and 300 mg noscapine 

tablet led to the Cmax values of 0.31 μM, 0.95 μM, and 2.1 μM, respectively (Karlsson et al., 

1990). A recent clinical study with the dosage of 50 mg demonstrated that the noscapine 

concentration at 4 hours after dosing ranged from 0.02-0.19 μM (Rosenborg et al., 2010). Based 

on all these previous data, Cmax values ranging from 0.02-2.1 μM were selected to estimate the 

AUCi/AUC ratio. 

 

The extent of CYP2C9-mediated metabolism in overall (S)-warfarin elimination (fm(CYP2C9)) was 

estimated by using the following equations (Ito et al., 2005). 
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where XM refers to poor (PM, patients with *2/*2, *2/*3, or *3/*3 genotype), intermediate (IM, 

patients with *1/*2 or *1/*3 genotype) or extensive (EM, patients with *1/*1 genotype) 

metabolizer phenotype predicted based on CYP2C9 genotype information. Combining the eqs. 

19 and 20, the following equation describes the fXM
m(CYP2C9) decrease by the CLEM /CLXM ratio: 

          
                  

                                        

 

The fEM
m(CYP2C9) value was set as 0.82-0.92 based on the urinary recovery of metabolites, biliary 

excretion and the recovery of unchanged drug (Kunze and Trager, 1996). Then, the XM warfarin 

ranged from 0  to 0.92 for different CYP2C9 phenotypes, based on the previous in vivo (S)-

warfarin clearance data obtained in subjects with different CYP2C9 genotypes (Scordo et al., 

2002). AUCi/AUC values were subsequently calculated and plotted against [I]in vivo and fm(CYP2C9) 

using MATLAB R2009b (Mathworks, Natick, MA). The fraction of warfarin dose required to 

obtain the same level of systemic exposure as in the wild-type carrier was predicted by using eq. 

22 for the carriers of CYP2C9 variants (Castellan et al., 2013). 

                               
     

     
             

                        

in which FA represents the fraction of remaining CYP2C9 activity of CYP2C9 variants. The 

combined effects of CYP2C9 genotypes and inhibition by noscapine on warfarin dose could be 

estimated using eq. 23. 
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3.3.3 Results 

3.3.3.1 Inhibition of (S)-warfarin 7-hydroxylation by Noscapine  

To determine the (S)-warfarin concentration employed in inhibition assays, the enzyme kinetic 

studies were first performed by using pooled HLM. The apparent kinetic parameters Km and Vmax 

of 7-hydroxywarfarin formation were estimated to be 3.3 ± 0.3 μM and 6.9 ± 0.2 pmol/min/mg 

protein, respectively (Figure 3.14A). In the subsequent experiments using 2.5 μM (S)-warfarin, 

noscapine inhibited CYP2C9-mediated (S)-warfarin 7-hydroxyaltion with an IC50 of 6.5 ± 0.7 μM 

in pooled HLM (Figure 3.14B). In cDNA-expressed enzyme preparations of CYP2C9.1, the IC50 

value was 2.6 ± 0.1 μM. Relatively small decreases in inhibition potency were noted in 

CYP2C9.2 and CYP2C9.3 enzymes (IC50, 3.6 ± 0.2 μM and 4.9 ± 0.7 μM, respectively). As 

shown in Figure 3.15, results from the inhibition kinetic assays suggest that noscapine inhibited 

CYP2C9 activity in a competitive manner, with Ki values of 4.6 ± 0.4 μM (in pooled HLM, Figure 

3.15A and 3.15B) and 1.0 ± 0.1 μM (in recombinant CYP2C9.1 Figure 3.15C and 3.15D). These 

results indicate that noscapine is a competitive inhibitor of (S)-warfarin metabolism by CYP2C9. 

 

Figure 3.14 Enzyme kinetics of (S)-warfarin 7-hydroxylation in pooled HLM (A) and the 

inhibition of (S)-warfarin 7-hydroxylation by noscapine in HLM and recombinant CYP2C9 

enzymes (B). The data shown represent the mean ± S.D. from two replicates. 
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Figure 3.15 Representative Lineweaver-Burk plots and Dixon plots showing the effects of 

noscapine on (S)-warfarin 7-hydroxylation in pooled HLM (A and B) and recombinant 

CYP2C9.1 (C and D). The data shown represent the mean ± S.D. from two replicates. 

 

3.3.3.2 Time- and NADPH-Dependent Inhibition of CYP2C9  

Previously, noscapine was shown to inhibit diclofenac 4’-hydroxylation via a mechanism of time-

dependent inhibition (Fang et al., 2010). To examine whether noscapine inhibits warfarin 

metabolism by a similar mechanism, noscapine at different concentrations was incubated with 

pooled HLM for different time periods, and the residual CYP2C9 activity was determined by 

using (S)-warfarin as the probe drug. The resulting inactivation kinetics was best fit to the 
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standard hyperbolic equation (Figure 3.16), with kinact of 0.041 min-1 and KI of 6.8 μM. The 

estimated kinact/KI was 6.0 ml/min/μmol, indicating high inactivation efficiency. To evaluate the 

effects of CYP2C9 genotypes on the time-dependent inhibition potential of noscapine, single 

point inactivation experiments were performed using recombinant wild-type CYP2C9 and its 

variants. To this end, a recombinant CYP2C9 protein was pre-incubated with noscapine (or 

vehicle) in the presence (or absence) of NADPH for 30 min, and then the residual CYP2C9 

activity was determined by incubation with (S)-warfarin. A greater than 15% loss in CYP2C9 

activity by preincubation with noscapine (when compared to the activity in the absence of 

NADPH) was used as a cut-off value for significant time-dependent inhibition (Obach et al., 

2007). The percentage of CYP2C9.1 activity loss in the presence of NADPH was calculated to 

be 42 ± 5% (Figure 3.16A), indicating significant inactivation of the enzyme by noscapine.  

 

Figure 3.16 Time- and concentration-dependent inhibition of (S)-warfarin 7-hydroxylation 

by noscapine (0-50 μM) in pooled HLM incubations. The data shown represent the mean 

± S.D. from two replicates. 

 

Interestingly, the CYP2C9 variants associated with the PM phenotype were found to be more 

susceptible to inactivation by noscapine than the wild type; the decrease in activity was 71 ± 7% 
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(CYP2C9.2, p<0.01) and 59 ± 5% (CYP2C9.3, p<0.05) (Figure 3.17A). Similar results were also 

observed when inactivation kinetics was compared among different CYP2C9 variants (Figure 

3.17B through 3.17D). CYP2C9.1 was inactivated by noscapine with KI of 4.4 μM and kinact of 

0.013 min-1. Although KI values for CYP2C9.2 (5.7 μM) and CYP2C9.3 (2.6 μM) were similar to 

that of CYP2C9.1, their kinact values increased noticeably (0.033 min-1 for CYP2C9.2 and 0.022 

min-1 for CYP2C9.3), resulting in moderately higher inactivation efficiencies in comparison with 

that of the wild-type enzyme (i.e., 2-fold and 3-fold for CYP2C9.2 and CYP2C9.3, respectively). 

 

Figure 3.17 NADPH-dependent inactivation of (S)-warfarin 7-hydroxylation by noscapine 

(15 µM) in recombinant CYP2C9 (A). Kinetic plots demonstrating observed rates of 

inactivation (kobs) by noscapine (0-50 μM) in recombinant CYP2C9.1 (B), CYP2C9.2 (C), 

and CYP2C9.3 (D). The data shown represent the mean ± S.D. from two replicates.  
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Taken together, noscapine is both a competitive and time-dependent inhibitor of CYP2C9, and 

its inhibitory potency differs among CYP2C9 variants. 

 

3.3.3.3 Effect of Ultrafiltration on CYP2C9 Inactivation by Noscapine 

To determine the reversibility of the inactivation of CYP2C9 by noscapine, NADPH, unbound 

noscapine and its metabolites were removed from the preincubation samples by ultrafiltration, 

and the remaining CYP2C9 activity was determined by measuring (S)-warfarin 7-hydroxylation 

rates. ABT (a mechanism-based inactivator of CYPs) and sulfaphenazole (a reversible inhibitor 

of CYP2C9) were used as controls in parallel. The filtered samples of microsomes preincubated 

with noscapine and ABT showed less than 10% recovery of (S)-warfarin 7-hydroxylase activity 

after ultrafiltration, whereas >30% recovery was detected with sulfaphenazole (Figure 3.18). 

Together, these results indicate that noscapine-mediated CYP2C9 inhibition is irreversible and 

that similarly to ABT, noscapine inhibits CYP2C9 by mechanism-based inactivation (MBI). 

 

Figure 3.18 Effects of ultrafiltration on the time- and NADPH-dependent inhibitory 

potential of noscapine towards CYP2C9-mediated (S)-warfarin 7-hydroxylation. The data 

shown represent the mean ± S.D. from two replicates. 
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3.3.3.4 Spectral Analysis of MI Complex Formation  

In order to examine MI complex formation, absorption spectra of the incubation mixtures of 

recombinant CYP2C9.1 with noscapine were monitored. A time dependent increase in the Soret 

peak at 458 nm, characteristic of MI complex formation, was observed upon the addition of 

NADPH (Figure 3.19A). When the difference between the absorbance at 458 nm and 490 nm 

(dAbs) was plotted over time, a kinetic profile for MI complex formation was determined (Figure 

3.19B). Based on the data for the first 30 sec of reaction, the initial rate of MI complex formation 

was calculated to be 0.0133 dAbs/μM CYP/min. Approximately 41% of the total enzyme was 

converted to an MI complex. Remaining uncomplexed CYP2C9 was determined by a 

subsequent CO-binding study. The results showed that a significant fraction (40-60%) was able 

to form a ferrous CO complex after MI complex formation had ceased (data not shown). In sum, 

all these spectra data combined together suggested that MBI of (S)-warfarin 7-hydroxyaltion by 

noscapine was mainly due to the formation of MI complex with CYP2C9. 

 

Figure 3.19 Spectral evidence for the formation of an MI complex with CYP2C9.1 and 

noscapine (50 µM) (A) and the time course for complex formation (B). The data shown 

represent the mean ± S.D. from two replicates. 
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3.3.3.5 Quasi-irreversibility of the Inhibition of CYP2C9 by Noscapine 

The quasi-irreversibility of the inactivation of CYP2C9 by noscapine was assessed in HLM in the 

presence of ferricyanide. When ferricyanide was included in the preincubation, the inactivation 

of CYP2C9 was greatly alleviated with a similar 7-hydroxylation level of (S)-warfarin, compared 

to the control without the inhibitor and ferricyanide and that without the inhibition but ferricyanide 

(Figure 3.20). In contrast, the sample containing only noscapine, the level of 7-hydroxylation 

activity of CYP2C9 was less than 70% of the controls.  
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Figure 3.20 Inhibitory activity of noscapine against (S)-warfarin 7-hydroxylation in the 

presence and absence of ferricyanide. The data shown represent the mean ± S.D. from 

two replicates. 
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3.3.3.6 Prediction of In Vivo (S)-Warfarin-Noscapine Interactions  

The clinical impact of CYP2C9 inhibition by noscapine was evaluated by estimating the ratio of 

(S)-warfarin AUC in the presence and absence of the inhibitor, based on the inhibitory 

mechanisms (i.e., competitive inhibition and MBI). The Ki and KI values were first adjusted for 

non-specific binding to 0.1 mg/ml (fu, m, 97 ± 3%) and 1.0 mg/ml (fu, m, 22 ± 1%) HLM proteins, 

respectively, yielding the adjusted values (Ki, u of 4.5 μM and KI, u of 1.5 μM). AUC changes upon 

noscapine co-administration were predicted for varying fm(CYP2C9) and noscapine concentrations. 

Values of fm(CYP2C9) ranging from 0 to 0.92 reflect the differential CYP2C9 enzyme activity of 

CYP2C9 variants (Table VII; see materials and methods for details), while noscapine 

concentrations ranging from 0.02 to 2.1 μM reflect Cmax obtained from a typical oral dose of 

noscapine for antitussive or anticancer effects. Figure 3.21 shows 3-dimensional (and contour) 

plots for the estimated AUCi/AUC ratios when noscapine inhibits CYP2C9 activity only by MBI 

(Figure 3.21A) or competitive inhibition mechanism (Figure 3.21B). The results indicate that in 

carriers of wild-type CYP2C9, a typical dose of noscapine is predicted to cause a >7-fold 

increase in the exposure of (S)-warfarin by MBI (Figure 3.21A) but a minimal increase (~3%) by 

the competitive inhibition mechanism (Figure 3.21B). The dose adjustment factor was then 

estimated for warfarin based on the combined effects of noscapine-mediated inhibition and 

CYP2C9 genotypes on warfarin exposure (Figure 3.21C and Table VII). The coadministration of 

noscapine was estimated to require up to a 7-fold decrease in warfarin dose in CYP2C9*1/*1 

carriers whereas the need for dose change was smaller in the carriers of CYP2C9 variants. 

Together, our results indicate that MBI of CYP2C9 by noscapine may significantly increase the 

systemic exposure of (S)-warfarin, and the required warfarin dose adjustments show genotype-

dependency. 
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Figure 3.21 3-Dimensional and contour plots for the calculated AUCi/AUC ratios with fm 

(CYP2C9) and Cmax of noscapine in plasma resulted from MBI (A) or competitive 

inhibition (B). Suggested dose adjustment factors based on the range of noscapine 

plasma Cmax values and patients of different genotypes (C). 
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3.3.4 Discussion 

Altered CYP2C9-mediated (S)-warfarin metabolism is one of the major causes of high inter-

individual variability in warfarin response (Eriksson and Wadelius, 2012). Noscapine is both a 

substrate and inhibitor for CYP2C9 (Rosenborg et al., 2010; Fang et al., 2012), and is known to 

cause significant increases in international normalized ratio (INR) when coadministered with 

warfarin (Ohlsson et al., 2008; Scordo et al., 2008; Myhr, 2009). However, the direct in vitro 

evidence on the noscapine-warfarin interaction or a detailed analysis of the inhibition kinetics to 

predict the magnitude of in vivo DDI is lacking. In addition, the effect of genetic polymorphism in 

CYP2C9 on the noscapine-mediated inhibition remains unknown. The objective of this study 

was to investigate the inhibitory mechanisms of (S)-warfarin metabolism by noscapine and 

examine the effects of common genetic polymorphisms of CYP2C9 on the extent of noscapine-

mediated CYP2C9 inhibition. Combined with genotype-dependent inhibition kinetic data, the 

magnitude of pharmacokinetic interactions and the required warfarin dosage adjustments were 

estimated for subjects of different genotypes. 

 

In this study, noscapine was found to be a competitive inhibitor of CYP2C9-mediated (S)-

warfarin 7-hydroxylation in both HLM and recombinant enzyme systems (Ki <10 μM) (Figure 

3.15). Interestingly, when diclofenac 4’-hydroxyaltion was used as the probe reaction, noscapine 

inhibited CYP2C9 activity in a noncompetitive manner in pooled HLM (Fang et al., 2010). 

Similar substrate dependent difference in inhibitory mechanism was previously reported for 

CYP3A4 inhibitors. For example, fluconazole exhibits competitive inhibition of CYP3A4-

mediated (R)-warfarin hydroxylation (Kunze et al., 1996), but noncompetitive inhibition of 

midazolam 1’-hydroxyaltion. This was attributed to the multiple binding regions for substrates or 

inhibitors in the voluminous active site (Gibbs et al., 1999). CYP2C9 also exhibits a capacity for 

multiple ligands binding (Williams et al., 2003; Wester et al., 2004). Possibly, noscapine 
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prevents the access of (S)-warfarin to the substrate-binding site in the CYP2C9 active pocket, 

but not that of diclofenac, resulting in the competitive inhibition of (S)-warfarin metabolism. This 

hypothesis remains to be verified through molecular modeling of CYP2C9. In the competitive 

inhibition of CYP2C9 activity by noscapine, the IC50 value for CYP2C9.3 was 1.9-fold higher 

than that for CYP2C9.1 (Figure 3.14). This result is in good agreement with a previous study in 

which fluconazole Ki value for CYP2C9.3 was found to be 2-fold higher than that for CYP2C9.1 

when flurbiprofen was used as a probe substrate (Kumar et al., 2008). This genotype-

dependent CYP2C9 inhibitory potency of noscapine is likely due to differences in the 

conformation of the active site and the orientation of inhibitor binding (Kumar et al., 2006). 

Taken together, noscapine inhibits CYP2C9-mediated (S)-warfarin metabolism via a competitive 

inhibition mechanism, and the inhibitory profiles exhibit substrate- and genotype-dependent 

variation. 

 

Our study revealed that noscapine is also a mechanism-based inhibitor of CYP2C9, exhibiting 

time- and NADPH-dependent inhibition (Figure 3.16). Removal of free noscapine and its 

metabolites from the HLM incubation by using ultrafiltration did not reverse noscapine-mediated 

inhibition of (S)-warfarin metabolism, indicating irreversibility of the inhibition (Figure 3.18). Our 

spectral analysis further demonstrated a time-dependent increase in the maximum absorbance 

at 458 nm (Figure 3.19A), suggesting the formation of MI complex by noscapine. This is 

reasonable because noscapine has a methylenedioxyphenyl group incorporated into its 

structure (Figure 3.13A). The oxidation of this group often leads to the formation of carbene 

complexes with ferrous heme iron of cytochrome P450 (Franklin, 1971), which can be disrupted 

in the presence of ferricyanide (Figure 3.20). Since the formation of an MI complex is dependent 

upon catalytic rate, the susceptibility to MBI is expected to be dependent upon the relative 

activities of CYP variants (Polasek and Miners, 2007; Orr et al., 2012b). To verify that formation 
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of reactive metabolite(s) of noscapine by CYP2C9 is responsible for the MBI by noscapine, the 

kinetics of CYP2C9 inhibition were characterized by using CYP2C9.2 and CYP2C9.3 variants 

that are known to exhibit decreased enzyme activity (Liu et al., 2012). Surprisingly, our results 

showed that the inactivation of CYP2C9 by noscapine was >2-fold more efficient (i.e., kinact/KI) 

for CYP2C9.2 and CYP2C9.3 than for CYP2C9.1. This suggests that formation of reactive 

metabolite(s) of noscapine may be greater from CYP2C9.2 and CYP2C9.3. In fact, it was 

previously shown that a metabolite of noscapine is produced 1.4-fold more rapidly by CYP2C9.2 

than CYP2C9.1 (Fang et al., 2012), suggesting that the CYP2C9 variants may show increased 

(rather than decreased) catalytic activity for certain reactions. This may be due to the structural 

features of CYP2C9 [i.e., a big active pocket allowing simultaneous binding of multiple ligands 

(Williams et al., 2003)] that potentially lead to highly substrate-dependent functionality of 

CYP2C9 variants (Maekawa et al., 2009). It will be of interest to examine whether the partition 

ratios, metabolite formation rates and noscapine depletion rates are significantly different 

among these enzymes. 

 

Noscapine is a mechanism-based inhibitor of CYP2C9-mediated (S)-warfarin 7-hydroxylation 

and as expected of a P450 substrate also acts as a competitive inhibitor. However, the clinical 

impact of competitive inhibition on (S)-warfarin elimination was predicted to be minimal (i.e., at 

most 3%) at typical doses of noscapine while that of MBI could be significant (Figure 3.21). Our 

study predicted that coadministration of noscapine and warfarin could result in up to 7-fold 

increases in AUC of (S)-warfarin by MBI mechanism. Overall, the extent of the increase in (S)-

warfarin AUC appears consistent with the result from a clinical study in which a >2-fold increase 

in the INR was seen in patients co-administered with noscapine (as an antitussive drug) and 

warfarin (Ohlsson et al., 2008). The typical dose of noscapine as a cough suppressant (50 mg) 

produces a Cmax of around 0.5 μM (Haikala et al., 1986; Olsson et al., 1986). This concentration 
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would require up to 70% decrease in warfarin dose in both EM and IM patients but little change 

in PM patients, especially in carriers of CYP2C9*3/*3 (Figure 3.21 and Table VII).  
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Genotype 

Fraction of Dose 

Expected to be 

Cleared by 

CYP2C9 

Magnitude of the Potential 

(S)-Warfarin-Noscapine 

Interactions 

Dose Adjustment Factor c 

Based Solely on 

Genotypes 

Based on Both Genotypes 

and 

 AUCi/AUC  
Inhibitory Effects of 

Noscapine 

CYP2C9*1/*1 0.82-0.92 b 1.12-7.36 1.00 0.14-0.88 

CYP2C9*1/*2 0.69-0.86 1.09-5.20 0.83 0.16-0.74 

CYP2C9*1/*3 0.66-0.85 1.09-4.96 0.60 0.12-0.53 

CYP2C9*2/*2 0.44-0.75 1.06-3.38 0.72 0.21-0.65 

CYP2C9*2/*3 0.23-0.66 1.03-2.63 0.44 0.17-0.40 

CYP2C9*3/*3 0-0.13 1.00-1.14 0.20 0.18-0.19 

Table VII. ESTIMATION OF (S)-WARFARIN CLEARANCE FRACTION ( ), RATIO CHANGE OF IN VIVO EXPOSURE TO 

(S)-WARFARIN (AUCI/AUC), AND SUGGESTED DOSE ADJUSTMENT FACTOR FOR PATIENTS WITH DIFFERENT CYP2C9 

GENOTYPES a. a All simulation were performed at noscapine Cmax values range from 0.02 µmol/l to 2.1 µmol/l, and the fraction of 

wild-type CYP2C9 activity (FA) for each mutant were obtained directly from literature (Castellan et al., 2013). b Values were estimated 

)92( CCYPmf

)92( CCYPmf
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from mass balance data as described previously (Kunze and Trager, 1996). c Dose adjustment ratios were predicted at the upper 

most value of estimated .  
)92( CCYPmf
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Our estimation is based on the previously reported plasma Cmax after a single oral dose of 

noscapine ranging from 50 to 300 mg, but a higher Cmax may be achieved clinically. In fact, the 

dosage of off-label use of noscapine as an anticancer agent ranges from 1,000 to 2,250 mg per 

day divided in 3 doses [MedInsight Research Institute, http://www.pcref.org/MedInsight%20-

%20PCREF%20Noscapine%20Review.pdf]. Furthermore, noscapine is known to exhibit a 

nonlinear pharmacokinetic behavior in humans (Karlsson et al., 1990); a 3-fold increase in dose 

(from 100 mg to 300 mg) leads to a 9-fold rise in AUC. Thus, the extent of pharmacokinetic 

interactions between warfarin and noscapine may be greater than what was estimated in this 

study, indicating that careful monitoring of INR will be required when noscapine is combined 

with warfarin. 

 

In conclusion, we have shown that noscapine is both a competitive inhibitor and a mechanism 

based inactivator of (S)-warfarin 7-hydroxylation by CYP2C9. Our in depth kinetic analysis of 

the inhibition by noscapine provided a basis to predict genotype-dependent changes in warfarin 

exposure upon various concentrations of noscapine. Significant changes in warfarin dosage are 

required due to the MBI of CYP2C9 by noscapine. These findings should shed light on better 

understanding and prediction of drug-drug interaction involving noscapine and CYP2C9. 
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