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Preface
The reason for writing this second edition is simple—science marches on and there 

are new topics and areas of interest that did not exist in 2003, when the fi rst edition 

of this book was written. We now have UPLC and Orbitraps as well as DESI and 

DART to name a few of the new instruments and techniques that are now part of 

our toolset for using mass spectrometry for drug metabolism studies. This second 

edition is a completely new book with 14 new chapters that were written solely for 

this edition. While some of the topics are the same as in the fi rst edition, the newly 

written chapters provide the latest thinking on how best to use mass spectrometry in 

a drug metabolism setting.

This book is designed to be a reference book for professionals in both mass spec-

trometry and various drug metabolism areas. It will also be a useful reference book 

for medicinal chemists working in the area of new drug discovery who want to learn 

more about drug metabolism and how it is used for participation in lead optimiza-

tion efforts. The chapters are written by scientists who are experts in the topic and 

provide not only a summary of the current best practices but also an extensive review 

of recent scientifi c literature, including many references for further reading. Each 

chapter has been written so that it can be read separately from the other chapters, but, 

together, the 14 chapters cover a wealth of information on various topics that relate to 

mass spectrometry and drug metabolism studies.

Some of the chapters are written to cover general topics, while other chapters 

cover a specifi c area of interest. For example, there is a chapter on metabolite iden-

tifi cation as well as a chapter on UPLC. There was also an effort on my part to 

include newer areas of interest to drug metabolism scientists. As one example of a 

new  topical area, a chapter on biomarkers has been added in this second edition.

I would like to thank all the contributing authors for their efforts to make this 

second edition complete. I also thank CRC Press for supporting this effort. In addi-

tion, I would like to thank the management of Schering-Plough Research Institute for 

supporting my efforts to make this book a reality. Finally, I would like to thank my 

family for all their support, with special thanks to my wife, Madeleine.

Walter A. Korfmacher





xi

Editor
Dr. Walter A. Korfmacher is a distinguished fellow of exploratory drug metabo-

lism at Schering-Plough Research Institute in Kenilworth, New Jersey. He received 

his BS in chemistry from St. Louis University in 1973. He then went on to obtain his 

MS in chemistry in 1975 and his PhD in chemistry in 1978, both from the University 

of Illinois in Urbana. In 1978, he joined the Food and Drug Administration (FDA) 

and was employed at the National Center for Toxicological Research (NCTR) in 

Jefferson, Arkansas. While at the NCTR, he also held adjunct associate professor 

positions in the College of Pharmacy at the University of Tennessee (Memphis) and 

in the Department of Toxicology at the University of Arkansas for Medical Sciences 

(Little Rock). After 13 years at the NCTR, he joined Schering-Plough Research 

Institute as a principal scientist in October 1991.

Dr. Korfmacher is currently a distinguished fellow and the leader for a group of 

20 scientists. His research interests include the application of mass spectrometry to 

the analysis of various sample types, particularly metabolite identifi cation and trace 

organic quantitative methodology. His most recent applications are in the use of 

high-performance liquid chromatography (HPLC) combined with atmospheric pres-

sure ionization mass spectrometry and tandem mass spectrometry for both metabo-

lite identifi cation as well as nanogram per milliliter quantitative assay development 

for various pharmaceutical molecules in plasma. He is also a leader in the fi eld of 

developing strategies for the application of new mass spectrometry (MS) techniques 

for drug metabolism participation in new drug discovery and is frequently invited to 

speak at scientifi c conferences.

In 1999–2000, Dr. Korfmacher was the chairperson of the North Jersey Mass 

Spectrometry Discussion Group and in 2002 he received the New Jersey Regional 

Award for Achievements in Mass Spectrometry. Dr. Korfmacher is a member of the 

editorial boards of three journals: Rapid Communications in Mass Spectrometry, 

Current Drug Metabolism, and Drug Metabolism Letters. He is also an associate edi-

tor of pharmaceutical sciences for the Journal of Mass Spectrometry. Dr. Korfmacher 

has edited a book entitled Using Mass Spectrometry for Drug Metabolism Studies 

(CRC Press, 2005) and has written chapters in four additional books. He has more 

than 125 publications in the scientifi c literature and has made more than 75 presenta-

tions at various scientifi c forums.





xiii

Contributors

Richard M. Caprioli
Department of Biochemistry

Mass Spectrometry Research Center

Vanderbilt University Medical Center

Nashville, Tennessee

and

Department of Biochemistry

Vanderbilt University

Nashville, Tennessee

Swapan Chowdhury
Department of Pharmaceutical Sciences 

and Drug Metabolism

Schering-Plough Research Institute

Kenilworth, New Jersey

Inhou Chu
Exploratory Drug Metabolism

Schering-Plough Research Institute

Kenilworth, New Jersey

S. Nilgün Çömezoğ  lu
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1.1 INTRODUCTION

The task of new drug discovery remains a formidable undertaking. Current estimates 

of the cost of bringing a new drug to the market are in the range of $1.2–$1.5 billion. 

There is also a signifi cant time commitment—typically it takes 10–14 years to bring 

a compound from initial discovery to being an approved drug in the market. One of 

the reasons it takes so long and costs so much is that there is a lot of attrition along the 

way (most compounds fail). The challenge of new drug discovery is to sort through 

millions of compounds in a compound library to fi nd a few initial lead compounds 

and then sift through thousands of new compounds as part of the lead optimization 

phase with the goal of getting 10–20 compounds that are suitable for development. 

As shown in Figure 1.1, it takes a total of 14 compounds selected for development in 

order to reach the goal of 1 compound that becomes a new drug on the market (for 

more on this topic see Chapter 2). It is this critical lead optimization phase during 

which there is a continuous need for getting thousands of compounds assayed that 

the capabilities of a higher throughput bioanalytical scientist are required.
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The last 20 years have produced enormous changes in how new drug  discovery 

is performed. Before 1990, most major pharmaceutical companies had little 

need for drug metabolism expertise before a compound was recommended for 

 development. As long as a new compound showed effi cacy in some in vivo model, 

it could be a candidate for nomination [1,2]. What changed the landscape was a 

study that showed that 40% of clinical compounds failed due to human pharma-

cokinetics [3]. This fi nding led major pharmaceutical companies to set up explor-

atory drug metabolism (EDM) departments. The goal of the EDM departments 

has been to reduce the attrition rate due to pharmacokinetic (PK) issues for new 

compounds in the clinic [4–6]. As documented by Kola and Landis [7], the desired 

results have been achieved; currently, less than 10% of new compounds in the clinic 

fail due to PK reasons. This change in strategy led to the need to develop higher 

throughput bioanalytical assays in a new drug discovery environment. During 

the last two decades, another signifi cant change occurred—the high-performance 

liquid chromatography–tandem mass spectrometer (HPLC–MS/MS) became the 

instrument of choice for almost all in vitro and in vivo assays that are routinely 

performed by bioanalytical scientists in these EDM departments [6,8–22]. This 

new technology has continued to evolve. As shown in Figure 1.2, in addition to 

the triple quadrupole mass spectrometer, we now have access to new analytical 

tools such as the Exactive MS, the LTQ-Orbitrap MS, and the LTQ-FTMS system. 

The new analytical tools as well as other MS systems have become essential for 

both quantitative and qualitative assays that are now routinely performed in EDM 

departments as part of new drug discovery. The reader can fi nd discussions on the 

utility of these MS systems as well as other types of mass spectrometers in vari-

ous chapters of this book. This chapter will focus on strategies for quantitative 

bioanalytical assays to support various in vivo PK studies that are now routinely 

used in new drug discovery.
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FIGURE 1.1 Schematic chart showing the effect of compound attrition in the drug  discovery 

process from compound libraries to drug approval. The x-axis is the stage or point in the pro-

cess. The y-axis is the number of compounds at that point.
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1.2 REVIEW OF RECENT LITERATURE

In the past several years, multiple reviews and book chapters have been published on 

topics related to discovery bioanalysis [10,15,19,20,22–27]. Most of the issues that 

are cited deal with one of four topic areas: sample preparation, faster assay run times, 

use of robotics, and matrix effects. Most of the recent papers related to discovery 

bioanalysis also discuss ways to deal with one or more of these issues.

There are signifi cant challenges in working in discovery bioanalysis. One chal-

lenge is that one must develop methods for many new compounds on a daily basis. 

In the PK screening stage, for example, one analyst might be expected to develop 

assays for as many as 20 different compounds in one week and then use these assays 

to measure 5–10 plasma samples for each compound and issue the results to various 

discovery teams or upload them to a corporate database. The second challenge is that 

speed is important. The expectation for getting results quickly has become tougher. 

Five years ago, a two-week turnaround time was acceptable; currently, a one-week 

turnaround is considered routine. For high-priority studies, discovery teams demand 

results in a few days or less!

The third challenge is that pharmaceutical companies are developing more potent 

compounds which means that the dose used in preclinical effi cacy studies is lower 

than 5 years ago which also means that the bioanalytical scientist needs to develop 

assays with lower limits of quantitations (LOQs) than were needed in the past. This 

environment is challenging and has forced the bioanalytical scientist to develop 

generic assays that work most of the time for most of the compounds while looking 

for ways to get lower LOQs. Fortunately, the MS instrument manufacturers have 

developed improved MS systems and software tools that have helped the bioanalyti-

cal scientists in both of these areas. In addition, new or improved types of chroma-

tography have also helped to make assays based on HPLC–MS/MS systems both 

faster and more sensitive.

One example of a combined approach for increasing throughput is pro-

vided by De Nardi and Bonelli [28]. In their article, they describe reducing the 

 HPLC–MS/MS sample runtime from 5 to 2 min by changing from a 50 × 4.6 mm 

HPLC column to a 30 × 2.1 mm HPLC column. The HPLC gradient was termed 

ballistic due to the very short time (1 min) for switching from A (aqueous) to B 

(organic) mobile phase. The use of these ballistic gradients is now common and 

is one way to reduce the HPLC–MS/MS assay runtime [22,29–32]. De Nardi and 

Bonelli [28] also compared a standard acetonitrile protein precipitation procedure 

(1:3::plasma:acetonitrile) with a protein precipitation procedure that combined 

acetonitrile and DMSO. In their assay, the standard acetonitrile protein precipita-

tion procedure provided better results. The authors also compared the analysis of 

a rat PK study using their previous 5 min gradient with an analysis using the 2 min 

gradient; these two methods were shown to give essentially identical results.

Briem et al. [33] described a combined approach for the higher throughput sample 

preparation and analysis of plasma samples from discovery preclinical PK studies. 

Their process combines robotic sample preparation with fast HPLC–MS/MS analy-

sis to speed up the assay plus they add additional steps based on understanding the 

PK properties of the compound and checking for matrix effects to ensure that the 
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data is accurate. Figure 1.3 shows their proposed workfl ow for the analysis of plasma 

samples from discovery PK studies. In their scheme, they make use of initial rat PK 

screening data to calculate various PK parameters for a new chemical entity (NCE) 

and then these PK parameters are used to predict the likely plasma concentrations 

of the NCE in subsequent PK studies. The primary value of this procedure was to 

guide the analyst regarding which study samples should be diluted before the sample 

analysis was performed, thereby reducing the times that samples would have to be 

reassayed because they were above the limit of quantitation. This type of advanced 

planning for a discovery PK study is reasonable and is a good example of how a little 

extra planning can save time and effort in the long run.

Briem et al. [33] also describe the use of a liquid handler to perform the sample 

preparation steps in an automated manner. The sample preparation consisted in 

 taking a 25 μL aliquot of the plasma sample and adding 150 μL of acetonitrile (ACN) 

containing the internal standard (IS) and then following typical protein precipitation 

(PPT) procedure steps. The authors noted that the 1:6 ratio of plasma to ACN worked 

well for the liquid handler and exceeded the 1:3 criterion reported by Polson et al. 

[34] as the minimum ratio of plasma to ACN needed to remove at least 96% of the 

proteins from the plasma sample. The authors also noted that use of EDTA (instead 

of heparin) as the anticoagulant helped to avoid clots in plasma as has been reported 

previously by other authors [35–37]. The authors also stated that the robotic method 

Exposure study

Weighing/stock

Prepare working standards

Dilution of samples

Sample preparation

Ion suppression check

LC-MS/MS analysis

Quantification

Export of results to the
database

Suitable range
for the

calibration
curve

PK screening study and
LC–MS/MS analysis

Appropriate
dilution factors

PK data analysis and
simulations

Expected profile in exposure
studies

FIGURE 1.3 Workfl ow for discovery PK studies using the expected PK profi le to guide the 

assay setup. (Adapted from Briem, S. et al., Rapid Commun. Mass. Spectrom., 21, 1965, 2007. 

With permission.)
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provided a fourfold improvement over the manual method in terms of the sample 

preparation time.

Several papers were published on the use of solid phase extraction (SPE) as an 

alternative procedure for sample preparation of plasma samples from PK studies 

[38–41]. For example, Mallet et al. [39] described the use of “an ultra-low” elution 

volume 96-well SPE plate for use in drug discovery applications including plasma 

assays. The authors described the use of a special low-volume 96-well SPE plate 

that was designed for working with small volumes of plasma. Each well of the plate 

was packed with 2 mg of a high-capacity SPE sorbent that could be used for plasma 

volumes as small as 50 μL and as large as 750 μL. One big advantage of the plate 

is that the elution step required only 25 μL of solvent, thereby providing a potential 

concentrating effect. A second advantage is that due to the low volume of the elution 

step, there is no need for an evaporation and reconstitution as is typically needed in 

most SPE applications. For drug discovery applications, 50 μL of plasma was diluted 

1:1 with the IS aqueous solution and is then loaded onto the preconditioned SPE 

(either generic reversed-phase or mixed-mode) plate. The 25 μL eluant was captured 

in a clean 96-well plate and then diluted with 50 μL of water. For comparison pur-

poses, 50 μL of plasma was diluted 1:1 with the IS aqueous solution and is then 

precipitated with 1 mL of ACN. After vortexing and centrifugation, the supernatant 

was evaporated to dryness and then the residue was reconstituted with 25 μL of the 

eluting solvent and then diluted with 50 μL of water. When the authors used propra-

nolol as a test compound for this sample preparation comparison, the results were 

dramatic. As can be seen in Figure 1.4, while the signal for the sample from the PPT 

0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00
Time2

100
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MRM of two channels ES+
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MRM of two channels ES+
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FIGURE 1.4 A comparison of three extraction protocols for the analysis of rat plasma sam-

ples for propranolol. (Reprinted from Mallet, C.R. et al., Rapid Commun. Mass Spectrom., 

17, 163, 2003. With permission.)
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was acceptable, the signal from the generic SPE method was fourfold higher and 

the mixed-mode SPE method produced an impressive 40× higher signal from the 

same concentration. The authors also showed that their mixed mode SPE system was 

suitable for assaying a drug and at least two of its metabolites. Figure 1.5 shows the 

HPLC–MS/MS analysis of terfenadine and two of its metabolites at a concentration 

of 0.5 ng/mL in plasma; all three compounds were easy to detect at this concentra-

tion using this sample cleanup procedure.

Xu et al. [42] described the use of low-volume plasma sample precipitation proce-

dure that was well suited for drug discovery PK assay applications. In this method, 

only 10 μL of plasma was used, and it was subjected to PPT using 60 μL of ACN 

(spiked with the IS) and then assayed using a generic HPLC–MS/MS procedure. 

In this report, the comparison was made between a “standard” PPT procedure and 

the proposed low-volume PPT procedure. In the standard-volume (1:3) PPT proce-

dure, a 50 μL plasma sample was precipitated with 150 μL of ACN and the super-

natant was transferred to another 96-well plate and a 5 μL aliquot was injected into 

the HPLC–MS/MS system. In the low-volume (1:6) PPT procedure, a 10 μL plasma 

sample was precipitated with 60 μL of ACN and the supernatant was transferred to 

another 96-well plate and a 5 μL aliquot was injected into the HPLC–MS/MS sys-

tem. In each case the samples were assayed for a discovery test compound using a 

fast 1.5 min gradient assay. In the fi rst comparison, blank plasma was assayed using 

either the low- or high-volume procedure. As shown in Figure 1.6, the low-volume 

procedure produced a signifi cantly lower background signal than did the high- volume 

procedure. These data show the value of effectively injecting less matrix material 

into the HPLC–MS/MS system. The authors then showed the results of assaying 
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Time0
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FIGURE 1.5 HPLC–MS/MS assay result for terfenadine and metabolites using a mixed-

mode extraction protocol. (Reprinted from Mallet, C.R. et al., Rapid Commun. Mass 
Spectrom., 17, 163, 2003. With permission.)
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the low standards (0.1 and 0.5 ng/mL) using the two sample preparation methods. 

The results for the 0.1 ng/mL standard are shown in Figure 1.7 and the results for 

the 0.5 ng/mL standard are shown in Figure 1.8. The data shown in Figure 1.7 are 

quite impressive—while the absolute peak height for the 1:3 PPT analyte peak is 

higher than that for the 1:6 PPT analyte peak (as would be expected), the signal-to-

noise ratio (SNR) is clearly much better for the 1:6 PPT sample; indeed, the LOQ for 

the 1:3 PPT method would be greater than 0.1 ng/mL, while the assay LOQ for the 

1:6 PPT method might well be less than 0.1 ng/mL. When the two sample prepara-

tion procedures were compared for the 0.5 ng/mL standard (Figure 1.8), both gave 

acceptable SNR levels for a discovery bioanalytical assay, but the 1:6 PPT sample 

preparation procedure was clearly the better result. Xu et al. [42] then compared the 

assay results in a rat PK study and demonstrated that both the standard method and 

the low-volume method provided essentially the same results. Figure 1.9 shows the 

results of a concentration time profi le for the test compound after it was dosed orally 

in a rat—it can be seen in this fi gure that the two sample preparation methods pro-

duced essentially identical results. The main advantages of the low-volume method 

were that smaller sample volumes were needed (this is often important in discovery 

rodent PK studies) and that (at least in this case) a better SNR was achieved.

Xu et al. [43] published a report on a process for rapid HPLC–MS/MS method 

development in a drug discovery setting. In this report, the authors provided a three-

step process for rapid bioanalytical method development for HPLC–MS/MS meth-

ods suitable for drug discovery PK applications. Figure 1.10 shows the fl owchart 
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that Xu et al. [43] used to describe the rapid method development procedure. The 

fi rst step is to develop the selected reaction monitoring (SRM) method for the test 

compound and then to inject the test compound onto the HPLC–MS/MS system 

and use the generic HPLC conditions. If the generic conditions provide a suitable 

HPLC peak, then the fi rst checkpoint is to test for matrix effects by using the post-

column infusion technique [44–46]. In the postcolumn infusion technique, a solution 

of the test compound is infused into the HPLC–MS/MS system between the HPLC 

column and the MS source during the analysis of a sample extract from a blank 

sample following PPT and the MS is set to monitor the SRM transition for the test 

compound. In this experiment, typically one will observe a drop in the MS signal 

during the void volume of the HPLC column, but the signal should return to the level 

it was before the sample was injected (the dip is caused by matrix effects from the 

sample extract). The goal is to observe little or no matrix effects during the elution 

time of the test compound. If a matrix-effects problem is observed, then one needs 

to go into the “nonroutine assay options box” for a fi x. The suggested fi xes include 

revising the chromatography or changing to either liquid–liquid extraction (LLE) 

or SPE. If a matrix-effects problem is not observed, then one can proceed to the 

second checkpoint—the interference test. Even though HPLC–MS/MS systems are 

very selective, it is still possible to have some interference at the LOQ of an assay. 

Typically, discovery bioanalytical PK assays would have a range of 1–5000 ng/mL; 

in this case, the LOQ standard would be 1 ng/mL. Therefore, the interference test 
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would be to extract and inject the LOQ standard as well as a zero standard to check 

for any interference with the assay. If an interference is seen, two solution paths are 

suggested. The faster path (if available) is to increase the mass resolution on the 

MS/MS system. In a typical triple quadrupole system, both Q1 and Q3 are set to 

“unit mass resolution,” which is normally defi ned as 0.7 Da full width half maximum 

(FWHM) [23]. In most triple quadrupole systems, if one increases the mass resolu-

tion setting, then one would observe a signifi cant loss in sensitivity. For some triple 

quadrupole systems, one can increase the mass resolution from 0.7 to 0.2 Da FWHM 

with only a minor loss in sensitivity [47–49]. Thus, if one has the option, then the 

faster possible solution is to use higher mass resolution; Xu et al. [43] recommended 

the use of 0.2 Da FWHM for Q1 and 0.7 Da FWHM for Q3. If this path does not work 

(or is not available), then one should go to the “nonroutine assay options box” for a 

fi x. The third checkpoint is the standard curve linearity test. The test is to simply 

extract and inject the standard curve in order to check that it is linear. While standard 

Nonroutine assay options 

Tandem mass spectrometry SRM
Method development with analytical standard 

Test run on LC–MS/MS using sample matrix
(protein precipitation) 

Checkpoint #1: Matrix effect test
(Generic HPLC) 
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Assay samples 
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FIGURE 1.10 Fast method development paradigm for use in drug discovery applications. 

(Reprinted from Xu, X. et al., Anal. Chem., 77, 389 A, 2005. With permission.)
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curves over the range of 1–5000 ng/mL may not always be linear, they should be able 

to be fi t by using weighted linear regression with a power curve fi t or a quadratic fi t 

[10,43,50]. If the standard curve does not meet the assay acceptance criteria, then 

one is again referred to the “nonroutine assay options box” for a fi x. Xu et al. [43] 

end the article with a case study of an unusual standard curve issue and how it was 

solved by methodical experimentation.

For HPLC–MS/MS assays, the mobile phase is an important consideration. For 

reversed-phase HPLC systems (the most common), mobile phase A is water plus one 

or more modifi ers while mobile phase B is usually either acetonitrile or methanol 

with one or more modifi ers. Modifi ers have to be volatile for HPLC–MS/MS assays. 

Typical modifi ers are acetic acid, formic acid, and ammonium acetate. Formic acid 

is so popular that it is now available as a premixed HPLC solvent (0.1% in water or 

acetonitrile). Most other modifi ers are not recommended. Triethylamine (TEA) and 

trifl uoroacetic acid (TFA) are a problem as they are known to cause ion-suppression 

problems. For some special HPLC–MS/MS assays that need ion-pairing reagents, 

hexylamine and heptafl uorobutyric acid have been found to be successful [51–53]. 

Gao et al. [54] recently evaluated a series of ion-pairing reagents in terms of their 

suitability for an HPLC–MS/MS assay.

Bakhtiar and Majumdar [55] published a well-written article on possible prob-

lems and solutions when assaying small molecule drugs in biological fl uids using 

HPLC–MS/MS. One of their topics is the importance of mobile phase modifi ers. 

For example, they state that the pH of the mobile phase has been reported to affect 

the sensitivity of the method. A recent example of the importance of mobile phase 

pH can be found in Delatour and Leclercq [56] and the importance of mobile phase 

additives can be seen in the report by Gao et al. [57]. Bakhatiar and Majumdar [55] 

have a long section of their report devoted to matrix effects (also referred to as ion 

suppression). Matrix effects can simply be described as any signifi cant reduction or 

enhancement of an analyte’s signal intensity due to some component in the sample 

matrix [58]. In one example, Bakhatiar and Majumdar [55] show how matrix effects 

can lead to nonreproducible results for standard curves. The plot shown in Figure 

1.11 is the results from a mouse plasma assay where the assay followed the com-

mon practice of front and back standard curves with the assay samples injected in 

between the two standard curves (this is a good practice as it is one way to ensure 

that the samples were assayed properly). In this example, it was clear that there was a 

problem in the assay because the two standard curves were divergent (they should, of 

course, coplot). The authors attributed the problem to matrix effects from the mouse 

plasma samples and solved the problem by switching from PPT to LLE as a method 

for sample preparation.

Phospholipids in plasma have been shown to cause signifi cant matrix effects [59–

61]. The authors suggested that an improved sample cleanup should try to remove 

phospholipids and noted that Shen et al. [62] have described a strong cation exchange 

SPE cleanup that was effective in removing some of the endogenous phospholipids 

from plasma. Wu et al. [63] described the utility of colloidal silica polyanions in 

combination with divalent and trivalent cations for the removal of phospholipids 

from plasma. It would be highly desirable to have a simple generic cleanup step that 

would remove phospholipids from plasma while not having any effect on the analytes 



Strategies and Techniques for Bioanalytical Assays 13

of interest in the plasma sample. The authors tried various cleanup  procedures and 

settled on one that worked well for a 100 μL aliquot of plasma. The process removed 

about 90% of the targeted phospholipids, while having a minimal effect on the recov-

ery of the eight model test compounds.

Marchi et al. [64] reported on the utility of various sample cleanup procedures 

for reducing the matrix effects that are caused by various plasma constituents. They 

found that the best sample preparation procedure was to use PPT followed by an 

online SPE system. The authors also stated that with this sample preparation proce-

dure, atmospheric pressure photoionization (APPI) was the least affected by matrix 

effects, followed by atmospheric pressure chemical ionization (APCI) and then elec-

trospray ionization (ESI).

Bakhtiar and Majumdar [55] have a very long section on the potential issue of 

the possible interference that can occur from metabolites of the dosed compound 

in a PK study. This is an important issue that is sometimes overlooked in a dis-

covery bioanalytical setting. The potential for getting false positive signals from a 

metabolite has increased as scientists concentrate on shorter HPLC–MS/MS sample 

runtimes (a.k.a. cycle times). In recent years, a few reports of metabolite interfer-

ence with HPLC–MS/MS assays have been published [65–67]. Conjugated metabo-

lites (including acyl glucuronides, sulfate conjugates, as well as O-glucuronides and 

N-glucuronides) can potentially lead to metabolite interferences [68]. For example, 

acyl glucuronides of a test compound are an issue because they are known to be 

highly susceptible to in-source fragmentation back to the test compound; therefore 

if these metabolites are not separated from the test compound, they can add to the 

signal for the test compound (false positive) [65,67,69–71].
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FIGURE 1.11 Plot of two separate standard curves obtained using PPT of mouse plasma 

samples spike with a test compound and using a structural analog as the IS. One set of stan-

dards was injected before the injection of mouse PK plasma samples while the second standard 

curve set was injected after the mouse PK samples. The assay was based on HPLC–ESI–MS/

MS. (Reprinted from Bakhtiar, R. and Majumdar, T.K., J. Pharmacol. Toxicol. Methods, 55, 

262, 2007. With permission.)



14 Using Mass Spectrometry for Drug Metabolism Studies

Another issue covered by Bakhtiar and Majumdar [55] is the problem of analyte 

carryover. They cite multiple references that discuss various carryover issues as a 

potential problem for HPLC–MS/MS assays [29,72,73]. The authors note that car-

ryover can be traced to various steps in the process, but is often due to either the 

liquid handler (sample preparation step) or the autoinjector. They then list 10 specifi c 

suggestions for reducing carryover. While carryover can still be a major issue in 

some cases, the newer autosamplers are generally very good at keeping carryover to 

an acceptable level as long as appropriate wash solutions are utilized. Chang et al. 

[74] have proposed a fairly sophisticated process for monitoring sample preparation 

carryover (a.k.a. cross-contamination of wells). In their report, they spike additional 

analytes into every other well and then monitor cross-contamination of each well by 

assaying these additional analytes along with the analyte of interest. This technique 

might be useful if one is looking for a way to test a sample handling process to ensure 

that it does not lead to a signifi cant level of cross-contamination.

Zeng et al. [73] provided a mathematical evaluation of carryover in HPLC–MS/

MS assays. Their report suggested that the carryover effect should be viewed as a 

constant percentage of the previous sample and the signifi cance (if any) depends on 

the concentration of the following sample. Therefore, the carryover effect is relative 

and is highly dependent on the concentration ratio of the previous sample to the fol-

lowing sample. This report supports the common practice of placing standard curve 

samples in order (low to high) and then following the high standard with one or two 

blank samples before assaying the study samples in a logical sequence in order to 

minimize the effect of carryover on the results.

Another potential source of matrix effects in discovery bioanalytical assays is the 

dosing formulation that is used in the PK study [75–77]. Xu et al. [75] reported on an 

extensive study of the potential for various commonly used dosing formulation com-

ponents to cause matrix effects. Xu et al. [75] found that methyl cellulose (MC) and 

hydroxypropyl-β-cyclodextrin (HPBCD) did not lead to signifi cant matrix effects 

when used in oral (po) or intravenous (iv) dosing formulations. On the other hand, 

both PEG 400 and Tween 80 caused signifi cant time-dependent matrix effects when 

used as part of po or iv dosing formulations. In addition, these matrix effects were 

not limited to ESI assays, but were also observed in some APCI assays. An example 

of the time-dependent nature of the matrix effects can be seen by looking at the data 

shown in Figure 1.12 [75].

Leverence et al. [78] describe the potential for signal enhancement matrix effects 

from various over-the-counter drugs that might be taken along with the test com-

pound (in clinical studies). In this report they demonstrated the possibility of two- to 

threefold signal enhancement from either ibuprofen or naproxen. Their solution to 

the issue was to improve the chromatography for the assay.

While stable isotope-labeled ISs are generally considered “safe” in terms of 

matrix effects, Wang et al. [79] reported on an assay where matrix effects were an 

issue despite the use of a deuterium-labeled IS. In this case the reason that was given 

for the problem was that the chromatography was too good—there was some separa-

tion between the analyte and its IS and this led to the matrix-effect problem.

Chambers et al. [80] describe a systematic and comprehensive strategy for reduc-

ing the potential for matrix effects in HPLC–MS/MS assays. They studied various 
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FIGURE 1.12 Propranolol time-dependent MS response after 0.1% Tween 80 was used as 

in the formulation in iv and po dose routes. HPLC–ESI–MS/MS results are shown for (a) 

Thermo-Finnigan, (b) ABI Sciex, and (c) waters micromass. (Reprinted from Xu, X. et al., 

Rapid Commun. Mass Spectrom., 19, 2643, 2005. With permission.)
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sample preparation techniques and found that PPT was less effective than either SPE 

or LLE. They also reported that mobile phase pH could be used to separate analytes 

from matrix effects in some cases. They also reported that ultra-performance liq-

uid chromatography–tandem mass spectrometry (UPLC–MS/MS) was better than 

HPLC–MS/MS in dealing with matrix effects.

Wang et al. [81] discussed the utility of a generic HPLC–ESI–MS/MS assay along 

with a simple PPT-based sample preparation for supporting discovery PK studies. 

In this work, the plasma sample volumes were set to 20 μL. The authors reported 

that good linearity was achieved over a range of 2–25,000 ng/mL in favorable cases. 

Wang et al. [81] also stated that keeping the amount of formic acid at a low concen-

tration (0.015%) in their water/methanol mobile phases helped to reduce the observed 

matrix effects.

In a review article by Xu et al. [17], the authors describe the utility of UPLC–MS/

MS for increasing the throughput of discovery bioanalytical assays when compared 

to HPLC–MS/MS. They reported that UPLC–MS/MS showed sensitivity increases 

of up to tenfold over HPLC–MS/MS while providing for shorter runtimes (up to 

fi vefold faster). Another advantage of UPLC–MS/MS is that it provides for better 

chromatographic resolution than what can be obtained using typical HPLC–MS/

MS systems [82–87]. For these reasons, UPLC–MS/MS has been well received by 

the bioanalytical community and has already been utilized for multiple pharma-

ceutical applications [53,88–95]. For example, Yu et al. [91] described the utility of 

UPLC–MS/MS for the rapid analysis of various model compounds. As Yu et al. [91] 

noted, it is important to have a fast scanning mass spectrometer when using UPLC 

due to the very sharp chromatographic peaks that are obtained. Typically the current 

models of triple quadrupole MS systems are able to scan fast enough to work with 

UPLC separations. As shown in Figure 1.13, UPLC was able to separate four test 

drugs in less than 30 s and the MS system was able to collect approximately 15 data 

points per peak [91]. For more on UPLC, see Chapter 8.

Xu et al. [17] also discussed the potential for high-fi eld asymmetric waveform ion 

mobility spectrometry (FAIMS) to provide additional specifi city to HPLC–MS/MS 

assays. FAIMS is added to an HPLC–MS/MS system by inserting it in between the 

atmospheric pressure ionization (API) source and the entrance to the MS system. 

The transmission of ions through the FAIMS device is controlled (in part) by the 

compensation voltage that is applied. The compensation voltage can be adjusted such 

that the mobility of ions through the FAIMS can be very selective. The selectivity 

is based on the shape of the molecules rather than their molecular weight. In this 

way, compounds that are isobaric may be separated by FAIMS. Thus FAIMS has 

the potential to reduce interferences from endogenous compounds that are isobaric 

with the analyte of interest. In one example of the potential utility of FAIMS, Kapron 

et al. [96] described how FAIMS was used to remove an interference of an N-oxide 

metabolite from the assay for the dosed compound. Recently, Wu et al. [97] reported 

on a study of mobile phase composition effects when dealing with FAIMS and con-

cluded that FAIMS was not affected by changes in typical mobile phase components. 

At this time, FAIMS is still a potentially useful tool for adding to HPLC–MS/MS 

and may prove useful in certain assays.
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Finally, rapid rodent oral PK screening approaches have continued to generate 

publications. While cassette dosing seems to have fallen out of favor [98], there are 

still some laboratories that follow this practice for in vivo PK screening [99–102]. An 

alternative approach for in vivo oral PK screening is the cassette-accelerated rapid 

rat screen (CARRS) described by Korfmacher et al. [103]. In the CARRS approach, 

two rats are dosed with one test compound and the test compounds are organized 

into cassettes of six compounds in order to provide a systematic approach for the 

oral PK screen. To date, the CARRS approach has been used to evaluate over 15,000 

compounds. Mei et al. [104] described a retrospective study of the CARRS assay in 

which the results for 100 compounds that were assayed by both CARRS and the con-

ventional “full PK” approach were compared. The results suggested that the CARRS 

assay was a reliable rat oral PK screen that could be used to fi lter out compounds with 

poor rat PK in an effi cient manner. Liu et al. [105] reported on the utility of “snapshot 

PK” as an oral rodent PK screen. The “snapshot PK” approach is very similar to the 

CARRS approach, with the primary difference that it is scaled down (in terms of 

compound needed) because it is designed as a mouse oral PK screen. Han et al. [106] 

described the utility of “rapid rat” oral PK screening by using an approach based on 
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the CARRS-paradigm. Han et al. [106] noted that sample pooling across compounds 

could also be used (with some exceptions) as a way to further reduce the number of 

samples that need to be assayed by HPLC–MS/MS.

1.3 CURRENT PRACTICES

As shown in Figure 1.14, the fl owchart for discovery PK assays is still very much the 

same as it was 5 years ago, what has changed in that time is some of the technology 

that is used for the various steps. Currently, PPT is still the preferred way to do sam-

ple preparation. PPT has the advantage that it is easy to implement, it is fast (it can 

also be readily automated using various robotic devices), and it requires no method 

development. The major change in this area is the trend toward lower plasma vol-

umes for sample analysis. Five years ago, it was common to use 40–50 μL of plasma 

for the assay; currently, 10–20 μL plasma samples are becoming routine. In addition, 

Collect plasma
samples in a
96-well plate

LC–MS/MS system

Send results to database

Prepare diluted solutions and
plasma standards using robot

Animal dosing
protocol

Dose animal Robotic transfer of aliquots to assay
96-well plate
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containing plasma

standards and samples
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Robotic sample
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Set up method and enter sample list

Prepare PK
report
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discovery team via
email

Print raw data and assay report

FIGURE 1.14 Discovery PK analysis fl owchart showing the multiple steps that are involved 

from the animal dosing to the HPLC–MS/MS assay followed by the report preparation and 

the electronic delivery of the report to the discovery team. (Reprinted from Korfmacher, W., 

Bioanalytical assays in a drug discovery environment, in Using Mass Spectrometry for Drug 
Metabolism Studies, Korfmacher, W. (ed.), CRC Press, Boca Raton, FL, 2005, p. 1. With 

permission.)
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the PPT ratio has been changing; in the past it was usually 1:3 (plasma:acetonitrile), 

while current practice is to use 1:4 or 1:6 as standard PPT ratios. This change has 

been driven by several factors: (1) the increased sensitivity of the triple quadrupole 

mass spectrometers means that a more diluted sample can be assayed and still have 

the analyte be detected; (2) by injecting a more diluted sample, one can reduce the 

likelihood of having matrix-effects issues; and (3) by injecting a more diluted sam-

ple, one may have a better LOQ due to a reduction in background interferences as 

described by Xu et al. [42].

A second major change in the last 5 years is the implementation of various fast 

HPLC technologies that have allowed most discovery PK assays to be routinely per-

formed with 1–2 min cycle times [28–30,94,107]. While this change has been due to 

multiple advances in chromatography, the biggest change came with the introduc-

tion of UPLC, which was rapidly accepted by the bioanalytical community and has 

led to the widespread use of UPLC–MS/MS. This one change has allowed analysts 

to operate differently in some cases. With 5 min cycle times, a typical discovery 

PK study with 90 samples (test samples plus standards) takes 450 min or about 8 h 

to complete; this amount of time is a good match for an overnight assay. With a 

1.5 min cycle time (injection to injection), the same 90 samples can be assayed in 

less than 2.5 h—so this could be performed during an 8 h workday. This leads to the 

 possibility of shorter turnaround times plus it allows the analyst to see the results of 

an assay before leaving work for that day.

The disadvantage of fast chromatography combined with PPT is that it has a 

greater potential for matrix effects than would an approach based on more exten-

sive sample cleanup or a longer chromatographic runtime. While various ways to 

detect matrix effects have been reported, Matuszewski et al. [108] have provided a 

clear way to measure the matrix effect (ME) for an analyte in an assay as well as 

the recovery (RE) from the extraction procedure plus the overall process effi ciency 

(PE) for the procedure. Their method is to prepare three sets of samples and then to 

assay them using the planned HPLC–MS/MS method. The fi rst set is the neat solu-

tion standards diluted into the mobile phase before injection—this provides the A 

results. The second set is the analyte spiked into the blank plasma extract (after the 

extraction step)—this provides the B results. The third set is the analyte spiked into 

the blank plasma before the extraction step; these are then extracted and assayed 

along with the two other sets; set three data are the C results. Using these three sets 

of data, then allows for the following calculations:

 ME(%) = B/A ×100  

 
= ×RE(%) C/B 100

 

 
PE(%) = C/A ×100 = (ME × RE)/100

 

The utility of this procedure is that it allows one to identify the source of the problem 

if an assay shows poor process effi ciency. The main disadvantage is that it is a lot of 

effort, which can be justifi ed for a validated assay, but would not likely be used for 
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most discovery PK assays except as a tool for understanding the source of a problem 

when an assay is not working properly.

One of the simplest ways to deal with most matrix effects is dilution. If the sam-

ples are diluted 1:10 with the same matrix that is used for the standard curve prepa-

ration, then if there are any matrix effects, they should be the same for the samples 

and the standards. This “dilution solution” is a very good fi x for matrix effects that 

are caused by certain dosing formulation constituents [58,75,109], a problem that has 

become more common as medicinal chemists look for ways to solubilize some of 

their highly insoluble test compounds by using formulation additives like PEG 400 

or Tween 80. The reason the “dilution solution” can be utilized is that the newest 

generation of triple quadrupole mass spectrometers have signifi cantly better sensi-

tivity than the triple quadrupole mass spectrometers that were available 5 years ago. 

This increased sensitivity has also led to a change in the standard injection volume 

for a typical HPLC–MS/MS assay. In the past, it was common to inject 25–30 μL 

of the sample extract onto the HPLC–MS/MS system, currently 5–10 μL would be 

the standard injection volume. With the current generation of autosamplers, it is 

now possible to inject sample volumes as low as 1 μL in an HPLC–MS/MS assay. 

The advantage of the lower injection volume is that one is injecting less matrix than 

with the larger sample volumes. Less matrix means less chance of matrix effects. 

Again, the reason that this can be done is that the current generation of triple qua-

drupole mass spectrometers are all very sensitive so that less analyte is needed for 

quantitation.

While a typical standard curve for a discovery PK study would still be in the 

1–10,000 ng/mL range, it is becoming more likely that one would need an assay in 

the 0.1–1000 ng/mL range. The reason is that test compounds are becoming more 

potent so that lower doses are being given (in some cases) to test animals in vari-

ous effi cacy assays. As stated above, this has not been an issue for the bioanalytical 

community because the triple quadrupole mass spectrometers have become more 

sensitive.

Carryover is still an issue in some assays. While the new generation of autosam-

plers is generally better in this regard than their predecessors, carryover is still a 

problem for many compounds. In our laboratory, we use the relative carryover 

method to assess carryover. In this method, one can assess the level of carryover 

by having a blank sample (blank plasma or solvent blank) injected after the high 

 standard. The relative analyte peak areas of the high standard versus the blank 

 provide the relative carryover assessment. When this assessment ratio is expressed 

as a percentage, we would use 0.1% as the normal cutoff for carryover. The logic 

is simple. As long as one is careful to arrange the standards from low to high and 

then follow the standards with at least two blank samples and then arrange the sam-

ples in order of sample collection for each animal with a blank in between each 

 animal, then carryover should not cause any signifi cant error in the sample analysis. 

This concept of relative carryover was described recently by Zeng et al. [73]. The 

important concept is that what matters is the relative concentrations of adjacent (in 

injection time) samples. This is best understood by an example. If a sample has an 

analyte concentration of 1000 ng/mL and the amount of carryover is 0.1%, then 

the carryover to the next sample (in this example) would be 1 ng/mL. So, if the 
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1000 ng/mL is followed by a sample that had an analyte concentration of 100 ng/mL 

(tenfold change in  concentration), then the carryover would add 1 ng/mL, so this 

sample would be measured at 101 ng/mL—this would amount to a 1% error. Even 

if the 1000 ng/mL sample was followed by a 10 ng/mL sample, it would only lead to 

a 10% error (still acceptable in a discovery PK assay). In most PK studies, the rela-

tive change from one timepoint to the next is less than tenfold, so a 0.1% carryover 

is acceptable for these assays. If the carryover is more than 0.1% (up to 0.5%), it is 

still possible to perform the assay, but one would have to evaluate the samples more 

carefully to ensure that the carryover did not have a signifi cant effect on the sample 

results.

The major vendors for triple quadrupole mass spectrometers all provide software 

tools that can be used for getting the precursor to product ion transitions as well as 

collision cell voltages that are optimized for the test compound. In most cases this 

can be performed in a batch mode where the standards are submitted in a 96-well 

plate format for unattended MS/MS method development. This is important. In rapid 

in vivo PK assays, it would not be unusual for an analyst to have to develop MS/MS 

methods for 20–30 new compounds each week. Ideally, the transition and MS opti-

mization data would be saved in a database and be available in case the compounds 

were assayed again at some future date. In addition to MS method development, the 

MS systems all have software that is well suited to automated peak area measure-

ments and quantitative analysis using linear or nonlinear (power curve or quadratic) 

regression analysis including various weighting regimes (typical weighting is 1/x or 

1/x2). In some cases, this is all that is needed. When PK parameters are needed, then 

one can use WATSON (Thermo-Finnigan) LIMS for both the regression analysis and 

the calculation of standard PK parameters. In either case, the actual data report is 

generally delivered electronically—either as an email attachment or as a data report 

that has been made available by uploading it to a corporate database.

An important part of discovery bioanalysis is the ability to distinguish the assay 

requirements for an early screen versus a late-stage compound that is in the fi nal PK 

studies that will determine if the NCE can be recommended for development. As 

shown in Table 1.1, we have divided the various stages of discovery and develop-

ment into four levels in terms of assay requirements. Level I is for early screening 

TABLE 1.1
Rules for Discovery (Non-GLP) Assays (Level I)

Drug Stage Assay Type Summary of Major Rules GLP?

Screening Level I Use a two-point standard curve No

Lead optimization Level II Use a multipoint standard curve but no QCs No

Lead qualifi cation Level III Use a multipoint standard curve plus QCs No

Development Level IV GLP rules Yes

Source: Adapted from Korfmacher, W., Bioanalytical assays in a drug discovery environ-

ment, in Using Mass Spectrometry for Drug Metabolism Studies, Korfmacher, W. 

(ed.), CRC Press, Boca Raton, FL, 2005, p. 1. With permission.
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assays, such as CARRS or early effi cacy screening studies. Level II is for the lead 

 optimization phase when one is performing initial “full PK” studies on various com-

pounds in order to pick the new lead compound. Level III is for the lead qualifi cation 

phase where one is performing single rising dose studies or multiple dose studies on 

the lead compound in order to ensure that it can be recommended for development. 

Level IV is for studies that are carried out using good laboratory practices (GLP).

These rules have been described in detail previously by Korfmacher [10] and are 

shown in this chapter in three tables. Table 1.2 shows the Level I rules in detail [10]. 

TABLE 1.2
Rules for Discovery (Non-GLP) “Screen” Assays (Level I)

 1. Samples should be assayed using HPLC–MS/MS technology.

 2. Sample preparation should consist of PPT using an appropriate IS.

 3. Samples should be assayed along with a standard curve in duplicate (at the beginning and end of 

the sample set).

 4. The zero standard is prepared and assayed, but is not included in the calibration curve regression.

 5. Standard curve stock solutions are prepared after correcting the standard for the salt factor.

 6. The standard curve should be in three levels, typically ranging from 25 to 2500 ng/mL (they can 

be lower or higher as needed for the program); each standard is 10× the one below (thus, a typical 

set would be 25, 250, and 2500 ng/mL). The matrix of the calibration curve should be from the 

same animal species and matrix type as the samples.

 7. QC samples are not used and the assay is not validated.

 8. After the assay, the proper standard curve range for the samples is selected; this must include only 

two concentrations in the range that covers the samples. A one order of magnitude range is 

preferred, but two orders of magnitude is acceptable, if needed to cover the samples.

 9. Once the range is selected, at least three of the four assayed standards in the range must be 

included in the regression analysis. Regression is performed using unweighted linear regression 

(not forced through zero).

 10. All standards included in the regression set must be back calculated to within 27.5% of their 

nominal values.

 11. The LOQ may be set as either the lowest standard in the selected range or 0.4 times the lowest 

standard in the selected range, but the LOQ must be greater than three times the mean value for 

the back-calculated value of the two zero (0) standards.

 12. Samples below the LOQ are reported as zero (0).

 13. If the LOQ is 0.4 times the lowest standard in the selected range, then samples with back-

calculated values between the LOQ and the lowest standard in the selected range may be reported 

as their calculated value, provided the SNR for the analyte is at least three (3).

 14. Samples with back-calculated values between 1.0× and 2.0× the highest standard in the selected 

range are reportable by extending the calibration line up to 2× the high standard.

 15. Samples found to have analyte concentrations more than 2× the highest standard in the regression 

set are not reportable; these samples must be reassayed after dilution or along with a standard 

curve that has higher concentrations so that the sample is within 2× the highest standard.

Source: Adapted from Korfmacher, W., Bioanalytical assays in a drug discovery environment, in Using 
Mass Spectrometry for Drug Metabolism Studies, Korfmacher, W. (ed.), CRC Press, Boca Raton, 

FL, 2005, p. 1. With permission.
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Table 1.3 shows the Level II rules and Table 1.4 shows the Level III rules [10]. 

These rules have been used successfully for thousands of discovery compounds and 

have been found to ensure that the reported results are scientifi cally correct while 

minimizing the amount of time that is required to develop the assay and report the 

TABLE 1.3
Rules for Discovery (Non-GLP) “Full PK” Assays (Level II)

 1. Samples should be assayed using HPLC–MS/MS technology.

 2. Sample preparation should consist of PPT using an appropriate IS.

 3. Samples should be assayed along with a standard curve in duplicate (at the beginning and end of 

the sample set).

 4. The zero standard is prepared and assayed, but is not included in the calibration curve regression.

 5. Standard curve stock solutions are prepared after correcting the standard for the salt factor.

 6. The standard curve should be 10–15 levels, typically ranging from 1 to 5,000 or 10,000 ng/mL (or 

higher as needed). The matrix of the calibration curve should be from the same animal species and 

matrix type as the samples.

 7. QC samples are not used.

 8. After the assay, the proper standard curve range for the samples is selected; this must include at 

least fi ve (consecutive) concentrations.

 9. Once the range is selected, at least 75% of the assayed standards in the range must be included in 

the regression analysis.

 10. Regression can be performed using weighted or unweighted linear or smooth curve fi tting (e.g., 

power curve or quadratic), but is not forced through zero.

 11. All standards included in the regression set must be back calculated to within 27.5% of their 

nominal values.

 12. The regression r2 must be 0.94 or larger.

 13. The LOQ may be set as either the lowest standard in the selected range or 0.4 times the lowest 

standard in the selected range, but the LOQ must be greater than three times the mean value for 

the back-calculated value of the two zero (0) standards.

 14. Samples below the LOQ are reported as zero (0).

 15. If the LOQ is 0.4 times the lowest standard in the selected range, then samples with back-

calculated values between the LOQ and the lowest standard in the selected range may be reported 

as their calculated value provided the SNR for the analyte is at least three (3).

 16. Samples with back-calculated values between 1.0× and 2.0× the highest standard in the selected 

range are reportable by extending the calibration curve up to 2× the high standard as long as the 

calibration curve regression was not performed using quadratic regression.

 17. Samples found to have analyte concentrations more than 2× the highest standard in the regression 

set are not reportable; these samples must be reassayed after dilution or along with a standard 

curve that has higher concentrations so that the sample is within 2× the highest standard.

 18. The assay is not validated.

 19. The fi nal data does not need to have quality assurance (QA) approval. This is an exploratory, 

non-GLP study.

Source: Adapted from Korfmacher, W., Bioanalytical assays in a drug discovery environment, in Using 
Mass Spectrometry for Drug Metabolism Studies, Korfmacher, W. (ed.), CRC Press, Boca Raton, 

FL, 2005, p. 1. With permission.



24 Using Mass Spectrometry for Drug Metabolism Studies

results to the discovery project team in a timely manner [20]. These rules have also 

been utilized at various contract research laboratories when we sent some of our 

samples to these vendors for assay. In general, we have found that when assays meet 

these criteria, they are good assays and when they fail the criteria, they should be 

performed again.

In addition to the dosed compound, often one can look for common metabolites 

when assaying plasma samples from a PK study; this step is often referred to as 

“metabolite profi ling.” In our laboratory we have used the QTrap MS/MS system to 

provide both quantitative analysis and metabolite profi ling when assaying plasma 

samples. The hardware and software tools that are part of the QTrap MS/MS system 

are well suited to this purpose [110–114]. We have found it useful to use three “rules” 

for deciding when to report a possible metabolite. The metabolite reporting rules are 

as follows:

 1. Each metabolite must be chromatographically separated from the dosed 

compound as well as other reportable metabolites in order to be reported.

 2. Each metabolite must have an SRM response of at least 1% of the dosed 

compound in order to be reported.

 3. A product ion mass spectrum for each reportable metabolite must be 

obtained and it must provide suffi cient information in order to demonstrate 

that it is a metabolite of the dosed compound.

TABLE 1.4
Additional Rules for Discovery (Non-GLP) PK Assays Requiring 
QC Samples (Level III)

 1. Use all the rules for “Full PK—Level II” assays (except rule 7) plus the following rules.

 2. Quality control (QC) standards are required, and a minimum of six QCs at three concentrations 

(low, middle, and high) are to be used. The QC standards should be frozen at the same freezer 

temperature as the samples to be assayed.

 3. The QC standards need to be traceable to a separate analyte weighing from the one used for the 

standard curve standards.

 4. The standard curve standards should be prepared on the same day the samples are prepared for 

assay—the standard curve solutions needed for this purpose may be stored in a refrigerator until 

needed for up to 6 months.

 5. At least two-thirds of the QC samples must be within 25% of their prepared (nominal) values.

 6. If dilution of one or more samples is required for this assay, then an additional QC at the higher 

level must be prepared, diluted, and assayed along with the sample(s) needing dilution—this QC 

should be run in duplicate and at least one of the two assay results must meet the 25% criteria.

Source: Adapted from Korfmacher, W., Bioanalytical assays in a drug discovery environment, in Using 
Mass Spectrometry for Drug Metabolism Studies, Korfmacher, W. (ed.), CRC Press, Boca Raton, 

FL, 2005, p. 1. With permission.
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These rules have helped to avoid the incorrect reporting of false metabolites as 

well as the unnecessary reporting of minor metabolites. Typically, we will report 

the metabolites by showing the relative responses of the metabolite and the dosed 

compound on the same graph; because the y-axis of this graph is labeled relative 

response (as opposed to concentration units), we alert the recipient that the actual 

concentration ratios may be different from the response ratios for the dosed com-

pound and the metabolite.

1.4 CONCLUSIONS

While the challenge of working in a discovery bioanalytical group continues to be 

that the discovery teams always want more studies assayed and faster turnaround 

times than we can readily deliver to them, the new LC–MS instrumentation and 

software tools that are becoming available are helping us to meet these challenges. 

In addition to better tools, performing our work in a systematic manner can be very 

helpful in meeting the discovery bioanalytical timelines. Our new challenge is to 

determine what additional information we can provide to the discovery teams while 

still providing fast turnaround times for the requested information.
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2.1 INTRODUCTION

The pharmaceutical industry faces signifi cant and perhaps unprecedented  pressures. 

Many experts now question whether current business models will be sustainable 

[1–4]. Blockbuster drugs, defi ned as drugs with over $1 billion in annual sales, 

have historically provided the bulk of earnings within the pharmaceutical industry. 

These earnings support the discovery and development of new therapies. The pend-

ing demise of the so-called blockbuster drug (Table 2.1) has resulted in dramatic 

changes in the industry. All facets of the drug development continuum that range 

from drug discovery to development to manufacturing to sales and marketing have 

been impacted. Additionally, acceptable risk/benefi t ratios are approaching zero, and 

thus, the regulatory hurdles for new drugs have never been higher [2–5]. The end 

result has been a decrease in industry productivity while costs (i.e., R&D expendi-

tures) increase (Figure 2.1). Furthermore, the R&D cost for a new drug now exceeds 

$1.3 billion in 2005 [6,7].

Mergers, in-licensing, layoffs, codevelopment ventures, and outsourcing/off-

shoring practices are tangible external signs of an industry in the midst of change. 

Workfl ows are constantly evaluated and revised, and, at times, eliminated. The cost 

to develop a drug that fails before approval now account for 75% of the cumula-

tive costs [8]. Furthermore, only 2 of 10 drugs that reach the market are earning 

enough money to match or exceed the average R&D cost to develop these new medi-

cines [9]. The process to discover, develop, and receive approval to market a drug 

is long, complex, and costly (Figure 2.2), thus, tools and approaches that can add 

 knowledge, reduce attrition, and reduce R&D costs are in demand. This trend has 

TABLE 2.1
The Top 10 Blockbuster Drugs Based on Yearly 
Worldwide Sales ($b) as of March 2008

Sales Rank Product 2008 Sales ($b)

1 Lipitor—Pfi zer 13.2
2 Plavix—BMS/Sanofi 7.4
3 Nexium—AstraZeneca 7.1

4 Advair—GSK 6.9
5 Risperdal—J&J 4.7
6 Zyprexa—Lilly 4.6
7 Seroquel—AstraZeneca 4.5
8 Singulair—Merck 4.4
9 Effexor—Wyeth 4.0
10 Aranesp—Amgen 3.9

Source: IMS Health, MIDAS, March 2008. With permission.

Note: The eight drugs in the boldface will lose exclusivity by 

the year 2011.
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been especially evident in the drug discovery and preclinical stages of drug develop-

ment. Success prior to clinical development can reduce attrition in development and 

result in signifi cant savings.

The ability to gather more knowledge faster with smaller quantities of complex 

samples can support these increased demands on pharmaceutical R&D. The advanced 

approaches and technologies associated with liquid chromatography–mass spec-

trometry (LC–MS) continue to play a signifi cant role within drug discovery because 

of the inherent sensitivity and selectivity of this analytical platform. Improvements 

with increased throughput and easier-to-use instruments have allowed researchers 

unprecedented levels of effi ciency and productivity.
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So, what is the problem? Why is the pharmaceutical industry experiencing such 

pain? Why have the recent advances and capabilities not translated into more discov-

ery and more drugs in the market? The current state of the industry suggests that a 

qualitative change in the overall process, from molecules to drugs, may need to be 

critically examined or perhaps looked at in a different way.

Drug metabolism plays a signifi cant role in the drug discovery process [10–12]. 

Furthermore, drug metabolism functions are perhaps most dependent on LC–MS 

technologies. Absorption, distribution, metabolism, and excretion (ADME) and 

pharmacokinetics (PK) are the pharmaceutical properties that have been used during 

drug metabolism studies to defi ne the disposition of a novel drug candidate. In drug 

discovery, ADME–PK properties are routinely measured using LC–MS techniques. 

High-throughput LC–MS assays are developed to screen drug candidates and pro-

vide the basis for comparative results and quick decisions. The corresponding data 

obtained from these ADME–PK screens are used to predict a new drug’s behavior 

in humans in an effort to gauge clinical success or failure and distinguish between 

lead candidates.

This chapter provides an analytical perspective on the drug discovery process, 

with a specifi c focus on drug metabolism studies that rely on LC–MS techniques. The 

purpose is to highlight the critical drug metabolism studies that are used to discern 

the most promising drug candidates. It is hoped that a critical understanding of these 

studies in the context of the evolving drug discovery process will  provide insight into 

the analytical requirements for current, and perhaps, future drug  discovery strate-

gies. The applications outlined in this chapter are not intended to be comprehensive. 

Specifi c chapters in this book as well as several references are recommended for 

further study to obtain in-depth perspective on analytical applications and preferred 

uses of LC–MS in drug discovery [13–15].

2.2 DRUG DISCOVERY OVERVIEW

Drug discovery is part of an overall drug development process that involves four 

distinct stages: drug discovery, preclinical development, clinical development, and 

manufacturing (Figure 2.3). The drug development process can be conceptually 

viewed as a series of “go” and “stop” decisions designed to provide focus on the most 

favorable drug candidates and eliminate weak candidates from the pipeline [13]. 

Ideally, weak candidates can be culled quickly, before signifi cant development effort 

and resources have been expended.

The drug discovery stage represents a strategic area of focus comprised of distinct 

events that are both complicated and dynamic. Drug discovery activities feature four 

main areas of research: target identifi cation/validation; lead identifi cation; screen-

ing; and lead optimization. The work in drug discovery is performed in a nonregu-

lated environment. Thus, the procedures and results are not reported to a regulatory 

agency such as the Food and Drug Administration (FDA).

Most drug metabolism-based screens are performed during the lead optimiza-

tion phase of drug discovery. Lead optimization begins once a compound is identi-

fi ed from primary screens and the desired potency, selectivity, and mechanism of 
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action is demonstrated. Medicinal chemists then modify these lead compounds to 

improve effi cacy, design prodrugs, and determine biologically active metabolites. 

Animal models are often used as a surrogate to provide correlation with human 

pharmacodynamics (PD), PK, and ADME properties. This information is fed back 

to medicinal chemists to assist with the optimization of pharmaceutical properties. 

During this time, the promising lead compounds are evaluated for toxicity. Also, 

prospective studies are carried out to determine potential formulation and delivery 

options.

The lead optimization process is highly iterative, multiparametric, and intensely 

interdisciplinary. Both qualitative and quantitative information is routinely obtained 

on analog series of compounds to correlate changes in chemical structure to bio-

logical and pharmacological data. The resulting quantitative information provides 

the basis for the comparison of lead compounds and the ability to establish struc-

ture activity relationships (SAR). This multistep evaluation and optimization of 

ADME–PK properties continues until a defi ned drug profi le is achieved.

2.2.1 DRUG DISCOVERY STRATEGIES

The trend in the pharmaceutical industry has been to introduce ADME–PK screens 

early in the drug discovery process—before a molecule enters into the drug develop-

ment phases (i.e., preclinical development, clinical development). In this way,  the 

specifi c criteria of the molecule can be improved while timeline and fi nancial costs 

associated with progressing an unsuitable drug candidate through the drug devel-

opment pipeline can be avoided. Additionally, since less than 1 in 10 compounds 

that are recommended for development successfully proceed through development 

to become an approved new chemical entity (NCE) (Figure 2.4), information that 

provides even a small increase in overall success rates can signifi cantly reduce the 

number of lead compounds needed to reach NCE goals.

• Process research
• Formulation
• Metabolism
• Toxicology

• Scale up
• Pharmacokinetics
• Delivery
• Safety

• Production
• QA/QC
• Legal

Drug
Discovery

Preclinical
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Clinical
Development Manufacturing

• Target ID
• Lead ID
• Screening
• Optimization

FIGURE 2.3 An overview of the drug development process that illustrates the activities 

within the four major stages of drug development: drug discovery, preclinical development, 

clinical development, and manufacturing. (Courtesy of Milestone Development Services, 

Newtown, PA, 1998. With permission.)



38 Using Mass Spectrometry for Drug Metabolism Studies

2.2.2 ADME–PK SCREENING

Traditionally, the focus of screening activities for lead optimization had been on 

SAR to modify or fi ne-tune the pharmaceutical properties associated with compound 

potency and specifi city. As a consequence, ADME–PK screening took place at a later 

stage of drug discovery. Thus, compounds optimized for activity and potency were 

often found to lack properties that were important for safety and/or developability 

[16]. Drug discovery strategies now actively feature ADME–PK screens within a 

secondary screening context to optimize compounds around a predetermined set of 

pharmaceutical properties. The resulting ADME–PK data are typically generated in 

a format that can be used to directly compare the profi les of a related series of lead 

compounds. The PK profi les are increasingly important as potential for once-a-day 

dosing increases patient compliance and often provides a marketing advantage for an 

approved drug. Thus, standardized analytical methods are prevalent within a drug 

discovery environment. Furthermore, ADME–PK screening is no longer done in a 

sequential mode but in a parallel mode during lead optimization.

2.2.3 ADME–PK SCREENING BENCHMARKS

In 2004, Kola and Landis provided an updated perspective on the reasons for attri-

tion in drug discovery [17]. In their report, PK/bioavailability was cited as the lead-

ing cause of attrition for lead compounds in drug discovery in 1991 (Figure 2.5). At 

this time, lead compounds were failing at a rate of 40% due to poor bioavailability. 

Consequently, the pharmaceutical industry quickly realigned resources in drug dis-

covery to screen drug candidates for desirable bioavailability properties earlier in 

the process. By the year 2000, the attrition due to bioavailability decreased to below 

10%! However, toxicology and commercial issues increased signifi cantly to 20%. 

Preclinical Phase 1 Phase 2 Phase 3 Registration

1.11.6

4.6

8.6
69%

8% 12% 22% 64% 91%

54% 34% 70% 91%

12.4

Success rate for
each phase

Percent that will
achieve one approval

NME entries to
achieve one approval
Phase success rate

FIGURE 2.4 The NCE success rates from 2003 to 2007 for each phase of drug develop-

ment. Less than 10% of lead compounds are approved. (Courtesy of KMR Group, Chicago, 

IL and the Pharmaceutical Benchmarking Forum. With permission.)
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And as a consequence, a more proactive study of toxicology and drug safety has 

recently emerged within drug discovery [18–20]. Interestingly, effi cacy remained a 

critical issue and was essentially unchanged during this timeframe with an attrition 

rate of 28%–30%.

2.2.4 ADME–PK SCREENING RATIONALE

Organizations within a drug discovery setting tend to establish a series of compul-

sory screens to provide a comprehensive and prospective outlook on clinical response 

of the test drug. Screens for a specifi c drug discovery program can be modifi ed to 

aggressively test properties that are deemed to be critical for clinical success. Drug 

discovery strategies can also be signifi cantly altered by either clinical success or 

failure. For example, if a test drug fails due to a drug–drug interaction, then future 

drug discovery screens in this therapeutic area would likely feature the correspond-

ing assays earlier in the process.

Conceptually, the strategy for ADME–PK screening in drug discovery can be 

compared to decathlon event as stated by Kerns and Di [21]. A specifi c ADME–PK 

screen is analogous to a specifi c athletic event. The overall “winner” is not nec-

essarily the lead compound that exhibits the best performance in any single 

ADME–PK screen, but simply has adequate characteristics in all ADME–PK 

screens.

So it can be generalized that a standard series of ADME–PK screening assays is 

assembled during the initiation of a drug discovery program. A drug candidate must 
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FIGURE 2.5 Reasons for attrition for lead compounds in drug discovery in 1991 and 2000. 

In 1991, PK/bioavailability was the leading cause of attrition in drug discovery. By 2000 

the attrition due to bioavailability decreased to below 10% because drug candidates were 

routinely screened for desirable bioavailability properties earlier in the process. (Courtesy of 

Nature Publishing Group, 2004. With permission.)



40 Using Mass Spectrometry for Drug Metabolism Studies

attain at least a moderate level of performance in a screen to be considered as a viable 

drug for clinical trials. Specifi c ADME–PK assays may be given high priority based 

on the desired target profi le or predicted features (i.e., strengths, weaknesses) of the 

drug candidate. However, once data is obtained from these preliminary ADME–PK 

screens, then the discovery program may take on a more dynamic approach and 

priorities may indeed change.

2.3 DRUG DISCOVERY WORKFLOWS

Table 2.2 contains a list of ADME–PK assays that are routinely used to provide 

information via in vitro assays, lead optimization screens, and in vivo PK studies 

[22]. Each assay is developed and applied with the intent of providing a quick survey 

of ADME–PK properties. Certainly, the workfl ow of drug discovery activities can 

often be depicted in a linear, stepwise fashion according to the ADME–PK screens 

highlighted in Table 2.2. However, such a workfl ow would not take into consider-

ation the dynamics of a drug discovery program nor would such a workfl ow depict 

the differences that exist between different programs (i.e., diabetes, cancer, cardio-

vascular). The fact is that the discovery process is often initially supported with a 

standard set of ADME–PK assays that can be viewed as somewhat compulsory and 

highly iterative.

TABLE 2.2
The Representative ADME/Tox Assays That Are Routinely Performed 
in Drug Discovery

In Vitro Assays
Lead Optimization 
Toxicology Screens Pharmacokinetic Studies

CYP450 enzyme inhibition and 

induction

Rodent safety screens Bioavailability

Cytochrome P450 inhibition 

(LC–MS-based)

Multiple routes of 

administration

Bioequivalence

HERG channel inhibition Single or repeat dosing Dose ranging

Microsomal stability Daily clinical observation Linearity

Metabolite identifi cation Histopathology Proportionality

Aqueous solubility Toxicokinetics

Enzyme activity Biliary excretion

Permeability Mass balance

Cytotoxicity Tissue distribution

Metabolic drug–drug interactions Placental transfer

Protein binding Metabolite profi ling

Surgical models

Cerebral spinal fl uid, lymph, urine

Cardiovascular telemetry
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2.3.1 DRUG DISCOVERY OBJECTIVES

To better understand drug discovery workfl ows, it is helpful to recognize a pri-

mary objective of ADME–PK screening programs: to determine dosing regimens 

(Figure 2.6). Insights into “how much?” and “how long?” with respect to dosing 

regimen are gained from PK screens [23,24]. The bioavailability and half-life is 

determined from the corresponding PK profi les obtained for each drug candidate. 

Furthermore, bioavailability and half-life are affected by absorption, clearance, and 

volume of distribution. ADME properties provide unique insight into these impor-

tant parameters and are used to optimize PK properties. The dynamic relationship 

between ADME properties and PK provides the basis for the systematic optimiza-

tion of lead compounds in drug discovery.

Despite the extensive use of ADME–PK screens in drug discovery, there is no 

one “correct” or standardized workfl ow for drug discovery. Often, ADME screening 

strategies are dictated by specifi c needs of the discovery program (i.e., therapeu-

tic area, competitive landscape), recent precedent (i.e., success, failure), and/or the 

chemistry and disposition of a series of lead compounds.

As the discovery program evolves and matures with new fi ndings and results, the 

initial process becomes modifi ed to refl ect strategic needs based on the strengths 

and/or weaknesses of the drug candidate and advances in competing laboratories. 

Thus, a highly dynamical model for drug discovery support can emerge.
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FIGURE 2.6 The ADME–PK screening data that are obtained in drug discovery and used 

to determine dosing regimen (i.e., “how much?” and “how long?”). A combination of assays 

associated with physicochemical properties (absorption, clearance, and volume of distribu-

tion) and PK properties (bioavailability and half life) are used to evaluate each drug candi-

date. (Courtesy of Milestone Development Services, Newtown, PA. With permission.)
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2.4 ANALYTICAL METHODS

The analytical considerations within drug discovery are challenging. Drug metab-

olism-based studies require sensitive, selective, and robust analytical methods [15]. 

Industry preferences for pharmaceutical analysis are generally based on the sample 

type: nontrace/pure; nontrace/mixture; trace/pure; and trace/mixture (Figure 2.7). 

The sample type dictates the analytical tool or platform that will be required for 

analysis. The trace/mixture sample type has emerged as the preferred sample for 

accelerated drug discovery and development [13]. Hyphenated techniques such as 

high-performance liquid chromatography with ultraviolet detection (HPLC/UV) and 

LC–MS are well suited for drug discovery applications whereby samples obtained 

from an in vitro or in vivo study are subjected to sample preparation, chromato-

graphic separation, and analytical detection.

The fast pace and highly interdisciplinary nature of drug discovery research 

further requires that these trace/mixture methods accommodate high-throughput 

analysis formats. Thus, there exists a balance between simplicity and complexity 

to provide methods that generate data and inspire confi dence while maintaining 

speed.

As a general rule, the demands on drug discovery support dictate that there 

be (1) no repeat analyses and (2) no carryover. Both of these issues pose seri-

ous threats to fast analysis schemes and a high-throughput environment [25]. The 

recent literature contains more detailed descriptions of analytical methodologies 

that relate to LC–MS for drug discovery support. A review of LC–MS in the 

pharmaceutical industry [13] as well as specifi c analytical methodologies such as 

sample preparation [26], chromatography [27], electrospray ionization (ESI) [28], 

bioanalysis [29], and data analysis [30] provide comprehensive descriptions and 

references.

Pure Mixture

Trace HPLC/UV
LC/MS
GC/MS

MS
UV
IR

X-ray 
NMR

LC/NMRNontrace

FIGURE 2.7 A structure analysis matrix that illustrates analysis preferences in the phar-

maceutical industry based on four specifi c sample types: nontrace/pure; nontrace/mixture; 

trace/pure; and trace/mixture. (Courtesy of Milestone Development Services, Newtown, PA. 

With permission.)
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2.4.1 SAMPLE PREPARATION

Automated sample preparation is commonplace in the drug discovery laboratory 

with biological fl uid samples such as plasma, serum, bile, or urine [26,31]. The pri-

mary goal for sample preparation with LC–MS-based methods in drug discovery is 

to separate the drug and/or metabolites from the endogenous materials in the sample 

matrix (e.g., proteins, salts, and metabolic by-products).

Sample preparation is often a critical step in the analytical method since most 

LC–MS instruments cannot accept the sample matrix directly. The removal of 

endogenous materials from the biological sample results in a concentrated analyte 

and sets the stage for a high-quality analysis. The analyte is essentially moved from 

a totally aqueous environment into a chosen percentage of organic/aqueous solvent 

that is appropriate for injection into a chromatographic system [31].

Many different sample preparation techniques are available to the drug discov-

ery scientist. Off-line sample preparation procedures include protein precipitation, 

fi ltration, dilution followed by injection, liquid–liquid extraction (LLE), and solid-

phase extraction (SPE). Typically, these procedures are performed in an automated, 

high-throughput mode that features a 96-well plate format. Online sample prepara-

tion procedures include SPE and turbulent fl ow chromatography (TFC) with con-

ventional chromatographic media or restricted access media (RAM). These online 

approaches are often simple and easy to automate.

2.4.2 CHROMATOGRAPHY

HPLC-based techniques have been a traditional mainstay of the pharmaceutical 

industry [13]. Analytical chromatography allows complex mixtures to be trans-

formed into separated components. The analytical format and corresponding output 

is well understood.

Typical HPLC/UV methods require that each analyte component separate during 

the chromatographic run. Analytes are separated (i.e., baseline separation) based on 

chemical interaction with the stationary phase and mobile phase. A unique retention 

time is generally required for each analyte and provides the basis for identifi cation 

and comparative results.

In combination with mass spectrometry, the purpose of the HPLC signifi cantly 

changes when compared with UV detection-based methods. This change is due to 

the fact that the mass spectrometer is also used as a separation device. Therefore, 

chromatographic methods that are developed for LC–MS applications tend to have 

signifi cantly less stringent requirements and baseline separation is not necessary. 

The result is a faster chromatographic run. Coeluting peaks are not a signifi cant 

issue as with HPLC/UV. These peaks can sometimes be resolved with the mass 

spectrometer. Both retention time and molecular weight is used for identifi cation. 

This advantageous combination is further realized with ultrahigh-performance liq-

uid chromatography (UHPLC) separation formats (see Chapter 8) [32,33].

Fortunately, nearly all pharmaceutically relevant compounds are amena-

ble to HPLC. Aside from the ability to separate a specifi c analyte(s), the HPLC 

also provides a unique measure of control with regard to the LC–MS analysis. 
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A reproducible percentage of organic/aqueous solvent can be attained to provide for 

highly  sensitive and highly effi cient chemistry environment for ionization. In most 

cases, this  environment would promote the formation of an abundant protonated 

molecule [M + H]+.

2.4.3 IONIZATION

The ionization process allows for the study of ions in the gas phase. Therefore, 

ionization for LC–MS analysis involves (1) conversion of a liquid into a gas and 

(2) the deposit of a charge onto the molecule(s) of interest. Once an analyte is in the 

gas phase and contains a charge, then the mass spectrometer is able to separate the 

resulting ions based on some property of mass (i.e., mass-to-charge, arrival time).

Signifi cant advances with the ionization source have been made. The pioneering 

work of many outstanding scientists with moving belt [34–36], direct liquid intro-

duction (DLI) [37–39], thermospray ionization (TSI) [40,41], and ESI [42–44] set 

the stage for the development of modern ionization sources for high-performance 

LC–MS analysis.

An important consideration for LC–MS method development is the extent to 

which the analyte signal will be affected by the sample matrix [29]. This situation 

is referred to as ion suppression. Ion suppression is the result of reduced ion signal 

from the sample matrix [45]. Detailed studies performed by King et al. determined 

that ion suppression originates in solution [46,47]. An increased chromatographic 

resolution combined with a more selective sample cleanup is perhaps the best way to 

reduce the impact of ion suppression.

2.4.4 MASS SPECTROMETRY

If the science of mass spectrometry can be viewed as the study of ions in the gas 

phase, then a mass spectrometer can be thought of as a molecular weighing machine. 

The ability to assign molecular weight to a specifi c molecule(s) is a powerful capa-

bility for structure elucidation and quantitative analysis. The physical measurement 

of mass or molecular weight provides a universal descriptor of a drug compound 

throughout its lifetime in drug discovery and throughout the drug development 

continuum.

Mass spectrometers that are routinely used in drug discovery include the single 

quadrupole [48], triple quadrupole [49], quadrupole ion trap [50], time-of-fl ight [51], 

quadrupole time-of-fl ight [52], and Orbitrap [53] mass spectrometers. Mass spec-

trometers are primarily used to perform two functions: (1) discriminate against 

matrix interference and (2) maximize the signal for the ion(s) of interest [29].

The various scan modes of the mass spectrometer provide powerful methods 

of analysis and unique capabilities for information gathering [54,55]. For example, 

the full scan mode is used to survey the ions that are generated in the source to 

confi rm or identify structure based on molecular weight assignment. The resulting 

full scan mass spectrum, therefore, contains an ion(s) that is indicative of molecular 

weight. Two dimensions of mass analysis or tandem mass spectrometry (MS/MS) 

provide powerful capabilities for qualitative and quantitative analysis. For example, 
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the product ion mass spectrum provides information that is useful for structure 

 identifi cation. Strategies that feature substructure templates are routinely used for 

the identifi cation of metabolites (see Chapter 5) [56,57].

The two mass spectrometry scan modes that are used for quantitative analysis 

are selected ion monitoring (SIM) and selected reaction monitoring (SRM). The 

SIM experiments involve the use of a single mass analyzer and are performed 

when the mass spectrometer is set to detect a selected mass that corresponds to 

the drug molecule. Sensitivity is enhanced since only the ion of interest is sampled 

[58]. The SRM mode is the most widely used quantitative scan mode and involves 

two dimensions of mass analysis. The SRM mode provides greater selectivity and 

enhanced limits of detection (LOD) as a specifi c precursor-product ion relation-

ship is monitored [59]. The fi rst mass analyzer is set to select the molecular ion of 

the analyte. The molecular ion enters a collision cell and undergoes collisionally 

induced dissociation (CID) to produce fragment ions diagnostic of structure. The 

most abundant fragment ion is selected and monitored by the second mass ana-

lyzer. Quantitative analysis using SRM is typically performed on a triple quadru-

pole mass spectrometer. Many drug discovery applications use a series of SRM 

experiments for the simultaneous quantitation of drug compounds during a single 

run (see Chapter 1).

2.4.5 DATA ANALYSIS AND INFORMATION MANAGEMENT

The actual currency that is used to make decisions in drug discovery is information. 

Thus, LC–MS approaches have developed a unique partnership with information-

intensive tools responsible for sample tracking, method development, data interpre-

tation, and data storage.

Traditional, and perhaps, manual approaches for method development would be 

too time-consuming to perform within a drug discovery environment. As a result, 

automated method development routines, such as the procedure to generate opti-

mized SRM tables for PK screening, are an essential requirement for drug discovery 

support [60].

Real-time and data-dependent software [61] has also become an essential com-

ponent of qualitative analysis applications such as metabolite identifi cation [62] and 

quantitative analysis such as PK screening [63]. Specialized software packages are 

able to perform tasks such as molecular weight confi rmation, metabolite identifi ca-

tion, peak integration, and calibration regression.

Since large quantities of data are generated quickly, data must be effi ciently inter-

preted and reported in a facile manner that will support rapid decisions [64]. Data is 

formatted, reformatted, sorted, and fi ltered with a laboratory information manage-

ment system (LIMS) or a process that involves the assembly and export of a text-

based fi le (i.e., Microsoft Excel). The database is queried to provide the exact data 

that is needed for a specifi c report format.

Finally, software tools that can secure electronic records and enable safe storage 

of data have received considerable attention [65]. These technologies allow for more 

streamlined approaches (i.e., electronic notebooks, paperless laboratories) and pro-

vide for the legal defensibility of patents and NCEs.
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2.5 APPLICATIONS

Accurate and timely answers to the iterative questions “what do I have?” and 

“how much is there?” are paramount to the success of a drug discovery program. 

The bottom-line is that the pharmaceutical industry prefers analysis formats 

for ADME–PK screening that can generate information quickly to make fast 

decisions.

The LC–MS/MS methods used to determine PK properties, bioavailability, and 

half-life are briefl y described in this section followed by an ensemble of ADME 

screens (physicochemical properties, metabolite identifi cation, metabolic stability, 

reactive metabolites, drug–drug interaction, and plasma protein binding) that are 

used to determine the effect of absorption, clearance, and volume of distribution on 

PK properties. The goal of this phase of drug discovery is to use the information 

obtained from these screens and optimize the ADME–PK parameters of a drug can-

didate to defi ne a dosing regimen (i.e., “how much?” and “how long?”) for clinical 

studies. A detailed description of these specifi c ADME–PK screening methodolo-

gies will follow in subsequent chapters.

2.5.1 IN VIVO PHARMACOKINETIC SCREENING

The determination of the concentration of a drug in plasma is an accepted surrogate 

marker for drug exposure. The use of LC–MS-based approaches for the quantitative 

analysis of a drug or its metabolite in a physiological sample such as plasma or serum 

is perhaps the hallmark of PK studies in drug discovery. The PK profi les derived 

from LC–MS data provide bioavailability and half-life information for drug can-

didates. These PK profi les are used to directly compare lead compounds and select 

specifi c compounds for further study.

Several reviews provide a comprehensive overview of the application of LC–MS-

based methods for PK screening in drug discovery [13,14,29]. These reviews high-

light the use of LC–MS methods to provide high-throughput PK screening data in 

a variety of experimental formats such as “n-in-one dosing” or cassette dosing and 

plasma pooling methods as well as other novel screening approaches such as the 

cassette-accelerated rapid rat screen (CARRS) developed by Korfmacher et al. [63]. 

Most of these methods are performed on a triple quadrupole mass spectrometer plat-

form. These methods are used to screen lead compounds at a lower limit of quantita-

tion (LLOQ) of 1–10 ng/mL.

The screening of drug discovery candidate compounds based on PK proper-

ties using LC–MS approaches was introduced by scientists at Merck [66], Glaxo 

Wellcome [67,68], and Schering-Plough [69]. These methods were developed using 

animal models that involve the use of rats and/or dogs.

2.5.1.1 n-in-One and Cassette Dosing
The simultaneous PK assessment of multiple drug candidates in one animal is known 

as n-in-one dosing or cassette dosing [67,70]. Typically, the cassette is limited to 

fi ve or fewer compounds. This parallel approach is used to increase productivity by 

increasing the number of compounds that can be analyzed and decreasing the num-

ber of animals required for screening. Precautions must be weighed heavily during 
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experimental setup and method development to avoid interferences from analytes 

as well as corresponding metabolites. Risk is associated with these studies as the 

potential for drug–drug interaction must be taken into account [12,71].

2.5.1.2 Pooling by Time/Pooling by Compound
Pooling strategies for PK assessment can also be performed postdose. These strate-

gies are referred to as pooling by time or pooling by compound and involve single 

compound administration. The pooling-by-time approaches involve the pooling of 

plasma obtained from identical time points for different compounds. The overall 

analysis time is decreased; however, sensitivity is decreased due to sample dilution. 

The pooling by compound strategy was developed by Hop et al. [72] and involved 

the pooling plasma from multiple time points from a given compound resulting in 

a single sample. Thus, a “time average” of exposure is attained and allows for com-

parisons of net exposure to be made.

2.5.1.3 Cassette-Accelerated Rapid Rat Screen
Another approach that has been developed to streamline and standardize the PK screen-

ing activities is known as CARRS [63]. This approach was developed by Korfmacher 

and coworkers and uses a 96-well plate that accommodates a total of six compounds 

dosed via single compound administration. One compound is dosed per rat and two 

rats are used per drug candidate. Plasma samples are collected at six time points result-

ing in a set of 12 rat plasma samples. The plasma samples are then pooled across time 

points for each rat resulting in a total of six pooled samples (i.e., one sample per time 

point). An abbreviated three-point calibration curve is used for each assay.

2.5.2 PHYSICOCHEMICAL PROPERTIES

The early defi nition of a drug candidate’s physicochemical properties provides great 

value to medicinal chemists and drug discovery project teams [73–75]. Solubility, 

acid dissociation constant (pKa), lipophilicity, and permeability are the physico-

chemical properties that affect passive transport mechanisms of absorption. High-

throughput LC–MS-based methods have been used to provide a quick and timely 

assessment of these critical properties in drug discovery. In this way, the so-called 

vital signs of absorption can be determined and the need for more detailed investiga-

tion of physicochemical properties can be assessed [25].

2.5.2.1 Solubility
The effective delivery of a drug to the biological site of action (e.g., oral or intravenous 

bioavailability) is infl uenced by the solubility of the drug. For example, a drug must 

be soluble for intestinal absorption to occur. The solubility of drug candidates can 

be determined by traditional “shake-fl ask” method [76,77], HPLC/UV-absorbance 

analysis [78], or with LC–MS-based methods [75].

2.5.2.1.1 Shake-Flask Method
Although shake-fl ask methods are manually intensive, new methods are always 

 validated against this approach. The drug of interest is added to standard buffer 
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solution contained in the fl ask until undissolved excess drug appears. The saturated 

solution is shaken to establish equilibrium and the sample is prepared for either 

microfi ltration or centrifugation. The resulting supernatant solution is analyzed by 

HPLC/UV.

2.5.2.1.2 HPLC/UV and LC–MS Methods
Higher levels of throughput for solubility measurement can be achieved using HPLC/

UV or LC–MS methods. Samples are prepared as 10 mM DMSO solutions. The typi-

cal upper limit for saturated solutions prepared from DMSO stock is 100 μL (w/1% 

DMSO content). The range is based on known ADME requirements and other early 

drug discovery screens. In general, the kinetic solubility determined from the DMSO 

solution is more related to early in vitro biological assays while the thermodynamic 

solubility determinations from well-defi ned solid material is more meaningful to late 

development programs [78]. Parallel sample preparation with 96-well plate formats 

and fast HPLC cycle times (2 min gradient analysis) are typically used with LC–MS 

methods to address high-throughput and increased workloads.

As with many activities associated with physicochemical property analysis, solu-

bility measurements can follow a tiered workfl ow. For example, all lead optimization 

compounds can be assayed at pH 7.4, 6.5, 4.0, and 1.5 using DMSO solutions. Lead 

compounds that progress onward through the discovery process can be examined in 

solid form at pH 7.4 and 4.0 to facilitate downstream formulation activities [25].

2.5.2.2 Acid Dissociation Constant (pKa) and Lipophilicity
The pKa value provides a measure of the acid or basic properties of a compound. 

Specifi cally, the pKa value indicates the tendency of a molecule or ion to keep a 

proton (H+) at its ionization center(s). In terms of absorption, pKa is an important 

criterion to help determine whether a molecule will be taken up by aqueous tissue 

components or lipid membranes (lipophilicity).

Lipophilicity is determined by measuring the equilibrium solubility of a com-

pound in a lipophilic phase such as octanol to its solubility in an aqueous phase 

such as water. Analytical measurements relate pKa to log P (the partition coeffi -

cient). Log P is a physicochemical parameter of aqueous and lipid solubility that 

infl uences the delivery of drugs to their target when the drug is in the neutral 

state.

Lipophilicity can be reported as log P, which is the intrinsic partitioning of the 

drug between octanol and water when the drug is in the neutral state. However, 

lipophilicity is often reported as log D (distribution coeffi cient), which represents the 

distribution of the drug at a specifi c pH, typically pH 7.4.

High-throughput formats use HPLC-based methods via correlation of log D with 

retention time [79,80]. The experimental setup of a lipophilicity screening assay 

involves the equilibration of the drug compound in water (or buffer) and octanol. 

The phases are diluted in water/methanol and analyzed by LC–MS. The values for 

log P are determined by correlation to log k [81]. A calibration curve is established 

from known log P of each standard versus the log k value calculated from the reten-

tion time (tr). Hexachlorobenzene (log P = 6.11) can be used as a standard for log P 

calibration (log P values >5).
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Many drug discovery researchers prefer to use software that can predict aqueous 

pKa values. For example, the ACD/pKa software program contains a vast library that 

contains experimental values for over 16,000 compounds in aqueous solutions and 

over 2000 compounds in nonaqueous solvents [82].

2.5.2.3 Permeability
The prediction of the important structural features that affect intestinal permeability 

is useful information to obtain early in the drug discovery process. The two most 

common models used to obtain fast, high-throughput measurements are the parallel 

artifi cial membrane permeation assay (PAMPA) and the cell line assays that feature 

cultured human colon adenocarcinoma cells (Caco-2). Each method uses a surrogate 

model to mimic intestinal absorption followed by LC–MS analysis.

2.5.2.3.1 Parallel Artifi cial Membrane Permeation Assay (PAMPA)
The PAMPA method is based on a 96-well plate platform that features a phospholipid 

membrane-soaked pad that separates an aqueous donor and receiver compartment. 

The membrane does not contain active transporters. The strategic use of PAMPA 

assays in drug discovery is based on the ability to screen large libraries and quickly 

determine trends based on the ability of compounds to permeate membranes by pas-

sive diffusion [83]. In this way, quantitative structure activity relationships (QSAR) 

can be initiated based on this mechanism of absorption [84].

2.5.2.3.2 Cultured Human Colon Adenocarcinoma Cells (Caco-2)
The use of the Caco-2 cell line assays provide more physiologically relevant data than 

the PAMPA assays since they express transporters so that both active and passive 

transport can be determined. Caco-2 cell monolayers are contained in a 96-well plate 

format and test compounds can be incubated to model and test absorption [85].

2.5.3 METABOLITE IDENTIFICATION

The rapid structure identifi cation of metabolites provides an early perspective on the 

metabolically labile sites or “soft spots” of a drug candidate [86]. This information 

is useful during lead optimization and can serve to initiate research efforts that deal 

with metabolism-guided structural modifi cation and toxicity.

Metabolite identifi cation using LC–MS techniques is based on the fact that 

metabolites generally retain most of the core structure of the parent drug [56,87,88]. 

Therefore, the parent drug and the corresponding metabolites would be expected 

to undergo similar fragmentations and produce mass spectra that indicate major 

substructures.

The success of LC–MS approaches relies on the performance of the ESI or atmo-

spheric pressure chemical ionization (APCI) interface and the ability to generate 

abundant ions that correspond to the molecular weight of the drug and drug metabo-

lites. The production of abundant molecular ions is an ideal situation for molecular 

weight confi rmation via the adduct of the molecular ion (i.e., [M + H]+, [M + NH4]
+). 

The confi dent assessment of molecular weight of the respective drug metabolites 

allows for direct comparison with the parent drug. In this way, differences in 
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molecular weight can be assessed and correlated with known metabolic pathways 

such as oxidation, reduction, and conjugation.

Typically, the LC–MS full scan mass spectra of a drug molecule contain abundant 

[M + H]+ ions with little detectable fragmentation. The product ion mass spectrum 

contains product ions associated with diagnostic substructures of the drug molecule. 

There is no need, and more importantly, there is no time in a drug discovery set-

ting to identify all fragment ions observed in the product ion mass spectra. Instead, 

streamlined approaches based on standard methods and structural template motifs 

are used [89].

This LC–MS-based methodology can be automated to fi t specialized needs 

within drug discovery based on throughput [62]. The recent application of mass 

defect fi ltering [90] and high-resolution accurate mass analysis [33] provides further 

automated protocols for metabolite identifi cation (see Chapters 5 and 6 for more on 

this topic).

2.5.4 METABOLIC STABILITY

In vitro methods for the determination of metabolic stability provide a cost-effective 

solution to analyze the wealth of samples encountered in a drug discovery environ-

ment. Detail is sacrifi ced so that approximate and/or relative results can be obtained 

with signifi cant savings in resources (i.e., instrumentation, animals) and time.

The use of fast gradient elution LC–MS techniques for metabolic screening was 

fi rst described by Ackermann and coworkers in 1998 [91] and Korfmacher and 

coworkers in 1999 [69]. In the method developed by Ackermann et al., a HPLC 

column-switching apparatus is used to desalt and analyze lead candidates incubated 

with human liver microsomes. The resulting data can be quickly resolved into spe-

cifi c categories of metabolic stability: high (≥60%); moderate (≥30%–59%); low 

(≥10%–29%); and very low (<10%).

The methodology for metabolic stability screening introduced by Korfmacher et 

al. featured liver microsomal incubation systems with a highly automated LC–MS 

method. The method was developed to work in a high-throughput environment in 

support of lead optimization. Aside from providing for the capability of analyzing 

a large number of in vitro samples, the LC–MS/MS-based method featured assay 

routines with multiple compounds in one batch. A set of six samples of each com-

pound was used where three samples correspond to zero time incubation and three 

samples correspond to a 20 min incubation time. Data processing was performed in 

an automated fashion as the largest peak in the chromatogram was assumed to cor-

respond to the [M + H]+ of the parent compound. Peak areas of the expected [M + H]+ 

was obtained for each sample and the results were distributed using a standard report 

format.

The LC–MS methods introduced by Ackermann et al. and Korfmacher et al. 

paved the way for more powerful platforms for high-throughput metabolic stabil-

ity screening that featured the use of LC–MS/MS [80,92]. These powerful methods 

relied on robotic sample preparation systems that were integrated with an automated 

LC–MS/MS system.
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2.5.5 REACTIVE METABOLITES

In many cases, drug metabolites are less toxic than the corresponding parent drug. In 

some instances, drugs can undergo metabolic reactions that lead to the formation of 

reactive species [93]. These reactive metabolites can bind to cell proteins and DNA 

to cause drug-induced toxicity and cell damage [94].

Most reactive metabolites are electrophiles that react with compounds that con-

tain nitrogen or sulfur atoms. These reactive species are generally short-lived and 

highly unstable. Therefore, analysis and detection is challenging. The approach that 

is currently used to characterize reactive metabolites in drug discovery involves the 

use of trapping agents that form stable adducts with the reactive intermediates [95].

An isotopically labeled trapping agent such as glutathione (GSH) is a useful tool 

to conduct high-throughput screening for reactive metabolites (see Chapter 6) [96]. 

In this experiment, a mixture of GSH (γ-glutamylcysteinylglycine) and a correspond-

ing stable-isotope labeled compound (GSX, γ-glutamylcysteinylglycine-13C2–
15N) are 

used to facilitate reactive metabolite screening and provide a unique mass spectrum 

signature that contains a doublet that differs in mass by 3 Da. Drug discovery lead 

compounds are prepared in human microsomal incubations and supplemented with 

GSH and GSX at an equal molar ratio.

Both positive and negative controls can be used to provide quality control and 

provide confi dence in the method (i.e., elimination of false positives). This approach 

is essential for the detection of low abundant reactive metabolites.

2.5.6 DRUG–DRUG INTERACTIONS

The simultaneous administration of two different drugs can lead to unwanted and 

harmful drug–drug interactions. This situation can be caused by drug-induced inhi-

bition or induction of cytochrome P450 (CYP) enzymes. Thus, CYP enzymes can 

have a signifi cant effect on safety profi le of coadministered drugs. The early deter-

mination of the inhibitory potency of a new drug provides the critical information 

necessary to assess the potential of the drug to induce biologically signifi cant drug–

drug interactions.

One of the fi rst laboratories to proactively use LC–MS-based methods to screen 

drug discovery candidates for drug–drug interactions was GlaxoSmithKline in 

1998 [97]. These assays can be performed either in vitro as described by Ayrton et 

al. [97] and Bu et al. [98] or in vivo [99,100]. The methods feature the use of CYP 

enzymes that are involved in oxidative biotransformation pathways via hydroxyla-

tion, N-demethylation, or O-desethylation.

The LC–MS-based methodology for drug–drug interaction screening involves 

the use of specifi c probe substrates that are known for their ability to be converted to 

a corresponding metabolite by a CYP enzyme in the presence of a potential inhibi-

tor. The LC–MS-based screens are typically set up for high-throughput analysis with 

96- or 384-well plate formats. Lead compounds are tested at either a single concen-

tration (10 μM) or at multiple concentrations that span the anticipated maximum 

steady-state plasma levels (e.g., 0.5, 5, and 50 μM) to determine IC50 values.
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Sample preparation usually involves a protein precipitation cleanup step. Fast 

chromatography methods that provide run times of less than 2 min are generally 

preferred and attained. The LC–MS/MS method is optimized for each CYP sub-

strate’s metabolite SRM transition. The selectivity of MS/MS reduces the need for 

complete chromatographic resolution of individual components. Therefore, analyti-

cal run times are signifi cantly reduced. Data analysis must be highly streamlined 

using automated data analysis and reporting.

The results from these studies provide information on whether a drug may inhibit 

the biotransformation of another drug when the two are coadministered. LC–MS 

approaches continue to be used routinely to identify and select drug candidates that 

have a lower potential for drug–drug interactions.

The use of the appropriate probe substrate and corresponding experimental 

condition for the high-throughput in vitro drug interaction studies is critical when 

extrapolating the results to in vivo situations. Most of the in vitro fi ndings that are 

obtained with one probe substrate are usually extrapolated to the compound’s poten-

tial to affect all substrates of the same enzyme. Due to this practice, it is important to 

use the right probe substrate and to conduct the experiment under optimal conditions 

[101]. For example, it may be necessary to evaluate two or more probe substrates for 

CYP3A4-based drug interactions. Thus, the search for better probe substrates for 

some enzymes continues to be investigated.

2.5.7 PLASMA PROTEIN BINDING

Plasma protein binding assays are performed in drug discovery with human plasma 

and with plasma obtained from species that contain proteins that nonspecifi cally 

bind to the drug [102]. The percentage of bound drug provides insight on the rela-

tionship between total in vivo plasma drug concentration and the pharmacologically 

available unbound drug.

As a useful reference point, the binding of drugs to plasma proteins results in a rel-

atively low volume of distribution. Conversely, drugs that remain unbound in plasma 

are available for distribution to other organs as well as tissues and results in a large 

volume of distribution.

So why is the assessment of plasma protein binding important? First, the binding 

of a drug to plasma proteins results in a decrease in drug clearance and a prolonged 

half-life. Second, only the unbound drug (i.e., free concentration of drug) is available 

for elimination via excretion and/or metabolism. Thus, the determination of protein 

binding of a drug can allow for an early prediction of drug effi cacy, disposition, and 

potential for drug–drug interactions. Some believe that the proactive use of these 

assays can be incorporated into models to estimate and predict metabolic stability, 

drug inhibition, drug transport, and intrinsic clearance [103].

The three most widely used in vitro protein-binding techniques are equilibrium 

dialysis, ultrafi ltration, and blood cell partitioning [104]. These assays are based on 

the fact that most drugs bind reversibly to plasma proteins such as albumin, lipopro-

teins, and glycoproteins. In vitro plasma protein-binding assays feature a chromato-

graphic separation (i.e., human serum albumin-immobilized column, 96-well plate) 

followed by MS/MS to determine the percentage of bound drug. The LC–MS-based 
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assay, typically either equilibrium dialysis or ultrafi ltration, allows for the relative 

ranking of lead compounds by percent binding.

2.6 CONCLUSIONS

The impact of early ADME and PK information in the drug discovery process has 

been signifi cant. Studies that were diffi cult to envision 10 years ago are now com-

pulsory. However, analytical scientists in the pharmaceutical industry are not able 

to rest on these accomplishments. Pharmaceutical companies are now faced with 

the potential loss in sales of $135 billion due to patent expirations between 2008 

through 2012 [3]. The pressure on discovery and development scientists has never 

been greater. These new challenges will likely create new opportunities.

Pharma in the twenty-fi rst century will be lean and nimble, concurrently focusing 

on reducing cycle time and increasing speed to market—with fewer resources. There 

will be a relentless focus on gaining knowledge that enables rapid decisions in dis-

covery and early development to reduce late-stage attrition (Phase III and regulatory 

approval). New drugs will no longer be evaluated solely on clinical benefi t. Criteria 

associated with economic impact will assume a more dominant role in decision-

making. The absence of blockbuster drugs may increase attention on specialty mar-

kets and result in a greater number of drug candidates in discovery and development. 

Highly potent drugs will require reduced quantities of active pharmaceutical ingre-

dient, but demand analytical methods with much greater sensitivity for metabolic 

studies.

The information presented in this chapter demonstrates that the widespread adop-

tion of LC–MS in drug discovery has changed both how and when drug metabolism 

studies are performed. The combination of sensitivity, selectivity, and productivity 

that is provided on the LC–MS platform is ideally suited for industrial endeavors and 

has become essential fi gures of merit for the drug discovery process. The technical 

advances in LC–MS and innovative approaches to ADME–PK studies described in 

the following chapters are vital to meet the challenges that face drug discovery and 

development.
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3.1 INTRODUCTION

Both quantitative and qualitative data generated by liquid chromatography/mass 

spectrometry (LC/MS) are important for pharmacokinetic (PK) and pharmacody-

namic (PD) studies during the drug discovery process. PK parameters are used to 

describe how the “body reacts to the drug,” while PD parameters are used to describe 

how the “drug affects the body.” Efforts in improving PK properties in drug discov-

ery have contributed to the reduction of attrition rate due to poor PK/ bioavailability 

[1] in the clinic. Attrition rate due to lack of effi cacy might be reduced with a better 
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understanding of the relationship between PK properties (e.g., drug exposure) and 

PD properties (e.g., effi cacy, duration). Historically, PK and PD were assessed in 

separate experiments precluding robust PK/PD analyses. A combined PK/PD study 

links the concentration–time profi le to the intensity and duration of pharmacological 

response and reveals the temporal relationship between drug exposure and response. 

A thorough understanding of PK and PK/PD during the drug discovery phase should 

result in a reduction of the attrition rate of drug candidates at the proof-of-concept 

phase.

During lead optimization, PK studies are designed to address exposure-related 

issues including low and variable absorption, high and variable fi rst-pass effect, 

inappropriate half-life (too short or too long), effect of food, gender, formulation, 

and dose. PK/PD studies are designed to address the relationship between exposure 

and effi cacy. One should keep in mind that the desired PK properties also depend 

on the PK/PD relationship. For example, a short half-life (t1/2) compound might be 

acceptable for a relatively slower PD effect or for an agonist mechanism where toler-

ance could occur.

This chapter is written for nonpharmacokinetic scientists, with the focus on 

understanding principles of PK and PK/PD and their application in drug discovery.

3.2  KEY PK PARAMETERS FOR DRUG DISCOVERY 
APPLICATIONS

PK parameters can be characterized as “descriptive” or “mechanistic” parameters. 

The descriptive parameters are those used to describe exposure, while the mechanis-

tic ones are the intrinsic properties of compounds controlling the extent and duration 

of exposure. Understanding the true meaning and relationship between these two 

categories is important for improving the chemical and physicochemical properties 

of drug candidates.

Major descriptive PK parameters of exposure are peak concentration (Cmax), 

trough concentration (Cmin), area under the plasma concentration versus time curve 

(AUC), and bioavailability (F) as illustrated in the time–plasma concentration profi le 

in Figure 3.1. Primary mechanistic PK parameters contributing to the extent of drug 

exposure are clearance (CL) and volume of distribution (Vdss). The ratio of Vdss-to-CL 

is the mean residence time (MRT), an intrinsic parameter that characterizes the resi-

dence time of drug molecules in the body. CL, Vdss, and MRT can be called dispo-

sitional PK parameters as well. Fraction absorbed (Fa), gut bioavailability (Fgut), and 

hepatic bioavailability (Fh) are the three major mechanistic parameters that control 

the total bioavailability (F).

3.2.1 CMAX, CMIN, AND AUC

Cmax, Cmin, and AUC are used to describe the extent of exposure. The magnitude 

of exposure refl ects the integrated effect of the dispositional properties of a com-

pound, such as bioavailability, absorption time, central volume of distribution, and 
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elimination rate. In addition, these exposure parameters are also used to correlate 

with various types of pharmacological or toxicological effects.

Cmax and Cmin are the peak concentration and trough concentration at the end 

of the dosing interval τ, respectively. Cmax and Cmin are time-dependent exposure 

parameters refl ecting the range of exposure in the dosing interval. The ratio of Cmax/

Cmin is also a useful parameter refl ecting the fl uctuation of exposure. Cmax, Cmin, and 

Cmax/Cmin ratio refl ect the integrated effect of bioavailability, volume of distribution, 

mean absorption time (MAT), and elimination half-life. Cmax and Cmin increase with 

increasing dose and bioavailability as long as solubility and permeability are not 

limiting and elimination is not saturated. Cmax and Cmin also increase with decreasing 

central volume of distribution. Cmax and Cmin increase with shorter MAT and longer 

elimination t1/2, respectively, when MAT is shorter than elimination t1/2. There are 

situations when we would like to manipulate Cmax and Cmin for different purposes. 

For example, to determine the safety margin versus cardiac effects, a Cmax target of 

10–30-fold greater than the therapeutic Cmax is desired. To obtain such a high Cmax 
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can be a challenge for low solubility compounds. The following approaches can be 

used to increase Cmax:

 1. Formulation with better solubility

 2. Reduction of particle size

 3. Changing crystalline form to amorphous form

 4. Double dosing with a few hours between doses

Cmax is often used to correlate with acute pharmacological/toxicological effects, such 

as blood pressure, heart rate, nausea, and seizures. A low Cmax/Cmin ratio profi le is 

often preferred clinically to avoid possible Cmax-related acute toxicity. Cmax/Cmin ratio 

can be improved with a more frequent dosing interval. However, once-a-day dosing 

is the most compliant and commercially viable dose regimen and is typically targeted 

during discovery. A desired effective t1/2 would be ≥10 h for once-a-day dosing for a 

compound to maintain a Cmax/Cmin ≤ 4, when MAT is around 1 h. Unlike Cmax and Cmin, 

AUC is a time-averaged parameter refl ecting overall exposure (Figure 3.1a). Factors 

contributing to the magnitude of AUC are dose, bioavailability, and clearance. AUC 

increases with increased dose as long as solubility and permeability are not limiting 

and elimination is not saturated (Figure 3.1b). Time factors such as absorption time 

and elimination t1/2 have no effect on AUC. Since AUC is a time-averaged exposure 

it is often used to correlate with chronic effi cacy or chronic toxicity.

“Exposure multiple or exposure ratio” is a common term used in the pharmaceuti-

cal industry to describe the fold of exposure of Cmax or AUC observed at doses used 

in toxicity studies, compared to the Cmax or AUC at the highest marketed dose in 

humans or projected therapeutic dose based on preclinical data. This number pro-

vides an estimate for the safety margin of a compound and is helpful for guiding the 

dose selection of drug safety studies.

The accumulation ratio (RA) can be obtained by comparing exposure parameters 

at steady state after multiple dosing at a fi xed dosing interval (τ) to the corresponding 

value at the fi rst dose:
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where

RA,AUC, 
maxA,CR , and 

minA,CR  are accumulation ratio of AUC, Cmax, and Cmin, 

respectively

AUCτ,ss and AUCτ,1st are AUCs during a dosing interval at steady state and the fi rst 

dose, respectively
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Cmax,ss and Cmax,1st are the peak concentration at steady state and fi rst dose, 

respectively

Cmin,ss and Cmin,1st are the trough concentration at the steady state and fi rst dose, 

respectively

Accumulation ratio based on Cmax, Cmin, or AUC can be different. Accumulation esti-

mated from Cmin comparison tends to overestimate, while AUC comparison gives the 

accumulation of overall exposure, and is not that sensitive to the variability of Cmin 

values [2]. Estimating possible accumulation is also important for designing multiple 

dosing studies in drug safety studies. If a plasma concentration profi le is available 

for a certain dose, superposition [3] should be used to estimate the plasma profi le at 

steady state. RA can be estimated for the different exposure parameters.

In summary, descriptive exposure parameters are useful and refl ect the overall 

dispositional properties of compounds. They can be used for screening and ranking 

compounds, comparing exposure changes after changing test conditions, and inves-

tigating the relationship between exposure and effi cacy/toxicity.

3.2.2 CLEARANCE

Clearance is an intrinsic PK parameter that controls the extent of drug exposure. 

Clearance by defi nition is a proportionality factor between the rate of elimination 

and its concentration at the site of measurement. Based on this defi nition, the follow-

ing equation can be derived:
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where F is the bioavailability. As shown, systemic clearance is the ratio of bioavail-

able dose to AUC, a parameter refl ecting elimination effi ciency. Clearance can be 

understood as a fl ow; it is a time-averaged value corresponding to a volume of plasma 

completely cleared per unit time. As a compound fl ows through different elimination 

organs, it can be extracted by each organ at a different extent, and systemic CL is a 

sum of all organ clearances, as expressed by:

 s liver kidney lung otherCL  = CL  + CL  + CL  + CL
 

(3.5)

where CLliver, CLkidney, CLlung, and CLother are clearance of liver, kidney, lung, and 

other organs, respectively.

CL can be easily converted to a more meaningful number called blood-fl ow-

normalized CL that refl ects the elimination effi ciency. This is related to the notion 

that CL is a fl ow that takes a compound out of the systemic circulation. For exam-

ple, the maximum liver clearance should not exceed the liver blood fl ow, since 

the clearing rate cannot exceed the delivery rate. The value of liver clearance is 

therefore more meaningful when compared to its blood fl ow as expressed by the 

extraction ratio E = CLh/Qh, where CLh is hepatic clearance and Qh is hepatic blood 

fl ow. Typically, the liver is the major organ for elimination. Liver has a relatively 
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high blood fl ow. Compounds can be arbitrarily categorized as low, moderate, and 

high clearance using the CL/Qh less than 0.3, between 0.3 and 0.7, and greater than 

0.7, respectively. Comparing systemic CL with hepatic blood fl ow in each species is 

very informative when one needs to compare CL across species in terms of elimi-

nation effi ciency. Table 3.1 compares different clearance values in rat, monkey, 

dog, and human using the CL/Qh value. For example, a CL of 50 mL/min/kg in rat 

equates to 26 mL/min/kg in monkey, 19 mL/min/kg in dog, and 13 mL/min/kg in 

human, in terms of elimination effi ciency.

In vivo systemic CL is usually estimated by the AUC obtained after intrave-

nously (IV) dosing a compound using Equation 3.4 with F assumed to be unity 

(i.e., 100% bioavailability). The three frequently ignored factors that cause errors 

for CL estimation in a drug discovery environment are low solubility, compound 

instability in plasma, and blood cell partitioning. Many drug discovery compounds 

have very low solubility, and can precipitate in the dosing vial or the circulation in 

small animals, causing an overestimation of both CL and central volume of distribu-

tion. Using lower dosing concentration or slower IV infusion rates can prevent such 

errors. Signifi cant partitioning into blood cells can cause an apparent high CL for a 

compound when using plasma concentrations for calculations. Blood CL (CLb) value 

should be adjusted for compounds with signifi cant blood cell penetration using this 

equation:
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where

CLp is compound clearance in plasma

Cp and Cb are compound concentration in plasma and whole blood, respectively

TABLE 3.1
Liver Blood Flow and Liver Blood Flow 
Normalized Clearance in Common Species

CL/Qh

CL (mL/min/kg)

Rat Monkey Dog Human

1.0 84 44 31 21

0.9 76 40 28 19

0.8 67 35 25 17

0.7 59 31 22 15

0.6 50 26 19 13

0.5 42 22 16 11

0.4 34 18 12 8

0.3 25 13 9 6

0.2 17 9 6 4

0.1 8 4 3 2



PK Principles and PK/PD Applications 65

Some early PK studies in drug discovery are carried out without a full  understanding 

of the stability in plasma. Poor plasma stability can cause an overestimation of sys-

temic CL. Measures for stabilizing labile compounds need to be taken to obtain an 

accurate CL when a compound proceeds to a lead stage.

Renal CL (CLr) can be easily estimated by comparing the amount of compound 

excreted in urine to plasma AUC using the following equation:
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The total amount excreted in urine up to time t (Aex,t) can be estimated by measur-

ing the total volume of urine and the compound concentration in urine, while the 

entire excreted amount (Aex,∞) can be estimated using a similar method with the 

 confi rmation that no more compound can be detected in the last portion of urine 

 collection. Early PK studies usually do not collect urine that requires use of meta-

bolic cages. Renal CL usually is estimated when a compound proceeds to a lead 

stage. In a routine metabolite identifi cation or mass balance study, urine is collected 

and can be used for renal CL estimation.

The estimation of in vivo hepatic CL requires cannulation of the portal vein. By 

comparing AUC of portal vein dosing and systemic dosing, CLh can be estimated 

with the following equations:
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and

 h h hCL (1 )F Q= − ⋅  (3.10)

where
sys
pvAUC  and sys

ivAUC  are AUCs of systemic sampling from portal vein dosing and 

systemic IV dosing, respectively

Qh is the standard liver blood fl ow listed in Table 3.2

Hepatic clearance can also be estimated from in vitro intrinsic metabolic CL 

obtained by incubation of a compound with hepatocytes or liver microsomes. This 

method requires fewer resources than the in vivo approach and is more suitable 

for screening a large number of compounds; however, there are documented cases 

when in vitro clearance does not accurately predict in vivo. Intrinsic metabolic CL 

(CLint) is a parameter that only refl ects the intrinsic ability of liver to metabolize 
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drug molecules without any limitation. However, there are biological factors that can 

limit the  accessibility of drug molecules to these enzymes, such as protein binding 

and liver blood fl ow. There are several models that incorporate these limitations for 

extrapolating in vitro intrinsic CL to in vivo hepatic CL. The following well-stirred 

model is the most popular:
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where

SF is a scaling factor for converting the unit of CLint from μL/mL/million cells 

(hepatocytes) or μL/mL/mg (microsomes) to mL/min/kg (body weight)

fu,blood and fu,incubation are free fraction in blood and free fraction in incubation, 

respectively

Qh is liver blood fl ow

The scaling factors and liver blood fl ow rates of the common species are listed in 

Table 3.2. By comparing renal CL and hepatic CL to total systemic CL, the major 

route of elimination usually can be identifi ed.

The following relationship can be easily obtained by rearranging Equation 3.4

 
=AUC
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Thus dose-normalized AUC refl ects overall exposure effi ciency, and it actually 

equals the delivery effi ciency (F) divided by the elimination effi ciency CL as 

TABLE 3.2
Scaling Factors and Liver Blood Flow for Estimating In Vivo Hepatic 
Clearance from In Vitro Intrinsic CL

Rat Monkey Dog Man

Body weight (kg) 0.25 5 10 70

Liver weight (g/kg bodyweight) 40 18 27 24

Microsomal yield (mg/g liver) 45 45 45 32

Microsomal yield (mg/kg BW) 1800 810 121 768

Scaling factor: μL/min/mg protein to mL/min/kg 1.8 0.81 1.21 0.77

Hepatocellularity (10E6 cells/g liver) 128 99 188 99

Hepatocellularity (10E6 cells/kg BW) 5120 1782 5076 2376

Scaling factor: μL/min/10E6 cells to mL/min/kg 5.1 1.8 5.1 2.4

Hepatic blood fl ow (mL/min/kg) 84 44 31 21
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shown in Figure 3.2. Therefore, dose-normalized AUC refl ects the combined effects 

of  bioavailability and clearance and can be used for screening or ranking overall 

exposure effi ciency of drug discovery compounds, which will be discussed later. 

Comparing dose-normalized AUC is comparing the exposure effi ciency. During ris-

ing dose studies, in addition to comparing the increase of absolute AUC values at 

increasing doses, a comparison of dose-normalized AUC provides valuable infor-

mation on the changes of exposure effi ciency at increased dose levels. When the 

exposure effi ciency remains the same at different dose levels, it is called linear PK 

or dose-proportional PK. Figure 3.3 shows how to use dose-normalized AUC to 

evaluate the PK linearity or dose proportionality or the exposure effi ciency. The 

mechanistic cause for changes in exposure effi ciency with increasing dose is mostly 

due to the saturation of an absorption or elimination mechanism, such as saturated 

solubility/dissolution or saturation of transporters, protein binding or enzymes. For 

example, the possible mechanisms for decreased exposure effi ciency with increas-

ing doses could be reduced absorption due to saturated concentration at higher dose 

and/or increased CL due to increased free fraction as a result of saturation of plasma 

protein binding [4]. Similarly, the possible causes for increased exposure effi ciency 
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FIGURE 3.2 Illustration of exposure effi ciency (AUC/dose) controlled by F and CL. 

(From Kwon, Y., Handbook of Essential Pharmacokinetics, Pharmacodynamics and Drug 
Metabolism for Industrial Scientists, Kluwer Academic/Plenum Publishers, New York, 2001. 

With permission.)
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could be enhanced absorption from saturation of effl ux in gut and/or decreased CL 

resulting from saturation of metabolic enzymes [4]. There are also other mechanisms 

for nonlinear PK. The autoinduction of metabolic enzymes is a common cause for 

increased CL after multiple dosing.

Oral clearance is a common term used in the pharmaceutical industry to describe 

the apparent CL of an orally dosed compound, expressed as CL/F = Dose/AUC. 

Oral clearance is the reciprocal of dose-normalized AUC. Oral clearance refl ects the 

overall exposure effi ciency, without differentiating the effi ciency of compound deliv-

ery or elimination, while IV clearance only refl ects the exposure effi ciency caused 

by elimination. Oral clearance is equal or higher than IV clearance. When bioavail-

ability is high, oral clearance is very close to IV clearance. If the bioavailability is 

low, either due to low absorption or high fi rst-pass effect, oral clearance can be much 

higher than IV clearance. High oral clearance indicates very low exposure effi ciency. 

When absorption is complete (Fa% = 100), oral CL is actually the intrinsic hepatic 

clearance for a compound when hepatic metabolism is the major elimination route. 

Neither oral clearance nor intrinsic CL is limited by the blood fl ow.

3.2.3 BIOAVAILABILITY

Bioavailability is defi ned as the percentage of administered dose that reaches the 

systemic circulation unchanged. It measures the delivery effi ciency of a compound 

into the circulation. Total bioavailability is an important PK parameter for an orally 

dosed drug. Compounds with low bioavailability not only require higher doses but 

also generate more variable exposures. Total bioavailability (F) is estimated by 

comparing dose-normalized AUC from a non-IV route to that from an IV route. 

When oral bioavailability is too low, the cause needs to be investigated, in order 

to synthesize new analogs that address the issue. Therefore understanding the fac-

tors that contribute to oral bioavailability and methods for evaluating these factors 

would be helpful. Oral bioavailability can be dissected into three major compo-

nents: fraction absorbed (Fa), gut bioavailability (Fgut), and hepatic bioavailability 

(Fh). Each component relates to different properties of a compound as shown in 

Figure 3.4.

Fa is the fraction of dose absorbed into enterocytes from the intestinal lumen after 

oral administration. The two major processes involved are (1) the dissolution of solid 

particles into gastrointestinal (GI) fl uid and (2) the permeation of molecules across 

intestinal membranes.

The solid form of a compound must disintegrate and dissolve in the GI fl uid before 

absorption can occur. In general, disintegration occurs much faster than dissolution. 

Compounds with high lipophilicity and/or crystallinity can have slow dissolution 

that can be the rate-limiting process during absorption. The reduction of particle size 

or other formulation strategies are effective approaches to improve the absorption for 

such compounds. On the other hand, interstudy variability in exposure and effi cacy 

can be very large when formulation and particle size are not very well controlled, 

especially in early drug discovery.

After molecules dissolve into GI fl uids, they need to permeate through intestinal 

membrane to reach the systemic circulation. There are several potential pathways for 
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intestinal permeation: (1) transcellular passive diffusion through the epithelial cells 

for unionized molecules; (2) paracellular diffusion through the tight conjunctions 

for very small hydrophilic molecules (molecular mass <350 Da); and (3) transporter-

mediated uptake [5]. Due to comparatively large capacity, passive transcellular diffu-

sion is the major pathway for most small molecules (molecular mass <500–700 Da). 

Only the unionized molecules within the right range of lipophilicity can partition 

into the intestinal membrane to complete the passive permeation process. For highly 

water-soluble compounds, permeation can be a rate-limiting step for overall absorp-

tion. If there are no uptake transporters to facilitate the absorption, and the molecular 

size is too big to pass through the tight conjunctions, the absorption of this class of 

compounds is very poor. In vitro passive permeability can be assessed using Caco-2 

cells or a parallel artifi cial membrane permeability assay (PAMPA) system. Studies 

have established the correlation between Fa with Caco-2 permeability [6] as well as 

PAMPA permeability [7] with effective permeability (Peff) measured using human 

small intestine. Due to the reported interlaboratory differences between in vitro per-

meability and in vivo Fa, each laboratory needs to “calibrate” with compounds of 

known Fa [8].

Absorption is dependent on both dissolution and permeability; therefore it depends 

on pKa and lipophilicity. In general log D7.4 within the range of −0.5 to 2 is consid-

ered to be optimal for oral absorption [9].

The fraction absorbed (Fa) can be evaluated by direct and indirect methods. Direct 

estimation requires radiolabeled compounds.

IV/PO studies of radiolabeled compounds: Fa can be estimated by comparing dose-

normalized AUC of radioactivity after IV and oral dosing of a radiolabeled com-

pound with the following equation assuming linear PK:
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FIGURE 3.4 Schematic illustration of the role of fraction absorbed (Fa), gut bioavailability 

(Fgut), and liver bioavailability (Fh) in total oral bioavailability (F).
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where

AUCradioactivity,PO and AUCradioactivity,IV are AUCs of radioactivity after oral and IV 

administration of a radioactive compound, respectively

Doseradioactivity,PO and Doseradioactivity,IV are radioactive doses for oral and IV admin-

istration, respectively.

Mass balance: Fa can also be estimated by measuring total radioactivity in urine and 

bile after an oral dose. This requires the use of surgically prepared bile duct can-

nulated animals.

Indirect method: Fa can be estimated indirectly from IV/PO PK of cold compounds 

with the following assumptions: (1) liver is the major organ for elimination, (2) linear 

PK, (3) plasma concentration is the same as blood concentration, and (4) there is no 

gut fi rst-pass loss.
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where F is obtained by the comparison of dose-normalized AUC after IV and oral 

dosing, and CL is the systemic CL. Mathematically, this method is overly sensitive to 

variability under the following two conditions: (1) when Fh is very close to F, one can 

get Fa >>1 (from a practical point of view, we can ignore this sensitivity issue since it 

can be concluded that Fa is high) and (2) when CL/Qh is close to 1, the denominator 

of this equation can be very small. This equation can generate a wide range of Fa 

with a small change in CL/Qh at this condition. Caution should be taken to estimate 

Fa when CL/Qh is high [10].

The fi rst-pass effect refers to presystemic elimination by the gut or liver. After 

being absorbed into enterocytes, compounds can be metabolized by gut and liver 

metabolic enzymes or effl uxed by transporters before they reach the systemic 

circulation.

Fgut is the fraction of drug absorbed into the enterocytes that escapes presystemic 

intestinal elimination. It is the fraction delivered into the portal vein after gut fi rst 

pass. Compounds with signifi cant gut fi rst pass tend to have high exposure variabil-

ity since the enzymes or transporters responsible for the fi rst pass could be induced, 

inhibited, or saturated at different extent among individuals [11]. Therefore, this 

undesired property should be screened out in the lead optimization stage.

It is diffi cult to estimate Fgut in animals, since it requires diffi cult surgery and 

portal vein sampling [12]. Without a special port into the portal vein, Fgut can be 

estimated from IV/PO PK studies with radiolabeled compounds, with an assumption 

that liver is the major organ for elimination:
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where

F is obtained by comparing the dose-normalized AUC of compound after IV and 

oral dosing

Fa is obtained by comparing the dose-normalized AUC of radioactivity after IV 

and oral dosing

CL is the systemic CL obtained after IV dosing

Qh is the liver blood fl ow

Like the indirect method for Fa estimation, this method is also sensitive to experi-

mental variability when CL/Qh is close to 1.

CYP3A is currently believed to be the major enzyme in humans responsible for 

gut fi rst pass. The prediction of Fgut in humans at the preclinical stage remains one 

of the most challenging tasks due to the heterogeneous distribution of intestinal 

enzymes and transporters in the whole length of small intestine and the possible 

interplay of CYP3A with effl ux transporters [13]. Various models have been pro-

posed to quantitatively estimate Fgut in humans [11], however, no method is currently 

well accepted. Extrapolation of Fgut of CYP3A substrates from preclinical species to 

humans requires careful consideration, since the gut fi rst pass of CYP3A substrates 

in dog can be negligible [14], while in monkeys it can be higher than that in humans 

[15,16]. There are examples where monkey tends to show lower total bioavailability 

than humans for substrates of CYP3A as well as other CYPs [17]. Qualitatively the 

following two approaches can provide some gut bioavailability estimation in humans 

due to metabolism via intestinal CYP3A:

 1. CYP3A contribution and activity. It was shown that major CYP enzymes 

in the human small intestine is CYP3A (80%) and CYP2C9 (15%), and 

CYP3A content in the small intestine is less than 1% of liver [18]. Intestinal 

CYP3A is the same isoform as the hepatic CYP3A since they have the 

same cDNA [19]. Therefore the metabolism extent in gut due to CYP3A 

should be refl ected by its turnover rate in human liver microsomes. Based 

on a retrospective approach, it was suggested that for a compound to show 

signifi cant gut fi rst pass, it has to be both a major CYP3A substrate (>80% 

is metabolized through CYP3A) and have a hepatic intrinsic CL value 

exceeding 100 mL/min/kg [20].

 2. Grapefruit juice effect. Oral grapefruit juice is a specifi c inhibitor of intes-

tinal CYP3A, without affecting hepatic CYP3A [21]. Therefore, AUC and 

Cmax changes after taking grapefruit juice can be used as an index that 

refl ects the extent of gut fi rst pass [11].

A quantitative estimation of Fgut for CYP3A substrates in human was established 

recently with the consideration of the interplay of CYP3A and effl ux transporters 

[22]. Through the simulation, it was suggested that of P-glycoprotein effl ux increased 

the level of CYP3A metabolism by up to 12-fold in the distal intestine. The model 

also suggested that Fgut is highly sensitive to changes in intrinsic metabolic clearance 

but less sensitive to changes in intestinal permeability.
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Hepatic bioavailbility (Fh) is the fraction of absorbed drug entering the liver that 

escapes presystemic hepatic elimination. Compounds with high hepatic fi rst pass 

also tend to show high variability in exposure.

Compared to gut fi rst pass, liver fi rst pass is easier to estimate using CLint mea-

sured in vitro, due to the homogenous physiology of the liver. Fh can be estimated 

with CLint obtained by in vitro system with this equation:
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where

SF and Qh is the scaling factor and liver blood fl ow listed in Table 3.2

fu,blood and fu,incubation is the free fraction in blood and incubation, respectively.

In vivo Fh can be estimated from IV PK studies with an assumption that liver is 

the major elimination organ:
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As discussed previously, the estimation is sensitive to experiment variability when 

CL approaches the Qh value.

With portal vein dosing, in vivo Fh can be determined using Equation 3.9 by com-

paring dose-normalized AUC after portal vein dosing and systemic IV dosing. Liver 

metabolism plays an important role not only in systemic drug elimination but also in 

bioavailability. Assuming that liver metabolism is the major route of elimination, the 

following relationship of AUC and CL can be established:
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As refl ected in the above equation, increasing liver metabolism not only reduces the 

delivery effi ciency by reducing the bioavailability due to fi rst-pass metabolism but 

also increases elimination effi ciency by increasing CL. This is the “double” impact 

of liver metabolism on overall exposure. For compounds with kidney as the major 

elimination organ, high CL only impacts the elimination effi ciency and does not 

affect delivery effi ciency, since the kidney is not a fi rst-pass organ.

As discussed above, dose-normalized AUC refl ects the exposure effi ciency con-

tributed by CL and F. F is an important parameter for orally administered compounds 

and is more tangible than an oral AUC value. It is generally accepted that F ≥ 20% 
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is desired for orally administered drugs to minimize interindividual variability and 

to avoid large clinical doses. Oral AUC can be a valuable screening parameter that 

fi lters out compounds with F < 20%. A retrospective study was performed in order 

to address how frequently a high oral AUC correlates with good bioavailability, what 

is the maximum F for a given AUC, and what is an acceptable oral AUC threshold 

for 10 mg/kg screening dose in rats [23]. In this study, the relationship of AUC and 

F was analyzed with 100 compounds as well as with simulations for a variety of 

scenarios. It was demonstrated that the maximum F for a given AUC or minimum 

AUC for a given F occurs when absorption is complete. Based on the empirical and 

theoretical relationships described above, a lower limit for acceptable rat oral AUC 

(500 ng h/mL) was proposed since this is the lowest possible AUC for a drug dosed 

at 10 mg/kg with 20% oral bioavailability. Analogously, the lowest possible AUC 

for a drug with 50% oral bioavailability can be estimated at 2000 ng h/mL which 

then defi nes a “moderate” AUC range between 500 and 2000 ng h/mL; AUC values 

higher than 2000 ng h/mL are thus considered “high.” With a database of about 5000 

compounds, it was shown that more than half (54%) of screening compounds had 

low AUC values (<500 ng h/mL), 25% had moderate AUC (500–2000 ng h/mL), and 

21% had high AUC (>2000 ng h/mL). Therefore, this high-throughput rat oral PK 

screen is a very effective primary fi lter such that the majority of compounds can be 

removed from further consideration with a single experiment requiring less than 

16 mg of drug.

Similar concepts can be applied to oral monkey or oral dog screening. Table 3.3 

shows the threshold values of 20% and 50% F for rat, monkey, and dog at the oral 

screening dose of 10 mg/kg, respectively.

It should be noted that this approach can give a false positive prediction for com-

pounds with low Fa but high Fh, such as acidic compounds. Acidic compounds can 

have high plasma AUC due their extremely high binding to plasma albumin, even 

with a very small percentage of the dose entering the circulation. In addition, the 

extensive plasma protein binding and ionization at physiological pH limits distribu-

tion of acids into other tissues. Typically, acids tend to have very low CL, such that 

high AUC values can be observed even with low oral bioavailability. Such false posi-

tive compounds can be identifi ed and fi ltered out with a full IV/PO study.

TABLE 3.3
AUC Threshold Values for F ≥ 20% 
and F ≥ 50% at an Oral Dose of 
10 mg/kg in Rat, Monkey, 
and Dog

AUC ng/mL h

Rat Monkey Dog

F ≥ 20% ≥500 ≥1000 ≥1350

F ≥ 50% ≥2000 ≥3800 ≥5400
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3.2.4 VOLUME OF DISTRIBUTION

The distribution into different tissues is a kinetic process governed by the organ 

blood fl ows, binding to tissues and plasma proteins, regional pH gradients, and per-

meability of cell membranes. The extent of distribution depends on how extensively 

a compound can go into tissues and how tightly it is bound to by tissues, as shown 

by the following equation:

 

= + ⋅ u,p
dss p t

u,t

f
V V V

f
 

(3.19)

where

Vp and Vt are physiological volumes of plasma and tissues, respectively

fu,p and fu,t are fraction unbound in plasma and tissues, respectively

The compound-related factors that contribute to the extent of distribution are the mac-

romolecule binding in plasma and tissue, lipophilicity, and ionization state. The basic 

principles are (1) only unbound compound (ionized or unionized) can distribute from 

capillaries to interstitial fl uid; (2) only unionized unbound compound with proper 

lipophilicity can permeate through cell membranes (transcellular passive diffusion) 

and enter cells; and (3) some ionized free compounds might distribute through tight 

junctions between cells or by absorptive transporters or receptor-mediated endocy-

tosis. Different degrees of hydrophobic and electrostatic binding to macromolecules 

in plasma and tissues account for the distribution differences among neutrals, acids, 

and bases. Log D governs the hydrophobic interaction between compounds and mac-

romolecules, and its impact on plasma protein binding and tissue macromolecules 

binding are similar. In other words, changes in log D will change the hydrophobic 

interaction of a compound to protein in plasma and to macromolecules in tissue in 

the same direction with a similar extent ( fu,p/fu,t ≈ 1). Log P is the only factor that 

determines the distribution for neutral compounds, thus their volume of distribution 

is typically around 0.4–1 L/kg [4]. In addition to the hydrophobic binding, the elec-

trostatic binding plays an important role for the distribution of acids and bases. As 

shown in Figure 3.5, the distribution equilibrium of bases is driven toward tissues 

( fu,p/fu,t >>1) due to higher binding affi nity of the positively charged basic groups to 

the negatively charged phospholipids in the tissue. Therefore, basic compounds tend 

to have higher volume of distribution. On the other hand, acids are limited to extra-

cellular space ( fu,p/fu,t << 1) due to the following factors: (1) negatively charged acids 

have low affi nity for negatively charged tissue phospholipids, which are the major 

macromolecules in tissues and (2) negatively charged acidic groups have higher 

affi nity for the positively charged lysine groups in plasma albumin, which retain 

the acidic compounds in plasma. Most acids have volume of distribution less than 

0.4 L/kg, close to extracellular volume [4].

The volume of distribution is a proportionality factor that relates the amount of 

drug inside the body to the concentration in plasma. Compounds that are highly 

 tissue-bound (e.g., lipophilic bases) tend to have a small percentage of the dose 

remaining in the circulation. Thus, plasma concentration is low and volume of 
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distribution is high. Compounds that distribute poorly into tissues tend to have high 

plasma concentrations and low volume of distribution. Volume of distribution is an 

apparent volume or an imaginary space, not a physical volume. However, by com-

paring this apparent volume with the physical volume of plasma, extravascular fl uid, 

and interstitial fl uid, the extent of extravascular distribution can be assessed. Volume 

of distribution that is lower than total body water (0.6 L/kg) is considered as low and 

limited distribution; volume of distribution in the range of 0.6–2 L/kg is considered 

as moderate distribution; and volume of distribution greater than 2 L/kg is consid-

ered as high distribution [4]. In general, the larger the volume of distribution, the 

longer time it takes to eliminate the compound, since the drug is sequestered from 

the rapidly perfused elimination organs (liver and kidney).

There are several terms of volume distribution, central volume of distribution 

(Vc or V1), peripheral tissue volume of distribution (V2), volume of distribution 

at steady state (Vdss), and volume of distribution of beta phase (Vβ). Central vol-

ume of distribution corresponds to the rapidly equilibrating space consisting of 

blood and highly perfused tissues, such as liver, spleen, and kidney. Peripheral 

1

Total body water (0.6 L/kg)

Extravascular volume (0.56 L/kg)
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volume (0.04 L/kg) 

Interstitial volume
(0.21 L/kg)

Intracellular volume
(0.35 L/kg)

pH = 7.4 pH = 7.4
pH = 7.2
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(pKa 8.4)

(91%)

(91%) (86%) 2

3

(94%)

(6%)(9%)

(9%) (14%)

Acid
(pKa 6.4)

Unbound molecule
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Plasma protein

Tissue protein

Neutral lipids

Acidic
phospholipids

FIGURE 3.5 Schematic diagram of compound distribution and volume values for physi-

ological spaces. Only unbound molecules can leave vascular space. Only unionized and 

unbound molecules can partition into cell membrane. The interaction of unbound molecules 

with intracellular macromolecules (protein, neutral lipids, and acidic lipids) is dependent on 

its lipophilicity and ionization states. ➊ The positively charged basic groups have high affi n-

ity to negatively charged phospholipids due to charge attraction. ➋ Negatively charged acidic 

groups have low affi nity to the negatively charged phospholipids due to charge repulsion. 

➌ Negatively charged acidic groups have high affi nity to the positively charged lysine groups 

in albumin.



76 Using Mass Spectrometry for Drug Metabolism Studies

tissue volume of distribution corresponds to the more slowly equilibrating space 

that is not highly perfused, such as fat tissue and bone. Vdss equals the sum of V1 

and V2. For a compound that only distributes in the central volume, its plasma 

concentration versus time profi le after IV bolus administration on a semilog plot 

contains only one phase and declines monoexponentially. For such compounds, 

Vc = Vdss = Vβ. For example, the volume of distribution for most acidic compounds 

can be described by the central volume of distribution. For a compound that takes 

time to distribute into different types of tissues, its plasma concentration versus 

time profi le after IV bolus administration on a semilog plot contains more than 

one phase. This type of distribution is described by a simplifi ed two-compartment 

model representing the whole body as shown in Figure 3.6. After IV bolus admin-

istration, the compound quickly distributes into the central volume, Vc. The mag-

nitude of Vc can be estimated by the ratio of the dose amount to the concentration 

at zero time (C0), and C0 can be estimated by extrapolation of the initial concen-

tration values back to time zero. The highest C0 is limited by the plasma volume, 

which is around 0.05 mL/kg [24]. When a compound takes time to fully distribute 

into peripheral tissues, the volume of distribution increases with time. When this 

distribution reaches equilibrium at a certain time point called tss, the average com-

pound concentration in tissues and extracellular fl uids is the highest. The volume 

of distribution at this time point is called the volume of distribution at steady state 

(Vdss). After the time of distributional steady state, volume of distribution contin-

ues to increase to a stage of pseudodistribution equilibrium, where the amount of 

a compound between the plasma (central compartment) and the tissue (peripheral 

compartment) remains constant. The volume of distribution at and after this time 

point is called Vβ. Vβ is infl uenced by the relative rates of distribution and elimi-

nation, and therefore, it is not a pure distribution term. Vc (V1) and Vdss are more 

frequently used in drug discovery to refl ect instant and steady-state distribution, 

respectively. For this type of distribution, one would observe Vβ > Vdss > Vc. These 

different terms of volume of distribution refl ected the kinetic process of distribu-

tion. The ratio of Vdss-to-Vc is also an indicator of distribution pattern. When this 

ratio is around 1, the compound has a consistent distribution, and it sees the body 

as one well-mixed compartment. When the Vdss/Vc is much greater than 1, the 

distribution is different in different tissues, and the compound sees the body as 

multiple compartments. With the same effective t1/2, the multicompartment com-

pounds have higher Cmax/Cmin ratio than that of one-compartment compounds. For 

human PK predictions, multicompartment model provides a more detailed time-

dependent exposure information such as Cmax than the one-compartment model for 

compounds with Vdss/Vc >> 1. In practice, the two-compartment model is suffi cient 

to describe the distribution pattern for a majority of compounds with a once-a-day 

or more frequent dosing regimen.

Actually, it is more meaningful to understand Vdss as a time-averaged parameter 

for distribution, just like CL is a time-averaged parameter for elimination. Thus, 

Vdss can be used to compare the overall extent of volume of distribution of different 

compounds, despite their differences in the pattern of distribution.

There are three common approaches to determining the volume of distribution 

as follows:
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FIGURE 3.6 Compartmental analysis for different terms of volume of distribution. (Adapted 

from Kwon, Y., Handbook of Essential Pharmacokinetics, Pharmacodynamics and Drug 
Metabolism for Industrial Scientists, Kluwer Academic/Plenum Publishers, New York, 2001. 

With permission.) (a) Schematic diagram of two-compartment model for compound disposi-

tion. Compound is administrated and eliminated from central compartment (compartment 1) 

and distributes between central compartment and peripheral compartment (compartment 2). 

V1 and V2 are the apparent volumes of the central and peripheral compartments, respectively. 

k10 is the elimination rate constant, and k12 and k21 are the intercompartmental distribution 

rate constants. (b) Concentration versus time profi les of plasma (—) and peripheral tissue 

(---) for two-compartmental disposition after IV bolus injection. C0 is the extrapolated con-

centration at time zero, used for estimation of V1. The time of distributional equilibrium is 

tss. Vdss is a volume distribution value at tss only. Vβ is the volume of distribution value at and 

after postdistribution equilibrium, which is infl uenced by relative rates of distribution and 

elimination. (c) Time-dependent volume of distribution for the corresponding two-compart-

mental disposition. V1 is the starting distribution space and has the smallest value. Volume 

of distribution increases to Vdss at tss. Volume of distribution further increases with time to Vβ 

at and after postdistribution equilibrium. Vβ is infl uenced by relative rates of distribution and 

elimination and is not a pure term for volume of distribution.
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 1. In vivo IV plasma concentration profi le

  Due to the kinetic feature of distribution, Vc, Vdss, and Vβ can only be deter-

mined with plasma concentration profi le obtained after an IV administration. 

The equations for calculating different terms of volume of distribution are

 

= iv
c

p(0)

Dose
V

C
 

(3.20)

  where Cp(0) is plasma concentration at zero time, which can be back-

 extrapolated using the initial concentrations after IV bolus injection 

(Figure 3.6).
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  where AUMC is the area under the fi rst moment curve (plasma concentra-

tion × time versus time curve) and the ratio of AUMC-to-AUC is the MRT.

 
β =

β
CL

V
 

(3.22)

  where β is the slope of the terminal phase of the plasma concentration profi le.

 2. In vitro physiological approach

  Volume of distribution at steady state (Vdss) can also be predicted with in 
vitro measured compound affi nity to different tissues. This affi nity is quan-

titated by tissue to plasma partition coeffi cients (Kp or Kpu) obtained by in 
vitro incubation of different tissue homogenates with compound of interest 

[25,26]. Coupled with the known physiological information in preclinical 

and clinical species, such as lipid, protein, and water content in each tis-

sue, this mechanistic approach should provide good prediction in humans. 

However, this approach is very labor intensive; therefore it is not typically 

used in most drug discovery applications.

 3. In silico approach

  Extensive research has established the relationship between the extent of 

distribution of compounds and their physicochemical properties. With this 

information, Vdss can be quite successfully predicted using in silico models 

[27–30]. In silico prediction of distribution is based on physicochemical 

properties that relates to passive transmembrane diffusion and tissue bind-

ing, and it only predicts Vdss. The other factors that contribute to distribu-

tion, such as transporter-mediated distribution, were not taken into account. 

These algorithms are based on the assumption that all compounds will dis-

solve in intra- and extracellular tissue water, and the unionized portion will 

partition into the neutral lipids and neutral phospholipids located within 

tissue cells. For compounds categorized as a strong base (at least one basic 

group (pKa >7), an additional mechanism of electrostatic interaction with tis-

sue acidic phospholipids is incorporated. Acids and weak bases are assumed 
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to bind primarily with albumin in plasma, while neutral compounds bind 

to lipoproteins [30]. The input values for these algorithms are log P/D, and 

plasma protein binding, which can be predicted from chemical structures 

or measured from experiments. Recently, a pure in silico prediction using 

31 computed descriptors from the chemical structure provided a good pre-

diction for Vdss [31]. Software such as ADMET predictor in GastroPlus also 

provides good predictions for Vdss.

In summary, the extent of passive distribution depends on macromolecule bind-

ing in plasma and tissue, lipophilicity, and pKa. The extent of distribution can be 

evaluated by comparing the apparent volume to the physical volume of body water. 

Distribution is a kinetic process as refl ected by the different terms of volume of dis-

tribution Vc, Vdss, and Vβ and their ratios. Vdss is a time-averaged parameter that should 

be used to compare the extent of distribution among lead optimization candidates. It 

takes a longer time for a compound with large Vdss to be cleared from the body.

3.2.5 MEAN RESIDENCE TIME AND DIFFERENT TERMS FOR HALF-LIFE

MRT is the average time that molecules of a drug reside in the body after drug 

administration. It is defi ned as the time needed for the initial dose to decrease to 

1/e (36.8%) of the starting value, where e is the base of the natural logarithm, with 

a value of 2.718. When MRT is obtained by IV bolus injection (MRTiv), it is a pure 

intrinsic dispositional property that refl ects the loss of the compound from the body. 

Half-life (t1/2) is the time needed for 50% reduction in concentration or amount. Both 

parameters characterize the elimination rate of compounds; however, MRTiv is not 

dependent on the distributional pattern and is a time-averaged parameter that applies 

throughout the entire concentration versus time profi le. Half-life, on the other hand, 

typically describes the rate of decline for a particular phase of the concentration 

versus time profi le (e.g., the apparent terminal elimination phase). For a compound 

with one-compartment distribution character:

 iv 1/2 1/2 ivMRT  = 1.44  or  = 0.693MRTt t  (3.23)

However, the relationship between MRTiv and t1/2 becomes more complicated for 

multicompartment compounds.

Like different terms for volume of distribution, different terms of half-life are used 

to refl ect different distributional or elimination phases. If a compound shows multi-

compartmental distribution, it has a different t1/2 in each phase. As shown in Figure 

3.7, after IV bolus administration, Compound A achieved an instant distribution with 

an MRTiv of 9 h and t1/2 of 6 h. In contrast, Compound B demonstrated a two-phase 

distribution. The half-life of the earlier α phase (t1/2,α) is 1.3 h and the half-life of the 

latter β phase (t1/2,β) is 13 h. Even though Compound B has a different terminal t1/2 

compared to Compound A, they have the same MRTiv, indicating that the average 

time of these two compounds staying in the body is the same. Noncompartmental 

PK calculations are typically done during drug discovery, and the t1/2 reported is the 

terminal t1/2. Often, this terminal t1/2 represents only a small percentage of the dosed 
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molecules and can be much longer than the MRT; therefore, terminal t1/2 can be mis-

leading since it can correspond to a tiny fraction of the dose that is slowly eliminated. 

MRTiv is proportional to the ratio of Vdss/CL. Compounds with the same Vdss/CL ratio 

have the same MRTiv, despite their differences in extent and pattern of distribution 

and clearance. Whether a compound fi ts a one-compartment or a multicompartment 

model, MRTiv is a general term representing the average time that molecules reside 

in the body. Due to the familiarity of t1/2 (as opposed to MRTiv) to most people, and a 

demand for an elimination half-life that represents the major fraction of the dose, an 

“effective t1/2” that equals to 0.693*MRTiv was introduced [3] as the general term to 

represent the average elimination rate. This parameter provides a way for comparing 

effective t1/2 for compounds with different distributional features and works well for 

compounds where the terminal phase only refl ects a small fraction of the dose.

In a drug discovery environment, the elimination rate is used to estimate accu-

mulation after multiple dosing. Many terms of half-lives were introduced with the 

attempt to simplify multicompartment kinetics for the estimation of accumulation. 

A recent article by Sahin and Benet compared and commented on various terms of 

half-life [32]. The accumulation after multiple dosing is not only a function of elimi-

nation rate but also a function of dosing interval for multicompartmental distribution 

compounds. In addition, the accumulation of Cmax is a function of absorption rate 

[32]. Furthermore, the accumulation for Cmax, Cmin, and AUC can be different with 

the same compound and same dosing interval. Therefore, the half-life calculated 

based on accumulation ratios from different exposure parameters and with different 

dosing intervals for the same compound can be different. It is not practical to use 
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PK Principles and PK/PD Applications 81

so many terms of half-life in drug discovery representing accumulation for various 

conditions. Accumulation ratios for Cmax, Cmin, and AUC are best estimated using the 

superposition of the observed plasma profi le from a single dose with selected dosing 

intervals, without the need to use all the confusing terms of half-life.

When elimination rate is faster than the absorption rate, one observes a so called 

fl ip-fl op profi le that is an apparent switch of the slope of absorption and elimination. 

The much slower absorption rate becomes rate limiting and now describes the termi-

nal decay phase. Flip-fl op kinetics can be detected by comparing the plasma concen-

tration profi les obtained by IV and PO route, where the elimination phase after IV 

dosing is more rapid than the one after PO dosing (Figure 3.8). It is very common to 

see fl ip-fl op kinetics when MRTiv < 2 h. The application of fl ip-fl op kinetics is very 

important in the development of sustained-release and controlled-release formula-

tion in pharmaceutical manufacturing. It can be used to overcome a short intrinsic 

MRTiv for a high-effi cacy compound and provide an apparent longer t1/2. However, a 

good absorption in colon should be confi rmed when an apparent t1/2 longer than 6 h is 

desired. Flip-fl op kinetics can also be achieved with a prodrug strategy where forma-

tion of the active drug is rate limiting. This might be a better approach for prolonging 

t1/2 in some cases, since it is does not depend on the physiology of the small intes-

tine or a good colonic absorption. The apparent t1/2 in this case is dependent on the 

formation rate of drug from the prodrug and the volume of distribution of prodrug. 

Slower formation rate and larger volume of distribution of the prodrug will prolong 

the apparent t1/2 of the active drug.

In summary, in our experience, most compounds in drug discovery display mul-

ticompartmental distribution. For these compounds, MRTiv (not the terminal half-

life) should be used for comparing the elimination rate and superposition of plasma 

profi le (not the single term half-life) should be used for estimating the accumulation 

after multiple dosing.

3.3 PK/PD IN DRUG DISCOVERY

Currently, PK/PD studies are an important tool to facilitate the drug discovery 

 process by (1) validating the new target involvement with in vitro to in vivo PK/PD 

correlation [33]; (2) ranking compounds based on both PK and PD properties; 
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(3) understanding the causes for apparent PK/PD disconnects; (4) evaluating the key 

exposure parameters for effi cacy [34], thereby guiding selection of dose and sam-

pling time for PK/TK studies; and (5) forecasting human dose and regimen, which 

can inform a go/no go decision. This section will introduce some basic PD and PK/

PD principles that are important for understanding the value of PK/PD studies.

3.3.1 BASIC CONCEPTS IN PHARMACODYNAMICS

Pharmacodynamics studies the time course of drug effect. It provides information 

such as the onset, intensity, and duration of the drug effect. It is designed to reveal 

the relationship between compound exposure at the effect site and the magnitude of 

pharmacological response. Due to the diffi culties of measuring the drug exposure at 

the effect site, the equilibrated plasma concentrations at steady state are frequently 

used as a surrogate. Plasma concentration could be maintained at steady state with 

constant infusion administration. However, this approach is not widely used in drug 

discovery due to many factors. For effi ciency, most pharmacologic effects are point 

estimates during the screening stage, without knowing the status of PK equilib-

rium or the temporal PD response. Whether this approach is appropriate depends 

on the characteristics of the PD response and distributional characteristics of the 

compound. When a full-time course PK study is combined with PD measurements, 

one can estimate steady-state PD parameters with proper modeling without the need 

to achieve and maintain steady-state plasma concentrations. Full-time course PK/

PD studies are important to fully understand the PK/PD relationship and for pre-

dicting effi cacious plasma concentrations in humans. Understanding the differences 

of pharmacological responses and PD models provides the basis for designing and 

interpreting PK/PD studies.

Pharmacological responses can be described with the following features:

 1. Reversible versus irreversible response

 2. Direct versus indirect response

 3. Continuous versus categorical response

3.3.1.1 Reversible versus Irreversible Response
The effect of a drug on a biological system is usually evaluated by comparing the 

response change relative to the baseline level prior to treatment. If a baseline response 

is restored when drug is discontinued, it is a reversible response; otherwise it is an 

irreversible response. Most drug effects are reversible, such as beta blockers for low-

ering heart rate. Pharmacological effect for some antibiotics and anticancer agents 

are irreversible, due to irreversible binding to the target. For example, the effect of 

taxol is irreversible due to its irreversible binding to microtubules [35]. For irrevers-

ible responses, Cmax is the key exposure parameter that correlates to effi cacy.

3.3.1.2 Direct versus Indirect Response
If an observed pharmacological response is generated immediately after the initial 

interaction with a target, and the intensity of the response is directly correlated with 

the drug concentration at the effect site, it is a direct response. For example, the heart 
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rate reduction by a beta blocker is a direct effect. If an observed pharmacological 

effect is generated after a series of biological events following the initial interaction, 

and with a signifi cant time delay, it is an indirect response. For example, the effect 

of recombinant human erythropoietin on the red blood cell production is an indirect 

response, since the production time and life span of the red blood cells are 4 and 

120 days, respectively. In other words, it will take at least four days to see the initial 

effect. Both direct and indirect responses are reversible responses.

Mechanistically, direct and indirect responses can be differentiated by the turn-

over rate of the involved biological processes. The turnover rates of electrical and 

chemical signals are less than 1 min, turnover rates for most enzymes and mRNAs 

are in the range of 6–12 h, and turnover rates for proteins, cells, and tissues are in the 

range of days to 2–3 weeks [36]. If a response has a turnover rate less than a few min-

utes, it can be considered a direct response; any response with a turnover rate longer 

than several hours can be considered an indirect response. Experimentally, direct 

and indirect responses can be differentiated by comparing the time course of plasma 

concentration and time course of effect or by plotting the concentration and effect 

using the data obtained at various times as shown in Figure 3.9. If it is an indirect 

response, a hysteresis would be observed—that is, the intensity of the effect is lower 

at earlier time points than at the later ones with the same plasma drug concentration 

levels. If it is a direct response, a clear correlation curve between concentration and 

effect would be observed. For direct responses, the response–concentration curve 

established by one time point should be the same as the one established by differ-

ent time points. In other words, direct pharmacological responses only depend on 
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concentration, not on time, and the PK/PD relationship can be built with data from 

one time point at different dose levels.

Not all hysteresis profi les (delayed responses) are due to an indirect response. 

Distributional delay and slow dissociation of drug–target complex are also common 

causes for hysteresis. Distributional delay is common for compounds with targets 

located in the central nervous system due to the blood brain barrier. There are other 

factors that can cause a hysteresis and prosteresis (clockwise hysteresis) curves: sen-

sitization of targets or development of tolerance; formation of active metabolites or 

antagonistic metabolites; and upregulation or downregulation of receptors. For this 

kind of PK/PD situation, using one time point, especially selecting the peak time 

of plasma concentration, can be misleading (see details in the section of PK/PD for 

acute pharmacology models).

3.3.1.3 Direct Emax Model and Target Binding
A direct response is directly connected with the interaction of a biological target. 

Most biological targets are proteins, such as receptors, enzymes, ion channels, and 

transporters. The following uses receptor binding as an example to illustrate the Emax 

model for direct responses derived from the initial target binding.

 

ε⎯⎯→+ ⎯⎯→←⎯⎯
on

off

[C] [R]  [RC]  Effect
k

k  
(3.24)

where

[C] is the drug concentration at receptor site

[R] is the concentration of unbound or inactivated receptor

[RC] is the concentration of bound or activated receptor complex

ε is the proportionality factor between effect and activated receptor complex

The following equation can be derived when the interaction is at equilibrium:

 

⋅=
+

max

d

[C]
[RC]

[C]

R

K  

(3.25)

where

Rmax is the maximum receptor binding

Kd is the dissociation constant of drug–receptor complex (koff/kon)

kon is a second-order formation rate constant with a unit of concentration−1 time−1

koff is a fi rst-order dissociation rate constant, with a unit of time−1

Thus, Kd has a concentration unit. In fact, Kd corresponds to the drug concentration 

that generates 50% of the maximum receptor binding, and it is an EC50 in concept. 

The percentage of receptor occupancy can be obtained by rearranging the above 

equation:

 

=
+max d

[RC] [C]

[C]R K  

(3.26)
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The direct effect (E) generated by the receptor interaction is proportional to the 

 concentration of receptor complex [RC], therefore the above equation can be con-

verted to

 

ε ⋅= =
ε ⋅ +max max d

[RC] [C]

[C]

E

E R K  

(3.27)

The direct Emax model is obtained by rearranging the above equation:

 

⋅ ⋅= =
+ +

max max

d 50

[ ] [ ]

[ ] [ ]

E C E C
E

K C EC C  

(3.28)

where EC50 is the drug concentration that generates 50% of maximum effect. If 

plasma concentration is equilibrated with the concentration at the receptor site, then 

[C] can be replaced by free plasma concentration.

The Emax model refl ects a capacity limited nonlinear relationship between drug 

concentration and drug effect. The maximum drug effect is limited by the amount 

of the biological target, and this is a hallmark feature of quantitative pharmacology 

[36]. The general structure for such capacity-limited response is

 

⋅=
+

Capacity

Sensitivity

x
Y

x  

(3.29)

as seen in the derived receptor-binding equation, Michaelis–Menton equation for 

enzyme kinetics and Hill equation for hemoglobin binding. Two PD parameters in 

the Emax model are Emax and EC50, refl ecting the capacity (maximum effi cacy) and 

sensitivity (potency), respectively.

If the mechanism is antagonism, the following inhibitory Emax model should be 

used:

 

⎛ ⎞= − ⋅ −⎜ ⎟⎝ ⎠+max 0

50

( ) 1
IC

C
E E E

C
 

(3.30)

where

Emax is the effect generated by an agonist or the baseline response

E0 is the maximum inhibitory effect

IC50 is the concentration for 50% inhibition between Emax and E0

The response of antagonists usually is expressed by a relative value, such as percent-

age of baseline. For the cases where E0 = 0, the maximum inhibitory effect is 100% 

and IC50 is the only PD parameter obtained. IC50 is a valuable parameter for compar-

ing the potency for antagonists among compounds and among preclinical species 

and human.
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The most general direct PD model is the following sigmoidal Emax model:

 

γ

γ γ
⋅=
+

max

50EC

E C
E

C  

(3.31)

Compared to the Emax model, this model has a sigmoid coeffi cient γ that refl ects the 

steepness of the response curve as shown in Figure 3.10. When γ is >4, the response 

curve shifts from a gradual response to “all or none” categorical response; and a γ 

less than unity could be an indication of active metabolites and/or multiple receptor 

sites [4].

3.3.2 METHODOLOGY

The methodology of PD modeling can be divided into three categories: empirical, 

semimechanistic, and mechanism based, with the confi dence in prediction ranging 

from low to high. Empirical methodology uses descriptive models that rely on the 

sigmoidal Emax model. It is relatively easy to build. Most acute responses in drug 

discovery can be described by the simple Emax model. However assumptions need 

to be made when extending the results to the downstream PD responses. These 

assumptions should be verifi ed as the drug progresses into drug development. The 

application of an empirical model for prediction should at least be verifi ed by a refer-

ence compound with the same or similar mechanism and known clinical exposure–

response relationship. If data from an animal screening model cannot be fi tted with 

a direct response model, the possible causes and mechanisms need to be explored, 

and semimechanistic methods containing both mechanism and empirical factors 

can be developed. This approach can also be very effective when the key PD factor 
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FIGURE 3.10 γ and steepness of response curve in the sigmoid Emax model.
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is mechanism based while others are empirically assumed or approximated. The 

empirical factors and assumptions can be replaced by mechanistic factors in the 

“learn-confi rm” paradigm along the drug development processes to formulate a 

complete mechanism-based model [37]. Mechanism-based modeling contains spe-

cifi c mathematical expressions to quantify processes on the causal path between 

drug administration and effect. When developed with translational biomarkers these 

models are much better for extrapolation and prediction. There are many processes 

between drug administration and the fi nal pharmacologic effect. The rate-limiting 

step in the following major steps need to be addressed: (1) distribution to target site, 

(2) target binding and activation, (3) PD interactions, (4) transduction, (5) homeo-

static feedback processes, and (6) the effects of the drug on disease progression. 

A thorough translational PK/PD model should include predictions in the following 

stages: (1) from in vitro test system to the in vivo situation, (2) from in vivo animal 

studies to humans, (3) from healthy volunteers to patients, and (4) from intra- to 

interindividual variability in drug effects [38]. Even though this requires a thorough 

and in-depth multidisciplinary approach that usually takes a long time and large 

resources due to many “learn-confi rm” cycles, there is an increasing trend to develop 

mechanism-based models starting from drug discovery to maximize the likelihood 

for a successful proof-of-concept study in patients. A true mechanism-based model 

should have distinctive parameters separating drug-specifi c properties from biologi-

cal or system properties.

3.3.3 VARIETY OF PD MODELS AND PRINCIPLES OF SCALING PD PARAMETERS

The general form of pharmacological responses can be expressed as a function of 

drug-specifi c parameters, drug concentration, and drug-independent biological sys-

tem parameters. Drug-specifi c parameters refl ect target affi nity, such as receptor 

affi nity and intrinsic potency, which can be predicted on the basis of in vitro bioas-

says [38]. System parameters are those rate constants that refl ect the production rate, 

turnover rate, transduction process, homeostatic feedback, or disease progression 

of involved biological targets. Mager et al. provided the details of a variety of PD 

models in their review paper [39]. For a direct response, the PK/PD model is quite 

simple. The effect is simply a hyperbolic Hill function of drug concentration at the 

effect site. If there is no distributional delay, the direct response model can be estab-

lished with single time point PK/PD data. For other responses that involve rate con-

stants of a biological system, such as production rate or turnover rate of the involved 

biological entities, PK/PD models become more complicated. For these models, the 

drug effect is not only a function of drug concentration but also a function of time 

as refl ected by the rate constants of a biological system. Such models can only be 

established with full-time course data at several dose levels.

The basic principles for scaling PD parameters from preclinical species to human 

are (1) EC50 and Emax are weight-independent parameters. However, differences in 

free fraction and intrinsic potency should be considered when extrapolating EC50 

from preclinical species to humans and (2) turnover rate or other system rate con-

stants in PD models should be scaled using the principle of allometry with exponent 

b around −0.25 [36].
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There are many applications of PK/PD studies in drug discovery. The  prediction 

of human dose and regimen are important to make sure that the dose amount is 

developable and the dosing regimen meets the target candidate profi le. In order to 

use preclinical PK/PD studies to predict the human dose and dose regimen, the fol-

lowing two issues need to be addressed: (1) the exposure parameter that correlates 

with effi cacy and (2) the human relevance of the preclinical model.

3.3.4  EVALUATING THE KEY PK EXPOSURE PARAMETER THAT 
CORRELATES WITH EFFICACY

In the absence of interspecies difference in target affi nity or plasma protein bind-

ing, the exposure that drives the effect in preclinical species should be very close 

to the exposure for the same extent of effect in humans [40,41], thus determination 

of the key exposure parameter that drives the effi cacy is critical for the prediction 

of clinical effi cacy. In order to determine which exposure parameter correlates to 

effi cacy, and the relationship between compound half-life and duration of the effect, 

the fi rst thing that needs to be addressed is identifying the rate-limiting step in the 

PK process and the PD process. Similar to the MRT of a compound, the activated 

(or inhibited) biological entity that produces a pharmacological response also has a 

MRT or a turnover rate. There are many kinetic and dynamic steps from the time of 

dosing a drug to the time of the fi nal effect, and the rate-limiting step is the one that 

controls the whole process.

For a direct drug response, where the involved biological process has a very 

short turnover rate in the scale of less than few minutes, the drug concentra-

tion has to be kept at or greater than the effective concentration to maintain the 

duration of desired effect. Drug effect will be lost immediately when the drug 

concentration is lower than this level. For this type of response, the duration of 

effect is controlled by the time above the effective concentration; therefore, com-

pound t1/2 is an important dispositional PK parameter for such responses. For 

example, the decongestion effect of pseudoephedrine is through direct interac-

tion with α-adrenergic receptors in the mucosa of the respiratory tract producing 

vasoconstriction that results in shrinkage of swollen nasal mucous membranes, 

reduction of tissue hyperemia, edema, and nasal congestion, and an increase in 

nasal airway patency. The plasma concentration of pseudoephedrine needs to be 

maintained ≥230 ng/mL for this decongestion effect (internal data). In fact the 

duration of a direct effect is not only a function of compound half-life but also a 

function of dosing interval. For example, if the maximum absorbable dose gener-

ates a plasma concentration profi le where effective concentration occurs in the 

middle of the plasma concentration profi le as shown in Figure 3.11a, the effective 

t1/2 that controls the duration is not the terminal t1/2 of 22 h. With an 8 h dosing 

interval to maintain the plasma concentration profi le above the effective concen-

tration, the calculated effective t1/2 from AUC accumulation ratio is 1 h, same as 

the t1/2 in α phase. Therefore, the half-life for drug effect in this case is t1/2,α. If the 

plasma concentration profi le was not generated at the maximum absorbable dose, 

the dose could be raised to the extent where plasma concentration at 24 h (C24h) is 

equal to the target effective concentration as shown in Figure 3.11b, a once-a-day 
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(QD) dosing regimen could be employed. The effective t1/2 calculated using the 

AUC accumulation ratio from a 24-h dosing interval is 4 h, between the t1/2,α and 

t1/2,β  values, and not the same as the effective t1/2 of 7.5 h calculated from MRTiv. 

Therefore, which t1/2 controls the duration of a direct response depends on many 

factors, such as maximum absorbable dose, the timing of the effective concentra-

tion, and the frequency of dosing.

For other drug responses where the turnover rate of the involved biological pro-

cess is much slower than the elimination rate of the drug, the duration of effect 

is dominated by the turnover rate of the PD response. The onset for such a drug 

response is usually slower and the drug effect lasts longer than expected based on 

the drug concentration. The magnitude of such chronic responses is better correlated 

with daily averaged exposure (AUC or Cave). CL is the important dispositional PK 

parameter in these cases. For example, typically the effect of tumor growth inhibi-

tion (TGI) is correlated with AUC, not trough concentration, due to the relatively 

slow tumor growth rate (see the section of PK/PD for TGI).
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FIGURE 3.11 The relationship of effective t1/2, dosing interval, and duration of effect. 

(a) Effective t1/2 = 1 h for TID and (b) effective t1/2 = 4 h for QD.
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Most drug responses measured in early drug discovery correspond to acute or 

subchronic responses. There are potentially more downstream biological steps or 

cascades to the fi nal drug effect. The PD response observed in acute or subchronic 

studies could be a direct response, while the fi nal clinical response might involve a 

biological process that has slower turnover or homeostatic compensation. Identifying 

the rate-limiting step between drug administration and the fi nal clinical effect is 

very important in determining which exposure parameter correlates with effi cacy 

and should be used in the prediction of human dose and regimen, and which disposi-

tional PK parameter is the key parameter to improve during lead optimization. This 

requires a thorough understanding of the mechanism involved in any downstream 

pathways. If a biological target is a novel one, early PK/PD models can only be 

built with an assumption-rich approach, and these assumptions should be verifi ed or 

changed along the whole development process when more rigorous PK/PD studies 

are designed and performed on the fi nal clinical candidate in the clinic. A thoroughly 

built mechanism-based PK/PD model can be applied for compounds with the same 

target or a new target that involves similar downstream pathways.

In summary, understanding the rate-limiting step in the whole PK and PD process 

is very important for focusing the efforts in optimizing ADME properties and deter-

mining the exposure parameter that correlates to fi nal clinical effect. If the duration 

of the effect is controlled by the PD response, efforts should not be wasted on pro-

longing PK t1/2. In this case, the effi cacy is better correlated with a time-averaged 

exposure parameter (AUC-to-dosing interval ratio), thus CL and F are important 

parameters to focus. Also, the difference between t1/2 in PK and t1/2 in PD should be 

taken into consideration for dose regimen selection. Even when PK t1/2 is the rate-

limiting half-life, the effective PD t1/2 for multicompartment compounds depends not 

only on elimination half-life but also on the dosing interval and timing of the effec-

tive concentration in the plasma concentration profi les.

3.3.5 ESTABLISHING THE TRANSLATABILITY OF PRECLINICAL MODELS

Various approaches can be used to evaluate the translatability of preclinical models. 

However, the translatability is preferably built through biomarkers that can be quan-

tifi ed in preclinical models as well as in the clinic. The development of sitagliptin, 

a dipeptidyl pepetidase-4 (DPP-4) inhibitor, for diabetes control is a good example. 

The inhibition of target DPP-4 was quantitatively linked with glucose tolerance in 

mice and humans through PK/PD studies in preclinical models and in the clinic. It 

was demonstrated that a near maximal glucose-lowering effect after a single oral 

dose was associated with inhibition of plasma DPP-4 activity of 80% or greater, 

corresponding to a plasma sitagliptin concentration of 100 nM or greater in both 

preclinical species [42] and human [43,44]. This relationship can be now used for 

developing compounds with the same mechanism.

When no quantitative biomarker is available, the translatability can be built 

through a reference compound that shares the same or similar mechanism. The 

translatability of a preclinical pain model for pregabalin was established with the 

reference compound—gabapentin [45,46]. The two- to threefold higher potency 

of pregabalin relative to gabapentin was observed in preclinical species with an 
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effect compartment model [47]. This relative potency comparing to the reference 

compound of  gabapentin was then “translated” to the established Emax model of 

gabapentin where plasma AUC is correlated with the pain score. Using a reference 

compound to build the translatability is very important for situations lacking quan-

titative biomarkers.

3.3.6 PK/PD FOR ACUTE PHARMACOLOGY MODELS

Most PD screening models are acute in nature, such as the extent of receptor bind-

ing [48], threshold values for neuropathic pain [49], signal intensity in electroen-

cephalogram (EEG) [48], and concentration change of amyloid beta monomers in 

cerebrospinal fl uid [50]. The concept of receptor occupancy is increasingly applied 

in mechanism-based PK/PD modeling to correlate initial target engagement to the 

effect, and human PET studies can provide occupancy directly in humans, which 

assists in the “learn-confi rm” process. Such a model can also link the in vitro intrin-

sic effi cacy to a direct clinical response [38]. The possible response delay caused by 

distribution delay or slow target dissociation in these acute models are commonly 

ignored in the early drug discovery stage. The measurement of responses at peak 

plasma concentration is often used. Potency established with data from one time 

point might be an overestimation or underestimation, depending on the time of PD 

measurement. Therefore, single time point measurements might provide misleading 

information for ranking and comparing the potency to a reference compound. With 

a full-time course PK/PD study at a higher dose level and proper PK/PD models, 

such as an effect compartment model or/and a receptor-binding kinetics model [48], 

potency (EC50) can be accurately estimated and translated to clinical studies.

The hysteresis observed in these acute effi cacy models can be modeled by 

 invoking a hypothetical effect compartment [51]. The distribution rate constant from 

the central compartment to the effect compartment is termed as keo, and it refl ects 

the rate of equilibration between these two compartments. The magnitude of keo 

also refl ects the distribution delay. A smaller keo indicates a slower equilibration and 

 longer distribution delay. The equilibration half-life (
eo1/2,kt ) is equal to 0.693/keo. The 

effect compartment concentration will be 50%, 75%, 87.5%, 93.75%, and 97% of the 

plasma concentration after 1, 2, 3, 4, and 5 equilibration half-lives, respectively. As 

illustrated in Figure 3.12, if EC50 was evaluated only at a time point prior to equi-

librium with plasma concentration Cp, the EC50 would be higher than the true value, 

since Cp is higher than the concentration in the effect compartment (Ce) before equi-

librium. If EC50 was evaluated at a time point at or after equilibrium, the estimated 

EC50 would be closer or higher than the true EC50 depending on the 
eo1/2,kt . If 

eo1/2,kt  

is smaller than 0.5 h, EC50 estimated with a single time point at or after 2 h is very 

close to the true value. However, when 
eo1/2,kt  is longer, for example at 1.5 h, EC50 

estimated at or after the equilibrium is an underestimation. For this situation, the 

correct EC50 can be estimated with full-time course data, with the effect compart-

ment model that has a rate constant keo that refl ects the distribution delay.

Another model can be used to account for the hysteresis if the initial target 

interaction is the receptor binding, where the response delay is due to the slow dis-

sociation constant (koff) [48]. Both affi nity rate constant (kon) and dissociation rate 
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FIGURE 3.12 Left shift and right shift of response curves caused by distributional delay 

when the response curve was established with plasma concentration at one time point. 

(a) Distributional delay with 
eo1/2,kt  of 0.5 h. (b). Distribution delay with 

eo1/2,kt  of 1.5 h. 

Response curves established at 0.5 h (void circle line) is a right shift, with an overestimation 

of EC50. Response curves established at or after equilibrium is the same as the true curve if 

eo1/2,kt  is 0.5 h or shorter; but a left shift, if 
eo1/2,kt  is longer, such as 1.5 h, with an underestima-

tion of EC50.
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constant (koff) can be estimated from the time course of receptor binding and plasma 

 concentration. EC50 equals koff/kon, and the dissociation half-life for activated recep-

tor equals 0.693/koff. EC50 established at the time before equilibrium would be an 

overestimation. For this model, EC50 estimated at or after the time of equilibrium 

with single time point data is closer to the true EC50.

Both distributional delay and slow dissociation of the drug–target complex are 

compound-dependent properties, not system-dependent properties. One cannot 

extrapolate the observation from one compound to another even if they have the 

same biological target. Without full-time course data, one cannot tell if there is a 

hysteresis and whether this hysteresis could signifi cantly affect the accuracy of esti-

mated EC50 established with point estimates.

As a matter of fact, the target dissociation constant (koff) is an important drug PD 

parameter that contributes to the duration and extent of the effect. The dissociation 

half-life correlates better with the extent of the effect than the dissociation constant 

Kd. For the same target and same ratio of koff/kon (same Kd or EC50), the compound 

with a smaller koff has a higher magnitude of effect [52], and longer duration [53]. 

When the dissociation half-life of activated target is longer than the elimination half-

life of compound, the duration of effect is controlled by the dissociation half-life. 

Therefore, improving koff in lead optimization could be more important than improv-

ing compound half-life. In addition, improving koff could also reduce possible off-

target toxicity, since the residence time of compound in other tissues is shorter than 

that in the target tissue.

3.3.7 PK/PD FOR SUBCHRONIC PHARMACOLOGY MODELS

In the later stage of lead optimization, the lead compound will be tested in  subchronic 

pharmacology models in many cases. A recently published PK/PD model of TGI is 

used as an example to illustrate the advantages of a mechanism-based model [54].

Human tumor xenografts in nude mice are a well-established preclinical model 

for evaluating the effi cacy of anticancer agents. The traditional method measures the 

TGI for evaluating effi cacy of anticancer agents. TGI is obtained by comparing the 

tumor weight of the treated group to the control group. TGI is dependent on many 

factors such as dose regimen, inoculation time and amount, and variability of tumor 

growth. Thus it is hard to rank compounds when they are evaluated at different 

times. The translatability of TGI to humans is poor and has to be based on many 

assumptions. Instead of using TGI, this PK/PD model separated drug-specifi c prop-

erties from tumor growth properties. As shown in Figure 3.13, k1 and k2 are drug-

specifi c parameters and λ0 and λ1 are tumor-specifi c parameters. The parameter k1 

is a fi rst-order rate constant, refl ecting transitional process for cell death caused by 

the drug; k2 is a second-order rate constant, refl ecting antitumor potency of the drug; 

λ0 is a fi rst-order rate constant, refl ecting tumor cell aggressiveness during the expo-

nential tumor growth phase; λ1 is a zero-order rate constant, refl ecting tumor cell 

aggressiveness during the linear growth phase.

The parameter k2 is a drug-specifi c parameter that refl ects the potency of TGI. It is 

not dependent on the inoculation size, dose regimen, or time of evaluation. Therefore, 

it can be used for ranking potency for compounds being evaluated at different times 
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with different protocols. It can also be used for comparing the potency to a reference 

compound that has the same or similar mechanisms.

It can be derived from this model that the reciprocal of k2 (1/k2) equals a threshold 

exposure (AUCT) required for complete suppression of tumor growth. This AUCT 

equals a threshold concentration (CT) multiplied by the mean tumor growth time, 

thus it represents a total AUC for the length of mean tumor growth time. For  example, 

1/k2 (AUCT) represents a total AUC for four days, when λ0 = 0.25 day−1.

 

↓ ↓↓

=
=

= × λ =2 T 0 T

Threshold Threshold total AUCforTumor mean
concentration for tumor grow rate 0, in thegrowth time

tumor growth rate 0 mean tumor growth time.

1/ 1/ AUCk C

 

(3.32)

Unlike the Emax model where potency is a concentration term (EC50), the potency in 

this chronic model is an AUC that equals a threshold concentration multiplied by the 

mean production (growth) time of the involved biological entity (tumor). This tumor 

growth rate is the rate-limiting step for all the processes involved starting from drug 

absorption to the fi nal inhibition of the tumor growth.

As mentioned above, drug potency is a body weight independent parameter, and 

it should be the same across species. Therefore, 1/k2 obtained from a mouse model 

can be used to predict the total AUC during the mean tumor growth time in humans. 

It was demonstrated that 1/k2 obtained from human tumor xenografts in nude mice 

correlates to total AUC in a three-week cycle in human for 10 anticancer agents at 

their average therapeutic dose [55].

The daily AUCT required for static tumor growth can be calculated from the fol-

lowing formula:

 

= ⋅ λT,daily 0

2

1
AUC

k  

(3.33)

Therefore, the daily AUC for TGI not only depends on the potency 1/k2 but also 

depends on the tumor growth rate. Since tumor growth rate is slower in man (lower 

λ0) than that in mice, the AUCT,daily in man should be lower than that in mouse. 

Similarly, the threshold concentration CT in man should be lower than that in mouse, 

due to slower tumor growth rate, as derived in the following equations:

 

= ⋅ = ⋅
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(3.34)
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FIGURE 3.13 Schematic description of mechanism-based model for TGI. (Adapted from 

Rocchetti, M. et al., Eur. J. Cancer, 43, 1862, 2007. With permission.)
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Another advantage of this mechanism-based approach is the minimization of the 

impact of the variability of individual tumor growth rate on the estimation of potency 

1/k2. The tumor growth rate in the exponential phase (λ0) and linear phase (λ1) can 

be obtained from the same mouse using the tumor growth data obtained before and 

after treatment, respectively, rather than comparing to a vehicle-dosed control group. 

These individual growth rates serve as the individual control and provides better 

estimation on the drug-specifi c parameter k2 for each animal.

The above is a good example demonstrating the following advantages for mech-

anism-based modeling:

 1. Separating drug-specifi c and biological-specifi c properties

 2. Reducing the impact of variability of biological properties on the drug-

specifi c properties

 3. Better predictivity (translatability)

3.3.8 CHALLENGES IN PK/PD MODELING

The challenges of PK/PD modeling exist at both the technical and nontechnical 

levels. PK/PD modeling during lead optimization is still a relatively new concept 

for the pharmaceutical industry. Most pharmaceutical companies are using a model-

aided rather than a model-based process. The acceptability of model-based PK/PD 

has not been fully embraced by drug discovery organizations. The implementation 

of model-based drug development requires pharmaceutical companies to foster inno-

vation, make a change of mindset, align adaptive processes, and create a close col-

laboration among different functional groups [56]. Obtaining reliable, reproducible, 

and quantifi able pharmacological responses, identifying translatable biomarkers, 

distinguishing PD variability and PK variability are still technically diffi cult dur-

ing the drug discovery stage; however, gaining a better appreciation of these issues 

preclinically can reduce attrition rates at the proof-of-concept stage.
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4.1 INTRODUCTION

A recent survey showed that the attrition rate related to absorption, metabolism, 

distribution, and excretion (ADME) and pharmacokinetic (PK) failures has dropped 

from 40% to 50% in 1991 [1–3] to approximately 10% in 2000 [2,4]. Such a dra-

matic improvement within approximately one decade did not happen by chance. It 

was driven by the recognition of the impact of ADME and PK attributes on the 

safety, effi cacy, and developability of new drug candidates and allocating necessary 

resources to address them early in drug discovery. However, recent advances in syn-

thetic processes, which have generated enormous numbers of new chemical entities 

(NCEs) over the past few years, have created the need to design new high-throughput 

solutions to allow rapid assessment of the drug metabolism and pharmacokinetic 

(DMPK) attributes of potential drug candidates without compromising the quality 

of the data [5]. As a result, innovative in vitro ADME and PK approaches [6–15] 

are now routinely used in the pharmaceutical industry to evaluate DMPK attributes. 

Therefore, compounds with undesirable DMPK characteristics can be screened out 

as early, as quickly and as cheaply as possible, so that available resources can be 

focused on the promising drug candidates that survive this screening process.
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Since the unambiguous determination of either the parent compound and/

or possible metabolites is essential for successful DMPK screens, these higher-

throughput, mostly cell-based, DMPK screening assays usually take advantage of 

the speed, sensitivity, and specifi city of high-performance liquid chromatography–

tandem mass spectrometry (HPLC–MS/MS) [16–22]. Examples include projecting 

absorption, metabolism, PKs, drug–drug interactions (DDIs), and protein binding. 

In this chapter, several higher-throughput in vitro screening assays that are per-

formed as part of new drug discovery are discussed. The methodologies for those 

screens and how HPLC–MS/MS is used to meet the current and future demands 

are presented.

4.2 CYP INHIBITION

The majority of marketed drugs are metabolized oxidatively by a family of heme-

containing enzymes, namely, cytochrome P450s (CYPs) [23]. Inhibition or induction 

of one or more of these drug-metabolizing enzymes by coadministered drugs is one 

of the major sources of DDI, which can lead to adverse drug effects including fatali-

ties [24]. This is particularly important since many patients, especially the elderly 

population, are on multiple medications.

Since human liver CYP450 inhibition can be performed in a high-throughput for-

mat and in vivo DDI can be predicted by in vitro methods, it comes as no surprise that 

enzyme inhibition is one of the earliest and most important DMPK screening assays 

for NCEs in drug discovery [25–40]. Screening potential CYP inhibitory ability of 

NCEs is based on either liquid chromatography–mass spectrometry (LC–MS) or fl u-

orometric detection [26]. The fl uorometric assay, which uses recombinant CYPs and 

fl uorogenic probe substrates, is low cost, provides rapid turnaround, and is higher 

throughput than LC–MS approaches. However, this assay suffers from lack of probe 

specifi city and interference (intrinsic fl uorescence and/or fl uorescence quenching 

from compound and metabolites) therefore limiting the use of this technique [30,41]. 

LC–MS/MS and liver microsomes, on the other hand, has become the most common 

platform for CYP inhibition assays due to its high sensitivity and specifi city [42] and 

is accepted by FDA [43].

While innovative procedures [27,44] and instrumentation [28] have shown prom-

ise in increasing the throughput of the CYP inhibition assay, the approach that we 

took for screening NCEs is to combine multiple CYP inhibition assays into one incu-

bation using human liver microsomes. This approach has been developed and vali-

dated in-house and was similar to the cassette probe-dosing principal that adapted by 

other groups [45–48]. Realizing that the majority of drugs are metabolized by CYPs 

3A4, 2D6, and 2C9 [49], and taking into account the cost of reagents, we selected the 

evaluation of the inhibition of these three isoforms (three-in-one assay) as the fi rst 

CYP inhibition screen. If an NCE is advanced to become a potential recommenda-

tion candidate, more rigorous inhibition assays are carried out in which these three 

isoforms as well as CYP 2C19 and 1A2 are evaluated in individual assays. Because 

of the well-documented substrate-dependent inhibition of CYP 3A4 [50], a second 

substrate (midazolam) is used to evaluate the inhibition of CYP 3A4 for those NCEs 

that are being recommended for development.
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The CYP inhibition assay utilizes the 96-well plate format with a robotic system, 

where both incubation and analysis are performed in the same plates. The setup of 

the sample plates is shown in Figure 4.1. For each compound, both direct inhibition 

and metabolism/mechanism-based inhibition, which is caused by a metabolite of the 

NCE that is either a more potent direct reversible inhibitor (metabolism-based) or a 

time-dependent irreversible inhibitor (mechanism-based), are evaluated. Both direct 

and mechanism-based inhibitors could result in inhibitory DDIs [51,52].

The three-in-one assay is conducted using pools of human liver microsomes from 

10 to 20 donors. The microsomes are frozen in small aliquots and stored at −80°C 

until use. In this assay, hydroxytolbutamide, dextrorphan, and 6-β-hydroxytestos-

terone that are formed from tolbutamide hydroxylase (CYP 2C9 reaction) [53], 

dextromethorphan O-demethylase (CYP 2D6 reaction) [53,54], and testosterone 

6-β-hydroxylase (CYP 3A4 reaction) [55], respectively, are quantifi ed by LC–MS/

MS in an approximately 1 min run time.

In the coincubation experiment, the NCE is incubated at 0.3, 3, and 30 μM in 

wells containing a mixture of microsomal protein (fi nal concentration 0.2–0.4 mg/

mL) and probe substrates at concentrations that approximate the Km for each reac-

tion (tolbutamide [200 μM], dextromethorphan [16 μM], and testosterone [100 μM] 

for CYPs 2C9, 2D6, and 3A4, respectively) in a 50 mM Tris-acetate buffer, pH 7.4, 

containing 150 mM KCl. The plates are prewarmed at 37°C for 5 min. The reactions 

are initiated by the addition of 20 μL of a 10 mM solution of NADPH prepared in 

buffer (fi nal concentration, 1 mM) followed by a brief shaking. The total volume of 

the reaction mixture is 200 μL. Following an incubation period of approximately 

15 min, the reactions are terminated by the addition of 35% perchloric acid followed 

Solvent Solvent Solvent Control Control Control Control Control Control Control Control Control

30 μM 30 μM 3 μM 3 μM 0.3 μM 0.3 μM 0.3 μM0.3 μM3 μM3 μM30 μM30 μM

30 μM 30 μM 3 μM 3 μM 0.3 μM 0.3 μM 0.3 μM0.3 μM3 μM3 μM30 μM30 μM

30 μM 30 μM 3 μM 3 μM 0.3 μM 0.3 μM 0.3 μM0.3 μM3 μM3 μM30 μM30 μM

30 μM 30 μM 3 μM 3 μM 0.3 μM 0.3 μM 0.3 μM0.3 μM3 μM3 μM30 μM30 μM

30 μM 30 μM 3 μM 3 μM 0.3 μM 0.3 μM 0.3 μM0.3 μM3 μM3 μM30 μM30 μM

30 μM 30 μM 3 μM 3 μM 0.3 μM 0.3 μM 0.3 μM0.3 μM3 μM3 μM30 μM30 μM

30 μM 30 μM 3 μM 3 μM 0.3 μM 0.3 μM 0.3 μM0.3 μM3 μM3 μM30 μM30 μM

FIGURE 4.1 A template for the three-in-one CYP inhibition assay. Wells 1–12 of the fi rst 

row contain solvent, substrates, or prototype inhibitors of each CYP, which serve as quality 

controls. Rows 2–8 contain NCEs at the concentrations indicated.
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by shaking and centrifugation for protein precipitation. In the preincubation experi-

ment, the NCE is fi rst incubated with liver microsomes and NADPH for 30 min, then 

the probe substrates are added and the reactions are allowed to proceed as with the 

coincubation experiment.

The potential of DDI of an NCE is expressed as IC50 values, which is the 

NCE concentration that reduces the enzyme activity by 50%, and is calculated as 

follows:

 

⎡ ⎤⎧ ⎫= − ×⎨ ⎬⎢ ⎥
⎩ ⎭⎣ ⎦

NCE

control

[metabolite]
% inhibition 1 100%

[metabolite]

where the % inhibition is determined based on metabolite concentrations observed 

in the incubations with ([metabolite]NCE) and without the NCE ([metabolite]control). 

The IC50 values are determined by semilog plotting of NCE concentrations on the 

x-axis versus percentage of remaining activity on the y-axis, and the concentra-

tion that results in the 50% inhibition of enzyme activity is calculated from the 

graph.

NCEs are generally classifi ed as direct inhibitors if the IC50 values obtained from 

both pre- and coincubation experiments are similar (within threefold), or higher 

under the preincubation conditions. If the IC50 under the preincubation conditions is 

much lower compared to that under coincubation (greater than threefold, i.e., greater 

inhibition), the NCE is likely to be a metabolism/mechanism-based inhibitor. Both 

pre- and coincubation IC50 values are required to determine whether or not the NCE 

is a direct and/or metabolism/mechanism-based inhibitor.

For direct inhibition, NCEs with IC50 values >10 μM are considered to be less 

likely to cause inhibitory DDIs. NCEs with IC50 values <1 μM are considered 

potent inhibitors and are likely to produce DDIs. These potent inhibitors are usually 

excluded from consideration except in rare occasions. The fate of NCEs with IC50 

values between 1 and 10 μM is determined by additional factors such as potency, 

which CYP isoform, therapy area, the stage of the discovery program, PKs, and 

projected effi cacious plasma concentrations.

It should be emphasized that the organic cosolvent concentration should be kept 

to a minimum as it may alter the basal enzyme activity. Also, a compound could be a 

weak direct inhibitor but a potent metabolism/mechanism-based inhibitor. Therefore, 

it is important to evaluate both types of inhibition [52].

The quantifi cation of the metabolites of CYPs 2D6, 3A4, and 2C19 reactions is 

carried out using a SCIEX API 3000 mass spectrometer, running in the positive ion, 

selected reaction monitoring (SRM) mode. The HPLC gradient system used con-

sists of two solvent mixtures. Solvent mixture A (SMA) consists of 94.9% H2O, 5% 

MeOH, and 0.1% formic acid and solvent mixture B consists of 94.9% MeOH, 5% 

H2O, and 0.1% formic acid. The analytical column used is a Develosil Combi-RP5, 

5 μm, 3.5 × 20 mm (Phenomenex, Inc., Torrance, CA), with a mobile phase fl ow rate 

of 1.1 mL/min. A short run time (1 min) HPLC method is used because of the speci-

fi city of the mass spectrometer and the lack of matrix effects (this was thoroughly 
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examined during the validation of the assay). A representative ion chromatogram is 

shown in Figure 4.2.

A potential issue with the short run time of the three-in-one assay is the pos-

sibility of matrix effects caused by the coelution of the analytes of interest with 

other components in the reaction mixture [45]. Also, MS signal suppression usually 

occurs at high concentrations (in our case, at NCE concentration of 30 μM), which if 

occurred would generate high IC50 value that will not result in compound rejection. 

On the other hand, if signal enhancement occurs, unusual results would be apparent 

(concentration of probe substrate metabolite(s) increases with the increase in con-

centration of NCE), which could be quickly identifi ed. In these rare cases, the assay 

would be repeated with a more rigorous LC–MS/MS analysis. Furthermore, to mini-

mize the potential for signal suppression, atmospheric pressure chemical ionization 

(APCI) is used as the ionization mode instead of electrospray ionization (ESI). It has 

been well documented that the potential for signal suppression in the APCI mode is 

much less than that of the ESI [56–58]. The throughput for the three-in-one assay is 

eight 96-well plates/day/instrument. For 30 NCEs, four 96-well plates are used (two 

for preincubation and two for coincubation); therefore, eight plates would generate 

360 IC50s daily.

If a compound is identifi ed as a potential drug candidate, CYP inhibition evalua-

tion is repeated for the selected compounds as well as for any major or active metab-

olites that are identifi ed. In these more robust evaluations, individual CYP assays 

with extended concentration ranges are used. For CYP 2D6, CYP 2C9, CYP 2C19 

(using S-mephenytoin as a substrate), and CYP 3A4 individual assay, the LC–MS/MS 

conditions are exactly the same as those used in the three-in-one screening assay. 

For the CYP 1A2 assay, phenacetin is used as the specifi c substrate and the same 

solvent mixtures used above. As for CYP 3A4 assay using midazolam as a  substrate, 

because of the presence of an isobaric metabolite (1′-hydroxymidazolam) of the tar-

geted metabolite (4-hydroxymidazolam), a Kromasil C4, 3.5 μm, 50 × 4.6 mm column 

(Phenomenex, Inc., Torrance, CA) instead of the Combi-RP5 column was used.
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FIGURE 4.2 A representative chromatogram of the three-in-one CYP inhibition assay.
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4.3 CACO-2 PERMEABILITY

Oral administration of therapeutics is the preferred route for drug delivery. Drugs 

are primarily absorbed through the intestinal lumen by four major pathways: trans-

cellular, paracellular, facilitated diffusion, and active transporter [59,60]. Lipophilic 

compounds, which partition into the lipid bilayer of the cell membrane, are absorbed 

through transcellular passive diffusion driven by a concentration gradient. On the 

other hand, low molecular weight, hydrophilic compounds may be absorbed by pass-

ing through cell–cell junctions (paracellular route). Since the junctions are tight and 

represent a small surface area compared with the enterocytes, this mode of trans-

port is slow and is primarily for water-soluble low molecular weight compounds 

(<350 Da). Compounds can also be absorbed by a transmembrane transporter without 

requiring energy, that is, facilitated diffusion that is driven by concentration gradi-

ent, or with the expenditure of energy, that is, active transport, which could proceed 

against concentration gradient. Because a reversible drug–carrier complex is formed 

with the last two modes of transport, this process could be fairly selective. Also, as 

the number of carriers is limited, the process is saturable either by the compound 

itself at higher concentrations or by other compounds that interact with the same car-

rier. It is worth noting that a compound could be absorbed via one or more modes of 

transport with varying degrees.

The majority of NCEs are evaluated for potential oral absorption as they are 

mainly targeted for oral delivery. Therefore, in vitro models to assess the poten-

tial for oral absorption have become major components of drug discovery pro-

grams [59,60]. The most widely used model to assess intestinal permeability is the 

human colon adenocarcinoma cell line, that is, Caco-2 cells [61], which is a cell 

line that exhibits morphological and functional characteristics of small intestinal 

cells. Caco-2 cells form tight junctions, develop microvilli, express brush border 

enzymes and some major drug-metabolizing enzymes [62], and an array of trans-

porters found in vivo [63]. Several studies have shown a good correlation between 

Caco-2 permeability and oral absorption in humans [64,65]. With this Caco-2 

assay, NCEs can be ranked according to their ability to cross the Caco-2 mono-

layer in a relatively short period of time. Specifi c structural features that facilitate 

transport of a chemical series through the Caco-2 monolayer can be delineated 

and incorporated into the design of new drug candidates. Two in vitro assays are 

preferred in the projection of human absorption using Caco-2 monolayers (perme-

ability assay and the effl ux transport [bidirectional] assay), which will be discussed 

in the following sections.

4.3.1 PERMEABILITY

Caco-2 monolayers are incubated at 37°C for 30 min in a CO2 incubator with transport 

media (TM), prior to initiating a transport experiment. The TM for the apical side 

is made of Hank’s balance salt solution (HBSS) containing 10 mM HEPES buffer 

(pH 7.4) and 25 mM d-glucose (a recent study suggested that simulated intestinal 

fl uid might be a better media to use in the apical compartment especially for highly 

lipophilic compounds [66,67], and this new media will be investigated in the future). 
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This buffer is used in both the unidirectional (permeability) and the bidirectional 

(Effl ux, Section 4.3.2). In the permeability assay, NCEs are placed into the apical 

compartment of the Transwell. Duplicate samples are taken immediately after com-

pound addition from the apical compartment (zero time) and then after 2 h from 

both the apical and basolateral compartments for LC–MS/MS analysis. The integrity 

of the monolayer is confi rmed by the measurement of the transepithelial electrical 

resistance (TEER), which must be above a certain limit to be used for transport 

experiments. In addition, with each experiment a transcellular and a paracellular 

marker are included for quality control.

Analytical samples are collected into 96-well plates and mixed with three vol-

umes of acetonitrile containing an internal standard. Sample–acetonitrile mixtures 

are vortexed, centrifuged, and the supernatant is subjected to LC–MS/MS analysis 

in the same 96-well plate. Caco-2 screening data are presented as apparent perme-

ability coeffi cient (Papp), which is calculated as follows:

 
= ×t 0 bPapp (CB /CA ) /( * )V T S

where

CBt is the concentration of the compound in the basolateral side at time T
CA0 is the concentration of the compound in the apical side at the beginning of 

the experiment (zero time)

Vb is the volume of the basolateral compartment of the transwell

T is the sampling time (120 min)

S is the Caco-2 membrane surface area [68]

4.3.2 EFFLUX TRANSPORT

During the process of absorption from the lumen side of the intestine, effl ux trans-

porters (such as P-glycoprotein) that are located on the apical membrane of the 

enterocytes could pump certain compounds back into the intestinal lumen after 

they partition into the cell membrane [69]. These effl ux transporters could hinder 

absorption and may infl uence the overall disposition of a compound. A bidirectional 

transport system has been set up to determine if the NCE is a substrate for effl ux 

transporters, primarily P-glycoprotein (P-GP). In this assay, the permeability of an 

NCE is determined for both the apical-to-basolateral (A-B) and the basolateral-to-

apical (B-A) directions. If a compound possesses a higher permeability in the B-A 

compared to the A-B direction (larger than twofold), this would suggest that it is a 

substrate for an effl ux transporter. Also, the role of effl ux transporters in limiting 

the permeability of a drug candidate can be further delineated by using a specifi c 

inhibitor [20]. If a compound is a substrate of the effl ux system, the apparent apical 

to basolateral permeability would likely to be enhanced by the inhibitor. The assay 

conditions are similar to that of the permeability experiment except that in the baso-

lateral compartment 4% bovine serum albumin (BSA) is added to the TM. The addi-

tion of BSA has been shown to reduce nonspecifi c binding that is often encountered 

with highly lipophilic compounds [70]. It was reported that the addition of BSA has 
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posted analytical issue with other laboratory [66]; however, no interference from 

BSA was observed in our analyses.

Unlike CYP inhibition assays, where common analytes are quantifi ed regardless 

of the compound tested, for Caco-2 screening, the NCE itself is analyzed, requiring 

method development. Consequently, a short run time assay such as that used in the 

enzyme inhibition is not feasible because of the potential for matrix effects, which is 

diffi cult to estimate for each compound. For this reason, we took a different strategy 

to increase the LC–MS/MS throughput for the Caco-2 assay. The multiplexed inlet 

system (MUX), which allows for four data acquisitions simultaneously [71], has been 

adapted for the Caco-2 LC–MS/MS assays. A schematic representation of the four-

way MUX interface (Waters Corp.) is shown in Figure 4.3. The MUX ion source 

is equipped with four electrospray needles around a rotating disk that contains an 

orifi ce allowing independent sampling from each sprayer. Four samples are simul-

taneously introduced into the mass spectrometer. Thus, both method development 

and sample analysis times/compound are greatly reduced [72]. The reproducibility 

of the Caco-2 assay was evaluated by the determination of apparent permeability 

of propranolol in six separate runs. The coeffi cient of variation (%CV) was 11.2% 

[37]. Over 100 compounds/week (combined permeability and effl ux samples) are 

routinely evaluated on a single instrument with the MUX system.

4.4 HEPATOCYTE CLEARANCE

The availability of human tissues has allowed several human DMPK parameters to 

be evaluated in drug discovery before the compound enters into clinical studies. One 

such assay is the determination of human hepatocyte clearance. Since liver is the 

major site of metabolism for most drugs, screening compounds for metabolic stabil-

ity in liver preparations is usually one of the primary screenings employed in drug 

Analytical
columns

Diverting
valves

HPLC

HPLC

HPLC

Waste

Waste MUX

Waste

Waste

HPLC

FIGURE 4.3 A schematic representation of the 4-sprayer MUX interface.
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discovery. This parameter allows an early look at the potential metabolic stability of a 

drug candidate in animals and humans. In an early screening paradigm, microsomal 

stability assay is usually used as a primary DMPK screen by many laboratories 

[73–75] because of its lower cost and ease of preparation compared to hepatocytes 

(Figure 4.4). However, microsomes lack some of phase II enzymes and require addi-

tional phase II cofactors to be added during incubation. For this reason, we decided 

to carry out the in vitro clearance studies in human (from individual subjects) or 

animals (pooled from several animals) cryopreserved hepatocytes [21,76–78]. The 

hepatocytes are thawed in a water bath at 37°C before use. Hepatocytes suspension 

is centrifuged at room temperature for 5 min and the supernatant is discarded. The 

hepatocyte pellets are gently resuspended in medium to a fi nal density of approxi-

mately 1 million cells/mL. The viability of the cell suspension is determined by try-

pan blue staining, immediately prior to and post the experiment. Test compounds are 

prepared in methanol and added to hepatocyte suspension in a Waymouth medium 

at a fi nal concentration of 1 μM. Incubations are carried out in 24-well plates in a 

shaker at 37°C in a CO2 incubator. Aliquots of 100 μL solution are taken from the 

incubation mixture at preset time points (up to 2 h) and mixed with two volumes of 

Centrifuge @ 100,000×g
to yield microsome fractionPrimary hepatocyte cultures

Homogenization
+ centrifugation

@ 10,000×g

Hepatocyte
suspension

Cryopreserved
hepatocytes

S9
(supernatant)

Liver

FIGURE 4.4 In vitro system for collecting hepatocytes and microsomes for clearance 

study.
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acetonitrile in a 96-well plate. The plates are sonicated, vortexed, and centrifuged 

prior to LC–MS/MS analysis. The intrinsic hepatocyte clearance is calculated as 

described earlier [78] using the following equation:

 −

−
= × μ0 120 min

in

0 120 min

CL ( L/min/M cells)
AUC

C C V

N

where

C0 and C120 min are the concentrations of the compound in μM at 0 and 120 min, 

respectively

AUC is the area under the concentration versus time curve (μM/min)

V is the volume of incubation mixture (1000 μL)

N is the number of hepatocytes in millions

The predictability of this in vitro model was evaluated by the determination of the 

intrinsic clearances of 64 compounds and comparing the values to the in vivo clear-

ance [38], which indicated a good relationship between the in vivo and in vitro results. 

Some fundamental assumptions need to be kept in mind when using this model: (1) 

in vitro enzyme kinetics are applicable to in vivo kinetic properties, (2) intrinsic 

clearance follows fi rst-order kinetics, and (3) liver is the major organ responsible for 

the clearance of test compounds.

Samples analysis was carried out using a generic LC gradient elution and a Waters 

Aquity UPLC (ultra-performance LC) system [77,79,80] with either 0.1% formic acid 

or 10 mM ammonium acetate as mobile phases. Separation was carried out on a BEH 

C18 column (50 × 2.1 mm; 1.7 μm particle size) with mobile phase fl ow rate of 1 mL/

min fl ow rate. The total turnaround time (run time plus injection time) was 2 min/

sample. This combination of a sub-2 μm particles column packing stationary phase 

and a high LC fl ow rate increased the speed, resolution, and sensitivity of LC system 

(Figure 4.5). A generic LC method was used and that dramatically reduced the LC 

method development time. For compounds that showed interference either from the 

formation of the metabolites or from the matrix, a longer LC gradient is used (turn-

around time 3.5 min/sample), which should provide suffi cient resolution to eliminate 

interference from potential metabolites (Figure 4.6). In the initial screening mode, 

no calibration curve is included in the sample set and the throughput is 200 com-

pounds/instrument/week. For the potential recommendation candidates, the assay is 

repeated (N = 3) with calibration standards.

4.5 PLASMA PROTEIN BINDING

It has been generally believed that the pharmacological activity, safety, and tissue 

distribution of a drug is related to the unbound fraction of a drug in plasma rather 

than the total concentration, due to its ability to cross the membranes and interact 

with receptors [81–88]. For the majority of drugs, the free fraction in human plasma 

is usually constant among individuals; hence the therapeutic effect is most often cor-

related with the total concentration. However, this approach may not be appropriate 
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in some cases [85]. For example, it is known that a variety of disease states and 

conditions can lead to a signifi cant decrease in protein binding, hence increasing 

the free fraction that may produce some clinical consequences, particularly for drug 

with a narrow therapeutic window [85–87]. Therefore, knowing the free fraction 

( fu) is helpful in understanding the PKs as well as the PK/pharmacodynamic (PD) 

relationship of a drug candidate.

Typically in the lead characterization stage, protein binding is determined for 

human and animals (mouse, rat, dog, monkey as well as the pharmacology spe-

cies, if different). Knowledge of plasma protein binding in animals is essential 

in scaling-up PK parameters (mainly volume of distribution and clearance) from 

animal models to humans [85,89,90]. Four assays have been evaluated, which 

include ultrafi ltration [92–95], equilibrium dialysis [91], rapid equilibrium dialysis 

(RED) [99], and immobilized human serum albumin (HSA) LC–MS [96–98]. The 

ultrafi ltration method utilizes a pressure gradient to force the aqueous component 

(containing the free drug) through a membrane with a molecular weight cut-off 

limit of 10,000 Da. This method is more effi cient than the traditional equilibrium 

dialysis assay but suffers the limitation of nonspecifi c binding of the drug to the 

membrane, which has limited its use in early drug discovery. Equilibrium dialy-

sis is usually conducted in a 96-well dialysis plate with top and bottom cham-

bers separated by a semipermeable membrane, with a molecular weight cut-off 

of 10,000 Da. Nonspecifi c binding is not a major issue in equilibrium dialysis but 
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2.00 4.00 6.00
min

8.00 10.000.00

A
U

A
U

A
U

A
U

0.00

0.10

0.20

1.000.50 1.50 2.00 2.50
min

3.503.00 4.000.00
0.00

0.10

0.20

0.400.20 0.60 0.80 1.00 1.401.20 2.001.801.600.00
0.00

0.10

0.20

min

min
0.400.20 0.60 0.80 1.00 1.100.00

0.00

0.10

0.20

3.5 μm

2.5 μm

1.7 μm

FIGURE 4.5 Improved throughput from a 5 μm particle size column (total run time 

10 min) to 1.7 μm particle size UPLC column (total run time 1.1 min; http://www.waters.com/ 

webassets/cms/library/docs/720001507en.pdf).
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this assay suffers major drawbacks in long equilibration time (∼18 h), long assay 

preparation time, and complexity of automation [93,99]. The RED device reduces 

the equilibrium time by increasing the contact area between the plasma and buffer 

[99]. However, evaluation in our laboratory showed that the equilibrium between 

the buffer and plasma side of many proprietary compounds tested was not reached 

even after 8 h of dialysis. This means same-day turn around time cannot be achieved 

with this device, which provides little advantage over the transitional equilibrium 

dialysis device. Immobilized HSA LC–MS is by far the fastest technique among 

the four methods [100]. Up to 20 compounds can be assayed in little more than 

an hour [88]. However, HSA LC–MS may not be suitable for compounds bound 

mainly to other plasma proteins (e.g., α-1-acid glycoprotein [AGP]) and compounds 

with high HSA affi nity might have diffi culty eluting out of the column (% protein 

bound >99%). This technique is more suitable for testing large chemical libraries 

to establish the structure–activity relationship (SAR) within a chemical series. For 

the above mentioned reasons, we decided that equilibrium dialysis, which is less 

susceptible to experimental artifacts [93], should be the primary method to assess 

protein binding.

The screening assay is conducted in a 96-well equilibrium dialysis device 

(Harvard Apparatus, Holliston, MA). A volume of 200 μL of plasma containing 

10 μM of the NCE is placed into the top chamber (plasma side) followed by the addi-

tion of an equal volume of phosphate-buffered saline (PBS), pH 7.5, into the bottom 

chamber (buffer side). The dialysis device is kept in a rotator for 20 h at 37°C using 

an incubator with 10% CO2 as the atmosphere environment. Twenty microliters from 

the plasma side and 100 μL from the buffer side are aliquotted into a sampling plate. 

In order to make the analytical matrix the same for both plasma and buffer sides, 

100 μL of PBS buffer and 20 μL of blank plasma are added to plasma and buffer 

samples, respectively. Samples are then mixed with two volumes of acetonitrile con-

taining internal standard, vortexed, centrifuged, and analyzed by LC–MS/MS. The 

percentage of plasma protein binding is calculated as

 
= × −p b p% bound 100 ( )/C C C

where Cp and Cb are the compound concentrations in plasma and buffer chambers, 

respectively.

The accuracy of the assay for compounds with percent protein-bound exceeding 

93% is excellent with %CV < 0.5 (internal results). This is very important as the 

accuracy of measurement becomes increasingly important when the free concen-

tration decreases. We also have excellent interday reproducibility with the %diff, 

in most of cases, <1% for majority of the compounds tested (data not shown). The 

plate format for the equilibrium dialysis is shown in Figure 4.7. The recovery, in this 

case, was calculated by comparing the combined concentrations of plasma and buf-

fer sides samples to the time zero samples taken in the beginning of the assay. With 

the new format, the throughput of the assay was increased to 48 sets/analyst/week. 

For the few promising drug candidates, the assay is repeated with calibration curves 

and four replicates.
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4.5.1  IMPACT OF PH AND TEMPERATURE ON THE PLASMA PROTEIN 
BINDING ASSAY

Many factors may affect the degree of plasma protein binding in vivo such as age, 

disease state, pregnancy, etc. [101]. However, under well-controlled in vitro settings, 

only few factors might impact the outcome of the assay, such as pH and temperature. 

In order to fully understand the importance of these factors, we have conducted in-

house studies that indicated that careful control of both factors is vital for accurate 

plasma protein binding results.

pH: There are two major drug-binding proteins in plasma, albumin and AGP. 

It is widely known that albumin, which accounts for 50%–60% of the measured 

serum protein, has several pH-dependent conformations [102], and this alternation 

in the conformation will lead to changes in drug binding to the protein. In addition, 

recent fi ndings [103–107] suggested that albumin binding is highly dependent on the 

ionization state, which is highly infl uenced by the pH, of the compound. Those two 

factors are the main reason that most of the drugs show a pH-dependent binding to 

plasma protein [105,106], which strongly suggests that a pH-controlled environment 

is crucial for accurate measurement of plasma protein binding.

To minimize the pH shift during the equilibrium dialysis incubation, a buffer 

system was employed. However, our in-house study, as well as the observations from 

other laboratories, indicated that pH of the fresh plasma after one freeze-and-thaw 

cycle is elevated to 7.80 (unpublished observation). After 20 h incubation inside the 

incubator without CO2, the pH of the plasma increased from 7.8 to 8.20, which is 

a direct result of CO2 evaporation from the carbonic acid–bicarbonate buffer that 

regulates the physiological pH of plasma [108]. This pH shift can be compensated by 

using 10% CO2 in the atmosphere in a CO2 incubator [108]. This procedure restores 

the plasma pH back to the vicinity of 7.4 indicating that adjusting the plasma pH 

prior to the experiment is not necessary [109]. In general, nonpolar, cationic com-

pounds had a higher likelihood of displaying pH-dependent binding [104,105]. Also, 

the change in plasma protein binding due to pH change is not species-dependent but 

is drug-specifi c.

Temperature: Temperature is another factor that could affect the plasma pro-

tein binding. Phenytoin and aztreonam are two compounds previously evaluated 

[86,110–112]. For both compounds, the extent of protein binding signifi cantly 

decreased as temperature increased. Paradoxically, more recent studies have shown 

a different trend, where the degree of propofol binding to HSA increased at elevated 

A  Time 0 Blank B1 B2 P1 P2 Time 0 Blank B3 B4 P3 P4
B Time 0 Blank B1 B2 P1 P2 Time 0 Blank B3 B4 P3 P4
C  Time 0 Blank B1 B2 P1 P2 Time 0 Blank B3 B4 P3 P4
D Time 0 Blank B1 B2 P1 P2 Time 0 Blank B3 B4 P3 P4
E Time 0 Blank B1 B2 P1 P2 Time 0 Blank B3 B4 P3 P4
F Time 0 Blank B1 B2 P1 P2 Time 0 Blank B3 B4 P3 P4
G Time 0 Blank B1 B2 P1 P2 Time 0 Blank B3 B4 P3 P4
H Time 0 Blank B1 B2 P1 P2 Time 0 Blank B3 B4 P3 P4

FIGURE 4.7 Plasma protein binding plate format.
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temperatures [86]. These observations reenforces the importance of temperature 

control in the determination of the unbound fraction for a drug candidate.

4.6 CYP ISOZYME PROFILING

Most drugs are substrates for one or more cytochromes P450 that are responsible for 

catalyzing drug biotransformation [113–115]. Since this biotransformation process 

directly impacts the systemic drug exposure, identifying the major CYP isozymes 

responsible for the metabolism of the drug candidate in humans provides valuable 

information regarding bioavailability, potential interindividual variability, potential 

DDI, and the polymorphic metabolism of a drug candidate [45,47,48]. For example, 

if a compound is metabolized solely by a polymorphic CYP such as CYP 2D6, the 

decision to advance such a candidate may need to be reconsidered.

Human liver microsomes (usually used at 1 mg/mL, as an initial concentration) 

are incubated with 1 μM of the drug candidate in the presence of 1 mM NADPH with 

and without individual selective human CYP inhibitors (ketoconazole, quinidine, 

sulfaphenazole, tranylcypromine, and furafylline). In addition, microsomes from 

insect cells expressing individual recombinant CYPs (r-CYP) are incubated with 

the drug candidate. If the major human metabolites of the drug candidate are known 

in advance (from human hepatocyte metabolism studies), the disappearance of the 

substrate and the appearance of metabolites are monitored allowing the assignment 

of each metabolite to the CYPs responsible for its formation, which is an added 

value. Following incubation, protein is precipitated with perchloric acid, the samples 

are centrifuged and the supernatant analyzed by LC–MS/MS. The appearance of 

individual metabolites and the disappearance of the drug candidate from incubations 

with liver microsomes and individual r-CYPs would provide preliminary informa-

tion regarding which are the major isozymes responsible for the metabolism of the 

drug candidate. This would allow the identifi cation of potential liabilities of drug 

candidate and the formulation of a plan to address them in phase I trials.

4.7 hERG MOCK RUN

The decision by Merck to recall the blockbuster drug Vioxx, a COX-2 inhibitor, as a 

result of an increased risk of heart attack in patients highlighted the importance of 

understanding the cardiac liabilities of a drug candidate before it reaches the market. 

In fact, of the 38 drugs withdrawn from the market in the past 15 years, nearly half 

were withdrawn because of cardiotoxicity [116,117]. For example, terfenadine, an 

antihistamine, was withdrawn from the market because it was shown to cause QT 

interval prolongation and cardiac arrhythmias. This effect has been traced to the 

blockade of the cardiac delayed rectifi er potassium current known as I(Kr). This 

current is conducted by tetrameric pores with the individual subunit encoded by 

the human ether-a-go-go-related gene (hERG) [118], which is important for the nor-

mal repolarization of the heart muscle. Blockade of this hERG potassium channel is 

believed to be the predominant cause of drug-induced QT prolongation. Thus, elimi-

nation of NCEs that are potent inhibitors of the hERG channel (near the anticipated 
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therapeutic concentration) as early as possible in the discovery stage is important in 

order to eliminate this potential risk.

The most widely used technique for the evaluation of hERG channel interac-

tion is the voltage clamp. A detailed description of the experimental setup has been 

described elsewhere [119]. The hERG interaction is measured and reported as the % 

inhibition of the hERG current compared to the vehicle control at various concentra-

tions of the NCE. The concentration that inhibits 50% (IC50) is calculated, whenever 

possible. The concentrations of NCE used in the assay are carefully selected based 

on the expected maximum plasma concentration (Cmax) at the pharmacologically 

active dose (usually based on studies in animal models) and the human plasma pro-

tein binding for the NCE.

To ensure the accuracy of the result, the concentrations of the compound before 

and after the hERG voltage clamp study are determined by LC–MS/MS. Compound 

loss during the study could be due to low solubility in the working buffer, adsorption 

to the surface of the vessel used to prepare the fi nal dilution, and adsorption to the 

reservoir on the voltage clamp rig or to the tubing used to deliver the NCE solution 

from the reservoir to the recording chamber. Sampling the buffer for the determina-

tion of compound concentration during the voltage clamp experiment is not feasible 

as this may disturb the voltage measurement. Therefore, a mock experiment is subse-

quently carried out as with the actual run but without the cells. The concentrations of 

test article are measured in samples that have fl owed through the drug reservoir and 

tubing of a voltage clamp rig (posttubing samples) and also in samples that did not 

fl ow through the tubing (pretubing samples). By measuring pre- and posttubing con-

centrations, the source of any loss could be narrowed down for further investigations, 

if needed. Sample analysis is carried out by LC–MS/MS. Usually, the solubility of the 

compound in the hERG buffer is determined in advance of the voltage clamp experi-

ment to make sure that the compound is soluble at the intended concentrations.

4.8 EMERGING NEW “HIGH-THROUGHPUT” TECHNIQUES

The intrinsic properties of the current LC–MS/MS technique, particularly the 

HPLC separation speed and the autosampler cycle-time, hindered the ability of 

LC–MS/MS to become a true “high-throughput” analytical technique. To address 

this issue, several new techniques have emerged in recent years, which include 

BioTrove’s RapidFireTM XC-MS system [120], Phytronix technologies’ laser diode 

thermal desorption (LDTD)-MS system, and Applied Biosystems/MDS SCIEX’s 

FlashQuant workstation [121,122]. The major advantage of these techniques is the 

removal of HPLC which dramatically reduced the run-to-run cycle time. In addi-

tion, the sample introduction process was redesigned to further reduce the sample 

introduction rate. In the case of RapidFire system (BioTrove, Woburn, MA), which 

is a “stand-alone” platform that can be easily connected to any mass spectrometer, 

a computer-controlled fl uidic robot system replaced the conventional HPLC and 

autosampler for sample injection (Figure 4.8). Since no HPLC separation is avail-

able, sample cleanup might be needed in some assays to remove undesired reaction 

components (salts, detergents, etc.) that might compromise the ionization effi ciency 

of the analytes. This system has been successfully validated for a CYP inhibition 
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assay with the throughput approaching the fl uorescence-based methods (3500 data 

points per 8 h shift on a single instrument [120].

The other two techniques, FlashQuant and LDTD_MS, both utilize laser desorp-

tion to facilitate samples introduction into mass spectrometer. In FlashQuant work-

station, samples were spotted on a stainless steel plate after desalting (Figure 4.9). 

The desalting step is critical in this technique to ensure the formation of uniform 

crystals on each sample spot and the reproducibility of the results. Samples are then 

introduced into the mass spectrometer through MALDI. The matrix interference 

associated with using MALDI is resolved by using a noninterfering matrix as well as 

the specifi city of tandem mass spectrometry (MS/MS) [121,122].

In LDTD_MS, each sample (1–10 μL) is spotted in a stainless steel insert on a 

96-well polypropylene plate (LazWell) without applying any matrix, and allowed to 

dry (either with or without applying N2). Upon operation (Figure 4.10) the laser ther-

mally desorbs the dried samples by heating the bottom of the stainless steel insert. 

The desorbed molecules are carried by a preheated carrier gas through the transfer 

tube into the APCI source and ionized by the corona discharge needle [30]. The 

vaporization condition (i.e., laser power and duration) need to be carefully optimized 

so that the temperature is high enough to desorb the samples but not too high to cause 

thermal degradation of the analyte.
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FIGURE 4.8 A demonstration of the speed of RapidFire system. The 24 samples (in triplicates) 

for the 0–60 min time course experiment were analyzed under 2.5 min. (Courtesy of BioTrove, 

Woburn, MA, http://www.biotrove.com. With permission.)
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FIGURE 4.9 A representative chromatogram of microsomal stability profi ling of buspirone 

analyzed by FlashQuant workstation. Samples (∼2 μL) are spotted and air-dried on a MALDI 

plate. Solid samples are irradiated by a focused laser light, and the resulting ions are analyzed 

under the MRM mode by triple quadrupole analyzer. Ninety-six samples were analyzed in 

5 min and 384 samples were analyzed in 20 min. (Courtesy of Applied Biosystem and MDS 

SCIEX, Foster City, CA.)

Carrier
tube

Corona 
discharge

Lazwell plate

Laser

MS

FIGURE 4.10 A Schematic representation of LDTD-MS instrumentation. In this system, 

samples (∼2 μL) are deposited into the LazWell plate and thermally desorbed into gas-phase 

using an IR laser. The desorbed molecules are carried by the carrier gas into the corona 

discharge region and undergo APCI. Ions generated are transferred into mass spectrom-

eter for analysis. (Courtesy of Phytronix technologies, Inc., Quebec, Canada, http://www.

ldtd-ionsource.com/eng/ldtd/the-ldtd-technology.asp)
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With these innovative sample introduction techniques, 96 samples can be ana-

lyzed in less than 20 min, which is compared to >2.5 h for traditional LC–MS/

MS. However, as in the case for the BioTrove’s RapidFire system where no LC 

separation is involved, both techniques rely solely on the specifi city of MS/

MS to differentiate different compounds. To take full advantage of FlashQuant 

and LDTD_MS on complex system (e.g., hepatocyte incubation assay or in vivo 

studies), matrix effects, isobaric interferences, metabolic interferences, and MS 

cross-talk need to be carefully investigated prior to applying those techniques in 

samples analysis.

4.9  PRECAUTIONS FOR USING MASS SPECTROMETRY 
IN HIGH-THROUGHPUT SETTINGS

It is commonly believed that the matrix effect in the in vitro assays is low due to 

the relatively “clean” matrix compared to plasma or serum. Therefore, a common 

practice for increasing the throughput of in vitro assays is using single ion monitor-

ing (SIM), to eliminate an optimization step of the mass spectrometer, or by using 

a shorter LC run time. While this is true in most cases, in many occasions ade-

quate LC–MS/MS separation is still needed for accurate measurements [107]. These 

observations have been reported by other investigators [123–125] and are illustrated 

in the following three examples:

The fi rst example emphasizes the need to use SRM mode over SIM mode. 

This is illustrated in Figure 4.11 (in a Caco-2 experiment), where two peaks with 

identical m/z were detected in the LC–MS mode, while in the LC–MS/MS mode 

they produced different product ions allowing the recognition of the analyte of 

interest.

An example of matrix effect is shown in Figure 4.12. In this case, a drop in the 

internal standard area counts for the buffer-side samples (a protein-binding study), 

analyzed using a fast HPLC gradient, indicated possible signal suppression. A modi-

fi ed HPLC gradient, which extended the internal standard retention time from 1.5 

to 3 min eliminated the signal suppression. In this case, only the internal standard 

signal is affected and no suppression was observed for the NCE tested. However, if 

the situation is reversed, we would observe a consistent internal standard signal and 

mistakenly think the results are acceptable.

A second example emphasizing the importance of good chromatography in the 

Caco-2 assay is presented in Figure 4.13. In this case, an additional peak was observed 

under SRM after the 2 h transport experiment, presumably a rearrangement product 

or a metabolite with the same m/z. If the chromatography did not provide adequate 

separation of the two components, an inaccurate permeability estimate would have 

resulted.

As these three examples emphasize, caution must be taken when developing bio-

analytical assays, not only for in vivo studies but also for in vitro screening assays. 

It is especially important for higher-throughput LC–MS/MS assays so that the short 

turn around time is not achieved at the expense of data quality.
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(B)

(A)

SIM

SRM

FIGURE 4.11 SIM and SRM chromatograms for the same sample. In the SIM mode (A), 

several interference peaks are observed while in the SRM mode (B), only the analyte is 

apparent. (Adapted from Fung, E.N. et al., Rapid Commun. Mass Spectrom., 17, 2147, 2003. 

With permission.)
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FIGURE 4.12 Internal standard ion intensity in a protein-binding run. Note the drop of ion 

intensity in the buffer side samples when a shorter run time is used.
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4.10 CONCLUSIONS

Drug discovery is a complex, multistage optimization process in which target-class 

chemicals are continuously modifi ed to improve their drug-like properties, which 

must possess most, if not all, of the following properties [126]:

Shows desired pharmacological properties• 

Reaches the target organ• 

Resides in the body and target organ long enough to have clinically mean-• 

ingfully effect

Shows suffi cient specifi city toward target receptor to minimize the off-tar-• 

get activities

Has the proper physical–chemical properties for development• 

The likelihood of a new chemical entity to become a drug candidate is based on a 

balance between all of the above properties.

A recent study showed, despite the 147% R&D budget increase from 1993 

to 2003, the number of FDA-approved new drugs has increased by only 7% [16]. 

This relatively lack of return on investment has forced the pharmaceutical industry 

to rethink their approaches and investments. Cost-effective and less labor-intense 
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FIGURE 4.13 Mass chromatogram of a Caco-2 experiment. Note: A single peak is observed 

for the calibration standards and 0 h samples (not shown), but an additional peak is observed 

in the 120 min sample.
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in vitro models are incorporated into drug discovery to weed out compounds with 

undesirable ADME and PK attributes. To quickly identify the potential drug candi-

dates among all the possible leads, many new techniques and approaches have evolved 

but none has made more impact in all phases of drug discovery and development than 

LC–MS/MS [127], and turnaround time as short as 10 min per 96-well plate has been 

achieved by some newly developed technologies. Today, the LC–MS/MS based tech-

nologies have been implemented from early target identifi cation to late-stage clinical 

assessment. Several in vitro screening assays described in this chapter, which include 

CYP inhibition, Caco-2 permeability, effl ux transport evaluation, hepatocyte clear-

ance, protein binding, isozyme profi ling, and hERG [128], utilize LC–MS/MS assays 

to extract decision-making information for an NCE. Compounds that pass through 

these assays will move forward to more lengthy and costly PK studies in animals.

While the specifi city and sensitivity provided by the LC–MS/MS paved the way 

for not only the increased throughput but also improved data quality for pharmaceuti-

cal research and development, we have to emphasize that understanding the relevance, 

precision, and limitation of each high-throughput assay is essential, particularly if the 

assay is involved in go/no go decisions. Another important consideration is that when 

setting-up a sequence of screens in a decision tree, it should be made to eliminate 

compounds with undesirable attributes as early as possible, which would focus the 

resources on those candidates with a better chance for success in development.
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and W. Griffi th Humphreys

CONTENTS

5.1 Introduction .................................................................................................. 128

5.2  Metabolite Identifi cation at Different Stages of Drug Discovery 

and Development .......................................................................................... 130

5.2.1 Sample Preparation Techniques for Metabolite Identifi cation ......... 130

5.2.2 Separation Techniques for Metabolite Identifi cation ........................ 134

5.2.3 Ionization Techniques for Metabolite Identifi cation ......................... 137

5.2.4 Mass Analyzers for Metabolite Identifi cation .................................. 138

5.2.5 Oxidative Biotransformations ........................................................... 141

5.2.6 Conjugation Biotransformations ....................................................... 142

5.3 Discovery Stage Metabolite Identifi cation ................................................... 143

5.3.1 In Silico Methods .............................................................................. 143

5.3.2 Metabolic Stability Studies ............................................................... 145

5.3.3 Early PK Screening .......................................................................... 147

5.3.4 Cross-Species Comparison ............................................................... 147

5.3.5 Reactive Metabolite Screens ............................................................. 148

5.3.6 Reaction Phenotyping ....................................................................... 149

5.3.7 Rodent and Nonrodent Biliary Excretion ......................................... 151

5.4 Development Stage Metabolite Identifi cation ............................................... 152

5.4.1 Defi nitive In Vitro Studies ................................................................ 152

5.4.2 Defi nitive Nonclinical ADME Studies ............................................. 152

5.4.3 Microdose of Radioactivity for Metabolite Identifi cation ................ 154

5.4.4 First-in-Human Studies (SAD and MAD) ........................................ 155

5.4.5 Human ADME.................................................................................. 158

5.5 Quantifi cation of Metabolites: Metabolite Profi les ...................................... 159

5.5.1 Flow-Through Radioactivity Detectors ............................................ 162

5.5.2 Liquid Chromatography-Accurate Radioisotope Counting .............. 162

5.5.3 Microplate Scintillation Counting .................................................... 163

5.5.4 Microplate Imager ............................................................................ 164

5.5.5 Accelerator Mass Spectrometer ........................................................ 164



128 Using Mass Spectrometry for Drug Metabolism Studies

5.6  Quantifying Metabolites in the Absence of Reference Standards 

or Radiolabel ................................................................................................. 167

5.7  Special Strategies Used for Metabolite Detection/Characterization ............ 168

5.7.1 Stable Isotope Labeling .................................................................... 168

5.7.2 Hydrogen–Deuterium Exchange ....................................................... 171

5.7.3 Chemical Derivatization ................................................................... 171

5.7.4 Online Electrochemical Techniques ................................................. 172

5.8 Applications .................................................................................................. 172

5.8.1 Triple Quadrupole Applications ....................................................... 173

5.8.2 Time-of-Flight Applications ............................................................. 174

5.8.3 Quadrupole Ion Trap (3D) Applications ........................................... 177

5.8.4  Linear Ion Trap (2D)/Hybrid Tandem Mass Spectrometry 

Applications ...................................................................................... 180

5.9 Future Directions and Summary .................................................................. 184

References .............................................................................................................. 184

5.1 INTRODUCTION

Discovering and developing safe, effi cacious, and commercially successful drugs is 

a long, complex, risky, and costly process. The process has yielded many medicines 

that have had dramatic positive infl uences on public health. A typical drug discovery 

and development process leading up to registration involves a discovery phase, a 

preclinical development phase, and clinical Phases I, II, and III. According to cur-

rent estimates, advancing a small molecule drug through all the phases can take 

between 10 and 15 years and cost over $800 million. Although the pharmaceutical 

industry’s investment in research and development has been constantly increasing, 

the number of new molecular entities (NMEs) reaching the market has been steadily 

decreasing.

In a recent review article, Kola and Landis [1] elegantly captured the root causes 

for the high rate of attrition in drug development and proposed several methods to 

reduce attrition. Based on the data presented in the review, about 1 out of every 

10–12 NMEs entering fi rst-in-human (FIH) clinical trials becomes a drug and about 

60% of the failures in the clinic were attributed to lack of effi cacy and safety. As 

documented in the review by Kola and Landis [1], and several other industry sur-

veys, the cost of terminating an NME in clinical Phases II, III, and beyond is much 

higher than terminating an NME in Phase I clinical trials or before [2]. Furthermore, 

the late clinical stage failure of torcetrapib [3] and the postmarketing withdrawals 

of fenfl uramine-phentermine (Fen-Phen) [4] and Vioxx [5,6] were especially costly 

to the industry as a whole as well as the sponsors. According to a recent report, the 

United States holds the world’s best drug safety record [7] and over the last 20 years, 

only about 3% of the approved medicines have been withdrawn from the U.S. mar-

ket. Despite the safety record, pharmaceutical companies across the globe, in col-

laboration with regulatory agencies such as the U.S. Food and Drug Administration 

(US FDA) and the European medicines agency (EMEA), are constantly striving to 

improve the safety profi les of all drugs.
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How can late-stage clinical attrition be reduced and yet still produce a safe and 

effi cacious drug? This is the number one question that every member of the biophar-

maceutical industry is trying to answer. Reducing early-stage clinical attrition is a 

diffi cult task because animal models are not perfect predictors of effi cacy and safety 

in humans [8]. Many factors can confound the safety and effi cacy predictions used to 

move a new chemical entity (NCE) into the clinic, among them absorption, distribu-

tion, metabolism, and excretion (ADME) properties and the mechanism of toxicity 

differences between the preclinical species and humans.

A historic perspective on the development of drug metabolism (DM) science has 

been elegantly reviewed by Murphy [9–11] in a three-part series published in the 

Drug Metabolism and Disposition journal. The reasons for DM studies are many but 

one of the key goals is helping to ensure human safety. During early discovery phase 

in silico methods are used to weed out compounds with undesirable ADME proper-

ties [12,13]. Higher throughput DM studies are conducted in the screening mode, 

using in vitro systems such as microsomes, hepatocytes, and/or S9 fractions, to select 

compounds with optimized clearance characteristics. As a next step in discovery, in 
vitro systems are used to establish metabolic pathways across species and to deter-

mine whether any metabolite would contribute to the pharmacological activity or 

have toxicological effect, and to see if major in vitro formed human metabolites 

are adequately exposed in nonclinical species selected for safety evaluation studies. 

Selected discovery compounds are also subjected to reactive metabolite and covalent-

binding assays to weed out compounds that form reactive intermediates. Later, lead 

compounds that are likely to advance into further development are assessed in vivo 

using mice, rats, rabbits, dogs, and/or monkeys. Subsequently, during Phase I and/or 

II clinical trails, metabolites in humans are identifi ed following drug administration 

to assure that the nonclinical species undergoing safety assessment are adequately 

exposed to human metabolites of the drug.

Liquid chromatography-mass spectrometry (LC–MS) is the most commonly used 

technique among the strategies and procedures available for evaluating and optimiz-

ing drug metabolism and pharmacokinetic (DMPK) properties at various stages of 

drug discovery and development [14–17]. Quantitative LC–MS–based bioanalyti-

cal techniques available for evaluation of pharmacokinetics (PK) properties such as 

oral bioavailability, half-life, and drug–drug interactions have been the subject of 

several reviews [18–23] as well as the focus of Chapters 1 through 4. Information 

on PK parameters in animal models are necessary for the start of the FIH studies, 

especially in the prediction of the effi cacious exposure levels necessary to exert an 

NCE’s pharmacological activity and predict safe doses. Another related area that is 

important for safe clinical trials is the metabolic properties of an NCE. Metabolism 

information helps to avoid developing an NCE that has the potential to exhibit large 

interpatient variability in PK parameters of an NCE through polymorphic enzyme-

mediated metabolism and/or undergoing metabolic drug–drug interactions. In addi-

tion, an NCE dose may need adjustment due to formation of pharmacologically active 

metabolite(s) and/or reactive metabolites. Therefore, the guidance on Safety Testing of 
Drug Metabolites (STDM) [24] suggests assessing species differences in metabolism 

of a drug (in vitro studies and/or nonclinical animal studies) as early as possible.
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The focus of this chapter is LC–MS–based strategies and procedures available for 

detection and characterization of metabolites at various stages of drug discovery and 

development. In addition, radioactivity and/or ultraviolet (UV) detection techniques 

are discussed with respect to their utility in quantifying metabolites.

5.2  METABOLITE IDENTIFICATION AT DIFFERENT STAGES 
OF DRUG DISCOVERY AND DEVELOPMENT

In the discovery phase, metabolite identifi cation is usually performed with a combina-

tion of in vitro and in vivo experiments using samples from different species in order 

to compare metabolite exposures. The structural identifi cation of major circulating 

metabolites formed in nonclinical animal models as well as the metabolites formed 

in human in vitro systems is needed for the metabolites to be synthesized and their 

pharmacological activities and/or toxicological implications to be determined [25]. 

In addition, metabolite identifi cation can lead to the discovery of candidates with 

satisfactory clearance/PK properties and/or improved safety profi le. Following are 

some examples of metabolites that were later developed as drugs: desloratadine from 

loratadine, acetaminophen from phenacetin, morphine from codeine, minoxidil sul-

fate from minoxidil, fexofenadine from terfenadine, and oxazepam from diazepam.

In the development phase, preliminary metabolite identifi cation experiments can 

be conducted in selected samples from human single ascending dose (SAD) or mul-

tiple ascending dose (MAD) studies [26–37]. Defi nitive biotransformation profi les of 

drug candidates are determined in nonclinical species and in humans by administra-

tion of the radiolabeled form of the drug candidate. These studies also provide the 

quantitative assessment (mass balance) of the excretion pathways of the drug and are 

required before the drug candidate enters Phase III clinical trials. Isotopes used in 

metabolism and mass balance studies usually are 14C or 3H [38]. Profi ling and identi-

fi cation of metabolites are accomplished with the use of various analytical methods 

and techniques that include high-performance liquid chromatography (HPLC) for 

metabolite profi ling and full-scan MS (LC–MS), product ion scans (LC–MS/MS), 

and NMR for metabolite identifi cation. Figure 5.1 summarizes some of the strategies 

and procedures used for metabolite identifi cation at different stages of drug discov-

ery and development.

5.2.1 SAMPLE PREPARATION TECHNIQUES FOR METABOLITE IDENTIFICATION

The presence of proteins, lipids, and other endogenous material, which potentially 

interferes with the detection of drug-derived material, makes it diffi cult for iden-

tifi cation of metabolites in complex biological matrices. By some estimates, dur-

ing the metabolite profi ling/identifi cation process, a signifi cant amount of time is 

spent in developing the appropriate sample preparation/cleanup method. The degree 

and extent of sample preparation/cleanup varies depending on an assay’s intended 

use. While discovery stage metabolite identifi cation assays are developed in a man-

ner that does not demand effi cient extraction recovery of all the metabolites, assays 

developed to support defi nitive metabolite profi ling and clinical studies have to pos-

sess quantitative/uniform recoveries of the metabolites and should be reproducible.
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Irrespective of whether an assay is being developed to support a development or a 

discovery study, common goals of sample preparation/cleanup include the following: 

(1) obtaining a representative sample in solution; (2) removing co-eluting/interfering 

matrix components with minimum drug and metabolites losses; (3) obtaining suf-

fi cient concentration for MS detection; (4) limiting the number of steps; (5) obtaining 

quantitative extraction recovery of both metabolites and the drug; (6) not degrad-

ing or modifying the drug or its metabolites; and (7) maintaining ruggedness and 

reproducibility.

A generic bioanalytical sample preparation scheme is presented in Figure 5.2. 

The most preferred sample processing route involves LC–MS analysis after auto-

mated solid-phase extraction (SPE), liquid–liquid extraction (LLE), or protein pre-

cipitation (PPT) without the evaporation/concentration steps [39]. This is the case for 

most in vitro samples and the high-throughput quantitative PK samples, which are 

analyzed following PPT and centrifugation. In many of the high-throughput assays, 

to increase throughput, the LC–MS/MS analysis time of the fi rst sample is used 

Detect (profile)

In vivo (administration)
Drug (NME, NCE, etc.)

Supernatant from microsomal/hepatocyte/S9 incubations

In vitro (incubation)

Process samples
(SPE, LLE, PPT, etc.)

Concentrate samples
(speed Vac, etc.)

Direct injection
(after centrifugation)

Direct injection
(after centrifugation)

Biological matrices from human or animal

Samples generated
using radiolabeled drug 

Samples generated
using nonradiolabeled drug

Low radioactive content High radioactive content

LC–MS
with in-line
radioactivity

detection

Fraction
collect

LC-stop-flow
radioactivity

detection
(LC-SoFie)96-well approach

lumaplate/
scintiplate

Nano-flow MS
(nanomate, etc.,)

High dose Low dose

LC–MS
with in-line
UV or PDA
detection

Compare LC-UV (or PDA)
and LC–MS traces

of placebo dosed (control)
with drug dosed

LC–MS with
in-line

stop-flow
radioactivity

detection
(LC-ARC)

LC–MS

LC–MS

LC–MS/MS
techniques:

neutral
loss,

precursor
ion scan, etc.

Post
acquisition
processing
techniques

Matching isotopic ratios, mass defect filter, fragmentation score,
background subtraction, targeted search for known and common metabolites

Characterization of metabolites: LC–MS/MSn, elemental composition assignment,
H/D exchange, electrochemical oxidation, incubation with enzymes, etc.

Confirmation of metabolites:
NMR, synthesis, etc.

FIGURE 5.1 Some of the common metabolite identifi cation strategies and procedures.
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for online automated processing/extraction/cleanup of the second sample. In com-

parison to manual off-line sample processing, automated online sample processing 

methods are less prone to experimental errors and are more time effi cient. The more 

complex in vivo samples containing endogenous material usually have metabolites 

at much lower concentrations than in the in vitro samples [40]. As a result, the proto-

nated molecules for the minor metabolites in the full-scan total ion chromatograms 

are not readily discernable from the background ions and detection of the metabo-

lites becomes diffi cult. While direct analysis of some samples such as bile is pos-

sible, most often plasma, urine, and feces have to be extracted using SPE, LLE, or 

PPT or a combination of methods before volume reduction/evaporation and LC–MS 

analysis. The volume reduction/evaporation steps, shown in Figure 5.2, allow for the 

generation of samples with suffi cient concentration of metabolites for identifi cation 
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FIGURE 5.2 Bioanalytical sample processing strategies.
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of unknown metabolites and to successfully apply lower duty cycle full-scan LC–MS 

as well as perform multiple MS/MS experiments.

Unlike in quantitative PK analysis, in which inter- and intrasubject/animal 

 variability are important to understand clearance, absorption, drug–drug interac-

tions, and polymorphism-related changes between subjects/animals, metabolite pro-

fi ling/identifi cation studies are performed using pooled representative samples from 

clinical and/or nonclinical studies. It is not practical however to pool the samples 

from clinical study subjects who are identifi ed as either slow or extensive metabo-

lizers of an NCE. Presence of such slow- and extensive metabolizers come to light 

through quantitative PK analysis of the NCE and if the study had involved a radio-

labeled NCE, determination of radioactivity in plasma and excreta can also give 

some indication about the intersubject variabilities in the metabolism of the NCE. 

Therefore, it is highly desirable to pool samples (Figure 5.2) based on PK and/or 

radioactivity information.

Traditional sample pooling approaches used in metabolite profi ling/identifi ca-

tion studies involve pooling across animals/subjects per dose group and gender. 

For plasma metabolite profi ling/identifi cation, equal volumes of plasma from each 

animal/subject is added together to generate pooled plasma samples at three or four 

time points per dose group and gender. Plasma time points for metabolite profi l-

ing are selected based on estimated time of maximum drug concentration (tmax) or 

half-life (t1/2) of the dosed compound. For example, for an NCE, if the tmax is around 

1.5 h, then postdose blood for metabolite profi ling is collected at 2, 6, 12, and 24 h. 

If blood collection is limited due to lack of drug material or number of animals, 

profi ling 2, 8, and 24 h plasma samples is suffi cient to understand the biotransforma-

tion pathways. Metabolite profi ling/identifi cation at different time points provides 

information about primary and secondary metabolites as well as indicating whether 

any metabolites are likely to accumulate. An alternative pooling approach involves 

pooling various volumes of plasma across all the time points in a time proportional 

manner to generate a 0–24 h pooled plasma for each subject and then pooling across 

subjects to generate one plasma sample. This pooling method is often referred to as 

the “time proportional pooling” or “area under the curve (AUC) pooling” scheme 

because determination of the parent NCE’s AUC, using a quantitative bioanalysis 

method, allows one to determine the AUC concentrations of its major metabolites 

using the qualitative metabolite profi les obtained using the AUC pooling method. 

This approach, which has been investigated by several groups in support of the 

recent safety testing of metabolites guidance [41–43], is time and resource effi cient 

and provides similar representative semiquantitative AUC estimates of the metabo-

lites over a desired time interval (0–24, 0–48 h, etc.).

Bile, urine, and feces samples for metabolite profi ling are collected in 0–8 and 

8–24 h block collection period or in one 0–24 h block collection period. Development 

stage defi nitive metabolite profi ling and mass balance studies generally involve urine 

and feces collection in 24 h block periods over 7, 10, or 15 days or until more than 

85% of the radioactivity is excreted. Urine and fecal sample time points selected for 

metabolite profi ling generally cover over 90% of the radioactivity excreted in the 

respective matrix.
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5.2.2 SEPARATION TECHNIQUES FOR METABOLITE IDENTIFICATION

Chemical and physical properties of the majority of drugs and their metabolites 

make them well suited for chromatographic separation using reverse-phase HPLC. 

Reversed-phase HPLC is achieved using a nonpolar stationary phase and a com-

bination of polar mobile phases. Chromatographic conditions for the separation 

of a drug and its metabolites are selected by optimizing the column composition, 

column particle size, column temperature, and mobile phase composition (solvent 

type, solvent composition, pH, and additives). Since MS ionization techniques 

require volatile buffers at low concentrations (usually less than 25 mM), varying the 

mobile phase additives may or may not optimize the separation of a drug and the 

metabolites. Several research groups have shown that increasing the column tem-

perature above 60°C is helpful to achieve improved separation, routine bioanalysis 

at column temperatures above 60°C is not practical [44]. The column temperature 

for most metabolite identifi cation experiments are maintained between 25°C and 

40°C and changing the column temperature within the 15°C can only lead to small 

changes in the chromatographic selectivity/elution order. Therefore, the column 

chemistry and/or the particle size are considered to be important parameters in 

optimizing the separation of a drug and its metabolites from the components of the 

matrix.

The column chemistry can be altered by changing either the packing material or 

the bonded phase or both. The packing material, used in LC–MS experiments, usu-

ally is based on 3–5 μm silica that has been treated with RMe2SiCl, where R most 

commonly is either C18H37 or C8H17. Other common bonded phases include C4, cyano, 

and phenyl. The pore-size of most of the packing material is between 80 and 100 Å. 

Although the selectivity and retention times are not expected to vary between C18 

columns from different vendors, they do vary in some instances and most of the 

separation issues that cannot be achieved by changing the mobile phase composition 

can be optimized by changing the bonded phase. The availability of alternate selec-

tivity from different bonded phases comes in handy when one is trying to separate 

co-eluting metabolites.

Alternatives to conventional reverse-phase columns include monolithic, hydro-

philic interaction liquid chromatography (HILIC), and ultraperformance liquid 

chromatography (UPLC; columns with sub-2 μm particles) columns. Some of the 

attributes of monolithic columns, which was introduced to the analytical community 

during the 1990s, include high permeability, low pressure drop, and good separa-

tion effi ciency [45–47]. Because of these advantages monolithic phases have also 

been used for online extraction before LC–MS analysis [48,49]. Although several 

laboratories have evaluated the applications of monolithic columns for the bioanaly-

sis of NCEs and their metabolites [45–47,50–52], the main focus of these reports 

is increasing throughput in quantitative bioanalysis rather than for metabolite pro-

fi ling and identifi cation. Dear et al. [49] used debrisoquine and its hydroxylated 

metabolites, formed following incubation with human liver microsomes (HLM), to 

show that the resolution and selectivity gain of short monolithic columns allows 

the conventional column analysis time of 30 min to be reduced to 5 min. The same 

group also showed advantages associated with using monolithic columns, during 
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quantitative bioanalysis, for separating 3′-azido-3′-deoxythymidine (AZT) from 

AZT-glucuronide and paracetamol from paracetamol-glucuronide [53].

The performance of monolithic and sub-2 μm particle UPLC columns was evalu-

ated for the detection and characterization of metabolites in urine following admin-

istration of a single 500 mg acetaminophen dose to healthy volunteers [54]. MS 

detection following UPLC separation resulted in approximately three times the sen-

sitivity and allowed the detection of additional glucuronide (Figure 5.3), glutathione, 

and sulfate metabolites in comparison to the monolithic column–based method. As 

shown in Figure 5.3, the chromatographic peaks from the monolithic column were 

wider than those detected with UPLC and resulted in higher limits of detection for 

the metabolites. Furthermore due to better chromatographic separation effi ciency, 

ion suppression was minimal with the UPLC approach and resulted in improved 

sensitivity.

Castro-Perez et al. [55] compared the performance of a conventional HPLC with 

that of a UPLC and demonstrated improvements in chromatographic resolution and 

peak capacity. These improvements led to reduction in ion suppression and increased 

MS sensitivity. Comparison of the mass spectrum obtained using HPLC with that 

from UPLC revealed that the higher resolving power of the UPLC–MS system 

resulted in a much cleaner mass spectrum than that obtained using the HPLC–MS 

system. The sensitivity improvement directly resulted in a higher ion count in the 

UPLC mass spectrum (855 vs 176). The additional sensitivity attainable with the 

UPLC approach is again demonstrated in the extracted ion chromatogram (XIC) of 

desmethyl-dextromethrophan-glucuronide metabolite (m/z 434). While HPLC–MS 

resulted in a peak-to-peak signal-to-noise (S/N) ratio of 25:1 for the metabolite, 

UPLC–MS provided an improved S/N ratio of 115:1. The increased S/N ratio achieved 

using the UPLC was attributed to improved peak resolution and a reduction in ion 

suppression resulting from other co-eluting metabolites and endogenous compounds. 

In a similar comparison evaluation Wang et al. [56] used reversed-phase UPLC and 

1.7 μm particle column and developed a fast, sensitive, and rugged method to detect 

testosterone and its four in vitro formed hydroxyl metabolites. In comparison to con-

ventional HPLC–MS approach, the UPLC approach provided improved LC–MS run 

time, separation, and sensitivity (see Chapter 8).

It has been shown that HILIC can be used as an alternative to conventional 

reverse-phase HPLC. In HILIC, highly polar analytes are retained longer to elute 

away from the early eluting matrix components. To increase the retention of highly 

polar compounds, a polar stationary phase such as bare silica gel or polar-bonded 

phase is used in HILIC columns. Similar to the normal-phase chromatography, 

HILIC also requires a high percentage of a nonpolar mobile phase. However, unlike 

the traditional normal-phase chromatography, which involves nonpolar solvents 

such as hexane and methylene chloride and avoids water as one of the mobile phase 

components, hydrophilic interaction requires some water in the mobile phase. The 

retention of the polar analytes decreases with increasing water content. In conven-

tional reverse-phase HPLC, very high water content is required to retain polar ana-

lytes. The high water content in turn hinders the ionization and desolvation process 

during LC–MS [57,58]. Therefore, HILIC allows one to elute highly polar analytes 

with small amounts of water and maintain good LC–MS sensitivity [58]. In a recent 
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study, Xue et al. [57] compared HPLC–MS/MS and HILIC–MS/MS for analysis of 

 muraglitazar in human plasma and showed that the sensitivity of the LC–MS/MS 

assay can be improved by using HILIC.

5.2.3 IONIZATION TECHNIQUES FOR METABOLITE IDENTIFICATION

Atmospheric pressure ionization (API) techniques are the most commonly used 

techniques in DM studies. Since the ionization occurs at the atmospheric pressure, 

API can be characterized as a “soft” ionization technique. There are three com-

monly used API sources [59] that can directly couple LC with MS: electrospray 

ionization (ESI) [60], atmosphere pressure chemical ionization (APCI) [61–63], and 

atmospheric pressure photoionization (APPI) [64,65]. The properties of the com-

pound, such as its structure, polarity, and molecular weight, lead to the selection of 

one of these ionization techniques for sample analysis.

ESI, the softest ionization technique among the API techniques, is the most pre-

ferred method for metabolite identifi cation studies. Due to its gentle ionization, it is 

a method of choice for Phase II conjugated metabolites and is also the commonly 

used technique for the analysis of peptides, proteins, carbohydrates, and oligonucle-

otides. Disadvantages of ESI technique include its susceptibility to ion suppression 

effects from high concentrations of buffer, salt, and other endogenous material pres-

ent in sample solutions [57,58]. Other ionization techniques, APCI and APPI, offer 

some advantages such as better effi ciency and sensitivity [58]. APCI and APPI have 

better tolerance to salts and matrix effects when compared to ESI [57]. Since the 

ionization in APCI occurs mainly in the gas phase in contrary to ESI, in which the 

analyte is ionized within the solution prior to its introduction into the source, APCI 

is subjected to less ion suppression and provides a wider dynamic detection range 

than ESI [66–69].

APCI is compatible with higher HPLC fl ow rates (1–2 mL/min) than ESI (0.1–

0.5 mL/min). APCI has been widely utilized for the analysis of compounds within a 

selected range of polarity and volatility that excludes compounds with high molecu-

lar weight (>1000 Da). Both ESI and APCI can be used for compounds with low 

molecular weight (<600 Da) [70]. APPI, the newest ionization technique among the 

three [65,71], is a source similar to the APCI source, in which vaporization of the 

HPLC effl uent occurs using a heated nebulizer. The APPI source employs a krypton 

discharge lamp to ionize the analytes via an ionizable dopant (toluene or acetone), 

instead of a corona discharge as in APCI. The photons generated by the lamp ionize 

the analyte. The high sensitivity of APPI might be due to the energy generated that is 

lower than the ionization potential (IP) of the most commonly used HPLC solvents, 

but within the IP range of many organic compounds. APPI might have an advantage 

for the analysis of nonpolar compounds [72]. APPI however is still a developing 

technique that has a great potential in the analysis of metabolites, and it needs to be 

evaluated further to be widely utilized in metabolite identifi cation.

Another ionization technique that has made some inroads into the metabo-

lite identifi cation arena is the nanospray ionization (NSI). NSI is a low-fl ow 

(10–500 nL/min) ESI technique with many advantages over conventional-fl ow 

ESI (∼200 μL/min) for drugs and metabolites. Advantages of using NSI include 
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decreased sample consumption and increased sensitivity. Decreased sample 

consumption allows  multiple MS experiments to be performed on isolated metab-

olites. NSI can be used for LC–MS or direct infusion-MS analysis of drugs and 

metabolites [73]. Several groups have shown that NSI is less susceptible to ion sup-

pression effects and can be used to achieve normalized MS responses from drugs 

and their metabolites [74–78]. In a most recent study, Erve et al. [73] used an NSI 

coupled to a LTQ-Orbitrap and demonstrated the detection and characterization 

of prazosin rat metabolites present in neat bile and urine and extracts of feces, 

plasma, and brain homogenate. Limited susceptibility of the NSI source allowed 

the researchers to analyze bile and urine following a cleanup step using ZipTips 

packed with C4 or C18 reversed-phase material. In addition, the group also sub-

jected the extracts of plasma, feces, and brain homogenate to a ZipTip cleanup 

step to avoid clogging of the NSI source due to presence of matrix materials and 

particulates. Although the NSI approach increased the metabolite identifi cation 

throughput, elimination of the chromatographic separation step leads to diffi culty 

in identifi cation of isomeric metabolites.

Most recently introduced ionization techniques for pharmaceutical analysis 

include the direct analysis in real time (DART) [79–81] and the desorption electro-

spray ionization (DESI) [82–84]. Both DESI and DART allow gas-phase ions to be 

formed at atmospheric pressure directly from an NCE’s native environment without 

sample extraction or preparation and/or chromatographic separation. A solvent is 

electrosprayed at the surface of a condensed phase target substance. Volatilized ions 

containing the electrosprayed droplets and the surface composition of the target are 

formed from the surface and introduced into the mass analyzer [76–78]. An analo-

gous technique to DESI that does not require the electrospray solvent is DART [85]. 

The possibility of increasing the sample throughput by the elimination of sample 

preparation and HPLC separation has prompted several DMPK researchers to inves-

tigate DESI and DART for quantitative and/or qualitative determination of drugs 

and metabolites present in plasma, whole blood, tissues, and urine [81]. However, 

for both of these ionization techniques to make an impact in the DMPK arena, the 

following limitations have to be addressed: interference from salts and endogenous 

material present in the samples, instability/in-source fragmentation of metabolites, 

variability in detection limits with sample placement, reproducibility, and sensitivity 

[84,86,87]. For more on DART, see Chapter 13.

5.2.4 MASS ANALYZERS FOR METABOLITE IDENTIFICATION

A mass analyzer separates ions according to their mass-to-charge (m/z) ratios. Several 

mass analyzers have been used in metabolism studies, including quadrupole mass 

fi lters (QMFs), linear (two-dimensional [2D] or linear ion trapping [LIT]), and three-

dimensional (3D or quadrupole ion trap [QIT]) ion traps, hybrid quadrupole orthogo-

nal time-of-fl ights (Q-TOFs), and Fourier transform mass spectrometers (Orbitrap 

and Fourier transform ion cyclotron resonance [FTICR]). Ion traps and QMFs are 

low-resolution mass analyzers with a resolution in the low-thousand range, whereas 

TOF and FTMS (Orbitrap and FTICR) are high-resolution analyzers that generate a 

minimum resolution of 15,000 (TOF) or over 30,000 (FTMS).
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In the ion trap instruments, API formed ions are transferred with the aid of 

radiofrequency (RF) only octapole and/or hexapole ion guides into the trap. Upon 

introduction of ions from an API source, traps (2D, 3D, and FTICR) are capable of 

manipulating and performing multiple MS experiments, using various timed events, 

with the same ion population. Therefore, traps are classifi ed into tandem-in-time 

mass analyzers. The QITs utilize a cylindrical ring and two end-cap electrodes to 

create a 3D quadrupolar fi eld for ion storage, manipulation, and mass analysis. To 

alleviate some of the limitations associated with QIT, two new ion trap designs (LTQ 

and Q-Trap), based on the 2D or LIT technology, were introduced. The absence of 

quadrupole fi eld in the center line allows ions to be trapped in an axial mode for 

mass analysis or transmitted to a second mass analyzer for high-resolution mode 

detection (Orbitrap or FTICR) [88–90]. Some of the functional improvements in 2D 

traps over 3D traps include increased ion storage capacity, faster scanning capabili-

ties, and improvements in detection and trapping effi ciencies.

The FTICR utilizes a combination of strong magnetic fi eld (x- and y-direc-

tions) and electric fi eld (z-direction) to store ions of various m/z in a cylindrical 

or cubic cell [90]. An electric fi eld applied to a set of plates is used to excite 

the trapped ions for detection and/or MS/MS fragmentation. Upon on-resonance 

or off-resonance excitation, ions are detected using their respective image cur-

rent imposed on another set of opposite plates. The frequency with which ions 

of a particular m/z registers an image current on the detection plates is recorded, 

amplifi ed, and then the time domain signal is fast Fourier transformed (FT) into 

frequency domain signal before being converted to mass spectral data. Several 

research groups have evaluated the utility of FTICR-MS for metabolite detec-

tion, characterization, and identifi cation [90–92]. However, today, application of 

FTICR-MS for metabolite profi ling studies are considered an “over kill” because 

most of the metabolite profi ling tasks can be achieved using less expensive and 

more user-friendly TOF or Orbitrap-based hybrid tandem mass spectrometers. 

Some of the other limitations, such as the “TOF effect,” associated with the appli-

cation of FTICR mass spectrometer–based systems for metabolite profi ling have 

also been discussed [90].

Another mass analyzer type that uses FT to generate mass spectral data is the 

Orbitrap. Unlike in FTICR, where a combination of strong magnetic fi eld and elec-

tric fi elds is required for trapping, manipulation, and high-resolution mass measure-

ment, the Orbitrap uses a combination of electric fi elds applied between sections of 

a roughly egg-shaped outer electrode and an inner spindle electrode for high-resolu-

tion mass measurement [90]. Externally formed ions are transferred into a “C-trap” 

and then ion packets are injected into the Orbitrap to orbit around the spindle and 

induce image current on the egg-shaped outer electrode. Using amplifi cation and fast 

FT, the image current is transformed into mass spectral data. Since MS/MS using a 

stand-alone Orbitrap is not yet a possibility, the Orbitrap is used in combination with 

either LIT or transmission quadrupoles for performing the MS/MS or MSn event 

and then the fragments are mass measured using the Orbitrap. The combination 

of two mass analyzers allows parallel experiments to be performed with the LIT 

and the Orbitrap. For example, while the Orbitrap is measuring a full-scan accurate 

mass LC–MS spectrum of an analyte, which usually requires longer acquisition time 
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(∼400 ms for mass measurement with 30,000 mass resolving power), MS/MS or MSn 

experiments on the co-eluting metabolites can be performed in the LIT (<100 ms 

per low-resolution MS/MS in the LIT). These fast scanning features from two mass 

analyzers along with high mass resolution mode mass measuring capability makes 

the LTQ-Orbitrap an ideal platform for metabolite structural elucidation [88,93].

As opposed to ion traps, in TOF and QMF instruments, the ions generated 

in the ion source travel in a beam and pass through the analyzer to the detector. 

Therefore, TOFs, QMFs, and any permutation of these two mass analyzers are 

categorized into tandem-in-space instruments. The QMF utilizes four parallel con-

ducting rods placed such that a combination of RF and DC voltages permits the 

passage or fi ltering of only a single m/z value. A mass spectrum is generated by 

varying the frequencies and amplitudes of the RF and DC fi elds. Low operating RF 

and DC voltages make QMFs tolerant to high vacuum conditions (10−6 torr range) 

and make these instruments most ideal for coupling with LC systems. Among the 

mass analyzer types, TOF is conceptually the simplest of all. Ions formed from 

either an API or a matrix-assisted laser desorption ionization (MALDI) source 

are briefl y stored and thermalized and then released from the source region by 

an electrical fi eld pulse and accelerated down the TOF fl ight tube. High m/z ions 

travel at a slower velocity and reach the detector later than the faster ions with 

low m/z. Calibration of the accelerating fi eld and resulting fl ight times permits 

mass analysis for unknowns. Hybrid instruments combining QMF and TOF mass 

analyzers (Q-TOF) have become common in many metabolite identifi cation labo-

ratories across the globe. Another emerging hybrid mass analyzer type involves the 

combination of ion trap and TOF mass analyzers (IT-TOF). IT-TOFs provide MSn 

capability for structural elucidation of metabolites.

In the process of metabolite identifi cation by MS, detection of a metabolite molec-

ular ion is the start of the process. Next, the product ion scan is the major experiment 

that obtains structural elucidation information on the detected metabolite. The fi rst 

step of a product ion scan is referred to as the MS/MS or MS2. Subsequent genera-

tion of product ion spectra from the fragment ion obtained from the previous step 

is defi ned as MS3 fragmentation. The MSn data is used to assign the fragmenta-

tion mechanisms that help the elucidation of drug metabolites. Generation of MSn 

data was shown to be helpful in determining the sites of biotransformation [94,95]. 

Other MS techniques such as precursor ion and constant neutral loss (CNL) scan and 

accurate mass measurements are powerful tools for detection of drug metabolites 

in complex biological mixtures. Selected reaction monitoring (SRM) experiments 

may be used for the verifi cation of proposed biotransformation pathways. These scan 

functions are available on various types of mass analyzers.

In general, the DM process of biotransformation involves Phase I and/or Phase II 

metabolic reactions. As shown in Table 5.1, the Phase I biotransformations include 

reactions such as oxidation, reduction, and hydrolysis. Glucuronidation, sulfation, 

and glutathione conjugations are some of the common Phase II biotransformations. 

Some of the common atmospheric ionization (API)-based LC–MS techniques for 

detecting Phase I and Phase II reactions include (1) targeted searches for the parent 

NCE’s precursor ion mass offset by a net transformation mass (Table 5.1); (2) SRM 

transitions involving monitoring for a metabolite ion (M + 16, M + 32, M − 14, etc.) 
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and a fragment ion mass offset by a net transformation mass (Table 5.1); (3) precur-

sor ion scans based on a major parent NCE fragment ion and/or a major parent NCE 

fragment ion mass offset by a net transformation mass (Table 5.1); (4) neutral loss 

scans based on the parent NCE’s fragmentation; (5) neutral loss scans based on com-

mon Phase II transformations; and (6) data-dependent experiments targeting peaks 

above a certain ion chromatographic threshold.

5.2.5 OXIDATIVE BIOTRANSFORMATIONS

Oxidative biotransformations, which constitutes the major portion of Phase I reac-

tions, can be catalyzed by either cytochrome P450s (CYP450) or nonmicrosomal 

enzymes such as fl avin-containing monooxygenases (FMOs), monoamine oxidase 

(MAOs), alcohol dehydrogenase, and aldehyde dehydrogenase. As listed in Table 5.1, 

TABLE 5.1
Examples of Common Oxidation (Phase I) and Conjugation (Phase II) 
Biotransformations

Type of Biotransformation
Net 

Transformation
m/z Shift 
(Nominal)

m/z Shift 
(Exact)

Oxidation Hydroxylation/

N-oxidation/S-oxidation

+O +16 +15.9949

Dihydroxylation +2O +32 +31.9898

Dehydrogenation or 

reduction

−H2 −2 −2.0156

Demethylation −CH2 −14 −14.0234

Deethylation −C2H4 −28 −28.0468

Depropylation −C3H6 −42 −42.0468

Oxidative deamination −NH3, +O +1 +0.9843

Oxidative dechlorination −Cl, +OH −18 −17.9662

Oxidative defl uorination −F, +OH −2 −1.9957

Hydration +H2O +18 +18.0105

Methyl to an acid −H2, +O2 +30 +29.9742

Conjugation Glucuronidation +C6H8O6 +176 +176.0321

Sulfation +SO3 +80 +79.9568

Glutathione conjugation +C10H17N3O6S +307 +307.0837

+C10H15N3O6S +305 +305.0681

Cysteine–glycine 

conjugation

+C5H10N2O3S +178 +178.0410

Cysteine conjugation +C3H7NO2S +121 +121.0196

N-acetyl-cysteine 

conjugation

+C5H9NO3S +163 +163.0301

Glycine +C2H3NO +57 +57.0213

Glutamine +C5H10N2O3 +145 +145.0609

Taurine +C2H5NO2S +107 +107.0038
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microsomal oxidations include aromatic and aliphatic hydroxylation, N-oxidation, 

S-oxidation (sulfoxidation and sulfonation), N-hydroxylation, N-, O-, S-dealkylation, 

deamination, dehalogenation, desulfation, epoxidation, alcohol oxidation, dehydro-

genation, and oxidation of cyclic amines to lactams. Although MAOs, FMOs, alcohol 

dehydrogenase, and aldehyde dehydrogenase have been associated with several types 

of Phase I biotransformations, their involvement is of lesser importance. Among the 

7703 different CYP450s identifi ed across living organisms, 55 different CYP450s 

belonging to 16 families are present in humans [96–98]. Among these enzymes, 

more than 85% of the DM reactions are mediated by CYP3A4, CYP1A2, CYP2D6, 

CYP2C8, CYP2C9, and CYP2C19 [99,100]. In addition to being present in the liver, 

CYP450s are also present in the small intestine, lungs, and kidneys [101].

The guidance [24] on STDM states the following with respect to oxidative 

biotransformations, “metabolites formed from Phase I reactions are more likely to 

be chemically reactive or pharmacologically active and, therefore, more likely to 

need safety evaluation.” Several recent reviews summarize atmospheric ionization 

(API)-based LC–MS approaches available for detecting and characterizing oxida-

tive (Phase I) reaction products. Some of the special techniques and strategies such 

as APCI source fragmentation [102,103] and hydrogen–deuterium exchange (HDX) 

[104,105] available to distinguish between N- and C-oxidations have been explored 

by various research groups.

5.2.6 CONJUGATION BIOTRANSFORMATIONS

Conjugation biotransformations involve modifi cation of a functional group such as 

−OH, −NH2, −SH, or −COOH by bulky and polar groups such as glucuronides, 

sulfates, amino acids, and/or glutathiones. Among these reactions, glucuronidation 

is the most common conjugative reaction in mammals, and it is catalyzed by uridine 

diphosphoglucuronosyltransferase (UGT) enzymes [106]. Out of the 117 mammalian 

UGTs identifi ed to date, about 22 enzymes have been found in humans. UGT1A4, 

UGT1A1, UGT1A8, UGT1A9/1A10, and UGT2B7 are collectively responsible for 

more than 80% of the UGT-mediated metabolism. Similar to the CYP450s, UGTs 

are mainly expressed in the liver but present to a lesser extent in the intestine, kid-

neys, and lungs. Most often, conjugation reactions terminate the pharmacological 

activity of a drug. During the course of metabolite identifi cation, it is very common 

to incubate the biological samples with β-glucuronidase and sulfatase to elucidate 

the oxidative (Phase I) metabolite giving rise to glucuronide and sulfate metabo-

lites, respectively [107–109]. Enzymatic treatments are usually conducted follow-

ing incubations or administration of radiolabeled NCE rather than nonradiolabeled 

NCE so that comparison of metabolic profi les obtained with and without enzymatic 

treatments readily provides qualitative and quantitative information about oxidative 

and conjugative metabolites [109–111]. The guidance on STDM states the follow-

ing with respect to conjugative biotransformations, “Phase II conjugation reactions 

generally render a compound more water soluble and pharmacologically inactive, 

thereby eliminating the need for further evaluation. However, if the conjugate forms 

a toxic compound such as acylglucuronide [112], additional safety assessment may 

be needed” [24]. Although limited, few conjugative metabolites have been found to 
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be pharmacologically active and these include the phenolic glucuronide conjugate 

of ezetimibe [113] and morphine-6-glucuronide [104,114].

The reasons for identifi cation of metabolites are manyfold but all boil down to 

human safety of drugs under clinical investigation. Initially metabolites of a drug 

are evaluated using in silico methods and then characterized with in vitro systems 

(microsomes, hepatocytes, S9 fractions, etc.) before assessing using mouse, rat, rab-

bit, dog, and/or monkey models. Subsequently, metabolites in humans are identi-

fi ed following drug administration to assure that the nonclinical species undergoing 

safety assessment are adequately exposed to human metabolites of the drug [25].

5.3 DISCOVERY STAGE METABOLITE IDENTIFICATION

Following oral administration, unlike following intravenous administration (or other 

nonoral routes such intramuscular and sublingual) where some of the metabolism 

pathways are avoided, the liver serves as the primary site of metabolism. Therefore, 

it is not surprising that during the drug discovery process emphasis is placed on 

enzymes present in the liver, especially on cytochrome P450s and UGTs. Since many 

compounds have to be screened using in vitro methods at the discovery stage, most 

often in silico methods are used as fi rst-tier approaches to weed out NCEs with unde-

sirable ADME properties.

5.3.1 IN SILICO METHODS

Very early in the discovery phase, in the absence of in vitro or in vivo data, in  silico 

strategies and procedures have been used to aid in drug design, especially to opti-

mize metabolic clearance properties and to predict human PK properties [115]. In 
silico packages such as Admet Predictor, Pre-ADME, ChemSilico, KnowItAll, 

and Pharma Algorithms are capable of predicting properties such as permeability, 

absorption, elimination half-life, plasma-protein binding, blood–brain penetration, 

and oral bioavailability [116,117]. However, due to the complexity of biotransforma-

tion, species differences in metabolism, and limited data sets, in silico methods to 

predict metabolites have been very slow to develop. As shown in Figure 5.4, in silico 

methods available for metabolite prediction are categorized into either local or global 

techniques [118–121]. The global techniques are knowledge based and function to 

provide information about metabolites based on known metabolism data and/or rules 

built on known metabolism of substructures of NCEs. Examples of the global tech-

niques include MetabolExpert [122], Meta [123,124], and Meteor [125]. The local 

techniques are based on quantitative structure metabolism relationships (QSMR) 

derived from structural, physicochemical, and/or quantum mechanical properties of 

an NCE [126,127]. Table 5.2 lists some of the in silico software packages available 

for assisting metabolite prediction.

In a recent study, in silico docking predictions were used to evaluate interac-

tions of 20 commonly used cancer drugs with CYP2D6. The results obtained led to 

the identifi cation of a new oxidative metabolite of metoclopramide [119,128]. The 

formation of this in silico predicted metabolite was later confi rmed by LC–MS fol-

lowing incubation of metoclopramide with HLM and recombinant CYP2D6 [119]. 
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Metabolic stability
Cross-species comparison

Reaction phenotyping
Early PK screening

Rodent ADME
Nonrodent ADME

First-in-human studies (SAD & MAD)

Human ADME
Drug–drug interaction

Microdosing

Biliary excretion

Reactive metabolite screens

Discovery toxicology/long-term toxicology

In silico

In vitro

Nonclinical

Clinical

Local approach

Global approach

FIGURE 5.4 Metabolite identifi cation work fl ow and the various ADME studies from 

which metabolite identifi cation work processes are likely to originate from.

Although there are several examples where in silico methods have been claimed to 

detect possible metabolism sites and lead to altered structures of NCEs, the details 

of these examples are not routinely published due to the proprietary nature of the 

drug discovery and development process [126]. Increasing computing power com-

bined with development of sophisticated databases with commitment from DM 

scientists to submit entries can only increase the utility of the software packages/

databases by medicinal chemists to design away or design in metabolic soft or hot 

TABLE 5.2
Commonly Used In Silico Metabolite Prediction Software

Prediction Software Web Site Capabilities

MEXAlert http://www.compudrug.com/ Biotransformation products

MetabolExpert http://www.compudrug.com/ Biotransformation products

MetaDrug http://www.genego.com/metadrug.php Phase I and II biotransformation 

products; off-target effect prediction

Meteor http://www.lhasalimited.org/index.php Biotransformation products

MetaSite http://www.moldiscovery.com/

soft_metasite.php

Biotransformation products and the 

CYPs involved (crystal structures 

are available for prediction of 

involvement of the following major 

enzymes: CYP1A2, CYP2C9, 

CYP2C19, CYP2D6, CYP3A4)

Drug Bank http://www.drugbank.ca./ DM prediction and drug interaction 

prediction

Source: Adapted from Wishart, D.S., Drugs R. D., 8, 349, 2007. With permission.
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spots. The capabilities and predictions of the in silico techniques are questionable 

when used as a stand-alone tool. However, when in silico techniques are used in 

conjunction with in vitro, in vivo, and/or LC–MS experimental data, the combined 

complimentary approaches can help to streamline the metabolite identifi cation pro-

cess [128–137]. One such method, IsoScore (Figure 5.5), involves accurate mass 

measurements of NCEs, their metabolites, and their MS/MS fragmentation and 

comparison of the data with information generated using in silico methods [138]. 

Mathspec, another software approach, utilizes fragmentation data from high-reso-

lution MS/MS spectra to systematically assemble possible parts of the molecule into 

rational molecules [132].

As a next step, LC–MS-based high-throughput assays are used to weed out NCEs 

exhibiting poor metabolic stability [139–143], protein binding [144–146], and Caco2-

permeability [147–149]. These in vitro studies are used to select NCEs with viable 

DMPK properties such as the capability to enter circulation rapidly or slowly, remain 

in circulation for appropriate duration for producing effi cacy and the ability to get 

eliminated without accumulation or causing toxic effects. For example, while it is 

highly desirable for an anesthetic NCE to be cleared rapidly, an anti-infl ammatory 

NCE should be cleared slower and possess high protein-binding properties. Some of 

the in vitro systems listed in Table 5.3 are used in the fi rst-tier assays to select NCEs 

for further optimization and characterization in, slightly more expensive and time-

consuming, nonclinical animal studies.

5.3.2 METABOLIC STABILITY STUDIES

Among the high-throughput assays, metabolic stability studies have evolved as a 

possible starting point for metabolite identifi cation. Traditional metabolic stability 
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FIGURE 5.5 Steps involved in application of IsoScore for the automated localization of 

biotransformations. (Reprinted from Leclercq, L. et al., Rapid Commun. Mass Spectrom., 23, 

39, 2008. With permission.)
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studies, conducted to select an NCE with the most appropriate in vitro stability, 

involve incubation of an NCE or series of NCEs with human or rat liver microsomes 

or hepatocytes and LC–MS/MS monitoring for the disappearance of an NCE with 

respect to the incubation time. Most laboratories prefer using hepatocytes due to 

availability of oxidative and conjugative enzymes as well as all the cofactors. In 

addition, in vitro–in vivo correlation using hepatocytes have been shown to be more 

successful than liver microsomes [136,137]. Since the introduction of API-based 

LC–MS technology, metabolic stability studies have been performed in the high-

throughput mode with fully automated sample preparation, LC–MS/MS analysis, 

data integration, and reporting [150–154]. Most often metabolically unstable NCE 

may not be an ideal candidate to advance further into development rather an ideal 

candidate for identifying metabolic hot spots within an NCE series or molecules 

with similar scaffold. Since most metabolic stability studies are conducted at physi-

ologically relevant drug concentration (1–10 μM), identifi cation of metabolites is a 

challenging task and requires sensitive detection techniques. Although metabolite 

TABLE 5.3
Commonly Used Cell Systems for Generation of In Vitro Metabolite 
Identifi cation Samples

System Origin Comments

Liver microsomes Liver tissue Phase I metabolism

Intestinal microsomes Intestinal tissue Phase I metabolism

Cytosolic fractions Liver tissue Phase II metabolism

Supersomes Liver tissue (Baculovirus-insect-cell 

expressed)

Specifi c CYP/UGT-mediated 

metabolism

S9 fractions Liver tissue Phase I and II metabolism/

detecting DNA damage

Isolated perfused liver Liver Hepatotoxicity/metabolism

Liver slices Liver Hepatotoxicity/metabolism

Hepatocytes Liver Hepatotoxicity/metabolism

HepG2 Human hepatoma cell line Hepatotoxicity/metabolism

HLE Human lens epithelial cell line Hepatotoxicity/metabolism

BC2 Human hepatoma cell line Hepatotoxicity/metabolism

DNA microarray Rat liver Phase I and II metabolism

Genotoxicity COMET assay Detecting DNA damage

Ames test

Renal toxicity DNA microarray Changes in gene expression

Hepatotoxicity

Cytotoxicity MTT assay Cell proliferation

SRB assay

Clonogenic assay

hERG potassium channels Ikr assay Electrophysiology study

Source: Adapted from Ruiz-Garcia, A. et al., Pharmacokinetics in drug discovery, J. Pharm. Sci., 
97(2), 654, 2008. With permission.
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identifi cation is not routine and not always required, availability of sensitive mass 

spectrometers (QIT, LIT, TOF, Q-TOF, and LTQ-Orbitrap), which can operate in the 

full-scan LC–MS mode or targeted MS/MS or data-dependent MS/MS mode at high 

speed and selectivity, has allowed DMPK scientists to monitor both the disappear-

ance of an NCE and the formation of its metabolites [90,155–157].

5.3.3 EARLY PK SCREENING

Initial in vivo evaluation to rank order the NCEs with suitable PK properties, fol-

lowing in silico and in vitro optimization, is usually performed using rats or mice. 

The requirement of smaller quantities of dosing material, the ability to maintain 

large number of animals from the same strain, and limited interanimal variability 

are some of the reasons for selecting rodents for the fi rst set of in vivo evaluations. 

Several potential methods to accelerate the high-throughput in vivo PK analysis have 

been explored. In addition to automated sample preparation methods (PPT, SPE, and 

LLE), cassette dosing [158,159], cassette analysis [160–162], and cassette-acceler-

ated rapid rat screening (CARRS) [163] have been evaluated as options for further 

accelerating the PK screening step. Most of these PK screening assays involve oral 

dosing of the NCE to two to three rats or mice and determining mainly the PK 

parameters. Cai et al. [160,161] and King et al. [164] explored the options to obtain 

metabolite information at selected PK time points while quantifying NCEs present 

in plasma. Metabolite information at this stage not only helped to understand the in 
vivo stability of an NCE but also helped to troubleshoot the quantitative assays with 

respect to co-eluting metabolites and their possible contribution to signal suppres-

sion or enhancements. The recent introduction of fast scanning hybrid mass spec-

trometers such as the Q-Trap 5500 and high-resolution mass spectrometers such as 

the Exactive and the LTQ-Orbitrap have revived the interest in obtaining metabolite 

information during high-throughput rodent PK studies [157,165,166].

5.3.4 CROSS-SPECIES COMPARISON

At the characterization phase of late discovery, before an NCE is recommended for 

full development, preliminary information about the NCE’s biotransformation path-

ways is very useful for selecting appropriate rodent (rat or mouse) and nonrodent 

(dog or monkey) species for short- and long-term toxicological and/or safety evalu-

ations. The initial interspecies comparison of an NCE is normally achieved using 

in vitro preparations involving microsomes or hepatocytes. The goal at this stage is 

to detect and characterize major human in vitro metabolites and confi rm formation 

of the human metabolites in the toxicology species. At this stage, in vitro incuba-

tion parameters such as linearity with respect to metabolite production, number of 

cells, and incubation time are usually not optimized. Low concentrations are often 

selected to be therapeutically relevant and the high concentration incubations are 

used for aid in metabolite identifi cation and if necessary to get quantitative estimates 

of the metabolites using UV detection online with LC–MS [157].

An alternate approach is to get quantitative estimates of metabolites using radi-

olabeled version of the NCE and simultaneously profi le, detect, and characterize 
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metabolites using an LC–MS system connected online with a radioactivity detector. 

At the discovery stage, in vitro cross-species comparison studies can be conducted 

using a tritium (3H)-labeled form of the NCE rather than a 14C-labeled form of the 

NCE due mainly to ease of incorporation of tritium into an NCE, low cost, and quick 

turnaround time [167]. Most often discovery stage cross-species comparison studies 

are performed for internal decision-making purposes and are an invaluable tool for 

selecting an NCE from a series for further advancement into development, selecting 

toxicological species that have exposure to human in vitro metabolites, and excellent 

concentrated source of metabolites useful for identifi cation of active and/or reactive 

metabolites.

5.3.5 REACTIVE METABOLITE SCREENS

Adverse drug reactions (ADRs) have led to withdrawals of troglitazone, trovafl ox-

acin, bromfenac, tolcapone, pemoline, nefazodone, and ximelagatran and “black 

box” warnings for several more recently approved drugs [168–172]. One of the 

main problems with detecting ADRs is the low incidences of these types of reac-

tions and the diffi culty in being able to observe these types of reactions in a pre-

clinical species. ADRs, which resulted in withdrawals or black box warning of 

drugs, were only detected either during the large-scale clinical trials (Phase IIb 

or Phase III) or the postmarketing period. Although the mechanisms responsible 

for ADRs are not fully understood, the formation of reactive metabolites and their 

subsequent binding to cellular macromolecules have been shown to be involved in 

these types of reactions [172,173]. Although some reactive metabolite intermedi-

ates such as epoxides that have a relatively long half-lives can be detected in in 
vivo samples, many reactive metabolites such as quinones have short half-lives 

and direct detection and identifi cation of such reactive metabolites in biological 

samples is very challenging. It is diffi cult, but it is not impossible, to predict the 

propensity of an NCE to form reactive metabolites based on functional groups and/

or in vitro–based trapping and screening assays, predictive software, and structural 

alert publications.

A variety of in vitro–based assays have been developed to screen for reactive 

metabolites and among them GSH-trapping experiments are the most commonly used 

across the pharmaceutical companies for minimizing risks associated with reactive 

metabolite formation [174–176]. GSH, a tripeptide (γ-l-glutamyl-l- cisteinylglycine), 

is known to form conjugates with quinones, quinoneimines, arene oxides, nitrenium 

ions, imine methides, and Michael acceptors via either displacement reactions or 

nucleophilic additions [176,177]. Under positive ionization mode MS/MS conditions, 

GSH conjugates undergo fragmentation to lose a diagnostic neutral molecule cor-

responding to the pyroglutamic acid (129 Da) moiety, allowing the use of CNL scan 

to screen for GSH adducts. Dieckhaus et al. [178] showed that monitoring of the 

γ-glutamyl-dehydroanalyl-glycine ion (m/z 272) using the precursor ion scan mode in 

electrospray negative ion mode is a more sensitive and selective screening technique, 

in comparison to CNL of 129, for detecting GSH adducts [178].

More recently, using a mixture of GSH and stable isotope–labeled GSH allowed 

Yan et al. [179] to use the mass difference of 3 Da observed between the nonlabeled 
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and the labeled GSH adducts for unbiased data-dependent–based confi rmation 

of GSH adducts [180]. In addition to GSH trapping, incubations with potassium 

cyanide and/or sodium cyanide followed by monitoring for CNL of 27 (cyano 

moiety) has been demonstrated as an alternative screening method for detecting 

reactive metabolite formation [174]. These LC–MS/MS-based screening assays 

have been problematic because they fail to provide quantitative estimates of the 

GSH adducts. To overcome this limitation UV has been used online with MS and 

trapping experiments with radiolabeled forms of GSH, potassium cyanide, and 

sodium cyanide have been explored [181–183]. Once reactive metabolite screening 

is complete the next step involves characterization of the metabolite using addi-

tional MS/MS experiments and/or NMR experiments and if necessary, working 

with the medicinal chemists to design out the structural components that are liable 

to form reactive metabolites. Fluorescence-based assays also have been explored 

to detect GSH adducts [184]. Several review articles focusing on the detection and 

characterization of reactive metabolites have been published (see also Chapter 6) 

[185–188].

5.3.6 REACTION PHENOTYPING

Identifi cation of the enzymes responsible for the metabolism of a drug can be accom-

plished and their relative contribution to the metabolism of an NCE can be determined 

by reaction phenotyping studies, which are extremely important in drug discov-

ery process [189]. Reaction phenotyping studies result in determination of human 

CYP450 enzymes involved in a particular biotransformation pathway. Reaction phe-

notyping studies are essential for determining the potential for drug interactions and 

polymorphic impact on drug disposition. The discovery stage reaction phenotyping 

approach involves incubation of NCEs in HLM and monitoring the biotransforma-

tion with and without a known specifi c chemical inhibitor of the CYP450 enzyme. 

Since CYP1A2, 2C9, 2C19, 2D6, and 3A4 are involved in biotransformation of 

majority of the NCEs, these fi ve enzymes and their involvement in metabolism are 

assessed using automated high-throughput LC–MS/MS assays [190,191]. Since the 

complete biotransformation pathways of an NCE are not known at this stage of drug 

discovery, assay assessment mainly involves monitoring disappearance of the par-

ent NCE in presence and absence of known CYP inhibitors. Although not routine, 

qualitative LC–MS-based metabolite identifi cation experiments at this stage are not 

ruled out [192].

As a second-tier defi nitive approach, cDNA expressed enzyme systems are used 

to characterize the isoforms responsible for formation of primary metabolites of an 

NCE, to determine the kinetics of formation of primary metabolites and to predict 

drug–drug interaction liabilities [193,194]. At this stage of drug discovery, involve-

ment of CYPs as well as FMOs and UGTs are also assessed [195,196]. In general, an 

NCE is incubated in cDNA expressed enzyme systems and the rate of disappearance 

of the parent or the rate of appearance of the metabolite(s) is monitored by an ana-

lytical method. LC–MS/MS is the method of preference to determine the concentra-

tion of the parent drug or the metabolites as a function of time. If the metabolite(s) 

standard is available, measuring the metabolite concentration is preferred; in the 
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absence of a metabolite standard, the metabolite concentrations have been measured 

semiquantitatively with respect to the LC–MS or the UV absorbance of the parent 

drug to rank order the NCEs for further development.

Usually in the later stages of the drug discovery or during early development, 

upon availability of radiolabeled form of the NCE, defi nitive reaction phenotyping 

studies are conducted. In these studies the metabolite concentration is determined 

by using HPLC-radiometric detection and all major metabolites formed by vari-

ous isozymes are identifi ed using LC–MS techniques. For example, Ghosal et al. 

[197] used radiometric detection online with LC–MS for identifi cation of human 

liver CYP450 enzymes involved in the biotransformation of vicriviroc (VCV), a 

CCR5 receptor antagonist. Incubation of VCV with HLM and cDNA expressed 

enzymes provided evidence for involvement of CYP3A4, CYP3A5, and CYP2C9 in 

the metabolism of VCV and formation of four of the six metabolites were via mul-

tiple enzymes and two of the six metabolites were mainly via CYP3A4 (Figure 5.6). 

The involvement of multiple enzymes and formation of the major metabolites via 
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CYP3A4 are considered a plus for an NCE. If the major metabolic pathway of an 

NCE exclusively involves CYP2C9, 2C19, and 2D6, which exhibit genetic polymor-

phism, then drug–drug interactions and NCE/metabolite accumulations are some 

of the possible liabilities. If the same major metabolite is also being formed by 

other nonpolymorphic CYPs then safety associated with accumulation of NCE/

metabolites and/or drug–drug interactions are less problematic. The importance of 

reaction phenotyping and the analytical methods available to study NCE liabilities 

have been published in several review articles [196,198–201].

5.3.7 RODENT AND NONRODENT BILIARY EXCRETION

Early in the discovery, in the absence of the radiolabeled drug, the bile duct can-

nulated (BDC) studies are mostly conducted in rats, but BDC dogs and monkeys 

are also used depending on the toxicology species used in the long-term safety 

evaluation studies. Following a single oral administration of an NCE, bile is col-

lected for ≤24 h in rats (usually in 0–8 and 8–24 h blocks) and up to 72 h in dogs and 

monkeys. LC–MS analysis of bile samples provides preliminary information about 

conjugated metabolites and GSH adducts. In the later stages of the drug develop-

ment, BDC animal studies conducted with the radiolabeled drug provides more 

defi nitive biliary excretion profi les of the NCE. During the excretion of biliary 

glucuronide and sulfate conjugates into the gastrointestinal (GI) tract, conjugated 

metabolites can be hydrolyzed during the passage through the intestine [202]. Once 

hydrolyzed, the aglycone regardless of whether its the NCE or its primary metabo-

lite (usually a hydroxyl metabolite of the NCE) can reenter the systemic circula-

tion, this process is usually referred to as enterohepatic recirculation [113,203]. 

Enterohepatic recirculation results in altered PK profi les, prolonged exposure to the 

NCE and delayed excretion of the drug-derived material. Therefore, to understand 

the role of conjugative metabolism in the overall metabolic clearance of an NCE, 

biliary profi les should be obtained. Since BDC studies do not generate full mass 

balance data, a separate study using non-BDC animals is necessary to understand 

the complete mass balance (percent urinary and fecal excretions) and individual 

contribution of each metabolite. If the data shows that the majority of the NCE is 

excreted in the feces as unchanged NCE, following cleavage of the glucuronide 

conjugates in the gut, collection of bile during the human ADME study should be 

considered to determine the unabsorbed portion of the NCE being excreted in the 

feces [204–206].

Overall, rodent and nonrodent biliary excretion studies with BDC animals are 

considered for the following reasons: (1) to determine the amount of NCE absorbed; 

(2) for development of metabolite profi ling LC–MS method (bile, a complex con-

centrated matrix with plenty of endogenous matrix components, is an ideal source 

for optimizing the chromatographic separations of the metabolites); (3) for optimiz-

ing MS conditions for detecting and characterizing conjugated metabolites such as 

glucuronides and sulfates; and (4) to confi rm the propensity of an NCE to form reac-

tive metabolites under in vivo conditions (usually, LC–MS detection and character-

ization of GSH conjugates in bile or derivatives/degradants of GSH (mercapturic 

acid) in urine indicates the presence of reactive metabolites).
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5.4 DEVELOPMENT STAGE METABOLITE IDENTIFICATION

In the development stage, it is a common practice to investigate the metabolism using 

a radiolabeled form of the NCE in appropriate in vitro systems, animal species, and 

humans. 14C and 3H are the choice of isotopes in most of the radiolabeled studies 

[38]. The in vitro studies with radiolabeled drug candidate usually includes species 

comparison studies that involve incubations with liver microsomes and S9 fraction, 

hepatocytes, and tissue slices from various species, and human c-DNA expressed 

CYP enzymes. In vivo metabolism studies include the nonclinical animal ADME 

studies and human ADME studies. In comparison to discovery stage metabolite 

profi ling and characterization studies, development stage studies are typically con-

ducted using longer HPLC methods with the aim of separating, detecting, and quan-

tifying (using radioactivity detection [RAD]) a majority of the metabolites. Most 

often data from defi nitive metabolism studies are included in new drug application 

(NDA) submissions as well as in an approved drug’s packaging inserts to help doc-

tors and patients understand more about the drug being prescribed and its possible 

implications.

5.4.1 DEFINITIVE IN VITRO STUDIES

In vitro metabolite profi les using a radiolabeled drug are determined to compare DM 

across different toxicology species and humans and to quantify (using RAD) the 

metabolites generated. As opposed to discovery stage in vitro studies, in develop-

ment, the in vitro incubation parameters such as linearity with respect to metabolite 

production, number of cells, and incubation time are optimized, and the drug concen-

trations used for incubations are clinically relevant. The in vitro incubation systems 

include liver microsomes and S9 fraction, hepatocytes, and tissue slices from various 

species, and human c-DNA expressed CYP enzymes (see Table 5.3 for a complete 

list). The incubation samples are analyzed by HPLC-radiodetector or simultaneously 

with LC–MS and radiodetector using the fl ow split method. Other in vitro stud-

ies conducted in drug development include detailed reaction phenotyping studies to 

identify the enzymes involved in the metabolism of the drug candidate, inhibition 

studies to investigate the potential of the drug as an inhibitor of CYP enzymes, and 

induction studies to see if the drug induces CYP enzymes.

The data obtained from defi nitive in vitro studies provide information to understand 

the potential of the drug candidate for drug–drug interaction and help to make deci-

sions about the clinical studies that should be conducted to assess potential interactions 

[207]. The relationship between an NCE’s metabolism, clearance, enzyme induction, 

and inhibition is schematically shown in Figure 5.7. Detailed information about drug–

drug interaction studies can be found in PhRMA position papers by Bjornsson et al. 

[200,201] and in book chapters by Zhang et al. [208] and Iyer and Zhang [209].

5.4.2 DEFINITIVE NONCLINICAL ADME STUDIES

Unlike the discovery stage nonclinical ADME studies where radiolabel NCE may 

not always be available, development stage defi nitive ADME studies are always 
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conducted using radiolabeled NCE. At this stage of development, pharmacologi-

cally relevant doses are used in the ADME studies and the stability of the radiolabel 

in biological matrices as well as purity of the radiolabeled NCE are determined. 

Most often, the position for radiolabel addition is carefully designed so that during 

biotransformation, the radiolabel is not lost. Loss of the radiolabel or degradation 

associated with radioactivity label addition can lead to incomplete mass balance. In 

addition to determining the mass balance, drug-related material elimination routes, 

biotransformation pathways, gender differences in metabolism are also evaluated 

in defi nitive nonclinical ADME studies. Although not practical, accounting for the 

entire administered radioactivity in the excreta (urine, feces, etc.) allows for achiev-

ing 100% mass balance. In practice, mass balance above 90%, 85%, and 80% respec-

tively in rat, dog, and human, over reasonable sample collection intervals (7–14 days), 

is considered complete [210]. Metabolite profi ling at this stage often involves separa-

tion of co-eluting metabolites, radiochromatographic quantitation, and identifi cation 

of all major circulating as well as urinary and fecal metabolites. Usually samples 

from across time intervals (0–24, 24–48, 48–96 h, etc.) and across animals (n = 3 per 

gender) are pooled so that a representative pooled sample is used for profi ling as well 

as for LC–MS metabolite detection and characterization. Sample pooling schemes 

are designed so that the representative metabolite profi les contain a major portion 

(>90%) of the radioactivity excreted in each matrix. In addition, if necessary, sample 

extraction schemes are fi ne tuned to achieve uniform extraction across metabolites.

As shown in Figure 5.1 strategies for radioactivity-based metabolite quantifi cation 

and metabolite detection and characterization are selected based on the radioactivity 
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content of a sample and the dose. If the administered dose is low and the plasma 

samples contain very low radioactivity, some of the sensitive techniques discussed 

in Section 5.5 may have to be selected for profi ling the plasma samples. Finally all 

defi nitive nonclinical ADME study data are used in support of nonclinical drug safety 

evaluations and for comparison with human ADME metabolic profi les to assure that 

the animal models being used for long-term safety testing are adequately exposed 

to all the human metabolites. Therefore most of the nonclinical ADME metabolite 

profi les used for comparison with human ADME metabolite profi les and for NDA 

submission-related activities and publications originate from defi nitive nonclinical 

ADME studies.

5.4.3 MICRODOSE OF RADIOACTIVITY FOR METABOLITE IDENTIFICATION

One of the major hurdles faced by the biopharmaceutical industry is the late-stage 

clinical attrition. Reducing the clinical attrition is a diffi cult task because animal 

models are not perfect predictors of effi cacy and safety in humans, especially when 

it comes to anticancer NCEs. As one of the new tools to make the drug development 

process faster and safer and to eliminate less promising NCEs earlier in the clini-

cal testing with limited investments and resources, microdosing strategies are being 

supported by the US FDA [211] and the EMEA [212]. Since microdosing studies 

precede traditional Phase I studies (e.g., SAD, MAD), these studies are also referred 

to as “Phase 0” or “Exploratory IND” studies.

A microdose is defi ned as the smaller of either 1/100 of the expected pharma-

cologically effective dose determined using in vitro and preclinical animal models 

or a maximum of 100 μg. Although the informational requirements for microdos-

ing studies are more fl exible than for traditional IND studies, the FDA guidelines 

suggest performing a single-dose animal toxicity study, with a week of observation 

period, to be completed using doses above the human subtherapeutic doses to show 

no risk of toxicity before starting microdosing studies. A safety margin of about 

1000-fold is recommended between animals and humans.

In a nutshell, microdosing studies involve the administration of a single subthera-

peutic dose of a radiolabeled NCE to limited number healthy adult volunteers for no 

more than 7 days to (1) assess whether the mechanism of action observed in preclini-

cal models translates to humans, (2) select the most promising lead candidate from 

multiple NCEs, (3) assess human PK and/or metabolism, and (4) to explore an NCE’s 

distribution [211]. If necessary, assuming linear PK, the PK and distribution data 

from microdosing can be used to estimate the PK at therapeutically relevant doses. A 

recent evaluation of fi ve compounds showed that microdose studies are most reliable 

for predicting the therapeutic dose level PK of small molecule NCEs that possesse 

linear PK, short half-lives, and moderate metabolism [213–215].

Since the doses are very small, conventional LC–MS techniques are sometimes 

not sensitive enough to assay samples from microdosing studies. Often accelerator 

mass spectrometry (AMS) and positron emission tomography (PET) are required 

for obtaining PK and distribution information, respectively. As described in Section 

5.4, although AMS is capable of quantifying 14C-labeled compounds with attomole 

(10−18 M) sensitivity, the technique is not useful for distinguishing between an NCE 
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and its metabolites unless additional chromatographic separation and fractionation 

is undertaken before the AMS step. To overcome this limitation, several laboratories 

have demonstrated the applications of conventional LC–MS techniques to detect 

NCEs and/or metabolites from microdosing studies [216–219]. Recently, Seto et al. 

[220] demonstrated the utility of fast scanning Q-Trap 5500 hybrid mass spectrom-

eter for detecting metabolites following an oral microdose of atorvastatin, ofl oxacin, 

methimazole, omeprazole, or tamoxifen to rats. SRM-IDA-based methods in com-

bination with a list of possible metabolites for each drug were used to quantify and 

identify the circulating as well as urinary metabolites from the microdose study. For 

more on AMS and microdosing see Chapter 14.

5.4.4 FIRST-IN-HUMAN STUDIES (SAD AND MAD)

During the transition of an NCE from discovery to development, following applica-

tion of scaling factors (allometric scaling) to account for differences between non-

clinical animals and humans, the effi cacious human dose can be predicted using 

PK and pharmacodynamics (PD) data from a variety of in vitro and in vivo studies 

[221,222]. Adverse dose ranges and the therapeutic safety margins can be coarsely 

determined using discovery stage toxicology studies and adjusted using discovery 

stage ADME data. As a result of the recent TGN1412-related tragic events, doses 

proposed for the FIH clinical studies are being carefully scrutinized by the pharma-

ceutical industry scientists as well as the regulatory authorities [223–225]. Around 

the time of discovery to development transition of an NCE, the predicted effi cacious 

human dose can be used to estimate the NCE needs for IND-enabling toxicological 

and FIH studies. The certifi ed form of the NCE or active pharmaceutical ingredi-

ent (API) for IND-enabling toxicological studies usually becomes available once all 

the salt and physical forms of the NCE are fi nalized and large-scale manufacturing 

issues have been worked out. Upon completion of the IND-enabling rodent and non-

rodent toxicological studies, more refi ned safe human doses to be used in the FIH 

study usually come to light and the pharmaceutical company is ready to fi le for a 

traditional IND (rather than the exploratory IND) to start Phase I clinical trials.

FIH studies, which are part of Phase I clinical trials, start with SAD and advance 

into MAD administration. Goals of SAD and MAD studies are to determine the 

potential toxicity of an NCE and safe dosage ranges on a small number (20–100) 

of healthy adult volunteers. Therefore, traditionally, these studies have included 

determination of parent exposure and PK parameters over the dose range but have 

not focussed on identifi cation of metabolites. However, the recent publication of the 

FDA guidance on the safety testing of metabolites [24] has encouraged sponsors to 

include some aspects of metabolite identifi cation at this stage [29–36].

A historical account, leading up to the publication of the FDA’s guidance on safety 

testing on metabolites of small molecule drug products, has been discussed [26–36]. 

The FDA guidance on metabolites states the following “We encourage the identifi ca-

tion of differences in DM between animals used in nonclinical safety assessments 

and humans as early as possible during the drug development process [24]. The dis-

covery of disproportionate drug metabolites late in drug development can potentially 

cause development and marketing delays” [24]. Furthermore, the guidance places 



156 Using Mass Spectrometry for Drug Metabolism Studies

emphasis on major human circulating metabolites by stating “Generally,  metabolites 

identifi ed only in human plasma or metabolites present at disproportionately higher 

levels in humans than in any of the animal test species should be considered for safety 

assessment. Human metabolites that can raise a safety concern are those formed at 

greater than 10 percent of parent drug systemic exposure at steady state” [24]. A fl ow 

diagram (Figure 5.8) showing some of the studies needed to determine safety of a 

human drug metabolite was also included in the guidance. The STDM guidance 

triggered a paradigm shift across the pharmaceutical industry and placed emphasis 

on obtaining in vivo human metabolism information earlier rather than waiting for 

human ADME studies (see Section 5.4.5), which usually takes place late in the Phase 

Disproportionate
drug metabolite

<10% parent
systemic exposure (AUC)

>10% parent
systemic exposure (AUC)

No further testing
needed to evaluate

metabolite

Formed in any
animal test

species?

No Yes

How much?

Exposure in animal
studies does not
approach human

exposure

Exposure in animal
studies does

approach human
exposure

Nonclinical testing
with the drug

metabolite

No further testing
needed to qualify

metabolite

FIGURE 5.8 Decision tree fl ow diagram showing the steps necessary for assuring 

safety of human metabolites. (Reprinted from Food and Drug Administration (US FDA), 

Guidance for Industry: Safety Testing of Drug Metabolites, 1, 2008. http://www.fda.gov/

downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM079266.

pdf. With permission.)
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I or Phase II. Furthermore, metabolite exposures at steady state are never available 

following human 14C-ADME studies because these studies are always conducted 

using a single dose administration.

Requirements for obtaining in vivo human metabolism information early in the 

development of an NCE and the opportunity to determine metabolite concentra-

tions at steady state has persuaded several of the pharmaceutical companies to take 

advantage of the SAD and MAD studies to get a glimpse of the metabolites present 

in human plasma and urine [24]. In SAD studies, urine (0–24 h) and blood samples 

(3–4 time points) can be collected from placebo- and NCE-dosed healthy volun-

teers from the top two or three dose groups. Since the volume of plasma samples 

from FIH studies are limited, one option is to use urine samples (pooled across 

subjects) to optimize/develop extraction, chromatographic, and MS conditions for 

metabolite detection activities. Once plasma extraction/reconstitution methods are 

optimized, pooled plasma from NCE- and placebo-dosed subjects are analyzed. 

LC–MS  profi les of placebo-dosed subjects are used to eliminate matrix ions, dose 

formulation–related ions, and other background ions so that drug-related ions can be 

readily identifi ed in the NCE-dosed samples.

In a typical drug development program, the MAD study takes place several 

months after the conclusion of the SAD study dosing. Therefore, SAD study samples 

provide the opportunity to get the metabolite identifi cation activities started earlier 

rather than waiting until the MAD or 14C-human ADME study. For example, if any 

of the metabolites are human specifi c or pharmacologically active and separate toxi-

cological evaluations have to be performed (Figure 5.8), complete identifi cation, syn-

thesis, and in vitro and in vivo testing activities can get started 1–2 years in advance 

and avoid any potential delays in the drug approval process. Additionally, metabolite 

profi ling of SAD study plasma samples provides information about some of the pos-

sible co-eluting metabolites that may have to be separated in the regulated quantita-

tive bioanalytical method so that metabolites are not interfering with the quantitative 

determination of the NCE and the PK calculations. Following a MAD study, Day 1 

plasma and urine LC–MS metabolic profi les are compared with those from either 

Day 7 or Day 14 to determine if any of the metabolites have the chance to accumu-

late and potentially lead to toxicity. A comparison of plasma metabolites detected 

in humans with those from laboratory animals provides assurances that the animals 

used in short- and long-term safety testing are exposed to metabolites formed in 

humans. One point to note is that the vast majority of defi nitive nonclinical ADME 

studies are conducted following a single dose administration and short- and long-term 

toxicological studies are conducted following single and multiple doses. If a dispro-

portionate metabolite is observed following multiple dose administration to humans 

(MAD study), if feasible (study protocol, sample integrity, etc.), plasma samples col-

lected following multiple dose administration to nonclinical species (toxicological 

studies) can be used to evaluate for the disproportionate metabolite before embarking 

on separate experiments to evaluate the metabolites in toxicological studies.

Although there are several benefi ts in detecting and characterizing metabolites in 

human SAD and MAD study samples, there are also several analytical shortcomings 

and caveats that need to be taken into considerations before using the FIH metabolism 

data to derive decision regarding disproportionate circulating metabolites. The major 
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challenges are (1) inability to provide assurances that none of the major metabolites 

are being overlooked due to diffi culties in LC–MS ionization, (2) lack of metabolite 

quantifi cation information, and (3) the possibility of selective extraction (during sam-

ple processing) of certain metabolites. Technological advances in MS, column, and 

separation techniques coupled with knowing the chemical and physical properties 

of a parent NCE somewhat help to overcome the limitations associated with (1) and 

(3) and these limitations are completely addressed during the course of 14C-human 

ADME studies. However, limitation (2) is important to satisfy the STDM guidance 

and if necessary to trigger monitoring of disproportionate metabolites in the SAD and 

MAD studies. The widely different LC–MS response observed from many structur-

ally related compounds limits the use of LC–MS in the full-scan detection mode (the 

initial mode used for FIH metabolite detection) for relative quantitative determination 

of drugs and/or metabolites in biological matrices. The most logical and conventional 

approach involves fully characterizing a metabolite, synthesizing and developing an 

LC–MS/MS–based assay for quantitative estimation of the metabolite. However, 

LC–MS/MS–based quantitative bioanalytical monitoring can become resource- and 

cost-intensive daunting task if an NCE is metabolized to multiple metabolites and 

several of them need to be quantitatively monitored. To be resource- and cost savvy 

and yet develop and bring safer drugs to market, several groups have evaluated UV- 

[28,157], NMR- [34], radioactivity- [226], and nano-ESI–based [78,227] approaches 

to get better estimates of the metabolites in FIH study samples, some of these tech-

niques are discussed in Section 5.6 and a diagram (Figure 5.9) outlines some of the 

possible strategies that can be used with SAD and MAD studies.

5.4.5 HUMAN ADME

A human ADME study conducted using radiolabeled form of the NCE (usually 

referred to as 14C-human ADME) is a study that in most cases is required prior to 

start of the Phase III clinical trials and the data from the human ADME study are 

important components of the nonclinical sections of the NDA submission and drug 

label. The objectives of 14C-human ADME studies are to determine the total disposi-

tion of the NCE, encompassing mass balance, routes of NCE/metabolite elimination, 

and biotransformation pathways.

The majority of the 14C-human ADME studies are conducted with a small num-

ber of healthy adult subjects (often between 6–8) and if bile collection is needed, a 

small group of additional subjects are included [228]. Traditionally, due to ethical 

reasons, male subjects are selected for the 14C-ADME studies. Before the start of the 
14C-ADME studies, study sponsors have the responsibility to determine stability of 

the radiolabel, purity of the radiolabel (distinguishing degradants from metabolites is 

very important), and conduct tissue distribution studies in nonclinical species prefer-

ably using quantitative whole-body autoradiography (QWBA) to detect radioactivity 

in tissues, organs, and excreta to determine the safe radioactivity dose. Nonclinical 

tissue distribution study data are extrapolated and used to show that radioactivity 

exposure of a specifi c tissue/organ will be well below the allowable limits to humans 

[229,230]. Most of the 14C-human ADME studies consider a total radioactivity dose 

of 100 μCi or less to be safe [231].
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Although regulatory guidance does not specify what is an acceptable mass 

 balance recovery, a retrospective study evaluating mass balance achieved across 

various  species and humans for 27 NCEs suggests that on average a mass balance of 

80% or greater is achieved with most of the 14C-human ADME studies [210,232,233]. 

The level of recovery ensures that no pathway accounting for > 20% of the fractional 

clearance is unaccounted for in clinical pharmacology investigations. A drug’s clear-

ance pathways are used to design and prioritize drug–drug interaction, renal impair-

ment, and hepatic impairment studies before large-scale Phase III clinical studies 

[210,234]. Clearance amounts over time combined with the NCE bioanalytical quan-

titative data can also allow the determination of slow- and extensive-metabolizers of 

an NCE.

Metabolite profi ling and identifi cation using samples from the 14C-human ADME 

studies allow determination of disproportionate metabolites or confi rmation of metabo-

lites already identifi ed in SAD and MAD studies. Additionally, extraction recoveries and 

chromatographic separations can be optimized as well as the quantities of each metab-

olite brought to light with the radiochromatographic profi les. Radiochromatographic 

profi les from 14C-human ADME matrices are compared with those from nonclinical 

species to provide assurances that the nonclinical species undergoing short- and long-

term toxicological studies are exposed to human metabolites. Finally, thorough iden-

tifi cation of metabolites in plasma, urine, and feces from 14C-human ADME studies 

are imperative to understand if the parent NCE and/or any of the metabolites have the 

potential to accumulate due to renal or hepatic impairment.

5.5 QUANTIFICATION OF METABOLITES: METABOLITE PROFILES

The quantifi cation of metabolites becomes crucial during the development and clini-

cal stages of drug discovery and development process. The widely different LC–MS 

response observed from many structurally related compounds, however, limits the 

use of LC–MS in the full-scan detection mode for quantitative determination of 

drugs and/or metabolites in biological matrices. LC–MS/MS–based assays involv-

ing SRM techniques are the preferred method to obtain quantitative information on 

an NCE and its metabolite in biological matrices. These LC–MS/MS techniques 

involve selection of a precursor ion, fragmentation using collision-induced disso-

ciation (CID), and detection of a fragment ion [235–239]. To obtain quantitative 

information using such LC–MS/MS techniques, synthesis of reference standards is 

required so that LC–MS/MS responses from unknown quantities of drugs and/or 

metabolites can be related back to LC–MS/MS responses obtained using known 

quantities of drugs and/or metabolites (generating standard curves). Usually a stan-

dard curve must be generated for each and every molecule that needs to be quantifi ed 

[19]. The standard curve of a drug cannot be used to quantify its metabolite(s) and a 

standard curve of one metabolite cannot be used to quantify another metabolite from 

the same drug because structural alterations from metabolism or biotransformation 

may lead to alterations in ionization effi ciencies, extraction effi ciencies (SPE, liquid–

liquid, etc.), and/or interferences from endogenous matrix ions. In the absence of a 

reference standard, for obtaining quantitative information on a metabolite or when it 

is necessary to obtain information on multiple metabolites, radiolabeled (14C or 3H) 
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drugs are administered or incubated and the samples are chromatographically sepa-

rated and metabolites are quantifi ed using one of several available RAD systems. 

This process is generally referred to as “metabolite profi ling.” RAD detection can 

be achieved by one of the following fi ve approaches: (1) fl ow-through radioactivity 

detectors, (2) liquid chromatography-accurate radioisotope counting (LC-ARC), (3) 

microplate scintillation counting (MCS), (4) microplate imager (MI), and (5) AMS.

5.5.1 FLOW-THROUGH RADIOACTIVITY DETECTORS

Metabolites of drug candidates in various in vivo and in vitro systems are generally 

profi led and simultaneously metabolites are identifi ed by coupling a mass spectrom-

eter with a radioactivity fl ow detector and splitting the HPLC fl ow  postcolumn [240]. 

Either solid (heterogeneous detection) or liquid (homogeneous detection) cells can 

be used with these radioactivity detectors [219,240]. For example, HPLC fl ow from 

a Waters Alliance model 2690 pump was split to deliver 80% to a Packard Model 

500TR fl ow scintillation analyzer (FSA) and the rest to a QIT mass spectrometer 

for profi ling and characterizing metabolites in plasma, urine, and feces following 

administration of 14C-loratadine [232] or 14C-desloratadine [233] to healthy volun-

teers. The same split fl ow method was used to confi rm presence of all the human 

metabolites in preclinical species and to characterize additional metabolites detected 

in the preclinical species [109]. Most recently, Cuyckens et al. [241] demonstrated 

the application of high-pressure liquid chromatography online RAD with simultane-

ous LC–MS analysis and showed that an NCE and its metabolites can be separated 

with increased effi ciency and enhanced sensitivity compared to that of conventional 

HPLC-RAD-MS.

Flow-through radioactivity detectors have a limit of detection (LOD) of approxi-

mately 300 cpm for 14C when using liquid cells and even higher LOD when solid cells 

are employed [241]. This kind of poor sensitivity of the radioactivity fl ow detectors 

limits their application to the samples with low levels of radioactivity. For analysis of 

drug-related compounds with low levels of radioactivity (e.g., plasma metabolites), 

sensitivity can be improved by fraction collection during HPLC analysis and off-line 

liquid scintillation counting (LSC) of the fractions with addition of liquid scintil-

lant [242–244]. However, this process is very time-consuming and labor intensive 

and also the isolated metabolites cannot be recovered. Also volatile compounds in 

the fractions could be lost during the concentration of fractions before LSC, which 

results in low recovery for a HPLC run. Recently, development of new RAD tech-

niques offers improved methods as alternatives for detection of low radioactivity. 

These techniques include MCS, LC-ARC—stop fl ow or dynamic fl ow, and AMS. If 

necessary, MCS and LC-ARC can be coupled with a mass spectrometer for detection 

and characterization of metabolites.

5.5.2 LIQUID CHROMATOGRAPHY-ACCURATE RADIOISOTOPE COUNTING

LC-ARC is a novel online RAD method that is 10–20 times more sensitive than 

the conventional fl ow-through radioactivity detectors [219] and manufactured by 

Aim Research Company. It is a powerful technique to detect compounds with low 
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levels of radioactivity during metabolite identifi cation. The LC-ARC system utilizes 

an advanced stop-fl ow (StopFlow) counting technology that decreases the LOD to 

5–20 dpm for 14C and 10–40 dpm for 3H and increases the sensitivity [219,242,245]. 

The successful application of LC-ARC in metabolism studies has been reported 

for both 14C- and 3H-labeled compounds [219,242,245]. In these studies LC-ARC 

was coupled with a mass spectrometer that allowed acquisition of mass spectro-

scopic data online. The DynamicFlow™ radioisotope detector is another instrument 

developed by Aim Research Co. for HPLC and ultra-high-pressure liquid chroma-

tography (UPLC). DynamicFlow is a novel method that was developed based on 

the StopFlow technique. In the DynamicFlow method there is no need to stop the 

HPLC fl ow like in StopFlow to increase the sensitivity. Detection of low levels of 

radioactivity, down to 15 dpm, is possible with a DynamicFlow detector without 

stopping the HPLC fl ow [242,244]. A slow down of the HPLC fl ow rate can increase 

the sensitivity further when needed [243]. Like StopFlow radioisotope detector, the 

DynamicFlow radioisotope detector can also be interfaced with an MS for online 

metabolite identifi cation.

5.5.3 MICROPLATE SCINTILLATION COUNTING

Since its introduction in 2000, MSC has quickly become a method of choice for 

profi ling of low-level radioactive metabolites in many metabolism studies [246]. In 

this method, fractions are collected into 96-well microplates during HPLC analysis 

and the radioactivity in the collected fractions is determined by off-line scintillation 

counting. The sensitivity is increased by increasing the counting time to 2–5 min per 

well from 2 to 12 s resident time used in the radioactivity fl ow-through detectors. In 

addition to increased sensitivity other advantages of this method are that it generates 

less radioactive waste and it is less time-consuming and labor intensive compared 

to conventional LSC. Currently, there are two types of MSC instruments, TopCount 

and MicroBeta, that are both manufactured by Perkin Elmer and use two kinds 

of plates, Lumaplates® and Scintiplates®, respectively. Lumaplate is a microplate 

coated with a solid scintillator (yttrium silicate) at the bottom, in which addition of 

LSC cocktail prior to counting is not needed, and used with TopCount instrument 

[247–252]. Scintiplate is a 96-well polystyrene-based microplate, which scintillates 

on exposure to beta radiation and does not need the addition of scintillation cocktail. 

Scintiplate is used with MicroBeta scintillation counter. Zhu et al. [248] demon-

strated that TopCount was 50–100-fold more sensitive than online radioactivity fl ow 

detector and approximately twofold more sensitive than LSC. The data showed that 

the HPLC-MSC technique is especially useful for detection and quantifi cation of low 

levels of radioactivity in biological matrices.

Although both the Scintiplate in combination with the MSC or the Lumaplate 

with the TopCount offers improved radiochemical detection limits and counting 

effi ciency over conventional online radiochemical techniques, the throughput 

is diminished compared to conventional online radio fl ow-through techniques 

because the off-line approaches involves drying of multiple 96-well plates (neces-

sary for 45–60 min metabolite profi ling experiments with 10–20 s per well) and 

then off-line counting. The 96-well plate approaches, however, are signifi cantly 
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streamlined process over the conventional fraction collection into scintillation 

vials and LSC.

5.5.4 MICROPLATE IMAGER

Most recently, a MI technique was evaluated as an alternative to MSC systems. MSC 

systems, described above, use several photomultiplier tubes (PMTs) in conjunction 

with solid scintillant to detect β-particles–related light. The MI is an ultra-high-

throughput technique capable of detecting all forms of fl uorescence, absorbance, and 

luminescence including photons emitted from radioactive material. The MI detec-

tion technique involves a back-illuminated charged-coupled device (CCD) camera 

operating at −100°C coupled to an optimized telecentric optical lens. Unlike the 

PMT-based detection technique used in the MSC, which is capable of measuring 

radioactivity in one well at a time, the MI technique is capable of imaging an entire 

96-, 384-, or 1536-well plate for the radioactivity without addition of liquid scintil-

lation cocktail. An important difference between the PMT detection (MSC, all the 

fl ow-through radioactivity detectors, and liquid scintillation detectors) and the detec-

tion technique used in the MI is that the PMTs measure photons while the latter does 

not. Therefore, the data from PMT-based detectors are expressed as CPM and the MI 

data are expressed using relative light unit termed “analog-to-digital units” (ADU).

Dear et al. [253] evaluated MI for detecting and quantifying NCEs and their 

metabolites following UPLC separation and fraction collection into 96- and 384-well 

Lumaplates. Metabolite profi les obtained using MI technique was compared with those 

from MSC and the results demonstrated similar sensitivity and robustness between two 

techniques. The LOD and the limit of quantifi cation for the MI technique were estab-

lished at 3 and 7 dpm, respectively. A comparison of reconstructed radiochromatograms 

of a rat bile sample from a 14C-study, following UPLC separation, fraction collection 

into 96-well lumaplates, and off-line counting for 40 and 5 min per plate using respec-

tively MSC (TopCount) and MI (ViewLux) is shown in Figure 5.10. The reconstructed 

radiochromatograms show nine prominent metabolites (M1–M9) and unchanged par-

ent drug (P). The metabolite profi les from both detectors are quantitatively and quali-

tatively similar. The advantages of using MI technique include higher-throughput (5 vs 

40 min) and reduced plate cost (Figure 5.11). Although the MI technique is capable of 

imaging a 1536-well plate, compatible fraction collection techniques are not yet avail-

able to leverage these advantages to further improve the throughput.

5.5.5 ACCELERATOR MASS SPECTROMETER

AMS is an extremely sensitive technique that offers 103–109-fold increases in sen-

sitivity over LSC methods. AMS was originally used for radiocarbon dating of his-

torical artifacts [254]. AMS measures individual atoms of rare isotopes (3H, 14C, 
26Al, 36Cl, 41Ca, and many isotopes of heavy elements), rather than relying on the 

detection of radioactive decay events. AMS separates elemental isotopes in a sample 

through differences in mass, charge, and energy. This technique has been mostly 

utilized for the detection of 14C isotopes. AMS measurements can be up to 1 million 

times more sensitive than decay counting methods for 14C [255,256]. AMS is used 
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to measure the isotope ratio (12C:13C:14C) in graphitized samples. A cesium ion beam 

is directed at the graphite cathodes where negative carbon ions are produced. The 

ions are extracted from the ion source and directed via a magnet into an accelerator 

where they gain very high energies. In the accelerator, the negative ions collide with 

an inert gas, which has an electron stripping effect. The carbon ions, now stripped of 

electrons, gain a positive charge. The high-energy positive carbon ions are focused 

and fi ltered by a magnet, a quadrupole, and an electrostatic analyzer. Relatively 

abundant 12C and 13C ions are quantifi ed in Faraday cups while rare 14C ions are 

quantifi ed in a gas ionization detector.

A number of recent studies have demonstrated the potential utility of AMS in pharma-

ceutical research [257] that includes mass balance and PK studies [258,259], microdos-

ing [260], and covalent binding of 14C-labeled active metabolites to DNA and to protein 

in vivo [261]. The ultrasensitivity of AMS technique allows the use of low chemical and/

or radioisotope doses (microdose) in humans. Due to the small amount of radioactiv-

ity given to humans, administration would result in negligible radioactivity exposure, 
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FIGURE 5.10 Comparison of reconstructed radiochromatograms obtained using a ViewLux 
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and the studies can be performed more safely in humans. Another advantage of a low 

radioactive dose is that radioactive waste generation is minimal. However, the method 

does require a contamination-free laboratory and is a destructive technique that does not 

allow generation of structural elucidation data. For more on AMS, see Chapter 14.

5.6  QUANTIFYING METABOLITES IN THE ABSENCE OF 
REFERENCE STANDARDS OR RADIOLABEL

The recent publication of the STDM guidance by the US FDA has clearly outlined 

the importance of detecting and characterizing human metabolites as early as pos-

sible during the course of discovery and development of an NCE. The STDM guid-

ance also recommends detecting and characterizing human metabolites under the 

steady state conditions or after multiple dosing, which in turn makes the analysis of 

human MAD study samples for metabolites ever more important [24].

During the discovery and development of a drug, it is preferred that the quanti-

tative bioanalytical method involves only the measurement of the parent NCE. If 

metabolites of an NCE need to be quantifi ed as per the STDM guidance, the appro-

priate course of action involves complete identifi cation of the metabolites in question, 

synthesis of the metabolite standards, obtaining certifi ed standards, generating cali-

bration curves for each metabolite and monitoring each metabolite using LC–MS/

MS methods. To avoid developing a complex quantitative assay that is capable of 

monitoring all the metabolites and to be cost and resource effi cient, it is prudent to 

obtain quantitative information during metabolite profi ling studies. Although mass 

spectrometry–based techniques are eminently suited for detecting and character-

izing metabolites, quantifying the metabolites in the absence of reference standards 

or radiolabel NCE administration is not straightforward. Diffi culties in quantifi ca-

tion stem from unpredicted LC–MS response differences between an NCE and its 

metabolites, nonuniform extraction effi ciencies, highly variable interferences from 

the endogenous matrix and ionization effi ciency differences.

To overcome some of the limitations mentioned above, several approaches have 

been developed (Figure 5.9). Among them, one option is to correlate the radioactive 

response peak area of the metabolite and the parent to the corresponding LC–MS or 

LC–MS/MS peak area responses [226,227]. Since the radioactivity response is non-

discriminating with respect to molecular weight and chemical structure, and is rela-

tively immune to most matrix effects, response ratios between a parent NCE and its 

metabolite or between two metabolites would provide reliable quantitative estimates. 

LC–MS peak area response differences then can be corrected to match the radioac-

tivity response ratios. Once a response correction ratio is established for a particular 

NCE and a metabolite present in a particular matrix, then the correction factor can 

be used for samples from nonradiolabeled studies such as the SAD and MAD stud-

ies or other discovery metabolism studies. Similar to radioactivity, UV and/or DAD 

also have been used to derive nondiscriminating responses between an NCE and its 

metabolites for the purpose of obtaining quantitative estimates [157,262]. Another 

approach is to use the 1H-NMR to derive a response correction factor between an 

NCE and its biologically and nonbiologically generated metabolite, and this approach 

was recently demonstrated by Espina et al. [34].
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Another novel approach that could be used to quantify metabolites in the absence 

of reference standards or radiolabel was described by Ramanathan et al. [78]. In 

this approach, recently introduced NSI technique and two HPLC systems were 

coupled with a Q-TOF mass spectrometer to obtain normalized LC–MS response 

of drugs and their metabolites. As shown in Figure 5.12, one HPLC  system per-

forms the separation of a drug and its metabolites, while the other system adds 

solvent postcolumn with an exact reverse of the mobile phase composition so that 

the fi nal composition entering the NSI source is isocratic throughout the entire 

HPLC run.

To validate the response normalizing technique, data were obtained from four 

different structural classes of compounds (VCV, desloratadine [DL], tolbutamide, 

and cocaine) and their metabolites. The data demonstrated that by maintaining the 

solvent composition unchanged across the HPLC run, the infl uence of the solvent 

environment on the ionization effi ciency is minimized. In comparison to responses 

obtained from radiochromatograms, conventional LC-ESI-MS overestimated the 

responses for the parent NCE between 6- and 20-fold. The response normalization 

modifi cation resulted in nearly uniform LC-NSI-MS response for all compounds 

evaluated. During the course of drug development, if the AUC for a metabolite has 

to be determined to satisfy the STDM guidance, then a pooled plasma sample can 

be analyzed with and without response normalization to estimate the response cor-

rection factor as well as the amount of the metabolite. Once the response correc-

tion  factor is known then the AUC of the parent NCE obtained using a validated 

quantitative bioanalytical technique can be used to roughly estimate the AUC of the 

metabolite.

5.7  SPECIAL STRATEGIES USED FOR METABOLITE 
DETECTION/CHARACTERIZATION

Once a metabolite is detected in a biological matrix and its molecular weight is deci-

phered using LC–MS techniques, the next steps involve structural characterization 

using LC–MS/MS, MSn, and accurate mass measurement strategies. Most often MS/

MS and MSn experiments help to narrow down the metabolic modifi cation region 

and distinguishing between the sites modifi cation, such as whether an oxidation is 

occurring on a carbon or nitrogen, may require isolation of the metabolite followed 

by NMR. Furthermore, elemental compositions determined using accurate mass 

measurements can only allow one to decide whether the observed m/z is consistent 

with the proposed structure or not. However, some of the LC–MS and LC–MS/

MS–based special strategies described below allows one to refi ne the proposed site 

of modifi cations and assist in identifi cation of the metabolites. These strategies are 

potentially useful before investing time and resources for NMR characterization and 

synthesis of the metabolites.

5.7.1 STABLE ISOTOPE LABELING

Stable isotope labeling in conjunction with MS has been widely used for the identifi -

cation of drug metabolites since late 1970s. In addition, stable isotope–labeled drugs 
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have been employed as internal standards for quantitative LC–MS work, in studies 

of absorption, bioavailability, distribution, biotransformation pathway determina-

tion, excretion, drug interactions, and pharmacological changes during pregnancy, 

etc. [263]. The stable isotopes can be separated by MS, such as 2H from 1H, 13C 

from 12C, 15N from 14N, 18O from 16O, 34S from 32S, and 81Br from 79Br. The isotopic 

clusters generated from the mixture of natural and synthetically introduced isotopes 

can effectively be used to track and identify the drug-related compounds in the com-

plex biological matrices. In order to identify potential metabolites some computer 

programs have been developed, in which each scan of a chromatographic run is 

searched to fi nd out the characteristic isotope cluster of the drug-related compounds. 

Use of stable isotope–labeled drugs can be a good alternative to the use of radiola-

beled drugs in metabolism studies [264–266].

Recently, stable isotope–labeled compounds in combination with mass defect 

 fi lter (MDF) technique and high-resolution accurate mass spectrometry were uti-

lized to detect glutathione (GSH) conjugates generated in HLM with the use of 

MetWorks software [267]. In that study, high-resolution accurate mass analysis 

with isotope pattern triggered data-dependent product ion scans was employed for 

simultaneous detection and identifi cation of GSH adducts and reactive intermedi-

ates within a single analysis using a LTQ-Orbitrap. In this method, a 2:1 ratio of 

unlabeled to stable isotope–labeled GSH was used as a nucleophilic chemical tag 

to trap reactive intermediate species. First, GSH conjugates were generated from 

incubating the test compounds (acetaminophen, tienilic acid, clozapine, ticlopi-

dine, mifepristone) with HLM in the presence of NADPH-regenerating system and 

a 2:1 ratio of glutathione and (13C2
15N-Gly)-glutathione. The isotopic mass differ-

ence between the unlabeled and stable isotope–labeled GSH adducts was 3 Da. 

The isotopic doublets of chemically tagged GSH conjugates of fi ve compounds 

were detected by isotope search of mass defect fi ltered and control subtracted full-

scan MS data using MetWorks software, which utilized accurate mass difference 

of the chemical tags and a ratio corresponding to the conjugate composition of test 

compound + chemical tag −2H. Then, the reactive intermediate structures were 

elucidated using chemical formulae of both the protonated molecules and their 

product ions generated from high-resolution accurate mass measurements with 

data-dependent scans obtained from a single analysis. Some recent examples of the 

use of stable isotopes in metabolite identifi cation have been presented by Martin 

et al. [268], Baillie et al. [269], Chowdhury et al. [265], Cuyckens et al. [270,271], 

and Mutlib [266].

Chlorine and bromine have a unique natural isotopic pattern that can  easily 

be used to detect the drug-related compounds in complex biological mixtures. 

Therefore, drugs containing Cl or Br may not be needed to be stable labeled 

[109,272]. Furthermore the isotopic peaks can be individually subjected to tandem 

mass spectrometry experiments to decipher an origin of a certain fragment and/or 

site of modifi cation. For example, separate tandem mass spectrometry experiments 

performed using the molecular ion peaks containing 35Cl and 37Cl allowed structural 

characterization of some of the metabolites following administration of loratadine to 

nonclinical species [109].
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5.7.2 HYDROGEN–DEUTERIUM EXCHANGE

HDX experiments in combination with LC–MS analysis can be used to generate 

valuable information for drug metabolites with the analysis of the MS data before 

and after this chemical reaction. Labile hydrogens present in some of the functional 

groups of an NCE and its metabolites, such as −OH, −SH, −NRH, −NH2, −CO2H, 

can exchange with deuterium when exposed to deuterated solvents or reagents [272]. 

In general, biotransformation of drugs produces metabolites with polar functional 

groups such as hydroxyls or blocks polar functionalities, which results in changes 

in the number of exchangeable hydrogens. With the determination of number of 

exchangeable hydrogens additional information is generated to facilitate the struc-

tural elucidation of the drug metabolite. LC–MS/MS analysis following online 

HDX using deuterated HPLC solvents such as D2O has been widely applied to the 

 structural elucidation of drug metabolites [272–275].

A recent example of application of LC–MS/MS following online HDX and stable 

isotope–labeling techniques was presented by Ni et al. [276] for characterization of 

metabolites of brimonidine, a highly selective α2-anrenergic receptor agonist. A mix-

ture of brimonidine and D4-brimonidine was incubated in rat and HLM. In addition, 

the mixture was orally administered to rats. Then, in vitro (hepatic microsomal) and 

in vivo (rat urinary) metabolites of brimonidine were characterized by LC–MS/MS 

following HDX using deuterated mobile phase. Brimonidine has two exchangeable 

hydrogens attached to the nitrogens of the imidozoline ring. The hydroxyquinoxaline 

metabolite of brimonidine and dehydro-hydroxybrimonidine had three exchange-

able hydrogens. The additional labile hydrogen detected in those metabolites indi-

cated the addition of oxygen to carbon of the quinozaline ring, rather than nitrogen. 

Ni et al. [276] also discussed the effectiveness of stable isotope–labeling technique 

in structure elucidation of drug metabolites. In conclusion, LC–MS/MS following 

HDX and stable-isotope–labeling techniques generated additional information use-

ful in characterization of metabolites of brimonidine.

Most recently, the utility of online HDX-based LC–MS for distinguishing iso-

meric N-oxides and hydroxylamines from oxidation at carbon was discussed [105]. 

Most often additional information from LC–MS-based HDX such as whether an 

oxidation is taking place on nitrogen or carbon can be very helpful for further char-

acterization of a metabolite by NMR or narrow down the synthetic routes and save 

resource and time during the drug discovery and development process [104].

5.7.3 CHEMICAL DERIVATIZATION

The chemical derivatization technique in combination with LC–MS/MS has also 

been used as an effective tool to facilitate the identifi cation of metabolites, espe-

cially for unusual or unstable metabolites [277–279]. The MS detection sensitivity 

for poorly ionizable compounds can be increased by introduction of an easily ioniz-

able functional group. Derivatization can reduce the polarity of very polar small 

molecular weight metabolites that elute very early together with many endogenous 

materials in the HPLC columns. As a result, the derivatized metabolite can be 
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chromatographically separated from the endogenous material in the sample. Balani 

et al. [277] derivatized highly polar and extremely unstable human urinary metab-

olites of caspofungin (a potent antifungal agent) with ethyl chloroformate or ace-

tic anhydride. With the increase in molecular weights of these metabolites and the 

improvement in their chromatographic retention, these metabolites were identifi ed 

by LC–MS/MS.

Chemical derivatization has also been used in structural elucidation of  conjugated 

metabolites [278,280,281]. In a recent study, Salomonsson et al. [278]  successfully 

applied chemical derivatization of isomeric drug conjugates with 1,2- dimethylimidazole-

4-sulfonyl chloride (DMISC) to determine the site of conjugation. Morphine has one 

phenol group and one aliphatic hydroxyl group where glucuronidation could take 

place. Two glucuronide conjugates of morphine were indistinguishable by MS analy-

sis. DMISC reacted selectively with one of the  metabolites that contain a free phenol. 

As a result it was possible to differentiate glucuronide conjugates by treatment with 

DMISC followed by MS analysis.

Derivatization is also useful to detect volatile metabolites. Liu et al. [282] described 

a specifi c, rapid, and sensitive in situ derivatization solid-phase microextraction 

(SPME) method for determination of volatile trichloroethylene (TCE) metabolites, 

trichloroacetic acid (TCA), dichloroacetic acid (DCA), and trichloroethanol (TCOH), 

in rat blood. The metabolites were derivatized to their ethyl esters with acidic etha-

nol, extracted by SPME and then analyzed by gas chromatography/negative chemical 

ionization mass spectrometry (GC-NCI-MS). After validation, the method was suc-

cessfully applied to investigate the toxicokinetic behavior of TCE metabolites follow-

ing an oral dose of TCE. Some of the common derivatization reagents include acetyl 

chloride and N-methyl-N-(t-butyldimethylsilyl) trofl uoroacetamine (MTBSTFA) for 

phenols and aliphatic alcohols and amines, dansyl chloride and diazomethane for 

phenols, dansyl chloride for amines, acidic ethanol and diazomethane for carboxylic 

acids, and hydrazine for aldehydes.

5.7.4 ONLINE ELECTROCHEMICAL TECHNIQUES

The potential of electrochemical detection (ECD) techniques for metabolite genera-

tion, detection, and quantifi cation [283] should not be underestimated because the 

technique is especially useful for reactive metabolites [284,285]. ECD can be used as 

standalone or as a parallel or sequential method with LC–MS systems. Online ECD 

techniques and their utility in metabolite identifi cation have been recently reviewed 

by Gamache et al. [286]. Most of the documented applications involve the use of the 

electrochemical cell for oxidizing an NCE to reactive metabolites and trapping and 

detecting them by online LC–MS and LC–MS/MS techniques.

5.8 APPLICATIONS

Applications of the mass analyzer types for discovery and development stage metab-

olite detection, characterization, and identifi cation along with each analyzer type’s 

limitations and advantages are discussed in the following section.
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5.8.1 TRIPLE QUADRUPOLE APPLICATIONS

Triple quadrupole mass spectrometers can perform tandem mass scan experiments in 

various modes including product ion (MS/MS), precursor ion, and neutral loss scan 

and SRM experiments, but they cannot be used for sequential MSn experiments. The 

high sensitivity and specifi city, in the SRM mode, have made triple quadrupole mass 

spectrometers a logical choice for metabolic stability experiments performed at rel-

evant substrate concentrations. Despite the sensitivity of the triple quadrupole mass 

spectrometers, when an NCE or an NCE series exhibit unacceptable PK properties, 

metabolite identifi cation studies are often initiated as follow-up studies in a separate 

set of experiments using incubation concentrations higher than the Km of an NCE. 

Incubations at higher concentrations are required because conventional metabolite 

identifi cation experiments required  operation of the triple quadrupole mass spec-

trometer in the full-scan mode, which results in poor duty cycle and diminished 

sensitivity [287,288].

Poon et al. [288] and Tiller and Romanyshyn [287] demonstrated the application 

of integrated quantitative/qualitative approaches (within the same injection cycle), 

based on the combination of a fast gradient HPLC method, a short column, and a 

triple quadrupole mass spectrometer, for shortening the lead optimization process. 

A schematic of the integrated approach developed by these researchers is shown 

Figure 5.13. The integrated triple quadrupole approach was limited to targeting 

N-in-one PK

Leads
chosen

Lead
modification

Metabolite
identification

Flow of drug
discovery process

Lead optimization

In vivo

Metabolic stability/clearance
and

metabolite screening

Single dose PK
and

metabolite screening

In vitro

FIGURE 5.13 An integrated quantitative/qualitative metabolite screening approach. 

(Reprinted from Poon, G.K. et al., Rapid Commun. Mass Spectrom., 13, 1943, 1999. With 

permission.)



174 Using Mass Spectrometry for Drug Metabolism Studies

some of the common expected metabolites such as (M + 16), (M + 32), and (M − 14) 

and (M + 16 + 176), (M + 32 + 176), and (M − 14 + 176) following incubations with 

microsomes and hepatocytes, respectively [287,288]. With conventional triple quadru-

pole mass spectrometers, each SRM transition can take anywhere from 50 to 300 ms, 

which in turn limits the number of SRM transitions that can be performed over a 

typical 10–30 s wide HPLC peak. The metabolite searching process was based on the 

NCE’s (parent drug’s) fragmentation offset by +16, +32, +176, or −14 for metabolites 

rather than being based on the MS/MS product ions of the metabolites. Even though 

the conventional triple quadrupole–based integrated quantitative and qualitative 

approaches have somewhat shortened the lead optimization timelines, the approach 

does not provide complete information, such as unique metabolites, often necessary 

for reliable decision-making. Recent MS developments such as the API 5500 and 

API 5000, which are capable of scanning fast without sacrifi cing resolution have 

reopened the door for utilizing conventional triple quadrupole mass  spectrometers for 

 obtaining metabolite information while performing quantifi cation of drugs.

5.8.2 TIME-OF-FLIGHT APPLICATIONS

Historically, TOF mass spectrometers have had limited utility as a quantitation 

instruments due to their narrow dynamic range. However, over the last decade, TOF 

mass spectrometers have also been evaluated for quantifi cation assays to exploit 

their effi cient duty cycle and higher resolution capabilities over conventional triple 

quadrupole mass spectrometers. In contrast to QMFs, which have to fi lter or pass 

ions sequentially to the detector, TOF mass spectrometers are capable of detecting 

the entire mass range simultaneously. Simultaneous detection of a wide mass range 

leads to a full-scan duty cycle in the range of 10%–50% and results in an improved 

sensitivity. Whereas in conventional triple quadrupole mass spectrometers sequen-

tial scanning results in a duty cycle of less than 1% in the full-scan mode. When 

considering an optimum duty cycle, SIM and/or SRM are the most effi cient scan 

types with QMF-based mass spectrometers, and full-scans are ideal for TOF mass 

spectrometers. Therefore, when using TOF mass spectrometers for quantitation of 

an NCE, information (m/z, elemental composition, etc.) about co-eluting metabolites, 

degradants, and impurities is available at no expense [289].

Nagele and Fandino [290] used an Agilent rapid resolution LC system in combi-

nation with an ESI-TOF mass spectrometer to detect and characterize metabolites 

while performing metabolic stability experiments. The integrated quantitative and 

qualitative method was tested using buspirone as a model compound. To maintain 

the throughput of the quantitative assay, a 2-position/10-port column switching valve 

was used. A short 50 mm sub-2 μm column, under low chromatographic resolution 

mode, was used to determine the metabolic stability of buspirone and for detect-

ing major metabolites. A 150 mm sub-2 μm column was used in the high chromato-

graphic resolution mode for the separation of several lower-level metabolites from 

major metabolites for detection by TOF mass spectrometer. Using the integrated 

quantitative and qualitative method, empirical formulas of the metabolites were con-

fi rmed with single digit parts-per-million errors.
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Pelander et al. [291] used LC-TOF-MS in conjunction with metabolite prediction 

(Lhasa Meteor), metabolite detection (Bruker MetaboliteDetect), and fragmentation 

prediction (ACD/MS Fragmentar) programs to streamline detection of metabolites 

of the antipsychotic drug quetiapine in human urine. The nominal resolution of the 

TOF mass spectrometer was set at 10,000 and fragmentation for structural elucida-

tion was achieved by ESI source CID. The integrated work fl ow included the follow-

ing steps: (1) prediction of metabolites using Meteor software; (2) acquire accurate 

mass data using LC-TOF; (3) detect predicted metabolites using MetaboliteDetect 

software; (4) predict fragmentation using ACD/MS Fragmentar; (5) fragment the 

metabolites using ESI source CID and measure fragment ions m/z using accurate 

mass; (6) assign molecular formulas of the fragments; and (7) add metabolite exact 

mass and retention time to a database. Out of the 14 metabolites predicted by the 

Meteor software, the metabolite detection software detected 8 in the LC-TOF mass 

spectrum of the urine. In addition, fi ve hydroxyl metabolites, not predicted by 

Meteor, were also detected in the mass spectra. Metabolites were confi rmed with 

mass accuracies in the range of 2.4 ppm and by matching isotopic patterns generated 

by SigmaFit program. Isotopic pattern was used in addition to source CID fragmen-

tation patterns, accurate mass data, and retention time information to confi rm the 

metabolites.

To take advantage of the higher mass resolution and effi cient duty cycle capa-

bilities in the MS/MS mode, TOF mass analyzers have been coupled with QMFs 

as well as quadrupole ion traps. When coupling a TOF mass analyzer with a triple 

quadrupole spectrometer, the TOF mass analyzer is used in place of the Q3 mass 

analyzer. These hybrid systems are broadly referred to as Q-TOF mass spectrom-

eters. In a typical Q-TOF quantifi cation experiment, the precursor or the parent ion is 

isolated in the fi rst quadrupole (Q1) and fragmented in the collision cell (q2). All the 

fragments are transferred to the pusher (accelerator) region and then detected after 

traversing through the refl ectron. During SRM quantifi cation experiments in the 

conventional triple quadrupole mass spectrometers, a single fragment ion is allowed 

to pass through Q3 to the detector. In Q-TOF quantifi cation experiments, full-scan 

MS/MS spectra are available at each chromatographic time point. Therefore, when 

using a Q-TOF mass spectrometer for quantifi cation of an NCE, information about 

metabolites become available at no expense. To date, Q-TOF mass spectrometer 

improvements associated with the dynamic range, signal-to-noise ratio, and reso-

lution [287] coupled with the explosive growth of the ultra-high pressure chroma-

tography (UPLC) have made the Q-TOF an ideal mass spectrometer for integrated 

quantitative and qualitative bioanalytical studies.

Tiller et al. [289] reported the use of accurate LC–MS/MS data from a Q-TOF 

system as a fi rst-line approach for metabolite identifi cation studies in the discovery 

phase of the drug development. In this approach, fi rst, the MS/MS spectrum of the 

parent compound under conditions of high mass resolution is obtained in order to 

support the proposed fragmentation pattern by elemental composition data. In the 

next step of the accurate mass approach to metabolite identifi cation, the in vitro 

samples of drug candidates from incubations in liver microsomal preparations or 

hepatocytes are analyzed by LC–MSE on the Q-TOF mass spectrometer. Data are 



176 Using Mass Spectrometry for Drug Metabolism Studies

processed automatically and the report generated is used to assign structures to vari-

ous metabolites detected with the use of metabolite identifi cation software.

Kammerer et al. [292] used the fragmentation patterns of available standards of 

ML3403 (p38 MAP kinase inhibitor) elucidated by accurate mass measurements of pre-

cursor and fragment ions using ESI-Qq-TOF mass spectrometer to identify unknown 

metabolites. Tong et al. [293] showed that the high sensitivity of a QqTOF mass spec-

trometer in full-scan mode, in combination with the formation of alkali metal adduct 

ions in the mass spectra at lower ion source temperature, facilitated the identifi cation 

of the true molecular ion of three major unstable metabolites of Lonafarnib (chemo-

therapeutic agent; selective inhibitor of farnesyl protein transferase) that were pro-

duced from incubation in human cDNA-expressed recombinant CYP3A4 enzymes. 

In their study, accurate mass measurement, stable isotope (2H) incorporation, MS/

MS, and NMR spectroscopic studies were used for the complete structural elucidation 

of the metabolites. In another example, ultra-high-performance liquid chromatogra-

phy-TOF mass spectrometry was used to identify metabolites of an anticancer agent 

ARQ501 (3,4-dihydro-2,2-dimethyl-2H-naphthol(1,2-b) pyran-5,6-dione) generated in 

mouse, rat, dog, monkey, and human blood [294]. Some other applications of Q-TOF 

mass spectrometry to metabolism studies can be found in various recent publications 

[290,295–299].

Hybrid mass spectrometers resulting from the combination of either QIT or LIT 

mass analyzers and a TOF mass analyzer are broadly referred to as IT-TOF. An 

ion trap and a TOF mass analyzer are linked via a quadrupole collision cell (q2) to 

construct an IT-TOF mass spectrometer. IT-TOF introduced during the early 1990s 

achieved mass resolution of less than 10,000 because of the utilization of the ion trap 

as part of the TOF accelerator (axial trap-TOF) and the requirement of 1 mtorr range 

collision gas for focusing (to minimize kinetic energy spread) the ions exiting the ion 

trap. Popularity of the IT-TOF increased following the introduction of the orthogonal 

trap-TOF, in which the ions exiting the IT are introduced into the TOF accelerator 

and the ions are subsequently reaccelerated in the direction orthogonal to the IT ion 

exit path [300,301].

Although orthogonal-trap-TOF (oA-IT-TOF) mass spectrometers alleviated some 

of the limitations of the axial-trap-TOFs; oA-IT-TOF was limited in utility because 

of the mismatch between the exit (from the IT) and the arrival (into the accelerator 

region) times of the ions. In other words, the high-mass ions, which are reaching 

the accelerator region at a later time and the low-mass ions, which have already 

passed the accelerator region are missed during each specifi c acceleration event. 

This ion exit/arrival mismatch imposed a limit on the m/z range of the ions that can 

be accelerated and detected during each acceleration event [302]. Although several 

approaches were evaluated to alleviate the ion exit/arrival mismatch, modifi cation 

of the oA-IT-TOF by addition of a collisional damping chamber [303] resulted in 

high mass resolution and a high mass accuracy over wide m/z range. The advantage 

of using an IT-TOF over a Q-TOF mass spectrometer is the ability to perform MSn 

with high mass accuracy. Therefore, the utility of the IT-TOF mass spectrometers 

are in the area of drug and metabolite structural elucidation [304,305]. Fandino et al. 

[296] used an IT-TOF mass spectrometer for detection of several minor unexpected 

metabolites of buspirone that co-eluted with major expected metabolites present in 
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S9 fractions. Unexpected metabolites were detected using automated MS/MS frag-

mentation assignment software, data-dependent methods, and accurate mass mea-

surements in the TOF mass spectrometer.

5.8.3 QUADRUPOLE ION TRAP (3D) APPLICATIONS

During the early 2000s, QIT were the mass spectrometers of choice for performing 

quantifi cation of drugs and simultaneous identifi cation of their metabolites. QITs 

were preferred for this task due to superior sensitivity, speed (duty cycle), ease of 

use, compact footprint, and cost [306–308]. Kantharaj et al. [63,309,310] and Cai 

et al. [160,161] demonstrated the use of QIT mass spectrometer for simultaneously 

acquiring drug stability and metabolite structural information. To establish the 

method, Kantharaj et al. [63,309,310] separately incubated four model compounds 

(verapamil, propranolol, cisapride, and fl unarazine) with HLM for 15 min and deter-

mined the metabolic stability by comparing the peak area of the parent compound 

at time 0 with that obtained after 15 min of incubation. Since the mass spectrometer 

was operated in the full-scan mode (m/z 100–1000) rather than SRM or SIM mode, 

information about all drug-derived materials (metabolites, degradants, etc.) as well 

as additives and dosing components present in each sample was preserved. Full-scan 

data, in turn, allowed the authors to extract information about the most common 

Phase I metabolites associated with each test compound.

Superior full-scan duty cycle of the ion trap allowed Kantharaj et al. [63,309,310] 

to acquire “on-the-fl y” MS/MS data for all the ions formed over a predetermined 

threshold (data-dependent MS/MS scan). For discovery compounds, which showed 

more than 20% metabolic turnover after 15 min of incubation, metabolite profi l-

ing evaluation was performed by interpreting the data-dependent MS/MS scans. 

Interpretation of the MS/MS scans involved comparison of the parent ion fragments 

with that of the metabolites. Once the structural elucidation was complete, data were 

discussed with the discovery teams and/or medicinal chemists to modify the struc-

ture for metabolic stability.

Typically, when a conventional triple quadrupole is operated in the full-scan mode 

(Q1 or Q3 scan), the sensitivity drops dramatically in comparison to SRM mode of 

operation. In contrast, QIT provides high sensitivity in the full-scan mode of opera-

tion (Table 5.4). Upon testing over 170 polar discovery compounds with molecular 

weights ranging from 300 to 650 Da, Cai et al. [160,161] found that the QIT had over 

10-fold higher sensitivity than a conventional triple quadrupole (Perkin Elmer Sciex 

API 300) in full-scan analysis over a mass range of 100–800 Da. For α-1a antagonist 

compounds tested, Kantharaj et al. [310] achieved LODs in the range of 20–100 pg 

on the QIT, while QMF, for the same set of compounds, provided LODs in the range 

of 250–1200 pg.

The high sensitivity of the QIT in the full-scan mode prompted Cai et al. [160,161] 

to push the limits of QIT by simultaneously quantifying multiple drugs from cassette 

incubations and quantitatively monitoring metabolites from each drug. In an effort to 

increase the analytical throughput of the metabolic stability assays, compounds were 

individually incubated with dog microsomes for 60 min, quenched using acetonitrile, 

and the supernatants from four to fi ve compounds were pooled to form cassette 
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groups before LC–MS analysis. The percent metabolized for each compound in a 

cassette was calculated by measuring the XIC peak intensities for the parent analyte 

from each 0 and 60 min incubation. The cassette analysis approach in combination 

with QIT mass spectrometry allowed Cai et al. [160,161] to evaluate 76 potential 

development candidates in 16 cassettes rather than individually. Not only did the 

cassette/QIT approach decreased the analysis time by fi vefold in comparison to the 

traditional triple quadrupole–based approach, but also the results from the full-scan 

MS provided information about the potential metabolites. This in turn avoided the 

need for reanalysis of selected incubates for metabolite identifi cation. Once the cas-

sette/QIT approach was validated for the in vitro metabolic stability studies, Cai 

et al. [160,161] extended the technique to study plasma samples collected follow-

ing administration of α-1a antagonist compounds to mice. Each test compound was 

administered separately at 10 mg/kg dose and plasma samples collected at selected 

time points for PK analysis. Analysis of the plasma revealed that the concentrations 

of the test compounds were similar at 0 min and at 2 h postdose and ranged from 36 

to 1062 ng/mL.

Although 3D traps have been evaluated for simultaneous quantifi cation of 

drugs and identifi cation of their metabolites, the mainstay of the 3D traps within 

TABLE 5.4
Comparison of Full Scan MS, Full-Scan MS/MS, and SRM Duty Cycles 
in QMF and QIT Mass Spectrometers

Scan Type QIT QMF Sensitivity

Full scan (Q1 or Q3, 

or 100–1100 Da)

Total scan time = 1 s

A group of ions (m/z 

100–1100) will be trapped 

for 750 ms and then 

emptied within next 

250 ms. Trap will repeat 

the same process 20 times 

over a 20 s wide peak

In any given time, ions 

of one m/z are present 

and allowed to pass 

through a QMF to the 

detector and all other 

ions are rejected. So, 

each m/z will be 

allowed to pass for 

1 ms

750 ms/1 ms = 750 

QIT is 750 times 

more sensitive

Full-scan product ion 

(MS/MS 100–500)

Total scan time = 1 s

Same as above, a group of 

ions are trapped for 

750 ms; isolated, 

fragmented, and detected 

within a second. So, 

each m/z is collected for 

750 ms

Each m/z is 

sequentially scanned 

to the detector for 

2.5 ms (1 s/400 Da = 

2.5 ms/Da)

750 ms/2.5 ms = 300 

QIT is 300 times 

more sensitive

SRM A group of ions will be 

collected for 750 ms and 

then isolated, and 

fragmented. Duty cycle is 

less than 75%

Q1 and Q3 are set to 

pass a single m/z. 

Duty cycle is 100% 

because no 

scanning is required

A QMF provides an 

order of magnitude 

better LOQ for 

quantifi cation 

experiments than a 

trap
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the pharmaceutical industry, during the early to mid-2000s, was in the area of 

qualitative bioanalysis, especially in the area of metabolite/unknown character-

ization. Therefore, there are several excellent examples showing the application of 

QIT in drug development metabolite profi ling and identifi cations studies. Some of 

the recent applications include detection and characterization of metabolites fol-

lowing administration of loratadine or desloratadine to mice, rats, monkeys, and 

humans [109,232,233,311]. Another good example was presented by Christopher 

et al. [312–314] in identifi cation of metabolites of dasatinib (Sprycel, a multiple 

kinase inhibitor) in in vitro and in vivo biotransformation studies. In support of 

NDA, the in vitro metabolism of 14C-dasatinib in liver microsomes and hepatocytes 

(rat, monkey, and human) and the routes of excretion and extent of metabolism of 
14C-dasatinib after administration to rats and monkeys (species used in long-term 

toxicology evaluation) were investigated. In vitro and in vivo biotransformation pro-

fi les were determined by  radiochromatographic profi ling. The study also shows the 

use of the radioisotope detector and fraction collection/off-line LSC techniques for 

analysis of various samples with different levels of radioactivity. The high levels of 

radioactivity in metabolites of 14C-dasatinib in microsomal and hepatocyte incu-

bations allowed the use of a fl ow-through radioisotope detector (500 μL fl ow cell) 

(β-RAM model 3, IN/US) coupled with HPLC to determine the percent distribu-

tion of 14C-labeled metabolites. The percentage of each radioactive metabolite was 

obtained by integration of the metabolite peak.

For in vivo samples with low radioactivity levels, HPLC fractions were collected 

in 96-well Packard Lumaplates (Perkin Elmer Life Sciences) over 0.25 min inter-

vals. After drying, the plates were counted with a Top Count microplate scintilla-

tion analyzer to quantify radioactivity in each fraction. Radiochromatograms were 

obtained by plotting the net counts per minute values obtained from the Top Count 

vs time after injection using Microsoft Excel software. The metabolites were quanti-

fi ed based on the percentage of total radioactivity in each peak relative to the entire 

radiochromatogram. By splitting the HPLC fl ow between the radioisotope detector 

(or fraction collector) and mass spectrometer, it was possible to determine the HPLC 

metabolite profi les and to identify metabolites simultaneously. Biotransformation 

pathways of dasatinib involves conjugative and oxidative metabolism. Since con-

jugated metabolites, such as glucuronides and sulfates, and N-oxide metabolites 

typically undergo further metabolism by gut fl ora in the GI track [315,316] the stud-

ies also included administration of 14C-dasatinib to BDC animals to understand its 

overall disposition, particularly for conjugated metabolites excreted in bile. Using 

LC–MS/MS more than 30 metabolites were identifi ed in in vitro incubations with 

liver microsomes and hepatocytes from rats, monkeys, and humans and in plasma, 

urine, bile, and fecal samples collected after administration of a single oral or i.v. 

dose of 14C-desatinib to rats and monkeys.

Although 3D traps have been extensively used, during the early to mid-2000s, for 

structural elucidation of metabolites, overall a slower scan rate compared to TOF 

mass analyzers, in combination with limited ion capacity and trapping effi ciency 

are the limitations associated with the QITs for becoming the mass analyzer of 

choice for quantitative/qualitative bioanalysis. Most importantly, 3D traps can only 

simulate SRM by acquiring full-scan MS data, true SRM scan modes can only be 
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performed using triple quadrupole type mass spectrometers. The major limitation 

of ion traps for metabolite identifi cations is that they are not capable of perform-

ing precursor ion and neutral loss scanning that is a convenient tool for detecting 

unknown metabolites in complex biological matrices. Neutral loss scan is a use-

ful scanning technique especially for detection of Phase II metabolites, such as 

glucuronide (loss of 176 Da) and sulfate (loss of 80 Da) conjugates. Precursor ion 

scanning can be used to search for metabolites with common product ions that can 

be predicted from the fragmentation patterns of the NCE. In addition, there are 

several limitations associated with MS/MS fragmentation in a 3D ion trap. These 

limitations include unavailability of fragment ions in the low mass region and avail-

ability of fragment ions produced via lowest energy pathways due respectively to 

inherent low-mass cutoff and resonant excitation–based low-energy multiple colli-

sions [160,161]. Recently, Hakala et al. [317] compared different mass spectrometric 

techniques including a 3D ion trap mass spectrometer to profi le and characterize 

tramadol and its urinary metabolites and showed that 3D ion traps are less suitable 

for the profi ling of tramadol and its metabolites due to the low-mass cutoff of the 

ion trap.

5.8.4  LINEAR ION TRAP (2D)/HYBRID TANDEM MASS 
SPECTROMETRY APPLICATIONS

Commercial LITs were introduced in 2002 as either a stand-alone mass spectrometer 

(LTQ) [318] or as part of a triple quadrupole (Q-Trap) [319] or in 2005 as part of hybrid 

tandem mass spectrometers (LTQ-Orbitrap and LTQ-FTICR) [88,90]. Application 

of LTQ-FTICR for metabolism studies has been reviewed by Shipkova et al. [90]. In 

comparison to other mass analyzer types, FTICR-based mass spectrometers are not 

very popular for metabolite identifi cation studies due to availability of less expensive 

and more user-friendly LTQ-Orbitrap and Q-TOF-based systems. Another limitation 

associated with the FTICR-based hybrid mass spectrometers is the “TOF effect,” 

which results in effi cient trapping of only the high-mass ions [90].

With the combined features of an ion trap and a triple quadrupole mass analyzer, 

the recently developed Q-Trap offers the capability of performing neutral loss and 

precursor scan experiments in addition to MSn fragmentation [320–324]. Availability 

of triple quadrupole and ion trap functionalities prompted several groups to use the 

Q-Trap as a powerful mass analyzer for simultaneous metabolite identifi cation and 

quantifi cation of drugs in biological matrices. Simultaneous parent NCE quantifi ca-

tion and metabolite identifi cation experiments are necessary during early stages of 

drug discovery to streamline processes and expedite the candidate selection process. 

Some of the unique scan functions available with the Q-Trap mass spectrometer have 

been reviewed [325,326].

King et al. [164] used Q-Trap to simultaneously quantify an NCE and collect 

information about circulating metabolites, dosing vehicle, interfering matrix com-

ponents, and co-eluting metabolites. The ability to operate the LIT in the enhanced 

MS (EMS) mode with a scan speed of 4000 Th/s allowed the combined SRM transi-

tions (parent/IS) and the full scans to be completed in 0.31 s. The quantifi cation data 



Metabolite Identifi cation Strategies and Procedures 181

from the combined analysis (SRM/EMS) were compared with the data from SRM 

only analysis to show that the quantifi cation data from both methods were generally 

acceptable in terms of sensitivity, accuracy, and precision. Although some loss of 

precision was observed at the lowest concentration, the combined SRM/EMS mode 

of operation generated information on the co-eluting metabolites and the PEG dosing 

vehicle. This in turn allowed modifi cation of the quantifi cation method to improve 

the quality of the assay. Additionally, information about circulating metabolites from 

early PK studies provided insight into the metabolic hot spots and allowed the modi-

fi cation of the structure to optimize the PK of the lead compound.

To improve upon the approach employed by King et al. [164], Li et al. [327] used 

SRM-triggered information-dependent acquisition (IDA) to acquire both parent 

drug quantifi cation data and qualitative metabolite MS/MS data. To validate the 

IDA approach, Li et al. [327] tested both the conventional triple quadrupole mode as 

well as in the ion trap mode and showed that the cycle time improved from 2.78 to 

1.14 s with the IDA approach. The longer cycle time in the triple quadrupole mode of 

operation would have resulted in possibly missing some the metabolites.

Xia et al. [328] demonstrated the utility of IDA approach to collect maximum 

amount of information with the minimum number of analytical runs during the 

course of identifi cation of in vitro formed metabolites of gemfi brozil. The Q-Trap 

tandem mass spectrum contained fragment ions at m/z 113 and 85 and they were 

absent in the MS/MS spectrum generated using a 3D iontrap due to inherent low 

mass cutoff. With the 3D trap, fragment ions with m/z values lower than approxi-

mately one-third of the precursor ion were not detected.

Yao et al. [329] demonstrated a survey scan method involving multiple ion moni-

toring (MIM; a term coined by the authors) to detect and characterize predicted 

metabolites. Under MIM experimental setup, both Q1 and Q3 were used to moni-

tor the predicted metabolites precursor ions while maintaining the q2 under low 

collision energy conditions (CE = 5 eV) to minimize fragmentation. MIM survey 

scans were used to trigger enhanced product ion (EPI) scans in the ion trap mode. 

Since metabolite fragment ions are not being fi ltered in Q3 during the execution of 

MIM (SRM involves fi ltering a precursor and product ions using Q1 and Q3, respec-

tively), irrespective of fragmentation, screening for 100 possible metabolites was 

possible with the use of 10 ms dwell time and a 5 ms pause time. Overall, analysis 

of metabolites formed following incubation of ritonavir in rat hepatocytes showed 

that MIM-SRM-EPI was better than SRM-EPI in detecting metabolites that undergo 

both predictable and unpredictable fragmentation pathways.

Many similar applications of quadrupole linear ion trap instruments have been 

reported [320–322,329,330]. As discussed above, the Q-Trap is a triple quadrupole 

mass spectrometer capable of performing QMF type and 2D ion trapping experi-

ments. This mass spectrometer can be operated exclusively in the QMF mode, as 

with a conventional QMF, or it can be operated exclusively in the ion trapping mode 

similar to a conventional 2D ion trap mass spectrometer. Advantages of using a 

Q-Trap mass spectrometer over a conventional QMF mass spectrometer come into 

play when one is attempting to perform both quantitative and qualitative metabo-

lite detection/identifi cation experiments from a single injection rather than separate 
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dedicated injections for quantifi cation of the parent drug and qualitative metabolite 

profi ling.

Improvements over 3D traps with respect to trapping effi ciency, ion capacity, sen-

sitivity, scan speed, and MS/MS low-mass cutoff have made the stand-alone 2D ion 

traps (LTQs) the mass analyzer of choice in discovery and development metabo-

lite identifi cation groups. Unlike the Q-Trap, which can be used for qualitative and 

quantitative applications, mainstay of the LTQ is in the qualitative arena. The fast 

scanning capability of the LTQ mass spectrometer allowed Fitch et al. [331] to per-

form positive and negative polarity switching experiments to identify metabolites 

of R09237 following hepatocytes incubations with unlabeled and 14C-radiolabeled 

form of the NCE. The comparison of the data obtained using each polarity showed 

that neither ESI mode is universal for detecting all the metabolites. Additionally, the 

fast scanning and MSn capabilities were must for detecting and characterizing all 

the major Phase II metabolites. This example clearly demonstrates that all mass ana-

lyzer types are not capable of switching polarity on-the-fl y to detect all the metabo-

lites. Although polarity switching is feasible with triple quadrupoles, poor full-scan 

MS/MS duty cycle limit on-the-fl y polarity switching experiments.

The recently introduced hybrid linear ion trap-Orbitrap mass spectrometer com-

bines the high trapping capacity and MSn scanning functions of a linear ion trap 

with the accurate mass measurement capability of the Orbitrap [332–336]. The LTQ-

Orbitrap provides high-resolution, high mass accuracy, and good dynamic range. In 

the LTQ-Orbitrap, external calibration is used to obtain high mass accuracy (<3 ppm) 

of all measured spectra obtained from a single experimental analysis. With the capa-

bility of fast data-dependent acquisition of accurate MSn data, the LTQ-Orbitrap has 

evolved into one of the most valuable MS instrument for metabolite identifi cation 

[73,93,337,338]. All these features of the LTQ-Orbitrap allow high-resolution/high 

mass accuracy measurements on precursor and product ions and help in assigning 

fragment ion structure for all expected and unusual metabolites of NCEs.

Lim et al. [93] investigated the use of LTQ-Orbitrap to identify human liver 

microsomal metabolites of carvedilol, using parent mass list triggered data-

dependent multiple stage accurate mass analysis. In this study, LTQ-Orbitrap was 

used for accurate mass measurements at a resolving power of 60,000 to obtain 

mass accuracy <2 ppm for all full-scan and MSn spectra in the external calibra-

tion mode. The chemical formulas obtained from high-resolution accurate mass 

measurements were used to confi rm structures of the product ions proposed by 

Mass Frontier.

In 2003, Zhang et al. [339] developed a MDF technique for the selective detection 

of drug metabolites. MDF is a postacquisition data fi ltering technique based on the 

mass defect of the parent drug and its metabolites. In order to use MDF, it is required 

to use high mass accuracy data from high-resolution analyses (e.g., LTQ-Orbitrap, 

LTQ-FTICR, Q-TOF). This technique is used to distinguish the metabolite ions from 

the interfering ions, including the isobaric ions, in the matrix using the similarity 

between the mass defect values of a drug and its metabolites. The mass defect of 

a compound is a characteristic related to its empirical formula. MDF technique is 

especially very useful to detect uncommon metabolites that are formed via unusual 

metabolic pathways. Metabolite ions and isobaric interference ions that are separated 
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by approximately 50 mDa or more in a mass range of 200–1000 Da can be resolved 

by accurate mass LC–MS analysis. Since, mass defects of oxidative and conjuga-

tive metabolites are generally within 50 mDa relative to that of the parent drug, it 

is possible to set a mass defect window approximately ±50 mDa from that of the 

parent drug [339]. As a result, the ions with decimal portion suffi ciently close to that 

of the parent drug can be retained and the ions with mass defect lying outside the 

defi ned window can be eliminated. Some examples of mass defect shifts for some 

common metabolites are −5 mDa for monooxygenation, −10 mDa for dioxygenation, 

−16 mDa for dehydrogenation, −16 mDa for demethylation, +11 mDa for addition of 

water, +16 mDa for methylation, +32 mDa for glucuronidation, and −43 mDa for sul-

fation [339,340].

Zhu et al. [340] studied the effectiveness, selectivity, and sensitivity of the LC–MS-

based MDF approach for identifi cation of drug metabolites that have mass defects 

either similar to or signifi cantly different from those of the parent drug. MDF data 

were also compared with those obtained from the neutral loss and precursor ion scan 

experiments. Nefazodone was used as a model compound in that study. Nefazodone 

metabolism involves CYP-mediated hydroxylation, N-dealkylation, and oxidation 

products. In addition to all the known metabolites of nefazodone, two new metabo-

lites that were not observed in the previous in vivo and in vitro studies [337,341,342] 

were detected using the MDF approach. For example, in the mass spectrum of 

metabolite M7 of nefazodone, many interference ions that have mass defects outside 

the fi lter windows were observed. However, after MDF processing, those interfer-

ence ions were eliminated and abundance of the protonated molecule ion of M7 was 

increased. Although the interference ions with the mass defects falling within the 

fi lter windows are still observed in the MDF-processed spectrum, they can easily be 

excluded based on their molecular formulae. When conventional precursor ion and 

neutral loss scanning methods were used instead of MDF, the number of nefazodone 

metabolites detected in the same samples was less than that detected with the MDF 

method. Overall, the results showed that the MDF technique is applicable to detect 

and identify both common and uncommon metabolites, including metabolites whose 

molecular weights signifi cantly differ from that of the parent NCE.

In another study, Zhu et al. [343] applied the MDF technique to screen and iden-

tify glutathione (GSH) trapped reactive metabolites and demonstrated the advantages 

of MDF over the neutral loss scanning technique. In general, the MDF technique 

was more sensitive in detecting in vitro GSH adducts when compared to the neutral 

loss scanning technique. The effectiveness of the MDF technique in the analysis of 

the GSH adducts that does not undergo fragmentation to generate a neutral loss of 

129 Da was higher than the neutral loss scanning technique. The MDF approach was 

more selective in detecting drug–GSH adducts in rat bile containing endogenous 

GSH conjugates that have similar neutral loss fragmentation pathways to those of 

drug–GSH adducts. Since its development in 2003, many applications of MDF have 

been reported [338,343–346]. MDF is now being offered as a data-processing tool in 

software packages of various mass spectrometer manufacturers.

Most recently, Zhang et al. [347] demonstrated the combined use of a novel 

accurate mass-based background subtraction approach and MDF for detecting and 

characterizing troglitazone metabolites in rat plasma, bile, and urine. The standard 
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Xcalibur background subtraction algorithm and the more advanced algorithm avail-

able through MetWorks were less successful in subtracting many of the background 

and matrix ions present in the control samples. The novel algorithm was designed 

such that chromatographic fl uctuations between the control and the analyte samples 

were dealt with before background subtraction. The combined use of the novel back-

ground subtraction algorithm with MDF allowed the detection and characterization 

of novel troglitazone metabolites as well as several previously reported metabolites. 

An improved variation of the software capable of extracting high-resolution metab-

olite LC–MS data with retention-time-shift-tolerant background-subtraction and 

noise-reduction algorithm was discussed by Zhu et al. [348].

5.9 FUTURE DIRECTIONS AND SUMMARY

Metabolite identifi cation strategies and procedures at different stages of drug dis-

covery and development have been described. As described, metabolite identifi ca-

tion work processes can originate from various ADME studies or studies dedicated 

to metabolite structural elucidation. LC–MS-based techniques have now become a 

routine tool for the rapid identifi cation of metabolites in biological samples. The pro-

cess become even more sensitive, rugged, and capable of providing rapid turnaround 

when high-resolution TOF, Orbitrap mass spectrometers or fast scanning hybrid lin-

ear ion traps are involved.

As LC–MS technology advances, techniques once thought of as specialist tech-

niques have now become more generalist techniques. The timing of this shift has 

allowed LC–MS to play a central role as part of the solution for the throughput needs 

of the biopharmaceutical industry. Overall, technological advances in mass spec-

trometer ionization sources and analyzers combined with the availability of more 

effi cient sample processing, separation techniques, automated software tools, and 

powerful computer systems have paved the way for LC–MS to evolve as an indis-

pensable tool to the biopharmaceutical industry, especially in the area of DM and 

PK. For the future, one could expect fully automated LC–MS systems to replace 

most manual and semiautomatic approaches and to produce metabolite identifi cation 

information using integrated qualitative and quantitative approaches. MS techniques 

being developed for quantifying [349] and characterizing metabolites from micro-

dosing and/or FIH studies are still in their infancy and have the potential to reduce 

cost and make safer drugs for humans.
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6.1 INTRODUCTION

Drug metabolism follows the biotransformation of endogenous compounds and 

xenobiotics into more polar compounds that can then be eliminated from the body. 

While most metabolites are less active than the parent drug, bioactivation can gen-

erate reactive metabolites that can covalently bind to macromolecules and lead to 

unexpected toxicities [1]. The understanding of the metabolic fate and the pharma-

cokinetics of a drug and its metabolites plays a major role in pharmaceutical drug 

discovery and development [2–4]. Adverse drug reactions (ADRs) have become a 

major reason for drug failure in the clinical testing phase. Severe adverse effects are 

believed to be one of the leading causes of death in the United States, and it has been 

estimated that in 1994 over 2 million hospitalized patients had serious ADR, and 

106,000 had fatal outcomes [5]. The effects are critical because they occur mainly 

once a drug is in the market and are then diffi cult to predict [5–7]. Adverse effects 

can be classifi ed in two categories: the fi rst as pharmacology-related toxicity and the 

second as not related to a pharmacological effect. For the second category, often the 
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compounds form reactive metabolites that are thought to cause toxicity by covalently 

altering cellular macromolecules such as proteins and DNA [1,5,8]. These reactive 

metabolites (Figure 6.1) can be generated by metabolic phase I reactions (oxidation, 

reduction), for example, catalyzed by cytochrome P450s (CYP), fl avin monooxyge-

nases (FMO), and peroxidases such as myeloperoxidase (MPO), cyclooxygenases 

(COX), and also by phase II reactions (conjugation), for example, catalyzed by UDP 

glucuronyltransferases (UGT) or sulfotransferases (SULT) [8]. One of the demon-

strated hypotheses (hapten hypothesis) is that these metabolites covalently bind to 

proteins and the immunogenic adduct leads to idiosyncratic drug reactions (IDRs) 

[5,9,10]. Therefore, knowledge of the formation of reactive metabolites is considered 

critical and has led to their screening in the early phase of drug development.

Reactive metabolites can be divided into two categories: the fi rst one includes radi-

cals that can by a cascade mechanism generate further radicals and the second one 

includes electrophiles that are classifi ed as hard or soft. The low concentration and the 

unstable nature of these metabolites make direct detection challenging. The most com-

monly used strategy to detect these intermediates is to screen either in vitro or in vivo 

their trapping products using nucleophilic compounds such as glutathione, cyanide, 

methoxylamine, β-mercaptoethanol, and their protein adducts using mass spectrom-

etry approaches. Several reviews have already have been recently published on the 

analysis of reactive metabolites by mass spectrometry [11,12]. Liquid chromatography 

coupled to mass spectrometry (LC–MS) plays a major role in drug metabolism stud-

ies and faces two major challenges [12,13]. The fi rst challenge is to fi sh out minor low 

molecular weight metabolites in the presence of a signifi cant background of endogenous 

compounds. The second challenge is that the structural identifi cation is often solely 

based on mass spectrometric techniques. In the past, when LC–MS was used for drug 

metabolism studies, typically these were performed on triple quadrupole instruments.

Recently, signifi cant progress has been made in the fi eld of mass spectrometry 

and a large variety of instruments are now available including two-dimensional and 

three-dimensional ion traps (ITs), quadrupole time-of-fl ight (QqTOF), triple quadru-

pole linear ion trap (QqQLIT), Fourier transform ion cyclotron resonance (FT-ICR), 

and Orbitrap systems. Each instrument has strengths and limitations, and a simi-

lar metabolic investigation can be solved successfully using selective scan modes, 

MSn, or high-resolution/accurate mass strategies. The aim of the present chapter is to 
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 present a comprehensive status of the current strategies to detect reactive metabolites 

and their covalent adducts based on mass spectrometry.

6.2  IDENTIFICATION OF REACTIVE METABOLITES BY TRAPPING 
TECHNIQUES AND MASS SPECTROMETRIC DETECTION

6.2.1 IN VITRO AND IN VIVO REACTIVE METABOLITE PROFILING

Due to the short lifetimes of electrophilic reactive intermediates, the strategy of trap-

ping these intermediates in situ is widely used. The most commonly used in vitro 

assay to screen for reactive metabolites is liver microsome. Although CYP 450 

enzymes play an important role in generating reactive metabolites, other bioactiva-

tion pathways should be kept in mind when choosing the in vitro test systems, that is, 

the addition of different cofactors and the use of different in vitro systems, for exam-

ple, hepatocytes or neutrophils. Different nucleophiles are used as trapping agents 

such as thiols (e.g., glutathione [GSH], N-acetylcysteine), amines (semicarbazide and 

methoxylamine), and cyanide anions. In general “soft nucleophiles” tend to react with 

“soft electrophiles” and “hard nucleophiles” tend to react with “hard electrophiles.” 

The most widely used trapping agent, GSH, a soft nucleophile, has been shown to 

react with quinoneimines, nitrenium ions, arene oxides, quinones, imine methides, 

and Michael acceptors [14]. Hard electrophiles such as iminium species and aldehydes 

and ketones will react with cyanide or amines, respectively. The formed adducts can 

be subsequently characterized for structure elucidation and quantitated.

6.2.2 GLUTATHIONE ADDUCTS

An indirect approach to monitor the formation of soft electrophilic reactive metabo-

lites is to detect, by LC–MS, their adducts with the endogenous tripeptide, γ- glutamyl-

cysteinyl-glycine (GSH). With liver being the target organ, the abundance of GSH 

conjugates formed in microsomal incubations is determined by several factors (con-

tent of CYP enzyme, substrate concentration, extent of bioactivation, trapping effi -

ciency of GSH) and the amounts of formed adducts are not necessarily proportional 

to the levels of the corresponding reactive metabolite. Traditionally, the formation of 

glutathione adducts has been monitored by triple quadrupole mass spectrometry using 

the constant neutral loss (NL) scanning of 129 Da, which is based on loss from the 

protonated molecule of pyroglutamic acid, derived from the glutamate residue of the 

conjugate (Figure 6.2) [15]. However, this approach suffers from several drawbacks: 

(1) detection of false positives due to possible loss of 129 Da from various endogenous 

analytes; (2) the diffi culty of fi nding a generic collision energy in a collision-induced 

dissociation (CID) that works for most compounds; (3) the capture by glutathione 

favors the formation of doubly charged precursors [8]; and (4) not all classes of gluta-

thione adduct afford the 129 Da NL. A broader screening of all classes of glutathione 

adducts can be performed by using a precursor ion (PI) mode scan of m/z 272 in the 

negative ion mode as has been demonstrated by Dieckhaus et al. [16]. The negatively 

charged fragment observed at m/z 272 corresponds to the  elimination of H2S to the 

deprotonated glutamyl dehydroalanyl glycin (Figure 6.2). Figure 6.3 illustrates the 
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FIGURE 6.2 (a) Characteristic fragments from glutathione conjugate in positive mode. 

(From Ma, S. and Subramanian, R., J. Mass Spectrom., 41, 1121, 2006. With permission.)

(b) Characteristic fragments from glutathione conjugate in negative mode. (From Dieckhaus, 

C.M. et al., Chem. Res. Toxicol., 18, 630, 2005. With permission.)
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liquid chromatography–tandem mass spectrometry (LC–MS/MS) analysis of dog bile 

after oral administration of troglitazone. The NL of 129 Da in the positive ion mode 

does not allow one to clearly identify the adducts, while in the negative ion mode 

the glutathione adduct can be seen by using the m/z 272 PI mode. However, nega-

tive mode product ion spectra are rather noninformative because they show mainly 

fragments of the glutathione. Therefore, in most cases multiple experiments need to 

be run in both positive and negative modes in order to determine the structure of the 

metabolite. While in the early days mainly triple quadrupole instruments were avail-

able for drug metabolism studies, with the development of data-dependent software 

tools and new high-resolution instruments, novel strategies have been developed to 

screen for reactive metabolites. For example, to overcome the limited selectivity of 

the NL of the pyroglutamique moiety, Castro-Perez et al. [17] developed a screening 

procedure using exact mass measurements and MS/MS on a hybrid QqTOF mass 

spectrometer. Exact NL detection is achieved via sequential low- and high-energy 

MS acquisitions (typically 5 and 20 eV). In this mode the quadrupole mass analyzer is 

operated in the wide band mass mode. After detection of the loss of the pyroglutamic 

acid moiety (129.0426 Da), using a window of ±20 mDa on the high-energy scan, MS/

MS is carried out on the parent mass of interest to confi rm the common NL.

Another strategy for the detection of glutathione adducts is to rely on cluster analy-

sis approaches in which a labeled form and a nonlabeled form of glutathione are 

used at a defi ned ratio. Various labels (Table 6.1) have been proposed and Mutlib et 

al. [18] used a deuterium labeled in the glutamate moiety (mass difference 3 Da) and 

switched later to a GSH-labeled 13C2-
15N in the glycine moiety (mass difference 3 Da) 

[19]. If the data-dependent acquisition mode is positive in the survey scan, then the 
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FIGURE 6.3 LC–MS/MS analysis of bile from a rat dosed with troglitazone (a) using the 

negative ion precursor of m/z 272 scan and (b) the positive ion NL of 129 Da scan. (From 

Dieckhaus, C.M. et al., Chem. Res. Toxicol., 18, 630, 2005. With permission.)
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spectral signature can be used to look for glutathione adducts and one can confi rm 

the fi ndings by MS/MS. The LC–MS analysis of acetaminophen incubated in rat liver 

microsomes is depicted in Figure 6.4, where neutral, loss, enhanced product ion (EPI) 

spectrum, and MS3 spectra could be obtained in a single run. The positive identifi ca-

tion of the glutathione is shown in Figure 6.4b, where a characteristic doublet at m/z 

457 and m/z 460 specifi c for the label is observed. Another advantage of the method 

is the possibility to perform the experiments on any type of mass analyzer [20]. Using 

this approach, they were able to detect unresolved minor reactive metabolites using 

a triple quadrupole mass analyzer. Furthermore, the same group [21] developed an 

alternative approach to screen for glutathione adducts using a linear ion trap where 

PI and NL scan functions are not available. Their strategy is again based on the 

use of a mixture of nonlabeled and labeled forms of glutathione at a given isotopic 

ratio and a mass difference of 3 Da. This mass pattern is then applied to trigger in 

a data- dependent acquisition the dependent scan MS2. In addition to improving the 

selectivity, a polarity switch is implemented and in a single LC–MS run both positive 

and negative ionization data are recorded (Figure 6.5). In this way, all the required 

information can be obtained in a single LC–MS/MS run. Linear ion traps work well 
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FIGURE 6.4 Detection and characterization of the GSH adduct of acetaminophen using 

the API 4000 Q Trap instrument. A mixture of labeled and nonlabeled GSH was used to trap 

the reactive metabolite of acetaminophen (100 mM) incubated with rat liver microsomes. 

(a) The ion chromatogram obtained from the NL experiment. (b) The precursor protonated 

molecular ions detected for the peak at 9.2 min. (c) An MS/MS spectrum of the precursor ion 

at m/z 457. (From Mutlib, A. et al., Rapid Commun. Mass Spectrom., 19, 3482, 2005. With 

permission.)
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for this purpose because they have a short duty cycle and are quite effi cient for fast 

 data-dependent acquisition. Based on the 13C2
15N-GSH adduct it was demonstrated 

that the combination of the isotope pattern-dependent scanning with the postac-

quisition data mining was very effective in detecting low levels of GSH adducts. 

To evaluate the performance of the assay, GSH adducts of carbamazepine, diclofenac, 

4-ethylphenol, acetaminophen, p-cresol, and omeprazole were analyzed [22].

The application of an Orbitrap platform was also described for this purpose. In 

this case, one can use the excellent full scan sensitivity of the high-resolution accu-

rate mass measurement in both the survey and data-dependent scan modes in order 

to identify the reactive intermediates and then provide data for their structure assign-

ment [23]. A labeled form of GSH 2:1 ratio of 5 mM glutathione and [13C2
15N−Gly] 

glutathione was used. The high mass accuracy in the survey scan can be used to 

detect the GSH adduct. The method was successfully applied for the detection and 

characterization of GSH conjugates of acetaminophen, tienilic acid, clozapine, ticlo-

pidine, and mifepristone.

High-resolution instruments such as QqTOF, FT-ICR, and Orbitrap instruments 

do not have true NL or selected reaction monitoring (SRM) capabilities, which 

limits their use for screening unexpected metabolites. Therefore, an approach 

was developed based on the use of high-resolution accurate mass data. With high-

 resolution data, it was demonstrated that common biotransformations [24] result in a 

limited shift of the mass defect of the protonated metabolite and a mass defect fi lter 

(MDF) can be applied to screen for metabolites. Table 6.2 shows that for common 

bioactivation steps leading to GSH adducts, the mass defects are not greater than 

40 mDa and a ±40 mDa fi lter around the mass defect of the fi lter template should 
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be suffi cient to detect the GSH adducts [25]. The performance of this approach was 

demonstrated with an analysis of seven model compounds (acetaminophen, carbam-

azepine, diclofenac, clozapine, p-cresol, 4-ethylphenol, and 3-methylindole). The 

process to identify GSH adducts included the following three steps: (1) full scan 

TABLE 6.2
Mass Defect Shifts of GSH-Trapped Reactive Metabolites That Are Formed 
via Common P450-Mediated Bioactivation Reactions

Mass Shift of 
the Drug 
Moiety

GSH Adduct 
Composition

Mass Defect 
Shift of GSH 

Adducta

Functional 
Group

Common Metabolic 
Activation Reaction

−34 P + GSH − HCl +0.0389 β-C1 to a nitrogen 

or sulfur

Loss of Cl to form 

aziridinium or 

episulfonium

−32 P + GSH − S − 2H +0.0279 Thiourea R–NH–C(=S)–NH–R′→
R–NH–C(SG)=N–R′

−30 P + GSH − 2N − 4H −0.0218 Hydrazine R-NH-NH2→R–SG

−18 P + GSH + O − HC1 +0.0339 Aromatic chlorine Formation of quinone 

imine or epoxide followed 

by GSH attack and loss of 

HCl

−14 P + GSH − CH2−2H 0.0157 Aromatic ether Demethylation followed by 

oxidation to quinone

−12 P + GSH − C − 2H 0 Methylenedioxy Formation of quinone

2 P + GSH + O − HF +0.0043 Aromatic fl uoride Epoxidation followed by 

GSH attack and loss of 

HF

0 P + GSH − 2H 0 Substituted phenol 

derivative

Formation of quinone 

methide

+1 P + GSH + O − NH 

− 2H

−0.016 Aromatic amine Formation of quinone via 

oxidative deamination

+2 P + GSH +0.0157 αβ-Unsaturated 

carbonyl

CH2=CH–C(=0)–R→GS–

CH2–CH–C(=0)–R

+14 P + GSH + O − 4H −0.0208 Benzylamine Formation of 

hydroxylamine followed 

by oxidation to nitrile 

oxide

+16 P + GSH + O − 2H −0.0051 Phenol Formation of quinone

+18 P + GSH + O +0.0106 Furan Formation of epoxide 

followed by GSH attack

+28 P + GSH + CO − 2H −0.0051 Benzylamine Formation of isocyanate

+32 P + GSH + 2O − 2H −0.0102 Benzene Formation of quinone

Source: Zhu, M. et al., Anal. Chem., 79, 8333, 2009. With permission.
a The mass defect shifts of GSH adducts are defi ned as the difference in the mass defects between a 

detected GSH adduct and the GSH adduct MDF template (MH+ of the Drug + GSH − 2H).
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acquisition with high-resolution fi ltering; (2) MDF; and (3) structural elucidation 

of GSH adducts of product ion data acquired in the data-dependent mode or after 

a second LC–MS analysis. The benefi t of the approach compared to the triple qua-

drupole was mainly sensitivity and the possibility to detect GSH adducts that do not 

show the 129 Da NL.

QqQLITs are instruments that can be used in both the triple quadrupole mode and 

the ion trap acquisition mode. In particular, in a data-dependent experiment, the 

SRM mode can be used as a survey scan and the EPI as a dependent scan [26]. This 

combination is attractive for metabolite screening because the good sensitivity and 

selectivity of the SRM mode. Zheng et al. have applied this approach to screen for 

glutathione adducts [27] based on 114 SRM transitions from protonated molecules 

constructed on the basis of common bioactivation reactions predicted to occur in 

human liver microsomes. To be able to cover the maximum number of possibilities, 

two strategies were followed: (1) targeted SRM screening of predicted GSH adducts 

and (2) comprehensive SRM screening after PI and NL prescreening.

One of the major issues for detecting reactive metabolites by trapping with gluta-

thione is the relatively low sensitivity of the assay. Another point is that it would of 

great importance to obtain some quantitative information about the amount of reac-

tive metabolites formed. Soglia et al. [28] focused on an approach in which they opti-

mized the sensitivity of the in vitro test method and the throughput of the LC–MS/

MS analysis by switching to a more lipophilic glutathione analog, the glutathione 

ethyl ester (GSH-EE). The microsomal incubations were analyzed after semiauto-

mated 96-well plate solid-phase extraction (SPE) using microbore liquid chromatog-

raphy-micro-electrospray ionization-tandem mass spectrometry (μLC-μ-ESI-MS/

MS). Twelve test compounds were analyzed using GSH and GSH-EE as trapping 

agents. The use GSH-EE improved the MS sensitivity of the assay by a factor of 

10 and in the case of acetaminophen-GSH-EE the peak area increase was approxi-

mately 80-fold. The analyses were performed on a triple quadrupole instrument in 

the positive ion mode. By using a more lipophilic derivative, increased retention of 

the compounds was observed on reverse-phase chromatography, which also allowed 

more fl exibility in the SPE sample preparation. In addition, the GSH-EE adducts 

can be detected in the negative ion mode. The CID in the negative mode generates 

fragments at m/z 316, 300, 282, 210, and 128 [29]. The fragment at m/z 300 certainly 

results from the loss of H2S while the fragment at m/z 282 includes a subsequent loss 

of water. These ions are very specifi c for GSH-EE compounds and can be selected 

to perform PI mode scans to screen for GSH-EE adducts. The product ion spectra 

of GSH-EE are far more informative in the positive mode than in the negative ion 

mode. The use of PI (m/z 300) in negative mode as a survey scan and the EPI mode 

as a dependent scan is a useful combination [29]. As a general rule, triple quadrupole 

mass spectrometers suffer from relatively moderate sensitivity when used for quali-

tative analysis. One of the unique features of the quadrupole linear ion trap is their 

high sensitivity in the product ion scan mode. The major difference from ion traps 

is that the CID is performed in a collision cell and is often more informative than 

typical ion trap CID [26]. In this confi guration the limited sensitivity of the PI mode 

is less critical because its selectivity in the negative mode is suffi cient to trigger the 

mass of the PI to perform a sensitive product ion spectrum in the positive mode.
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Fluorescence detection has been applied to quantify glutathione adducts. Gan 

et al. developed a quantitative method using a dansylated GSH (dGSH) derivative, 

with the fl uorescent dansyl group being added to the free amino group of GSH [30]. 

A concentration of 1 mM dGSH was selected as a compromise between trapping 

effi ciencies and the fl uorescence background. In the present LC–MS setup the fl uo-

rescence detector was placed in line before the MS system. One limitation of the 

approach is that it cannot be applied for compound that causes fl uorescence inter-

ferences. It was also shown that despite the introduction of the bulky dansyl group, 

 dansyl GSH did not serve as a cofactor for glutathione S-transferase (GST) and no 

CYP 450 inhibition was observed, The analysis time of one sample lasted about 

50 min which currently limits the applicability of the assay for high throughput but 

the application of fast LC or ultrahigh-performance liquid chromatography (UHPLC) 

could be benefi cial for the method.

Ideally, one would like to perform quantitation directly with mass spectrometric 

detection using a GSH adduct that provides standardized response independent of the 

nature of the parent drug. One approach proposed by Soglia et al. [31] is the use of 

a quaternary ammonium GSH (QA-GSH) analog with a fi xed positive charge where 

the MS response factor is directly related to the quaternary ammonium. Comparison 

of equimolar amounts of the parent standards and the corresponding QA-GSH stan-

dards showed that conjugation with QA-GSH resulted in improved detection capabil-

ity and a similar MS response. MS signal responses of QA-GSH conjugate reference 

compounds were within 3.3-fold of one another whereas the responses of the cor-

responding parent standard differed as much as 19-fold. Furthermore, only a 1.5-fold 

difference in slope of the standard curves of QA-GSH standards was observed. The 

quantifi cation methodology was as follows: addition of QA-GSH standards (one is 

single charged and one is double charged), as internal standards, to the microsomal 

incubation sample prior to analysis. LC–MS/MS analysis was performed using cap-

illary liquid chromatography coupled to microelectrospray ionization-tandem mass 

spectrometry. In a fi rst step the QA-GSH conjugate of interest has to be identifi ed. 

This was done either by calculation of the m/z of M+ and MH2+ ions of the QA-GSH 

conjugate of interest for multiple single reacting monitoring analysis or by PI scan-

ning of m/z 144 (corresponding to the 4-hydroxy-N-methylethyl piperidinium ion). 

Once the m/z of the M+ or MH2+ ion was verifi ed a MS method was used to monitor 

four independent scan events (MH2+ and M+ of QA-GSH adduct of interest and the 

MH2+ and M+ of the internal standards) during LC–MS/MS analysis.

6.2.3 CYANIDE ADDUCTS

During metabolic activation hard electrophilic metabolites are also generated, for 

example, iminium ions derived from compounds with an alicyclic amine structure. 

Cyanide, a hard nucleophile, has been used as trapping agent for detection of this 

category of reactive metabolites. The complementarities of both trapping screens 

(using GSH and cyanide) could be demonstrated for several compounds [32]. Gorrod 

et al. described the use of radiolabeled [14C]cyanide in Ref. [33]. Meneses-Lorente 

et al. extended this approach into a semi-automated high-throughput assay [34]. 

Following incubations of cold test compounds with liver microsomes in the presence 
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of [14C]cyanide, the unreacted trapping agent was removed by SPE and the amount 

of radiolabeled conjugate was determined by liquid scintillation counting. Evans 

et al. mentioned the use of a 1:1 mixture of cyanide and stable isotopically labeled 

cyanide (13C15N−). They reported that detection of the adducts was greatly facili-

tated by the presence of prominent isotopic doublets, which differed in mass by 2 Da 

(monoadduct) or 4 Da (bis-adduct) and that the MS/MS spectra were characterized 

by a NL of 27/29 (HCN/H13C15N) [14]. Argoti et al. developed a LC–MS/MS method 

for screening iminium ion formation in liver microsomes using cyanide [32]. The 

microsomal incubation mixtures were fortifi ed with KCN or K13C15N. The cyanide 

conjugates were screened for by constant NL scanning of 27 (HCN) or 29 (H13C15N). 

In addition, GSH trapping experiments were conducted. Fourteen  alicylclic amine 

compounds were analyzed using GSH and cyanide trapping screenings. Comparison 

of the results demonstrated the importance of cyanide trapping for detection and 

identifi cation of iminium ion intermediates and the complementarities of GSH and 

cyanide trapping experiments.

6.2.4 OTHER PEPTIDES

Reichardt et al. proposed a model using a dipeptide trapping agent for monitoring 

adduct formation of xenobiotics and for structural characterization of the molecu-

lar structures [35]. Lysine–Tyrosine (Lys–Tyr) was chosen as model peptide. This 

dipeptide was selected to minimize the steric hindrances and dipole effects, factors 

that are known to have an infl uence of the binding characteristics to proteins. Lysine 

was selected due to its high basicity and degree of ionization, the ε-amino group of 

the lysine residue belongs to the most commonly involved and characteristic groups 

for protein–xenobiotic interaction in vivo. Tyrosine was chosen as second amino acid 

as its aromatic ring is easily detectable in UV-light and because of its much lower 

reactivity in order to favor reactions at the lysine residue. Test compounds, including 

aldehydes and other electrophilic compounds, were incubated with the dipeptide at 

37°C and pH 7.4 (phosphate buffer). After centrifugation, the adducts were analyzed 

by fl ow injection analysis MS (FIA–MS). Besides adduct formation of aldehyde 

groups via Schiff bases, covalent adducts of other electrophilic compounds, such 

as toluene-2,4-diisocyanate, 2,4-dinitro-1-fl uorobenzene, 2,4,6-trinitrobenzene sul-

fonic acid, dansyl chloride, and phthalic acid anhydride with the lysine moiety could 

also be detected. Quantitation of peptide reactivity was performed by determination 

of the amount of peptide with apparently unchanged molecular structure remaining 

after a specifi c duration of incubation by HPLC–UV and fl uorescence monitoring. 

A factor of reactivity defi ned as the amount of xenobiotic necessary to allow a reac-

tion with 50% of the peptide in a given solution was introduced.

Wang et al. used a slightly different dipeptide lysine–phenylalanine (Lys–Phe) 

for studying the reactivity of acyl glucuronides to proteins [36]. Acyl glucuronides 

are a commonly formed metabolite for compounds with a carboxylic acid moiety. 

Although, acyl glucuronides are reactive electrophiles they are relatively stable com-

pared to other reactive metabolites and can circulate in the body and are excreted 

intact in urine or bile [37,38]. The chemical reactivity is suspected to be responsible 

to the toxicity observed for carboxylic acids. Covalent binding to proteins may occur 
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via two different mechanisms [39]: fi rst, via transacylation, that is, nucleophilic attack 

of the acyl carbon of the glucuronide, for example, by a nucleophilic group of a pro-

tein, resulting in liberation of the glucuronic acid and acylated protein or second, via 

glycation. Following acyl migration, the resulting positional isomers can transiently 

exist in the open chain form of the sugar ring, thereby exposing the aldehyde group, 

which can form Schiff base, for example, with ε-amine group of a lysine residue of a 

protein. In this case, the glucuronic acid moiety is retained in the adduct, forming a 

bridge between the aglycone and the target protein [38]. The approach of Wang et al. 

[36] aimed at determining the reactivity of acyl glucuronides toward the test peptide, 

whereby the formation of adducts via the Schiff base mechanism was monitored. It 

included two incubation steps. First, formation of acyl glucuronides by incubation 

of the carboxylic acid containing compound with human liver microsomes forti-

fi ed with uridine diphosphate glucuronic acid (UDPGA) and second, formation of 

adducts by addition of the model peptide into the fi rst step incubation supernatant. 

After dilution of an aliquot with methanol:water 50:50, the samples were analyzed 

by LC–MS.

Another approach was proposed by Mitchell et al. [40] using neither an LC–MS 

nor radiolabeled drug for detecting reactive metabolites. A custom trapping 11 amino 

acid peptide (ECGHDRKAHYK) was designed for use with surface enhanced laser 

desorption/ionization time-of-fl ight (SELDI–TOF). The peptide contains cystein, 

some nucleophilic amino acid residues, and a charged residue for binding to a weak 

cation exchange. The uniqueness of the assay is that the peptide (50 pmol) is bound to 

a weak cation exchange chip and the covalent adduct can be detected by desorptive 

ionization. The peptide is able to trap effi ciently the reactive metabolites even in the 

presence of competing proteins (2 mg/mL). The assay was found to be suitable for the 

following activation systems: rat and human liver microsomes, purifi ed recombinant 

P450 enzymes, horseradish peroxidase (HRP), MPO, and alcohol dehydrogenase 

(ADH). Typically the test compound is added at a concentration of 200 μM in the 

activation system and 50 μM of trapping peptide is used. Incubations are carried out 

at 37°C for 15 min. One microliter of the sample is then spotted onto the weak cation 

exchange chip and incubated for 20 min. After several buffer wash steps the matrix 

(a-cyano) is added. Figure 6.6 illustrates the peptide adduct formation for butylated 

hydroxytoluene using the rat liver microsomes activation system.

6.2.5 COBALAMINE

Highly reactive hydrophilic low molecular weight epoxy metabolites of 1,3- butadiene 

are particularly diffi cult to analyze. Gas chromatography techniques were used for 

analyses following solvent extraction or by head space GC. However, both procedures 

were not optimal for hydrophilic low molecular weight compounds. The supernu-

cleophile Cob(I)alamin, a compound with high nucleophilic strength, was proposed 

as an analytical tool for characterization of reactive metabolites. When Cobalamin 

(Co(III) ) is reduced to Cob(I)alamin, the upper ligand is replaced by a free pair of 

electrons, which react rapidly with electrophilic compounds such as oxiranes to form 

alkyl cobalamin complexes [41]. These polar alkyl cobalamin complexes of high 

molecular weight are amenable for analysis by LC–MS. Haglund et al. developed a 
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validated capillary LC–ESI–MS/MS method using the SRM mode with a  column 

switching setup for sensitive and accurate determination of reactive metabolites 

trapped with Cob(I)alamin [42]. The performance of this approach was demon-

strated by using diepoxybutane, a metabolite of 1,3-butadiene (MW, 86.1 Da), as test 

compound. The intermediate metabolites epoxybutene was incubated with S9 frac-

tion fortifi ed with NADPH for CYP450 catalyzed bioactivation to  diepoxybutane. 

Aliquots of the incubation sample were mixed with Cob(I)alamin solution before 

analysis of the formed alkyl cobalamin complexes.

6.2.6 ELECTROCHEMICAL SYSTEM FOR METABOLITE GENERATION

A purely instrumental approach based on using electrochemistry to catalyze reactions 

and to mimic CYP activity has been proposed as another way to study the formation 

of metabolites [43,44]. The electrochemical cell (EC) is placed in front of the mass 
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spectrometer and the analysis can be performed in the fl ow injection (EC–FIA–MS) 

mode or combined with liquid chromatography (EC–LC–MS) (Figure 6.7). The 

online reactor is either an EC fl ow-through cell connected to a potentiostat (EC/LC/

MS system) or functionalized magnetic particles that are fi xed with two magnets in 

a capillary (HRP/LC/MS system). In loading position, the reaction mixture from 

the EC cell or the HRP particles is collected in the 10 μL loop [45]. After switching 

the valve, the loop is emptied by the HPLC pumps and the content is injected on 

the column. Figure 6.7b shows the chromatograms of amodiaquine (AQ) before and 

after electrochemical oxidation. By using the electrochemical system, the reactive 

amodiaquine quinoneimine (AQQI) could be observed, whereas it was not observed 

in the microsomal incubation study. While direct detection of reactive metabolites is 

of interest, it can be challenging either in vitro or in vivo because the electrophilic 

metabolites formed can spontaneously react with endogenous nucleophiles. EC–MS 

and EC–LC–MS studies on the metabolism of clozapine and acetaminophen were 
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(continued)
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reported in the absence and presence of trapping agents, for example, GSH [46,47]. 

As for acetaminophen, the known oxidative metabolic detoxifi cation pathway could 

be mimicked, that is, GSH and N-acetylcysteine adducts of the electrochemically 

generated reactive acetaminophen metabolite, N-acetyl-p-benzoquinoneimine 

(NAPQI), could be identifi ed. However, in contrast to in vivo experiments, different 

isomers of these adducts were observed [47]. In the study on clozapine, several of the 

known oxidative metabolic pathways were observed.

Jurva et al. performed comprehensive studies on the comparability of EC–MS 

and cytochrome P 450 catalyzed reactions [48,49] and found that EC–MS success-

fully mimicked those CYP reactions that are initiated by a one-electron oxidation, 

such as N-dealkylation, S-oxidation, P-oxidation, alcohol oxidation, and dehydroge-

nation, whereas the reactions that are initiated via direct hydrogen atom abstraction, 

for example, O-dealkylation and hydroxylation of unsubstituted aromatic rings, were 

not mimicked. In the latter cases the oxidation potentials were too high for electro-

chemical oxidation in aqueous solutions. A further disadvantage is that EC lacks the 

stereospecifi ty of the reactions, in contrast to CYP catalyzed reactions [50].

6.3 COVALENT BINDING TO PROTEINS

Despite the fact that no direct correlation of drug–protein adducts with organ toxicity 

has been shown, the investigation of these adducts are of prime importance in the 

drug selection process. One approach to monitor the potential of a drug to generate 

reactive metabolites is to determine the amount of drug binding to liver proteins, 
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which requires radiolabeled drug. Once the measurement has been performed, the 

challenge becomes to defi ne how much covalent binding is acceptable for a good 

clinical candidate. Evans et al. [14] suggested a conservative threshold of 50 pmol 

drug equivalent/mg total liver proteins for a 60 min reaction. In order to determine 

the amount of protein adducts the drug is generally incubated in microsomes or hepa-

tocytes or the liver of the animal is collected up to 24 h after administration. Figure 

6.8a illustrates the centrifugation-based scheme where the proteins were precipitated 

and several washing steps were performed on the pellets to remove all noncovalently 

bound material. The pellet is then resolubilized with a tissue solubilizer and mea-

sured by liquid scintillation counting. The procedure is labor intensive and diffi cult 

to automate. Day et al. [51] have described a semi-automated method in which a 

Brandel cell harvester is used to collect and wash the proteins as shown in Figure 

6.8b. The authors concluded that centrifugation and the Brandel cell harvester system 

provided similar results. The described approach may be useful to perform a ranking 
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FIGURE 6.8 (a) Schematic of the traditional centrifugation-based method for measuring 

covalent protein binding. (b) Schematic of the fi lter method. Precipitated protein, containing 

covalently bound drug, was transferred by vacuum to a fi lter mat where 80% methanol was 

used to remove unbound radioactivity. Individual fi lters were punched from the mat into vials 

where solubilization of protein and liquid scintillation counting were done. (From Day, S.H. 

et al., J. Pharmacol. Toxicol. Methods, 52, 278, 2005. With permission.)
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of the investigated compounds compared to others, however no knowledge on which 

proteins the metabolites were bound to is obtained. Molecular weight information of 

the covalent metabolite protein complex can be obtained using a 1D-gel and radio-

activity detection. Quantitative whole-body autoradiography (QWBA) allows one to 

obtain a picture of the distribution of the compound and metabolites in tissues using 
14C-labeled parent compound. Takakusa et al. [52] performed a study where they 

compared tissue distribution retention properties of 14C-labeled NCEs with covalent 

binding of several drugs associated with IDR or not. They found that the radioactiv-

ity measured in liver 78 or 168 h postdose correlated well with the rat in vivo covalent 

binding yield of the drugs.

Masubuchi et al. [53] have investigated the relationship between the in vitro 

formation rate of GSH conjugates and the covalent binding to protein for 10 test 

compounds known to form reactive intermediates. They found that (1) there is a 

correlation between binding rate of reactive metabolites and GSH formation; (2) the 

covalent-binding rate of human liver microsomal proteins correlates with that of rat 

liver microsomal proteins; (3) GSH formation can be used as surrogate marker; and 

(4) the in vitro covalent-binding rate correlates with the in vivo binding rate in the 

case where a predictive mode using the unbound fraction of the AUC is applied.

Identifi cation of the proteins involved in covalent binding is also of interest. Most 

approaches are based on a proteomic workfl ow [54] where after administration of 

the radiolabeled drug the protein extract (liver, plasma) is separated on a 2D-Gel 

electrophoresis followed by trypsin digestion and mass spectrometric identifi cation 

either with MALDI peptide mass fi ngerprint or LC–MS/MS assay. A major chal-

lenge of trypsin digestion is that, in most cases, the peptide coverage is rarely 100% 

and only a partial picture of modifi ed peptides can be obtained. Also the modifi ca-

tion of the peptides may generate a signal reduction of enhancement of the specifi c 

peptide. There is still little limited information about which proteins are the target 

for the reactive metabolites and in particular, which mechanism occurs showing the 

need for more comprehensive studies. A reactive metabolites target protein database 

compilation has been described by Hanzlik et al. [55]. Little is known concerning 

the microsomal protein targets of reactive metabolites. Identifi cation of the proteins 

that target various modifi cations resulting in a toxic response could help to predict 

toxicity with better specifi city [56]. For example the protein involved in the binding 

of the acyl glucuronide of (AcMPAG) mycophenolic was investigated using a pro-

teomic approach [57]. The kidney proteins were separated by 2D-gel electrophoresis 

and the covalent product adduct were detected by Western blotting with an antibody 

specifi c for MPA/AcMPAG. Twenty-one proteins were identifi ed as potential targets 

of AcMPAG.

The adduct formation of the reactive metabolites of paracetamol, AQ, and clozap-

ine with the proteins β-lactoglobulin A and human serum albumin was studied using 

an electrochemical fl ow-through cell coupled to an online LC–MS system [58]. The 

formed adducts were directly characterized with time-of-fl ight mass spectrometry. 

The adduct formation with the electrophilic metabolites of paracetamol (NAPQI), 

amodiaquine (AQQI), and clozapine (CLZox) are with β-lactoglobulin A as illus-

trated in Figure 6.9. The mass shift of the respective adduct can be clearly read 

out from the spectrum, which becomes more challenging with the heterogeneity of 
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larger proteins. To identify the site of modifi cation, the protein was digested using 

trypsin and the formed peptides were analyzed by FT-ICR–MS. The potential of the 

approach was also investigated with human serum albumin.

Most screening procedures for the investigation of covalent binding to proteins 

require the synthesis of radiolabeled parent drug which is relatively expensive and is 

time-consuming. Therefore, a strategy based on unlabeled drug is of great interest. 

The use of ECs is certainly a major step in this direction to investigate the behavior 
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of various drug candidates but may not completely refl ect the biological system. 

Hepatocytes and microsomes remain the most relevant systems. Sleno et al. [59] 

described a procedure to visualize the comprehensive binding of reactive metabo-

lites to proteins. Using this approach they were able to determine a reactive metabo-

lite cystein adduct of fi pexide in microsomes without radiolabeled parent drug using 

pronase digestion. Fipexide is a nootropic drug that has been withdrawn from the 

market due to serious toxic effects. Fipexide hydrolyses to two potential toxic spe-

cies: 3,4-methylenedioxybenzylpiperazine (MDBP) and 4-chlorophenoxyacetic acid 

(4-CPA). In vitro experiments showed that the metabolism of fi pexide leads to reac-

tive metabolites [60]. Adducts with GSH, GSH ethyl ester, and N-acetylcysteine were 

observed with the demethylenated fi pexide. Catechol intermediates are known to 

be precursor to the electrophilic orthoquinone which can subsequently undergo a 

nucleophilic attack by the cystein of peptides or proteins. 4-CPA was shown to form 

an acyl glucuronide and acyl-CoA thioester.

Direct visualization of protein adducts may be very challenging in complex 

mixtures such as microsomes or hepatocytes. Proteomic strategies such as two-

dimensional LC–MS/MS after tryptic digestion of the protein pellets to fi sh out the 

modifi ed peptides may be considered. Due the low concentration of protein adducts, 

the partial tryptic coverage of the proteins and the low throughput this setup may not 

be suitable to screen for covalent protein adducts in vitro or in vivo. Pronase digests 

proteins to single amino acids. This approach was used to digest the microsomal 

peptides after incubation of fi pexide and the resulting amino acids adducts were 

separated by LC–MS/MS. Based on the in vitro knowledge of the formed in vitro 

reactive metabolites, a data-dependent experiment using the SRM mode as a sur-

vey scan and an EPI or targeted EPI could be performed to visualize the cystein 

adduct (Figure 6.10). It could clearly establish that the fi pexide o-quinone metabolite 

covalently binds to microsomal proteins. The strategy is compound independent and 

brings additional information to the classical trapping experiments.

6.4 CONCLUSIONS

Most of the current developed mass spectrometric strategies allow one to effi ciently 

screen for the potential of new drug candidates to form reactive metabolites and 

understand the mechanism of bioactivation. Further development in the fi eld of 

hybrid mass spectrometry will provide to the scientist even more powerful instru-

ments to perform drug metabolism investigations. Surprisingly, most of the current 

efforts in the investigation of reactive metabolites are concentrated solely on the 

characterization of GSH adducts. Currently, no direct correlation between the pres-

ence of these metabolites and potential adverse effects can be made despite the fact 

that they will affect certain biological processes. Visualization and structure elu-

cidation of reactive metabolites is of prime importance but new tools are needed 

to understand their real impact. Binding to proteins has been established but still 

limited knowledge is available on which protein and under which circumstances 

the adducts are formed. Differential proteomics studies may be of interest because 

they would help to identify which protein is affected by the presence of reactive 

metabolites and would allow one to obtain a more global picture. In a similar way 
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metabolomic approaches may allow to fi nd specifi c toxicity markers and in more 

general help to understand which compounds are up- or downregulated and which 

biological pathways are affected.
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7.1 INTRODUCTION

Recent data indicate that the discovery and development of a new drug costs around 

$1 billion, and it may take approximately 10 years for the drug to reach the market-

place [1]. Considering these staggering numbers, it is critical that efforts are made to 

reduce attrition of drug candidates during the various stages of drug discovery and 

development. One of the sources of attrition can be inappropriate drug disposition 

characteristics. Drugs are xenobiotics to living organisms, which therefore biotrans-

form them to less toxic, less active, and more hydrophilic forms and so enhance 

their excretion in urine. However, biotransformation can also lead to some unwanted 

consequences, such as rapid clearance of the drug from the body, formation of active 

metabolites, drug–drug interactions due to enzyme induction or competition, and 

formation of reactive or other toxic metabolites [2].

Metabolite identifi cation is crucial to the drug-discovery process because it 

can be used to investigate the Phase I metabolites that are likely to be formed in 
vivo, the differences between species in drug metabolism, the major circulating 

metabolites of an administered drug, Phase I and Phase II metabolic pathways, and 
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pharmacologically active or toxic metabolites, and it can also help to determine the 

effects of metabolizing enzyme inhibition and/or induction. The ability to produce 

this information early in the discovery phase is becoming increasingly important 

as a basis for judging whether or not a drug candidate merits further development. 

Metabolite identifi cation enables early identifi cation of potential metabolic liabilities 

or issues, provides a metabolism perspective that guides the synthetic route with the 

aim of either blocking or enhancing metabolism to optimize the pharmacokinetic 

and safety profi les of newly synthesized drug candidates and assists in the prediction 

of the metabolic pathways of potential drug candidates chosen for development [3].

The information required to determine the metabolic fate of a new chemical 

entity (NCE) includes detection of metabolites, structure characterization, and quan-

titative analysis. Recent efforts among researchers have focused on developing faster 

methods for metabolite identifi cation. Liquid chromatography–mass spectrometry 

(LC–MS) has become an ideal and widely used method in the analysis of metabo-

lites owing to its superior specifi city, sensitivity, and effi ciency [4].

The goal of this chapter is to discuss the challenges involved in incorporating tra-

ditionally time-consuming and complex assays into the fast-paced, high-throughput 

environment of drug discovery. The success of metabolite identifi cation in this set-

ting depends not only on the implementation of cutting-edge technology but also 

on devising strategies based on critical thinking—to answer the questions that are 

crucial to a particular program as it progresses compounds from general screening 

to the fi nal selection of a discovery recommendation.

7.2 REVIEW OF RECENT LITERATURE

7.2.1 DRUG DISCOVERY AND DEVELOPMENT STAGES

With the advent of combinatorial chemistry and high-throughput screening, the num-

ber of new candidate structures emerging from the discovery cycle has increased 

signifi cantly. This has created a demand for earlier and faster determination of the 

absorption, distribution, metabolism, excretion (ADME) properties of these mol-

ecules. Based on pure chemical structures, some software packages [5–7] can pre-

dict its potential metabolites and toxicity profi les in a high-throughput manner even 

before the chemical synthesis of a molecule. In this presynthesis stage of discovery, 

although in silico studies cannot replace conventional in vitro and in vivo testing, 

they are great tools that are used in conjunction with chemical synthesis efforts to 

select, eliminate, or modify the chemical structure of a drug candidate.

In the early drug-discovery stage, compounds are made available for screening. 

At this stage, relatively small quantities of drugs are available (milligram amounts) 

and radiolabeled standard is typically not available. The popular studies including 

metabolic stability, drug–drug interaction, and enzyme kinetic studies are based on 

the quantitative analysis of a parent drug or a few of its metabolites. The key is 

high throughput. The determination of metabolite profi les is usually performed for 

a limited number of lead molecules in vitro and in vivo. The goal is to identify the 

hot spots in a structure series to guide the modifi cation of the structure to minimize 

the metabolic liability. Early feedback about metabolically labile sites or potentially 
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toxic metabolites is crucial to the discovery team in order to direct future synthesis 

pathways. Many discovery programs aim to obtain a general picture of the metabolic 

fate of NCEs at this stage.

As the compound reaches the late discovery and candidate selection stage, the 

focus is to determine its major metabolic pathways, metabolic difference between 

species, and to identify potential pharmacologically active or toxic metabolites. 

Because of the complexity, comprehensive metabolite characterization studies have 

been typically conducted at this stage with radiolabeled standard. Identifi cation of 

circulating metabolites is also important at this stage to explain the pharmacokinetic 

or the pharmacodynamic profi le. An NCE may show effi cacy that is inconsistent 

with what is predicted based upon the known concentration of the parent drug. These 

inconsistencies could be due to the presence of active metabolites. The knowledge of 

these metabolites will also dictate how the analysis of samples will be conducted in 

the development and clinical studies.

When the drug candidate goes to preclinical and clinical development, the goals 

of drug metabolism studies are to identify unambiguously all signifi cant metabo-

lites observed in humans, and confi rm that they are present in the animal species 

employed for preclinical safety evaluation.

As the drug candidate moves down in the pipeline, the requirements for metabo-

lite identifi cation differ at the different stages of drug discovery and development, 

leading to the introduction of “fi t for purpose” analytical strategies that provide the 

appropriate level of information for the purpose at hand, while simultaneously mini-

mizing resource expenditures [8]. In order to accomplish the needs, more special-

ized instrumentation is used to fulfi ll the task at a later stage. The relative merits of 

current and potential strategies for dealing with metabolite characterization at the 

various stages of drug discovery and development with its recommended instrumen-

tation and studies are listed in Table 7.1 [9].

7.2.2 INSTRUMENTATION

In the 1970s and 1980s, gas chromatography–mass spectrometry (GC–MS) was the 

most commonly used method for small-molecule analysis and is still used today for 

the detection of many metabolic disorders [10]. Due to its convoluted sample prepa-

ration that involves metabolite extraction and derivatization to improve volatility, 

lengthy analysis time, and the limits on the size and type of molecule that can be 

analyzed, LC–MS has become a more popular choice for these analyses and stud-

ies. LC–MS is used at various stages for identifying compounds and their metabo-

lites either to confi rm the structure of a known compound or to identify unknown 

metabolites of drug candidates. The two most commonly employed atmospheric 

pressure ionization techniques in LC–MS interface are electrospray ionization (ESI) 

and atmospheric pressure chemical ionization (APCI). They provide effi cient ioniza-

tion for very different type of molecules including polar, labile, and high molecular 

mass drugs and metabolites. The utility of using ESI lies in its ability to generate 

gas-phase ions directly from the liquid phase, which establishes the technique as a 

convenient mass analysis platform for both liquid chromatography and automated 

sample analysis. APCI generates ions by using a corona discharge with a heated 
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nebulizer where the solvent vapor can act as the reagent gas providing chemical 

ionization reactions. The recent atmospheric pressure photoionization (APPI) has 

expended the applicability of API techniques toward less polar compounds [11]. In 

the dopant-assisted APPI method, the major processes leading to ionization in APPI 

are proton transfer and charge exchange in the positive ion mode. Its sensitivity is 

dependent on ion-molecule reactions in the gas phase that are largely governed by 

the proton affi nity of the analytes [12].

A wide range of mass spectrometers have been used for metabolite identifi cation 

[13,14]. The most frequently used instruments are single- and triple-quadrupole 

(QQQ), three-dimensional (3D) ion trap, linear ion trap (LIT), and quadrupole-

 time-of-fl ight (Q-TOF) (Figure 7.1). Fourier-transform mass spectrometers (FTMS) 

have been used as well typically at a later stage. The new hybrid technology of 

QTrap and LTQ-Orbitrap provides unique features that bring in a lot of excitement 

in the drug metabolism area [15].

In the current pharmaceutical industry, most work in metabolite analysis is still 

carried out by using QQQ mass spectrometers due to its durability and low cost. 

Their tandem mass spectrometric (MS/MS) scan types are highly helpful in the 

TABLE 7.1
Tools That Help in the Search and Identifi cation of Metabolites in Drug 
Metabolism

Stage Tools Uses

Presynthesis compound for 

drug discovery

In silico Assistance with chemical synthesis 

efforts to select or eliminate compounds

Available compounds for 

screening and early drug 

discovery

In silico
LC–MS/MS

Assistant with synthetic efforts to block 

or enhance metabolism

Identifi cation of simple and major 

metabolites, for example, dealkylations 

and conjugations such as glucuronide

Late drug discovery and 

candidate selection

LC–MS/MS

QTOF (high resolution and 

exact mass measurement)

MS3

H–D exchange

Determination of metabolite differences 

between species

Identifi cation of potential 

pharmacologically active or toxic 

metabolites

Preclinical and clinical 

development

LC–MS/MS

QTOF (high resolution and 

exact mass measurement)

MS3

H–D exchange

Radioactivity detector

LC–MS–NMR

Determination of the percentage of 

metabolite formed in vitro or in vivo
Synthesis of metabolites for toxicology 

testing

Comparison of human pathways

Drug–drug interactions

Source: Adapted from Nassar, A.F. and Talaat, R.E., Drug Discov. Today, 9, 317, 2004. With permission.

Abbreviations: H–D, hydrogen–deuterium; LC, liquid chromatography; MS, mass spectrometry; 

MS–MS, tandem mass spectrometry; MS3, ion trap; NMR, nuclear magnetic resonance; QTOF, 

quadrupole time-of-fl ight.
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FIGURE 7.1 Different types of mass spectrometers that are used for various drug metabolism 

assays. (Courtesy of Applied Biosystems MDS Analytical Technologies and ThermoFisher, 

Foster City, CA. With permission.)
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identifi cation of metabolites and provide the required specifi city and sensitivity. 

With single and triple quadrupole mass spectrometers, MS data can be obtained by 

scanning the fi rst quadrupole and detecting the mass-separated ions. Product ion 

MS/MS data can be obtained with a QQQ by mass-selecting the ions of interest with 

the fi rst quadrupole, fragmenting these ions in the collision cell and mass separat-

ing the ions with the third quadrupole for subsequent detection [1]. The tandem MS 

capabilities of a QQQ are useful in providing a quick look at the metabolic profi le 

of an NCE and offer the best chance of identifying novel or unexpected metabolites. 

QQQ has the unique constant neutral loss and precursor ion MS/MS features, which 

has been widely used and they require no prior knowledge of the metabolites and 

may only require a minor structural similarity to the NCE [16,17]. However, QQQ 

has its major disadvantage of poor full-scan sensitivity and slow scan rates, which 

makes it diffi cult to capture low abundance metabolites.

Often, a single MS/MS experiment is insuffi cient to narrow down the site of mod-

ifi cation. An ion trap mass spectrometer is unique in that it can perform multiple MS/

MS experiments. In a 3D ion trap system, all ions are at the center of the ion trap and 

a spectrum is obtained by sequentially ejecting ions out of the trap. MSn is possible, 

which provides more fragmentation information about the structure of a metabolite 

[18]. However, it suffers poor trapping effi ciency and space charge effects on mass 

peak width and mass measurement accuracy. A geometrical variation of the 3D ion 

trap MS, LIT has garnered a lot of interest. It can provide very high ion acceptance 

and more effi cient trapping. The detection sensitivity in a LIT is at least two orders 

of magnitude higher than that in a 3D ion trap [19,20].

As QQQ and LIT posses their own unique features for drug metabolism studies, a 

combined instrument hybrid linear ion trap-triple quadrupole mass spectrometer (QTrap) 

offers the advantages of both the ion trap and the QQQ and provides great fl exibility and 

excellent performance. The ability of the third quadrupole to act as both a mass fi lter 

and a scanning ion trap gives QTrap a wide range of capabilities. The instrument retains 

all of the scans of the typical QQQ, and it also includes many of the scans available in 

the 3D ion trap. The system can perform the common QQQ scans for precursor ions and 

constant neutral loses, selected reaction monitoring (SRM) and selected ion monitoring 

(SIM). In addition, the system can perform trap isolation and fragmentation to yield 

trap-like product ions or as a means of forming second-generation product ions for MS3 

studies. The system also has the ability to look at ions stored for different periods of time 

in the trap. It allows selective detection and high speed–high sensitivity collection of 

product ions without space charge and mass range limitations of the 3D trap. However, 

one limitation is its mass resolving power and mass accuracy capability [21].

Q-TOF technology has provided rugged high-performance accurate mass (AM) 

and high resolution capabilities that are useful in the evaluation of metabolites pres-

ent in the complex matrices. Its advantages are sensitivity, scan speed, and mass 

accuracy. The high mass resolution enables the separation of metabolites from nomi-

nally isobaric background ions. The mass accuracy is usually within 5 ppm, which 

makes it possible to assign a specifi c molecular formula to the metabolite of interest. 

However, it cannot distinguish isomers that have the same exact mass. Its fast scan 

speed can provide highly sensitive detection of low-level metabolites, for example, 

circulating metabolites in plasma [22,23].
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Other instruments, such as FTMS, are capable of achieving the highest resolution 

and mass accuracies (<1 ppm), thus providing accurate determination of unknown 

metabolites more reliably than any other MS available today. However, there are very 

few reports on pharmaceutical FTMS applications specifi cally for drug metabolism 

analyses due to its high cost, diffi culty to use, and low throughput [24]. The big step 

forward for drug metabolism and small molecule analyses came with the introduc-

tion of the hybrid FTMS (e.g., LTQ–FTMS). The hybrid systems are compatible with 

standard HPLC fl ow rates, have high-throughput and automation compatibility, and 

are data-dependent MSn with high mass accuracy and mass resolution [25–27].

The recently introduced LTQ-Orbitrap is another hybrid detection instrument, 

where the superconducting magnet and the ICR cell in an FTICR instrument are 

replaced by an electrostatic trap providing performance close to that of an FTICR 

instrument [25,28]. The LTQ-Orbitrap shows excellent performance for small mol-

ecule MS/MS. It can achieve high mass resolution up to 150,000 and mass accuracy 

(1 ppm) [19,29]. In most cases, the sensitivity of Orbitrap detection is superior to the 

FTICR detection of small molecules. Low mass transmission does not appear to be 

an issue, as spectra are very similar to those from the LTQ. Mass accuracies did not 

appear to be as precise as those for the LTQ–FTMS; however, with the vast major-

ity of mass measurements falling within 3 ppm, its performance is well suited for 

structure elucidation.

In the end, each of the instruments described here provides unique capabilities 

that are highly useful in metabolite structure elucidation [30]. The most effective 

and comprehensive metabolite characterization experiments utilize a combination of 

these instruments at different stages of the drug discovery and development in order 

to answer a specifi c question.

7.3 CURRENT USES AND TECHNOLOGY

Regardless of which drug stage we are in, the fi rst step for metabolite profi ling is 

detection. The second step is structure elucidation and fi nally quantitation. The 

defi nitive metabolic analysis typically uses radioactive labeling (14C, 3H) of a par-

ent drug and detection of its metabolites by LC–MS along with a radioactivity fl ow 

detector [31]. However, synthesis and purifi cation of radioactive compounds are 

expensive and time-consuming, radiation is a potential health risk for humans and 

the requirements for handling radioactive material and wastes make the use of radio-

labeled compounds very costly. For these reasons, radioactively labeled compounds 

are rarely used in the early drug discovery phase, and the early metabolite profi ling 

studies almost totally rely on various MS techniques [32]. This chapter focuses on 

the recent practices and the new technologies utilized in metabolite profi ling in early 

drug discovery phase.

7.3.1 SAMPLE PREPARATION

In the early stage of drug discovery, the metabolic pathways of a given compound 

are typically not known, and the samples do not contain radiolabeled compounds, 

any cleanup or manipulation of the samples could result in loss of metabolites. Since 



236 Using Mass Spectrometry for Drug Metabolism Studies

the matrices for metabolite characterization are typically very dirty, some forms of 

sample cleanup are always needed. The simplest and most effective way is protein 

precipitation followed by centrifugation. Liquid–liquid extraction (LLE) or solid-

phase extraction (SPE) can be utilized when there is some a priori knowledge of the 

possible metabolites [16].

7.3.2 METABOLITE IDENTIFICATION METHODS

Traditional metabolite identifi cation has primarily relied on using the QQQ. A typi-

cal procedure starts with screening the test and control samples over the full mass 

range in both positive and negative ionization modes. By comparing the total ion 

chromatogram (TIC) from the test and control samples, all predicted or unexpected 

drug-related materials that are only presented in the test samples can be determined. 

However, this approach usually suffers by its low sensitivity. The reconstructed ion 

chromatogram (RIC) of potential metabolites based on common biotransformation 

reactions and their associated mass shifts are more useful, and it could reveal the 

presence of many drug-related ions hidden under background matrix ions [33,34]. 

Other survey scans, such as precursor ion scan (PIS) or constant neutral loss (CNLS) 

experiments are commonly used in the next step. In PIS, the second mass analyzer 

is set to only pass the ions with a selected m/z value, while the fi rst mass analyzer 

is scanned over a defi ned m/z range. In CNLS, both mass analyzers are scanned 

while the m/z difference between the mass spectrometers is kept constant [19]. 

Utilizing these two techniques can identify families of metabolites quickly. The 

last step includes product ion scan or multiple stage MSn; an ion of a given m/z 

value is selected, activated, and fragmented, which provides structural informa-

tion. This traditional approach suffers from iterative analysis and low throughput 

and typically requires large amounts of samples and signifi cant user intervention. 

Under the currently fast-paced drug discovery timelines, it becomes a less-desired 

approach. However, the recent commercial availability of a QQQ with enhanced 

mass resolution and AM capability (TSQ Quantum AM QQQ, ThermoFinnigan, 

San Jose, CA, United States) has provided attractive features. Jemal et al. demon-

strated the feasibility of using the Quantum AM QQQ to identify nefazodone and 

its two metabolites in a liver microsome incubation. In the study, the CNLS and PIS 

were able to identify most of the metabolites of nefazodone. The subsequent AM 

SIM and enhanced resolution AM SRM experiments gave mass accuracy of better 

than ±0.003 u for the masses of the precursor and product ions of nefazodone and 

all the metabolites [35].

When LC–MS/MS is used for the quantitation of drugs, the quantitation 

 experiments have reached a level that one can term as high throughput in that 

sample processing is automated and analysis is done using QQQ with fast run 

times of less than 5 min. Metabolite identifi cation of the drug candidates typically 

is done in a separate experiment that require longer HPLC run times. Recently, 

quantitation of drug candidates with simultaneous structural characterization of 

their metabolites has become more fully realized and may be done within the time 

frame of a single high-throughput quantitative LC–MS/MS experiment without 

having to reanalyze the plasma samples. Chen et al. [36] utilized SRM-triggered 



Fast Metabolite Screening in a Discovery Setting 237

product ion scan with reversed energy ramp (RER) scanning to simultaneously 

identify and quantify propranolol and its metabolites in rat plasma on a Finnigan 

TSQ Quantum Ultra. With the quality-enhanced data-dependent (QED) scanning 

and RER techniques, not only were fi ve metabolites of propranolol characterized 

with high-quality product ion spectra, but time course profi les of propranolol and 

its metabolites were also obtained simultaneously [36]. Quantitative data of the 

parent obtained with SRM-dependent scan approach is very similar to those with 

SRM only approach. Spectra acquired with RER scans have richer fragment infor-

mation which facilitates structure elucidation of metabolites. Cai et al. [37] tested 

a similar approach on a Bruker Esquire ion trap MS system (Bruker-Franzen, 

Bremen, Germany). The α-1a antagonists were dosed in the mouse. Plasma sam-

ples were collected at various times. The major metabolites in the mouse plasma 

samples were detected simultaneously through the interpretation of full-scan mass 

spectra. Varoglu and colleagues [38] ran a microsomal incubation assay on an 

Orbitrap LC–MS system. The AM measurements coupled with the ability to create 

extracted ion chromatogram of very narrow 0.01–0.02 Da mass ranges provided 

chromatograms with very high signal-to-noise ratios to confi dently detect the par-

ent compound and its metabolites. In addition, MS–MS transitions were not nec-

essary to observe analytes of interest in the samples and the need for individual 

compound method development was eliminated.

More applications in simultaneously quantifying parent drugs and screening 

metabolites in a single sample injection for either in vitro or in vivo samples were 

reported by various groups using a hybrid API 4000 QTrap LC–MS/MS system 

(Applied Biosystems, Foster City, CA, United States). Gao et al. [39] used a survey 

experiment consisting of monitoring SRM transitions for the internal standard, the 

parent, and 48 SRM transitions designed to cover the most common Phase I and II 

biotransformations in a hepatocyte incubation sample. An information-dependent 

acquisition (IDA) method was employed to trigger product ion scans above the SRM 

signal threshold. The high sensitivity and specifi city of SRM enabled the detection 

of minor metabolites at trace levels in biological matrices. Coeluting metabolites 

could be detected and identifi ed due to the specifi city of their respective SRM transi-

tions, which also enabled the usage of a rapid chromatographic method compared 

to conventional metabolite identifi cation methods where a longer chromatographic 

method was required for better separation. Three biotransformations of a lead com-

pound had been identifi ed through enhanced product ion (EPI) scans and the respec-

tive SRM transitions of those metabolites were selected for semiquantitation. The 

study integrated the metabolite identifi cation, the semiquantitative analysis of parent 

disappearance, and the formation of the metabolites along the time course by a rapid 

LC–MS/MS analysis.

Li et al. [40–42] used a QTrap system to incorporate both the conventional SRM-

only acquisition of parent compounds and the SRM-triggered IDA of potential 

metabolites within the same scan cycle during the same LC–MS/MS run in plasma 

sample analysis. The fast scanning capability of the LIT allowed for the IDA of 

metabolite MS/MS spectra <1 s/scan, in addition to the collection of adequate data 

points for SRM-only channels. A SRM survey scan containing 30–150 SRM chan-

nels was established by running a script in Analyst software. If the intensities in these 
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survey channels exceeded a predefi ned threshold, EPI scan spectra were automati-

cally collected from the most intense peak (Figures 7.2 and 7.3). The information of 

the product ion scan spectrum can be readily enhanced by spreading the collision 

energy for the collision-induced dissociation (CID). The fi nal spectrum without a 

low mass cutoff is obtained by combining the spectra collected at three different 

collision energies with a predefi ned spread energy. The author further confi rmed 

that quantifying parent compounds using SRM + SRM–IDA approach was not nega-

tively impacted by the addition of survey SRM channels and the IDA–EPI scans and 

generated equivalent quantitative results for parent compounds to those obtained by 

conventional SRM-only method. The data fi les generated using this approach were 

only about twice as large as those from the SRM-only method, which was of less 

concern in processing speed of the quantitative data. The advantage of this approach 

is that the SRM transitions can be generated through the script in Analyst software 

to cover the common metabolites. This list can be further improved by addition of 

possible metabolites or removal of unlikely transitions based on the knowledge of 

the metabolite predictions and the fragment pattern of the parent drug [40,41]. The 

disadvantage of this target scanning method is that it is unable to detect unexpected 

metabolites compared to the trap mode full MS scan (EMS)-triggered IDA or data-

dependent MS/MS although full data-dependent qualitative analysis was hindered in 

practice because of the high background signal from the matrix. The importance of 

adequate chromatographic separation should also be emphasized when this approach 

was applied. If multiple metabolites elute at the same retention time, potential misses 

can happen because EPI will be performed only on the most intense peak.

In addition to this simultaneous quantitative and qualitative function, the QTrap 

can be used under full-scan MS in the ion trap mode and/or CNLS, PSI as survey 

scans to trigger product ion scan (MS2) and MS3 experiments to obtain structural 

information of drug metabolites “on-the-fl y.” Xia et al. [43] reported fi ve metabolites 

of gemfi brozil were detected in a single injection. Bramwell and colleagues [44] 

utilized different scan functions in the QTrap to identify GSH conjugates in human 

liver microsome incubations.

With the capabilities of EMS (Q3 scan in the ion trap mode), EPI scan (MS2 

in the ion trap mode), MS3, SRM, CNLS, PSI, and IDA, the QTrap system can be 

employed as a complementary tool to the conventional metabolite profi ling with 

the capability to meet the fast turnaround demands in drug discovery. It can also 

stand alone to aid the selection and design of the structural scaffold at the lead 

selection stage or be incorporated to the overall metabolic profi le strategy to evalu-

ate preclinical candidates. However, this approach is only intended to be an “added 

bonus” during parent compound quantitation, and it is not a replacement for the 

full profi ling of metabolites in a given sample because of the highly specifi c nature 

of SRM, there defi nitely exists the possibility that the survey channels could miss 

important metabolite pathways.

In a recent report, Tiller et al. [45] described increased throughput for drug metab-

olite identifi cation studies in the early discovery phase with a record of 21 diverse 

structural classes of NCEs assayed in one day using AM LC–MS/MS on a Waters 

QTOF Premier MS system (Waters, Milford, MA, United States) and targeted data 

analysis procedures. An MSE experiment [46], utilizing dynamic range enhancement 
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(DRE) with two scan functions, enables the almost simultaneous acquisition of both 

LC–MS and fragmentation data from a single experiment, although since no precur-

sor ion selection occurs in the mass spectrometer good chromatographic separation 

is a critical factor in affording fragment ions that are derived predominantly from the 

analyte of interest. MSE works well when applied to relatively simple matrices, such 

as microsomal and hepatocytes incubations, but it does not work well with complex 

matrices such as bile samples. The targeted data analysis was carried out with the aid 

of Metabolynx software. The availability of elemental composition data on precursor 

and all fragment ions in each spectrum greatly enhanced confi dence in the ion struc-

ture assignments, while computer-based algorithms for defi ning sites of biotransfor-

mation based upon mass shifts of diagnostic fragment ions facilitated identifi cation 

of positions of metabolic transformation in drug candidates. This approach typically 

requires as little as 1 h of acquisition time (during an overnight run) and about 1 h 

of data interpretation time by a scientist with a savings of 13 h per molecule (7 h of 

acquisition time and 6 h of data interpretation time) to the traditional method. With 

this capacity, AM MS/MS technology can cease to play its traditional function as 

a confi rmatory technique in metabolite structure elucidation, but will increasingly 

assume a “fi rst-line” role in the detection and characterization of drug metabolites 

in early drug discovery.

Another “all-in-one” strategy proposed by Wrona et al. [47] used the QTOF sys-

tem to assay in vitro samples in a drug discovery setting. Full-scan MS and MS/

MS data was acquired using collision energy switching without the preselection of 

precursor ions. Data was collected using two scan functions. In the fi rst function, 

Q1 was scanned using a normal low collision energy that provided for transmission 

of intact ions to the analyzer and detected with high resolution (8000 FWHM) and 

mass accuracy (<10 ppm). The second scan functions scanned Q1 in the same mass 

range with a high collision energy that fragmented all ions. In this way, two mass 

chromatograms were generated, one with information on intact molecules and one 

with fragment ion information. A variety of data-processing algorithms then were 

used to extract metabolite information from these data. These included using narrow 

window extracted ion chromatograms for expected biotransformations, extracted ion 

chromatograms for the product ions of the parent compounds, and/or expected modi-

fi cation of these product ions, and neutral loss chromatograms. The advantage of this 

approach is that a single injection using a generic acquisition method provided a data 

set from which single ion, precursor, product, and neutral loss chromatograms could 

be extracted. No implicit assumptions about the biotransformations were made prior 

to data acquisition.

A directed search for metabolites that are predicted on the basis of the structure 

of the parent compound offers the greatest probability of success in detecting drug-

related materials in the presence of large extraneous background. Another novel 

approach, knowledge-based predictions of metabolic pathways, is fi rst derived from 

a commercial database, the output from which is used to formulate a list-dependent 

LC/MSn data acquisition protocol. Reza Anari et al. used indinavir as a model drug, 

a substructure similarity search on a MDL metabolism database (MDL Information 

Systems, Inc.) with a similarity index of 60% yielded 188 hits, pointing to the pos-

sible operation of two hydrolytic, two N-dealkylation, three N-glucuronidation, one 
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N-methylation, and several aromatic and aliphatic oxidation pathways. The overall 

biotransformation spreadsheet included all classical primary metabolic pathways 

for xenobiotic biotransformation as well as various multistage oxidative meta-

bolic reactions (Figure 7.4). The calculated mass-to-charge ratios for all plausible 

metabolites of indinavir were exported to the Xcalibur LCQ software in order to set 

up a list-dependent instrument method. Integration of this information with data-

dependent LC/MSn analysis using a LCQ DECA XP ion trap mass spectrometer 

(ThermoFinnigan, San Jose, CA, United States) led to the identifi cation of 18 metab-

olites of indinavir. This result was accomplished with only a single LC/MSn run, 

representing  signifi cant savings in instrument use and operator time, and afforded 

an accurate view of the complex metabolic profi ling of the drug, as shown in the 

fl owchart in Figure 7.5 [48].

Regardless of which approach is utilized, a prerequisite for successful LC–MS/

MS metabolite identifi cation is good chromatographic separation. Although signifi -

cant advances have occurred in LC modes and stationary phases, the separation of 

isobaric metabolites can require long run times. Ultraperformance liquid chromatog-

raphy (UPLC) has enabled these analyses to be carried out at higher speed with bet-

ter sensitivity, increase sample throughput by reducing analytical run time without 

sacrifi cing chromatographic integrity (see Chapter 8) [49]. Using UPLC, Wainhaus 

and colleagues demonstrated the powerful high speed separation of two hydroxyl 

analogs from its parent within a 7 min, while a normal HPLC would require at least 

20 min to perform the sample separation [50]. Other researchers applied UPLC sys-

tems in their fast metabolite identifi cation strategy because of its excellent chro-

matographic resolving power [45,47]. By improving the chromatographic resolution, 

increased peak capacity can be achieved with a reduction in the number of co-eluting 

peaks leading to superior separation, which can signifi cantly reduce ion suppression 

and improve the MS sensitivity [49].
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FIGURE 7.4 Knowledge-based metabolic prediction of indinavir. (Adapted from Reza 

Anari, M. et al., Anal. Chem., 76, 823, 2004. With permission.)
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In the end, the bottleneck occurs in the data processing and interpretation. 

Automated software algorithms, such as Waters MetabolLynx, Applied Biosystems 

Lightsight, and MetWorks from Thermo, which came with the different types of 

mass spectrometers, became useful tools for detecting biotransformations for 

expected or unexpected metabolites. Typically acquired results were reported via a 

“Data Browser” that enabled the chromatographic and mass spectroscopic evidence 

that supported each automated metabolic assignment [51,52].

The advent of all the new ion sources and mass analyzers, along with the recent 

development in data-acquisition and handling software, have signifi cantly improved 

quality and detailed information acquired for identifi cation of unknown structures. 

These methods can be readily used for rapid frontline identifi cation of drug metabo-

lite structures in early drug discovery.

7.3.3 QUANTITATION OF METABOLITES

Quantitative information on metabolites that have been identifi ed to have pharma-

cological and/or toxicological activities is very important during the drug discovery 

and development process. One limitation of LC–MS for metabolite quantifi cation 

Elemental composition
fragment assignments

Assign substrate
fragment ions

Study substrate
fragmentation pattern

Setup list-dependent
LC–MSn method

Calculate
metabolite m/z

Interpretation of
LC–MSn data

Knowledge-based
metabolic prediction

FIGURE 7.5 Metabolite identifi cation strategy based on integration of knowledge-based 

metabolic predictions with liquid chromatography list-dependent tandem mass spectrometry. 

(Adapted from Reza Anari, M. et al., Anal. Chem., 76, 823, 2004. With permission.)
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is that different ESI response factors are observed for different metabolites, which 

makes ESI a poor quantitative tool. This problem is further infl uenced by gra-

dient elution because the desolvation effi ciency increases during the run due to 

increased organic solvent content. In addition, another challenge with metabolite 

quantitation is associated with the difference in extraction recovery between the 

metabolites and the parent compounds, particularly with commonly used selective 

sample extraction techniques such as SPE or LLE. Therefore, typically, metabolite 

standards are required or alternative radiolabeled compounds will be needed for 

quantifi cation. However, in the early drug discovery stage, metabolite standards 

or radiolabeled compounds are usually not available, which makes alternative 

approaches an urgent need.

Since most drugs contain at least one nitrogen atom, one approach is utilizing a 

chemiluminescent nitrogen-specifi c detector (CLND). CLND gives a response cor-

responding to the number of nitrogens in the molecule independent of the compound 

structure, with a few exceptions, for example, compounds with nitrogens adjacent 

to each other like hydrazines may eliminate nitrogen gas during combustion in the 

detector which results in a lower response [53]. In HPLC–CLND, samples in the 

HPLC effl uent are fi rst combusted at high temperatures in an oxygen-rich furnace 

to convert all organic species to oxides of carbon, nitrogen, water, and other com-

bustion products. Nitric oxide, generated from nitrogen-containing compounds, is 

then reacted with ozone to produce nitrogen dioxide in an excited state. The rapid 

relaxation of the excited nitrogen dioxide results in the release of a photon of light, 

which is then captured and amplifi ed in a photomultiplier tube. The chemilumines-

cent response is proportional to the number of moles of nitrogen originally present 

in the analyte and the signal is independent of structure. Due to its low sensitivity 

and high background interference from endogenous nitrogen-containing compounds 

in biological matrices, CLND by itself is a poor choice for quantifying metabolites 

and typically is coupled with MS. In this setup, CLND serves as a calibrator to 

obtain the response factor ratio for a metabolite and its parent drug. For example, 

Deng and colleagues evaluated a HPLC–CLND/MS system with oxazepam and its 

metabolite temazepam. Taking advantage of the equimolar response feature of the 

CLND, a response factor ratio between oxazepam and temazepam on the mass spec-

trometer was obtained by comparing the peak areas generated on the CLND and a 

QQQ MS system. From the ratio, temazepam was quantifi ed using the oxazepam 

standard curve. The difference between the concentration of temazepam obtained 

from the reconstructed standard curve and the concentration obtained directly from 

a real temazepam standard curve was within 13%, except for the least concentrated 

standard (31%) (Figure 7.6) [54]. One limitation of this technique is the low sensitiv-

ity of the CLND system, which requires a signifi cant amount of metabolites (low 

micromole level) in the samples. Another limitation is that it is not applicable to 

compounds that do not contain nitrogen, or in those cases where the metabolites have 

no nitrogen atoms.

There has recently been some interest in nanofl ow LC as a mean of normalizing 

the mass spectrometric response [55–58]. Nanospray is more than simply a reduc-

tion of ESI fl ow rate. ESI is an electrohydrodynamic process, with daughter droplets 

generated when Columb repulsion in a charged liquid (the parent droplet) overcomes 
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FIGURE 7.6 A sample containing 1 μM of oxazepam and an unknown concentration of 

temazepam in dog urine was injected into the HPLC/CLND/MS system. (a) CLND chro-

matogram, (b) and (c) MRM chromatograms for oxazepam and temazepam. (Adapted from 

Deng, Y. et al., Rapid Commun. Mass Spectrom., 18, 1681, 2004. With permission.)



246 Using Mass Spectrometry for Drug Metabolism Studies

surface tension. Nanospray typically generates a smaller initial droplet size than its 

conventional ESI counterpart. The initial droplet size generated at an emitter orifi ce 

is a complex function of both intrinsic mobile phase properties and external experi-

mental parameters, perhaps most notably including fl ow rate. The reduction of initial 

droplet size can impact the quality of ESI spectra. Smaller droplets will increase 

total available surface area, decrease diffusion time for a solvated species to the 

droplet surface, and decrease the number of columbic explosions required to yield 

a suffi ciently small droplet suitable for ionization, which minimize ion suppression. 

Valaskovic and colleagues [58] used a custom-built, off-line, nanospray system to 

provide for direct, accurate measurement and control of fl ow rates in the low-nano-

liter/min regime on extracted plasma samples. Nanospray exhibited a distinct trend 

toward equimolar response when fl ow rate was reduced from 25 nL/min to less than 

10 nL/min. A more uniform response between the parent drug and the corresponding 

metabolites was obtained at fl ow rates of 10 nL/min or lower (Figure 7.7). The results 

indicated that the control of nanospray parameters, especially fl ow rate, would be a 

key consideration for success.

Hop et al. [56,59] demonstrated that ESI response factors could be normalized 

using nanoelectrospray. In this report, 25 compounds from 6 structurally distinct 

classes were tested using silicon chip-based nanoelectrospray devices (NanoMate) 

with <300 nL/min fl ow rate. The MS responses between these 25 compounds were 

relatively consistent (within 2.2-fold). This can be compared to standard LC–MS 

data which would have a 21-fold difference in response; therefore, it was a big 

improvement.

Ramanathan et al. [57] reported using nanoelectrospray in combination with a 

postcolumn makeup solution having the inverse composition to the analytical gradi-

ent. The set-up involves two HPLC systems, a chip-based nanospray ionization (NSI) 

source and a Q-TOF mass spectrometer. One HPLC unit performed the analytical 

separation, while the other unit added solvent post-column with an exact reverse of 

the mobile phase composition such that the fi nal composition entering the NSI source 

was isocratic throughout the entire HPLC run. The data obtained from four different 

structural classes of compounds and their metabolites indicated that by maintaining 

the solvent composition unchanged across the HPLC run, the infl uence of the solvent 

environment on the ionization effi ciency was minimized. Their examples showed 

excellent agreement between radioactivity and LC/MS data, and the response normal-

ization modifi cation resulted in nearly uniform response for all tested compounds.

In the light of the diffi culty of integrating an LC system capable of delivering 

nanofl ow rates reproducibly in a regular laboratory setting, Wainhaus explored a 

different approach to quantify metabolites without an authentic standard [50]. The 

tested model compound (BAS12439) and its series of hydroxyl group metabolites 

were evaluated under regular LC–MS/MS or UPLC–MS/MS setting under both 

ESI and APCI modes. In ESI, mass spectrometric response can vary dramatically 

with observed 2–8-fold response difference between parent and its metabolites 

across all fragments. However, when the same conditions were applied in APCI, 

only 1–4-fold of difference was observed. A twofold difference for minor molecu-

lar modifi cation was common under APCI conditions. This phenomenon appeared 

to be consistent with a variety compounds. Within early discovery, these errors 
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FIGURE 7.7 Results (a through f) of the equimolar response study for a variety of diverse 

compounds and their metabolites, respectively, for both conventional ESI (5 μL/min) and 

nanospray (fl ow given in nanoliter/min). Each bar graph shows the relative average signal 

intensities obtained from full-scan MS (average 12 scans). Each compound set was spiked 

into LLE plasma (2.5 μM fi nal conc. each). Analysis was carried out by conventional ESI 

(5 μL/min) and ultralow fl ow nanospray (a 5 μm. i.d., short taper, metal-coated fused-silica 

emitter). Note that the commonly observed trend toward equimolar response as fl ow rate is 

reduced. (Adapted from Valaskovic, G.A. et al., Rapid Commun. Mass Spectrom., 20, 1087, 

2006. With permission.)
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were acceptable for an early estimation of metabolite quantity and a new paradigm 

was established (Figure 7.8).

7.4 NEW EMERGING TECHNOLOGY

The fi eld of metabolite identifi cation and its impact for drug discovery is dynamic and 

advances in technology, and strategies are constantly evolving. There are signifi cant 

challenges still be faced and exciting technologies on the horizon [60]. Traditionally, 

the incubations for in vitro drug metabolism studies were performed “off-line.” 

Recently, several approaches using methods for “online metabolite generation” have 

been described to increase throughput in early drug discovery. The production of 

immobilized enzyme reactors (IMERs) enables online coupling of enzyme-catalyzed 
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metabolites using CARRS plates (0, 25 ng/mL + 2 h sample)

Metabolite > 25 ng/mL?
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Report only presence of glucuronide
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Full MS scan
2.1 × 150 mm column

data dependent scan, MS3

Rich fragment
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Sufficient fragment ions?

Can site of modification be identified?

No
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Yes
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Yes

10 min gradient

Separation of parent and metabolite?

Yes

Yes

Yes

No

No
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No

Do not report

Do not report

Do not report

Run samples and STD's

MS/MS

FIGURE 7.8 Systematic targeted metabolite screening procedure. (Adapted from Wainhaus, 

S. et al., Am. Drug Discov., 2, 6, 2007. With permission.)
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reactions with LC [61]. Microsomal incubations in a chip-based format coupled to 

ESI–MS has been demonstrated by Benetton et al. [61]. Two syringe pumps delivered 

microsomal protein, substrate, and cofactors in a buffer to the chip reaction region 

and were incubated at 37°C. Two confi gurations for desalting, protein removal and 

preconcentration before MS analysis enable fully integrated on-chip sample prepara-

tion. Staack et al. [62] described an approach for studying the metabolism of unlabeled 

drugs by online LC–MS/MS combined with chip-based infusion after fraction col-

lection into 96-well plates. Owing to reduced sample consumption (typically 1–5 μL), 

the ability to infuse the sample for an extended period of time and acquisition time 

was no longer an issue, which resulted in the improved quality of MS/MS spectra and 

sensitivity. Chip-based nanoelectrospray had also proved suitable for the analysis of 

glutathione adducts with a 100 times more sensitivity than conventional LC–MS/MS 

method [63]. Another high-resolution screening methodology presented by Kool et al. 

[64] utilized postcolumn online profi ling of estrogenic compound and its metabolites 

with affi nity for the estrogen receptor α (ERα). Most of the 14 metabolites detected 

exhibited affi nity for the ERα. This methodology appeared to be very sensitive and 

selective. It allows to quickly screen active metabolite formation in time, which offers 

great perspectives for applications in early drug discovery.

Another purely instrumental approach is the use of online electrochemistry cou-

pling with liquid chromatography/mass spectrometry (EC–LC–MS) to mimic cyto-

chrome P-450-catalyzed reactions. This confi guration enabled generation of more 

data on the oxidation products. Studies on the metabolism of clozapine and acet-

aminophen in the absence and presence of trapping agent had been reported [65,66]. 

In the study, the reactive acetaminophen metabolite, N-acetyl-p-benzoquinoneimine, 

was identifi ed. In another application, Toremifene was oxidized and detected in the 

online system as hydroxylated, N- and O-dealkylated, and dehydrogenated metabo-

lites [67].

Metal and nonmetal atoms such as Cl, Br, I, S, or P can be detected by inductively 

coupled plasma mass spectrometry (ICP–MS) [68]. Because nonmetal atoms are 

often present in a drug and the sensitivity of this technique is element-independent, 

ICP–MS (GVI platform ICPMS instrument, GV instruments Ltd., Manchester, United 

Kingdom) in combination with HPLC–ESI–MS was used to investigate the metabo-

lism of bromobenzoic acid in bile-cannulated rats [69]. The qualitative metabolic 

studies using the combination of a single separation combined with postchromato-

graphic splitting of the eluent to both ICP–MS and ESI–MS had been performed. 

As isocratic HPLC method was used to maintain a constant response of ICP–MS to 

Br during the run. 79Br and 81Br were both measured by ICP–MS and the combined 

signal was used for profi ling. Since ICP–MS is an element-detection technique, these 

profi les do not reveal any information on the structure of the metabolites. Therefore, 

the analysis of representative samples was undertaken using ESI–MS in parallel. 

The application of ICP–MS to bromine-specifi c detection of the metabolites of bro-

mobenzoic acid highlighted the potential of using this technique in metabolite stud-

ies without a need of radiolabeling.

Last but not the least, matrix-assisted laser-desorption ionization (MALDI) 

imaging mass spectrometry (IMS) caught a lot of attentions in the drug metab-

olism area. Drug distribution and individual metabolite distributions within 
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whole-body tissue sections were detected simultaneously at various time points 

following drug administration by Khatib-Shahidi and colleague [70,71]. The 

model compound olanzapine was administered in rats via oral administration. Its 

signal was detected primarily in the stomach at early time points and gradually 

localized into surrounding organs by 6–12 h. The emergence of its metabolites, 

N-desmethyl and 2-hydroxymethyl olanzapine, was also detected in tissue and 

correlated to the loss of parent drug signal. MALDI–MS/MS data of parent drug 

and its metabolites correlated well with published quantitative whole body auto-

radiography data. The advantage of IMS over traditional drug image techniques 

is the capability to detect a nonradiolabeled molecule with molecular specifi city. 

Therefore, IMS has the ability to differentiate between intact drug and its metab-

olites which may be present within a single tissue section collected at various 

time points following drug administration (see Chapter 11).

7.5 CONCLUSIONS

Metabolite identifi cation has proven to be of great value in drug discovery and devel-

opment, however, identifi cation and quantifi cation of metabolites in complex matri-

ces remain challenging tasks. Early knowledge of the metabolic fate of an NCE can 

redefi ne the focus of the chemistry, and efforts can result in the advancement of a 

superior drug product. Metabolite studies in the early drug discovery can provide 

insight into potential metabolic issues that would not otherwise have been brought 

to light until the NCE was well advanced into the clinical development. Structural 

information of metabolites can be obtained using the state-of-the-art LC–MS strate-

gies available today. LC–MS has been widely accepted as the main tool in the iden-

tifi cation, structure characterization and quantitative analysis of drug metabolites 

owing to its superior sensitivity, specifi city, and effi ciency. Advances in analytical 

technologies continue to improve the quality of the metabolite identifi cation experi-

ments with faster turnaround. Tools to automate data interpretation are valuable as 

well and combining these with the LC–MS data acquisition software should pro-

vide a powerful combination. The use of standards or radiolabeled compounds in 

quantitative analysis can be avoided, when online coupling of LC–MS to detection 

techniques that provide equimolar responses are used. All of these current and future 

advances in instrumentation and predictive software, when applied appropriately, 

will result in screening larger numbers of compounds, making discovery decisions 

more rapidly, developing better compounds, and delivering a safer and more effi ca-

cious drug product to the patient. The progress in microfl uidics suggests that metabo-

lite analysis will be carried out by miniaturized lab-on-a-chip techniques integrated 

with miniaturized mass spectrometers in the near future.
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8.1 INTRODUCTION

The coupling of liquid chromatography (LC) with mass spectrometry (MS) has 

undergone much evolution since its initial inception [1,2]. Atmospheric pressure ion-

ization techniques such as electrospray ionization (ESI) and atmospheric pressure 

chemical ionization (APCI) opened the door for the ionization and analysis of non-

volatile or thermally labile analytes. This technique revolutionized drug discovery 

and development allowing for dramatic improvements in sensitivity, selectivity, and 

speed. This area continues to grow, and signifi cant advances have been and continue 

to be achieved in all three areas [3–5].

One of the key issues in LC–MS involves separation of the analytes of interest 

from each other and from the matrix in which they are present. The introduction of 

the high-performance liquid chromatography (HPLC) column prior to the ioniza-

tion source accomplished this task. The use of different stationary phases coupled 

with an appropriate selection of mobile phases and gradient conditions allowed for 
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excellent separation of analytes as well as separation from the solvent front and 

endogenous material that could negatively impact sensitivity and reliability [6]. The 

impact of HPLC–MS on drug discovery and development was dramatic in both 

qualitative and quantitative arenas. The identifi cation of metabolites in biological 

matrices such as bile, urine, and plasma became more rigorous especially when 

coupled with online radiofl ow detection [7]. It is not uncommon to identify 30 or 

more metabolites for a given drug with HPLC–MS [8]. As quantitation of drugs in 

plasma became faster and more sensitive, questions such as to what extent a drug 

is absorbed or how rapidly it is cleared are now answered early in drug discovery. 

The ability to run a study in a single overnight run became commonplace. Running 

parallel to the use of this technique was the ever-improving HPLC column by a 

plethora of manufacturers. More reproducible stationary phases, smaller particle 

size, narrower column width, and shorter column length led to trade-offs in resolu-

tion, speed, and selectivity. HPLC pump manufacturers typically rated their pumps 

up to 4500 psi and were slow to keep up with the pressure demands of smaller 

particle size with its promise of increased number of theoretical plates and greater 

resolution. Thus, it was fairly common to hear the familiar ringing alarm of an 

overpressured pump when entering an HPLC–MS laboratory on the morning after 

an overnight run. Column heaters were employed to alleviate the backpressure and 

shorter columns were utilized (thereby diminishing some of the gains of the smaller 

particle size).

A variety of improvements with regard to HPLC–MS have occurred. The 2 × 

30 mm (4 μ) supplanted the longer wider column and 2–3 min run times were achieved 

with ballistic gradients [9]. Questions regarding matrix ion suppression and issues 

with coeluting endogenous and exogenous impurities resulted in issues with both 

discovery (non-GLP) and development (GLP) assays [10–12].

Ultraperformance liquid chromatography (UPLC) entered the scene as a viable 

tool in 2003 [13,14]. UPLC has two components: (1) a sub-2 μm particle size column 

and (2) a high-pressure pump rated at around 15,000 psi for handling the extreme 

backpressure generated by these columns. A third component required to fully uti-

lize this technique is a fast scanning detector to capture suffi cient points across these 

narrow (1–2 s) peakwidths. The concept of UPLC has been around for a long time. 

Jorgenson et al. has been a pioneer in the fi eld and helped develop it to a mature tech-

nique [15–17]. The van Deemter curve clearly demonstrates that for conventional 

columns there is a signifi cant decrease in the number of theoretical plates with an 

increase in linear velocity as shown in Figure 8.1 [18]. However, when the particle 

size decreases below 2 μm the number of theoretical plates is not diminished. A fl ow 

rate of 500 μL/min in a 2 × 30 mm sub-2 μm particle column typically generates a 

backpressure of ∼10,000 psi. The Waters Corporation seized this opportunity and 

created a high-pressure pump (Aquity) and coupled it to their Micromass Premier 

fast scanning (5 ms) triple quadrupole mass spectrometer. Figure 8.2 shows the 

trade-offs between speed, resolution, and sensitivity for normal HPLC along with 

the situation for UPLC where no trade-off is required.

A critical question for each analyst to determine is “how fast do I really need to go 

and at what cost?” The needs of each analyst and environment are different and this 

dictates what sort of gradient is required and the resolution of the  column. We will 
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begin to address these issues in a high-throughput drug discovery setting where the 

quantitation of a single analyte in a biological matrix is the main focus.

8.2 WHAT IS FAST CHROMATOGRAPHY?

8.2.1 FAST CHROMATOGRAPHY IN A DRUG DISCOVERY ENVIRONMENT

The primary task within drug discovery in the pharmaceutical industry is to bring 

forth compounds that have the best overall profi le. This insures the highest chance 

for success within drug development, where new chemical entities (NCEs) fail for 

reasons such as toxicity, lack of effi cacy, and poor human pharmacokinetics (PK) 

[19]. Additionally, it is critical to remove compounds that have no chance of success 

from the pipeline as early as possible in the drug discovery process so that money and 

resources may be allocated on “potential winners” and not wasted on the “losers.” We 

therefore take a two-pronged approach in drug discovery: (1) fi nd the best compounds 

and progress them as quickly as possible and (2) “kill” the “losers” as quickly as pos-

sible. There are many “fi lters” or screens that determine the fate of a compound and 

constitute a go/no go decision in early drug discovery. One of the most critical “fi lters” 

is in vivo rat PK. Clearly, if the requisite plasma concentrations for effi cacy and drug 

safety are not achieved in rat then, in most cases, the drug has no chance of success. 

It stands to reason then, that obtaining this data in as short a timeframe as possible is 

critical within drug discovery. There are various limiting factors within the develop-

ment of such a paradigm including resources, communication, and instrumentation.

We have developed a novel and streamlined approach that avoids classical “cassette 

dosing” and its potential pitfalls. The cassette-accelerated rapid rat screen (CARRS) 

is a high-throughput in vivo screen that provides the earliest PK information on 72 

NCEs per week [20–24]. Six NCEs are selected per cassette for a total of 12 cas-

settes. Two rats are dosed with each NCE and plasma samples are collected at 0.5, 1, 

2, 3, 4, and 6 h post-dose. Tissue samples may also be harvested at the 6 h time-point 

for specifi c programs. The total turnaround time for dosing, method development, 

analysis, and report submission is two weeks. In a recent study, Mei et al. found good 

correlation between CARRS and full rat PK studies [25].

The primary tool for determining drug concentrations in biological matrices is 

high-performance liquid chromatography combined with tandem mass spectrom-

etry (HPLC–MS/MS). This technique provides a two-dimensional approach that is 

both highly sensitive and selective for the analyte of interest. Limits of quantitation 

in the 1–10 ng/mL range and a dynamic range over 3–5 orders of magnitude are 

now routine. Instrumentation has become more compact, rugged, and easy to use 

so that multiple systems are routinely found in many drug discovery and develop-

ment metabolism and PK laboratories. Recent advances in HPLC column technol-

ogy combined with fast scanning mass spectrometers has resulted in shorter cycle 

times and narrower peak widths [26].

In addition to providing quantitative information on the parent drug, HPLC–MS/

MS is used to analyze biological samples within drug discovery and monitor for 

select metabolites. This serves two functions, to help chemists identify metabolic 

“hot spots” and help identify a new lead compound or prodrug.
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The driving force of “fast chromatography” is the ability to diminish run times 

such that the end user realizes a signifi cant time savings while sacrifi cing nothing. 

In the world of CARRS this means that an analyst can analyze an entire cassette 

(6 compounds ∼120 injections) and report the data the same day or run numerous 

cassettes in a single overnight run. This represents a dramatic improvement in turn-

around time. Ideally, one would be able to see an additional gain so that analyte and 

endogenous material, metabolites, chiral analytes, etc., may be separated faster.

8.2.2 FAST CHROMATOGRAPHY: BALLISTIC GRADIENTS

The use of short HPLC columns and ultrafast gradients has been explored in order 

to decrease HPLC–MS/MS analytical run times [27–30]. Typical cycle times ranged 

from 85 s to 2 min and used 2 × 30 mm, 4 μm HPLC columns (Table 8.1). The 1 min 

HPLC method is shown in Table 8.1. Mobile phases A and B are 0.01 M ammonium 

acetate in water/methanol (80:20) and methanol (100%), respectively. A ballistic gradi-

ent from 1% to 70% B was run over 0.01 min and held for 0.09 min. A linear gradient 

was then employed from 70% to 95% B for 0.6 min and held for 0.1 min. The column 

was then reequilibrated to 1% B over 0.2 min at a constant fl ow rate of 0.8 mL/min.

For the 2 min HPLC method, a linear gradient from 1% to 95% B was run over 

1.2 min, held for 0.3 min and reequilibrated to 1% over 0.5 min at a constant fl ow rate 

of 0.8 mL/min. The injection volume was 10 μL for both methods. The mass resolu-

tion on the TSQ Quantum for both methods was 0.7 for both Q1 and Q3. The scan 

time was 0.1 s for the 2 min linear gradient and 0.05 s for the 1 min ballistic gradient. 

Figure 8.3 compares the chromatograms from these two methods for a typical com-

pound (CPD X). The ballistic gradient results in a twofold decrease in retention time 

and makes sub-1 min run times a reality. This in turn opens the door for same day 

turnaround of data that has been accomplished used this method.

TABLE 8.1
Gradient Profi les for CARRS 
Assay Methods

1 min Ballistic 
Gradient

2 min Linear 
Gradient

Time (min) %B Time (min) %B

0 1 0 1

0.01 70 0.2 1

0.1 70 1.2 95

0.7 95 1.5 95

0.8 95 1.7 1

0.9 1 2 1

1.0 1

Source: Dunn-Meynell, K.W. et al., Rapid 
Commun. Mass Spectrom., 19, 2905, 

2005. With permission.



260 Using Mass Spectrometry for Drug Metabolism Studies

The matrix ion suppression is a common concern when shortening the run time 

[31,32]. Fast isocratic methods have matrix effects that can last for most of the analy-

sis time. The solvent front elutes later and lasts longer while fast gradients have sol-

vent fronts that elute earlier. Additionally, sample preparation techniques can impact 

the extent of matrix ion suppression [33]. Protein precipitation can also increase 

the likelihood of matrix effects due to the limited sample cleanup. Liquid–liquid 

and solid-phase extraction result in cleaner samples that suffer from matrix effects 

to a smaller extent. The best way to eliminate matrix effects would be to develop 

analyte-specifi c sample extraction methods; however, this would also be impractical 

for higher-throughput assays. Figure 8.4 shows the matrix ion suppression traces of 

the 1 min ballistic gradient using mobile phase A vs. precipitated rat plasma; CPD X 

and the internal standard (ISTD) elute well past the suppression area.

There are several drawbacks with this approach. The loss of separation resolution 

at higher linear velocities results in issues ranging from matrix ion suppression to 
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coeluting isobaric peaks. Additionally, this technique cannot be used for metabolite 

analysis. Finally, there is a question as to whether or not there is suffi cient  resolution 

to achieve meaningful separation for wide assortments of compounds given the 

small column length and ballistic nature of the gradient. Additionally, although this 

technique has served us well, the possibility of matrix ion suppression continues to 

be a factor and a method that improved the separation of the analyte from both the 

solvent front and sources of matrix ion suppression without the need for constant 

monitoring would be a most welcome technique in the area of high-throughput in 
vivo drug screening.

8.3 SMALL PARTICLES AND THE VAN DEEMTER EQUATION

Recently, advances in HPLC column technology have made small particle size col-

umns (average particle size 1.7–2.1 μm) readily available [34,35]. These sub-2 μm 

particles dramatically increase column effi ciency, which has a large impact on the 

speed of HPLC–MS/MS applications. The major drawback in using small particles 

is maintaining stable fl ow rates and the increase in column backpressure requiring 

the use of pumps with higher pressure ratings (15,000 psi). We have used these small 

particle columns in conjunction with high-pressure pumps to create a true ultrafast 

chromatographic approach to PK and metabolism. In order to fully appreciate the 

benefi t of using small particle column packing material one must examine the van 

Deemter equation which is fundamental to chromatographic theory. According to 

the van Deemter equation:

 

= + + μ
μ
B

H A C
 

where

H is the column’s plate height

μ is the mobile phase fl ow rate

A, B, and C are constants [36,37]

A smaller plate height equals a greater separation resolution, which is vital for sepa-

rating the analyte of interest from its metabolites and from endogenous material 

in the matrix. The A and C constants are dependent on the particle size and there-

fore a decrease in particle size will result in a decrease in H. However, as the fl ow 

rate increases, the C term becomes more important and results in a loss of resolu-

tion above a certain fl ow rate as shown in Figure 8.1. The benefi t of using 2 μm or 

smaller particles is that it allows a signifi cant increase in fl ow rate before a loss 

of resolution. In the world of HPLC–MS/MS this translates into the equivalent of 

“having your cake and eating it too.” In a typical HPLC–MS/MS analysis, there is 

a trade-off between speed, resolution, and sensitivity as shown in Figure 8.2. With 

the advent of small particle HPLC columns, it is possible to attain all three without 

sacrifi cing anything. UPLC performance is characterized by a dramatic reduction 

in retention times together with an improvement of the sensitivity without affecting 

peak resolution
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8.4 INSTRUMENTATION

The key to large-scale use of sub-2 μm columns has been the prolifi c availability 

of very high-pressure (15,000 psi) pumps from a variety of vendors. The Waters 

Acquity was the fi rst high-pressure pump on the market. Early issues with the sam-

ple organizer, needle, and mass spectrometer communication have been resolved. 

It has been a highly reliable pump in our laboratory for the past three years. There 

are now several very high-pressure pumps available on the market including the 

Thermo Accela, as well as models from CTC (Leap) Technologies and Agilent. 

The state of the art is such that all of these pumps are highly reliable with an asso-

ciated cost of $30,000 to $70,000 depending upon the various bells and whistles.

8.5 ASSESSING HPLC VERSUS UPLC

In order to have a true comparison between conventional HPLC and ultrafast HPLC 

using small particles, it is necessary to compare them head to head using the same 

compounds. Our standard HPLC conditions are shown in Table 8.1. Mobile phase A 

is methanol/water (20:80), 0.010 M ammonium acetate and mobile phase B is metha-

nol/water (90:10), 0.010 M ammonium acetate, 0.2% of 10% acetic acid. Under our 

“old” HPLC conditions, a typical cycle time of 2.5 min is easily achievable. The ana-

lyte of interest elutes at a retention time of 1.2–1.6 min with a run time of 2 min then, 

approximately 30 s is needed for the mass spectrometer to communicate with the 

autosampler in preparation for the next sample. In the CARRS paradigm, a cassette 

of plasma samples requires 108 injections including standards, samples, and blanks. 

Therefore, the total run time is 4.5 h and increases to 7 h for a plasma and tissue cas-

sette. This precludes same day turnaround and does not allow for the most effi cient 

use of automated method development software. UPLC can achieve 1–1.5 min cycle 

times which allows for same day turnaround of a plasma and tissue cassette and the 

completion of four to seven cassettes in an overnight run. This allows for rapid turn-

around of data in a highly effi cient manner.

Figure 8.5 shows the comparison between a typical HPLC (2 × 30 mm, 4 μm) 

run and ultrafast HPLC (2 × 30 mm, 1.7 μm) for BAS 12439 and its hydroxyl analog 

(CL-3472–1460). The ultrafast HPLC run used a gradient that ramps from 10% B 

to 100% B between 0.1 and 0.15 min. The fl ow rate was 0.9 mL/min resulting in 

a backpressure of approximately 14,000 psi. The HPLC run ramps from 10% B to 

100% B between 0.2 and 0.5 min. A threefold improvement in speed and threefold 

decrease in peak width is observed. This is a relatively straightforward example of 

what is possible with UPLC and similar results have been shown in many laborato-

ries for many different compounds. The key feature is the increase in speed while 

maintaining or improving sensitivity and quality. It is important to note that under 

these conditions the separation of the parent and hydroxyl analogs was not possible. 

Figure 8.6 shows another example of UPLC, using a Thermo Electron Accela pump 

and a sub-2 μm particle column, for imipramine, doxepin, clozapine, and timolol 

with retention times of 0.3–0.4 min and peak widths of 3–4 s FWHM. The ballistic 

gradient represents what is possible for UPLC. In practice, we use a less-aggressive 

approach that yields retention times of 0.5–0.8 min. This is suffi cient for same 

day analysis as well as the analysis of seven 96 well plates in 24 h. Also shown in 
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Figure 8.6 is the corresponding CARRS standard curve (25, 250, 2500 ng/mL), 

which demonstrates good linearity across the region of interest. The low end of the 

standard curve is easily achieved with minimal method development. We employ 
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generic gradients and automated method development for over 90% of our assays 

with little diffi culty.

Table 8.2 shows a comparison of ultrafast, standard and ballistic HPLC for BAS 

12439. The UPLC utilized a gradient that ramped from 40% B to 100% B in 0.2 min, 

normal HPLC ramped from 10% B to 100% B in 1 min and ballistic HPLC ramped 
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from 10% B to 100% B in 0.1 min. The LOQ is defi ned as 40% of the lowest usable 

standard or three times the back-calculated blank (standard “0”) value, whichever is 

greater. The results observed in Table 8.2 are typical for what is routinely observed. 

Linearity, dynamic range, and sensitivity are all under ultrafast HPLC conditions.

Transferring methods from HPLC to UPLC has become a popular topic and is 

generally quite straightforward [38–40].

8.6 UPLC REPRODUCIBILITY

We monitored the reproducibility for a 10 μL injection of loperamide and ketocon-

azole over a 12.5 h period in both rat plasma and homogenized rat brain (diluted 

1:4 with water). The results are displayed in Figure 8.7 and demonstrate the overall 

improved reproducibility that has been observed for UPLC. This is important for 

determining potential matrix effects. Improved carryover has also been observed in 

most cases (<0.1%) precluding the need for multiple solvent blank injections [41].

TABLE 8.2
Comparison of Sensitivity and Linearity as a Function of Method

1.7 mm Particle Size
(LOQ 0.04 ng/mL)

HPLC
(LOQ 0.9 ng/mL)

Ballistic HPLC
(LOQ 1.5 ng/mL)

Conc. (ng/mL)
Response 

Ratio Conc. (ng/mL)
Response 

Ratio Conc. (ng/mL)
Response 

Ratio

0.1 0.00061 0.1 0.0022 0.1 0.00070

1 0.0062 1 0.011 1 0.010

10 0.069 10 0.093 10 0.12

100 0.63 100 1.0 100 1.3

Source: Dunn-Meynell, K.W. et al., Rapid Commun. Mass Spectrom., 19, 2905, 2005. With 

permission.
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FIGURE 8.7 Internal standard reproducibility in plasma and tissue matrices demonstrated 

over 12 h for 2 min cycle times. This reproducibility time scale easily covers the time required 

for a typical CARRS assay. Ketoconazole/loperamide stability in rat plasma and brain. (From 

Wainhaus, S. et al., Amer. Drug Discov., 2, 6, 2007. With permission.)
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8.7 UPLC SEPARATION

One of the diffi culties encountered when screening many compounds is interfer-

ing peaks due to endogenous impurities. If the analyte of interest coelutes with the 

impurity, quantitation becomes quite challenging. There are various remedies to this 

problem, such as increasing the LC run to obtain separation, selecting a different frag-

ment ion, or improving the sample cleanup (solid-phase or liquid–liquid extraction). 

Unfortunately, these are all “after the fact” solutions and create logistical diffi culties 

in a high-throughput arena. Ultrafast HPLC has proven to fi x the problem a priori 

through its improved column effi ciency. One example is shown in Figure 8.8 (analyte 

not shown). An endogenous peak was present at a retention time of 1.44 min during a 

normal HPLC run (2 × 30 mm, 5 μm C18). The analyte of interest coeluted with and 

was lost in this endogenous peak as shown in Figure 8.8. When we switched over to 

UPLC (2 × 30 mm, 1.7 μm C18), the endogenous peak eluted at 0.77 min, however, the 

analyte of interest eluted at 0.68 min and was suffi ciently separated for quantitation. 

This is clearly a large benefi t from UPLC, and has saved us on numerous occasions. 

We routinely operate with ballistic gradients and fl ow rates of 0.4–0.5 mL/min, tak-

ing full advantage of the speed, sensitivity, and selectivity of UPLC.

In 2008 the CARRS group at Schering-Plough developed UPLC–MS/MS meth-

ods for 3454 compounds and reported data that were critical for making decisions 

about progressing those compounds, as shown in Figure 8.9. We reported data on 

75% of these compounds within fi ve business days of sample receipt and 98% within 

10 days. UPLC has been vital to our group for developing generic methods, sepa-

rating the analyte of interest from coeluting interfering peaks with minimal or no 

effort, minimizing matrix ion suppression, decreasing carryover, improving sensitiv-

ity, and improving turnaround time.

UPLC–MS has been used for a plethora of analyses since its initial inception. 

Wang et al. showed that UPLC could be used to separate diastereomers in 5 min 

compared to more than 30 min in a conventional HPLC assay [42] and Leandro et 

al. used UPLC–MS/MS for a rapid determination and confi rmation of 17 pesticide 

residues in baby food extracts [43].

8.8 UTILIZING UPLC FOR METABOLITE SCREENING

In addition to quantitation of parent drug, there is great utility from obtaining quan-

titative information about metabolites [44]. This is not straightforward and one must 

take great care about making quantitative determinations of metabolites when an 

authentic standard is not readily available [45]. Clearly, within drug discovery it 

is highly unusual to have anything but the authentic standard of the parent drug. 

Therefore, in order to obtain quantitative information about metabolites, one must 

fi rst be sure that a metabolite is being observed. The fi rst criterion is the MS/

MS transition. For example, a hydroxyl metabolite will add m/z 16 to the parent 

molecular weight and may or may not add m/z 16 to the fragment molecular weight 

(depending on where the modifi cation occurs on the molecule and which piece of the 

molecule is being observed in the MS/MS transition). If an MS/MS peak is observed 

that corresponds to a potential metabolite, further confi rmation is necessary. Both 
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retention time and MS/MS of the metabolite can serve to authenticate the existence 

of the  suspected metabolite. This is where ultrafast HPLC comes into play as shown 

in Figure 8.10 for BAS 12439 and two of its hydroxyl analogs, CL-3472-1460 and 

Chembridge 6141660. Figure 8.10a shows that UPLC can separate the parent as 

well as both M + 16 metabolites in 7 min while normal HPLC (Figure 8.10b) would 

require longer than 9.5 min (in practice this requires at least 20 min) to perform the 

same separation. This is very typical of UPLC and this fast separation represents a 

breakthrough in metabolite screening. The separation of metabolites from each other 

as well as the parent drug is vital for determining their authenticity.

UPLC has been widely utilized for metabolite analysis. Wang et al. developed 

a fast, sensitive, and UPLC–MS/MS method for the determination of testosterone 

(T) and its four metabolites, 6β-OH-T, 16α-OH-T, 16β-OH-T, and 2α-OH-T [46], 

in vitro samples. UPLC has been used to separate the glucuronides of midazolam 

which coelute under HPLC conditions as shown in Figure 8.11 [47]. UPLC has been 

used with time-of-fl ight mass spectrometry (UPLC/TOF MS) for a high-throughput 

and comprehensive analysis with minimal sample preparation [48]. Using this tech-

nique, a wide range of metabolites was investigated.

8.9 ALTERNATIVES TO UPLC

The benefi ts of UPLC are clear, however, these instruments may not be readily 

available to the pharmaceutical chemist. Various authors have explored a practical 

alternative that offers increased effi ciencies, but at conventional HPLC pressure 
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FIGURE 8.9 The number of CARRS compounds that have been assayed yearly since 2003 has 

mirrored advances in chromatography and mass spectrometry. The advent of UPLC has allowed 

us to routinely increase our capacity to 72 compounds per week with improved turnaround time 

and data quality. (From Wainhaus, S. et al., Amer. Drug Discov., 2, 6, 2007. With permission.)
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limitations. These particles are called fused-core particles and are comprised of 

a 1.7 μm solid core encompassed by a 0.5 μm porous silica layer. Salisbury found 

that compared to the Waters Acquity particles, the fused-core particles achieved 

approximately 80% of the effi ciency but with half the observed backpressure [49]. 

Hsieh et al. compare fast HPLC–MS/MS (2.7 μ) and UPLC–MS/MS (1.7 μ) using 
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fused-core silica particles for the determination of rimonabant in mouse plasma 

samples [50]. The fused-core silica particles allows for a shorter diffusional mass 

transfer path for solutes and are less affected in resolving power by increases in 

mobile-phase velocity compared with the sub-2 μm porous silica packings. The 

overall result is faster separations and higher sample throughput without the need 

for special high-pressure pumps. Cunliffe et al. described the use of fused-core 

silica particles as an alternative to sub-2 μm particles for routine bioanalysis [51]. 

Bones et al. discussed the use of monolithic HPLC columns for ultrafast LC with-

out the backpressure issues encountered for the use of sub-2 μm particles [52].

High-speed gradient parallel HPLC–MS/MS has been successfully used with 

fully automated sample preparation for bioanalysis. These techniques typically use 

a MUX interface and can provide analysis times as low as 30 s per sample. This 

technique suffers from instrument complexity that have dramatic consequences is 

system ruggedness [53].

Although these techniques provide a cheap alternative to UPLC–MS, the replace-

ment of standard HPLC pumps with high-pressure pumps continues to occur. The 

overall benefi t and fl exibility of UPLC–MS and the relatively inexpensive cost of the 

high-pressure pump make this an attractive technique.

Seemingly, the next frontier for fast bioanalysis is the removal of the column 

altogether. Techniques such as direct analysis in real time (DART) and desorption 

electrospray ionization (DESI) have shown great potential. These techniques are 

 discussed in more detail in Chapter 13.

8.10 CONCLUSIONS

The advent of 1.7–2 μm reproducible HPLC stationary phases and high-pressure 

pumps has opened up a new world of UPLC, with a variety of applications ranging 

from high-speed chromatography resulting in greater sensitivity and selectivity to 

separation of previously unresolved HPLC peaks. We have incorporated this new 

technology into our daily work and improved turnaround time while still increasing 

the number samples and improving the quality of our data.
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9.1 INTRODUCTION

The search for higher-throughput methods for small molecular analysis has fueled 

many innovations on the development of high-speed chromatographic techniques 

[1–5]. According to the van Deemter equation, reducing particle size of the packing 

materials is a direct and effective way to enhance the column effi ciency (e.g., see 

Figure 9.1). However, reducing the particle diameter will result in an increase in the 

column backpressure. One solution to overcome the high backpressure is to adopt 

a shorter column with small particles (∼3 μm) for rapid separation [6]. Monolithic 

columns made from a single piece of porous silica gel can be operated at higher fl ow 

rates than conventional HPLC columns due to the higher permeability of monolithic 

silica rods making higher speed separation possible without a noticeable effect on 

chromatographic resolution [7]. Ultrahigh-pressure performance liquid (UHPLC) is 

a technical advance that primarily provides greater mobile-phase pressures to coun-

ter the high backpressure resulting from stationary phases with sub-2 μm particles. 

UHPLC offers theoretical advantages in chromatographic resolution, speed, and 

sensitivity over conventional HPLC systems (see Chapter 8) [4,8–10].
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Supercritical fl uid chromatography (SFC) is another practical fast  chromatographic 

approach that uses supercritical fl uid in place of organic solvents as the mobile phase 

to run the separation process. SFC is basically a hybrid of gas and liquid chromatog-

raphy that eases the resolution of a mixture of compounds not conveniently resolved 

by either gas chromatography (GC) or liquid chromatography (LC) [11]. The mobile 

phases with a supercritical fl uid have low viscosities and high diffusion coeffi cients 

compared to those for high-performance liquid chromatography (HPLC) and allow 

for high-effi ciency separations. SFC uses supercritical fl uid as the mobile phase, 

polar organic solvents as the modifi ers in conjunction with acidic/basic compounds 

as additives to run the chromatographic process like in HPLC. In many applications, 

SFC-based methods are advantageous over HPLC-based methods as a separation 

tool in terms of effi ciency and economical impact perspectives. Today, the avail-

ability of commercial hardware and atmospheric pressure ionization (API) inter-

faces with a mass spectrometer makes SFC even more applicable for pharmaceutical 

analysis in drug discovery and development fi elds. In this chapter, a variety of novel 

SFC–MS methods and technological advances are summarized.

9.2 SUPERCRITICAL FLUID CHROMATOGRAPHY

SFC is the application of a supercritical fl uid, any substance at a temperature and 

pressure above its thermodynamic critical point (Figure 9.2) with both gas- and 

liquid-like abilities to diffuse through solids, and dissolve materials, respectively, 

as the mobile phase in the chromatographic process. The most widely used mobile 

phase for SFC is carbon dioxide because of its low critical pressure (73 atm), low 

critical temperature (31°C), inertness, low toxicity, and high purity at low cost 

[12,13]. Historically there were two approaches in developing modern SFC: the use 

of either the packed and microbore columns designed for HPLC application or the 

open-tubular capillary GC type columns [13,14]. The conventional packed HPLC 
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FIGURE 9.1 van Deemter plots for chromatographic data from HPLC and SFC elution of 

pyrene; HETP is height equivalent to a theoretical plate.



Supercritical Fluid Chromatography–Mass Spectrometry 279

columns containing small particles (<10 μm) such as silica-based C-18, phenyl, and 

cyano packings could also be employed for SFC columns. However, the capillary 

SFC columns are smaller in diameter than the typical capillary GC columns [15]. In 

comparison with a packed SFC column, a capillary SFC column could provide larger 

number of theoretical plates for resolution of complex mixtures but lower sample 

throughput for the analysis of simple mixtures [13]. The use of packed capillary col-

umns offers a compromise on the chromatographic performances between the two 

extremes of packed and open-tubular capillary columns.

Retention in SFC is basically governed by interaction between solute and the 

stationary phase and the solute volatility as well as the strength of the mobile phase. 

Both HPLC- and GC-like separation behaviors contribute to retention mechanism in 

SFC. As in both reversed-phase (RP) and normal-phase (NP) HPLC, retention rules 

in SFC are dependent on the nature of the stationary phase. For HPLC, the opposite 

polarity of the mobile phases is normally required for these two domains. However, 

for SFC, the same mobile phase can be employed with both polar and nonpolar sta-

tionary phases. The lack of polarity of neat CO2 as a mobile phase makes it diffi cult 

to elute polar compounds on packed columns with high effi ciency. Consequently, 

SFC with CO2 requires the combination of more polar solvents such as methanol as a 

modifi er to enhance the solvent strength of the mobile phase. The higher modifi er con-

tent shortens the retention times of the analytes. The decrease of retention factor, k′, 
of the analytes by increasing modifi er concentration is due to the increase of solvent 

strength of the mobile phase and the deactivation of active sites on the surface of 

the packing material. As an example shown in Figure 9.3, the retention times of 

cytarabine (ara-C) and clofazimine on a packed silica column (100 × 4.6 mm, 10 μm) 

decreased as the methanol concentration increased [16]. The addition of a small con-

centration of additives such as TFA, ammonium acetate, or water was reported to 

improve the solvation power of methanol-modifi ed CO2 to further enhance chro-

matographic performance [17,18]. The effectiveness of an additive to disrupt specifi c 
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binding through molecular interaction on retention is highly  associated with the type 

of functional groups of the analytes. The retention in SFC is also dependent upon the 

temperature and the fl ow rate of the mobile phase. Temperature has several effects 

in SFC. In general, as temperature increases, density decreases at constant pres-

sure resulting in an increase in chromatographic effi ciency. Figure 9.4 shows that 

the retention times of both ara-C and clofazimine reduce as the fl ow rate of mobile 

phase increases from 2 to 6 mL/min [16]. Here, the gas-like properties of supercriti-

cal CO2 allow for faster optimum fl ow rates and the use of longer columns than with 

liquids.

The SFC systems are grouped into two categories: analytical SFC for chemical 

analysis and preparative SFC for scale-up chemical synthesis and purifi cation. On 

a fundamental level, the instrumentation for SFC consists of the following: (1) a 

fl uid delivery system with high-pressure pumps to transport the sample in a mobile 

phase and to control the pressure; (2) the column in a thermostat-controlled oven 

where the separation process occurs; (3) a restrictor to maintain the high pressure 

in the column; (4) a detection system; and (5) a computer to control the system as 

well as to record the results (see Figure 9.5 as an example). In SFC the mobile phase 
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is initially pumped through the supercritical region prior to the analytical column. 

For packed columns reciprocating pumps to allow easier mixing of the mobile phase 

are generally employed while for capillary SFC syringe pumps are used to provide 

consistent pressure for a neat mobile phase. For the analytical SFC system, the mixed 

mobile phase passes through a high-pressure injection component where the sample 

is loaded and carried through the column. Unlike normal liquids, supercritical fl uids 

are highly compressible when they are pushed, the volume changes signifi cantly, 

while the pressure changes only when the volume changes. In SFC, the fl uid is chilled 

in order to be liquefi ed and these fl uids remain compressible. Direct injection of large 

sample volumes might overwhelm the local mobile phase solvent strength at the head 

of the column causing distortion of chromatographic peak shape. Supercritical con-

ditions are maintained by a pressure transducer, which is not required in HPLC. The 

detectors can be interfaced to the analytical columns through a “tee” between the 

column and the backpressure regulator.

9.3 INTEGRATION OF SFC TO MS

In the past, the majority of SFC equipment was developed using either UV [19] or 

fl ame ionization detection (FID) [20]. Similar to other chromatographic techniques, 

there is a trend toward hyphenation of SFC with a mass spectrometer for more sensi-

tive and selective measurement of the analytes in a complex mixture. Thermospray 

(TS) and particle-beam (PB) systems, as examples, were early interfacing approaches 

for online coupling of chromatographic systems to a mass spectrometer. The expo-

nential growth in HPLC–MS applications since the late 1990s is primarily due to 

the introduction of the API sources for HPLC–MS because the earlier interfacing 

techniques were not robust and had poor sensitivity. The integration of SFC to the 

mass analyzer for chemical analysis was not challenging due to the highly volatile 
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FIGURE 9.5 Schematic diagram of a packed column SFC–MS system.
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property of CO2, which can enhance volatilization during the ionization process in 

the various interface devices [21,22].

Earlier implementation of SFC–MS followed the evolution of both HPLC–MS 

and GC–MS interfaces [11,21,23–26]. As the API interfaces of HPLC–MS became 

mainstream analytical techniques in recent decades, they were also quickly employed 

for SFC–MS [21,23,26–37]. The atmospheric pressure chemical ionization (APCI) 

[27,33] and electrospray ionization (ESI) [36,37] sources are the most popular API 

interfaces for SFC–MS systems and allow for direct introduction of the effl uent to 

the inlet of the mass spectrometer (Table 9.1). In some cases, the commercial API 

sources used for HPLC–MS system were proven to be applicable to the SFC–MS 

system with no modifi cation [11,21,38–41]. However, some modifi cation in the 

SFC–MS interface may be desired for SFC to achieve stable operation and enhanced 

ionization [22]. The ideal interfaces for SFC–MS would provide uniform pulse free 

fl ow, maintain chromatographic integrity, and ionize a wide range of analytes.

The mobile phase conditions of SFC might not only alter the chromatographic 

performances (Figure 9.3) but also the ionization effi ciencies of the analytes when 

hyphenating to an API source prior to mass spectrometric detection (Figure 9.6). 

Addition of a proton-donating organic modifi er such as methanol to the CO2 mobile 

phase is generally necessary for ion generation. For the APCI, the effl uent is vapor-

ized through the heated nebulizer that consists of a pneumatic nebulizer and a heated 

quartz tube. The heated mixture of mobile phase and vapor is then introduced into 

the APCI reaction chamber. The plasma of air, solvent, and sample components then 

encounters a cloud of electrons emitted from the tip of a corona electrode pin held 

at 3–5 kV in atmosphere. The electric fi eld is suffi ciently strong to ionize nitrogen 

and solvent vapor by removal of an electron through electron impact ionization. The 

analytical ions could be produced by the proton transfer process with the reagent gas 

plasma if the acidity of the analytes is less than that of protonated charged clusters 

as shown in the following example [38]:

 
+

2 2e N N 2e− −+ → +  

 3 3CH OH e CH O H 2e− + −+ → +  

 3 3 3 3CH O H (CH OH) [(CH OH) H] CH Onn+ ++ → + +
 

 3 3[(CH OH) H] M (analyte) (CH OH) [M H]n n+ ++ + → + +
 

In the gas phase, the proton transfer reaction occurs when the proton affi nity (PA) 

of the neutral solvent molecules is greater than that of the donors. Ion source chem-

istry is of fundamental importance in the SFC–APCI system. The evaporation pro-

cess to remove the solvent and to leave the ionized analytes in the gas phase plays 

an important role in all API interfaces. For HPLC–MS, higher mobile-phase fl ow 

rates normally result in appreciable negative impact on the ionization effi ciency of 

the analytes. However, the tolerable input of mobile-phase fl ow rate into the APCI 
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source was enhanced in the presence of supercritical fl uid due to its high  volatility 

which effi ciently assists the nebulization process [40]. APCI normally generates 

both [M + H]+ and [M − H]− ions to make mass spectral interpretation trivial. The 

SFC–APCI–MS method was proved to be as durable, reliable, and user-friendly as 

the LC–MS method for screening of a large and diverse library of pharmaceuti-

cally relevant compounds [21]. In addition, the APCI source demanded less cleaning 

for the SFC–MS systems than the LC–MS systems [21]. The ionization effi ciencies 

Percentage of water in methanol (%)
0 0.2 0.4 0.6 0.8 1N

or
m

al
iz

ed
 A

PC
I r

es
po

ns
es

 (%
)

0

40

20

60

80

100

120

Concentration of ammonium acetate in methanol (mM)

0 5 10 15 20

N
or

m
al

iz
ed

 A
PC

I r
es

po
ns

es
 (%

)

0

40
20

60
80

100
120

(a)

(b)

(c)

Percentage of modifier (%)

30
0

40
20

60
N

or
m

al
iz

ed
 A

PC
I r

es
po

ns
es

 (%
)

80

100

120

40 50

ara-C Clofazimine

FIGURE 9.6 Effects of (a) percentage of methanol in the mobile phase, (b) percentage 
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responses of ara-C and clofazimine. (Adapted from Hsieh, Y. et al., Anal. Chem., 79, 3856, 

2007. With permission.)
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of the APCI and the ESI sources could be signifi cantly different under the same 

SFC conditions. For the ESI source, a fused-silica inner capillary and a stainless-

steel outer capillary are used for introducing the sample and the nebulizing nitro-

gen gas, respectively. The solvent and analytes are ionized through the combined 

action of applying a high electric fi eld (3–5 kV) and the pneumatic nebulization. 

These charged droplets shrink due to evaporation leading to the formation of highly 

charged microdroplets as they are directed toward the mass spectrometer. In contrast 

to APCI, ESI occurs in the liquid phase and produces few fragmentation ions for 

most polar compounds [7].

There are several types of MS analyzers available for SFC–MS which have dif-

ferent strengths to meet the demands required by different analytical applications. 

The triple-quadrupole (QqQ) is a tandem mass spectrometer commonly used for 

conducting product ion scan (MS2), precursor ion scan, neutral loss scan modes 

for structure elucidation, and selected reaction monitoring (SRM) for quantitative 

analyses of trace components. The integration of SFC and a QqQ tandem mass spec-

trometer allows less sample preparation for simultaneous determination of the com-

pounds of interest in complex mixtures with good sensitivity and linearity [11]. The 

commercial time-of-fl ight (TOF) mass spectrometers can produce up to 500 average 

spectra per second, which are far in excess of the digital resolution required by the 

narrow chromatographic peaks. The use of TOF–MS detection allows the resolving 

power for high-speed SFC applications to be exploited in high-throughput analy-

sis [30]. A chromatographic comparison of QqQ–MS and TOF–MS showed high-

speed TOF total ion current data point sampling to be more indicative for fast SFC 

separations [30]. Similarly, a high-resolution hybrid mass spectrometer (Q-TOF) as 

a detector integrated into the SFC–APCI system for online accurate mass measure-

ments was demonstrated to be very useful for the characterization of new chemical 

entities [42].

9.4 CHIRAL SFC–MS

According to the U.S. Food and Drug Administration’s (FDA) policy statement 

for the development of new stereoisomeric drugs, in order to evaluate the pharma-

cokinetics of a single enantiomer or mixture of enantiomers, manufacturers should 

develop quantitative assays for individual enantiomers in in vivo samples early in 

drug development [43]. SFC, offering higher resolution per unit of time and faster 

column re-equilibration, is becoming the top choice in enantioselective chromato-

graphic techniques such as gas chromatography (GC), capillary electrophoresis 

(CE), thin-layer chromatography (TLC), and HPLC [44]. In the drug discovery 

environment, there is a need to explore the biological responses of new chemical 

entities with respect to stereochemistry as part of lead characterization [45]. For 

the chromatographic resolution of chiral compounds, SFC was proven to provide 

at least two times faster separation than NP HPLC [44,45]. As an example, a chi-

ral packed-column SFC system linked with APCI–MS was reported for the simul-

taneous determination of (R,S)-propranolol and (+)-pindolol in metabolic stability 

samples and mouse blood samples (Figure 9.7) [38,39]. A polysaccharide derivative 

column is commonly chosen for enantioseparation under NP conditions due to the 
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versatility, durability, and loading capacity [38]. The column normally employed in 

chiral HPLC may provide a higher column effi ciency with SFC than with HPLC. 

In general, methanol as the starting modifi er in SFC–MS is preferred over ethanol 

and isopropanol because it provides better ionization effi ciency [45]. The chiral SFC 

retention is mainly governed by the polarity of the mobile phase. The additives to 

the modifi er in the chiral SFC system were frequently suggested to improve the peak 

shape and enantioselectivity [45,46].

Conventionally, most chiral separation-based methods were developed using 

either UV or fl uorescence detection. However, there is a trend toward interfacing 

enantioseparation technologies with more sensitive mass spectrometry–based meth-

ods without losing enantioselectivity [43]. Although the tandem mass spectrometric 

detection provides little selectivity for stereoisomeric drugs, it can provide complete 

resolution of the dosed drugs from endogenous materials and their metabolites. The 

primary concern of using APCI for the normal phase HPLC–MS system is the pos-

sible explosion hazard when a high fl ow of fl ammable solvents such as hexane is 
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FIGURE 9.7 Reconstructed SFC–APCI/MS/MS chromatograms of racemic propranolol 
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structed SFC–APCI/MS/MS chromatogram of (d) D7-racemic propranolol from study 

mouse blood samples. (Adapted from Chen, J. et al., Anal. Chem., 78, 1212, 2006. With 

permission.)
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introduced into the ionization source at an elevated temperature in the presence of 

a corona discharge [47]. In contrast, SFC–APCI does not have this issue and can 

employ NP chromatography for analyses of chiral molecules because CO2 is inert 

to heat and can quickly evaporate in a mass spectrometer ion chamber. By taking 

advantage of the inherent selectivity and sensitivity of mass spectrometric detec-

tion, implementing chiral SFC–MS method together with sample pooling technol-

ogy allows one to simultaneously monitor samples containing multiple pairs of 

enantiomers with different masses within the same chromatographic run to further 

increase assay productivity [45]. The online coupling of chiral SFC to MS/MS detec-

tion was shown to be comparable with HPLC–MS/MS for most bioanalytical attri-

butes such as specifi city, linearity, accuracy, and ruggedness but advantageous for 

higher sample throughput and chromatographic resolution power [35,38,48]. With all 

of the aforementioned advantages, enantioselective SFC–MS assays for drug compo-

nents are of increasing importance in the pharmaceutical arena.

9.5 ACHIRAL SFC–MS

SFC best emulates NP chromatography, but has the capability to separate a much 

broader range of analyte polarities amenable to SFC–MS if appropriate mobile-

phase modifi ers, additives, and columns are utilized [49–52]. As a general strategy, 

CO2 combined with more polar solvents containing either acidic or basic additives as 

modifi er to enhance the solvent strength of the mobile phase will allow for the elution 

of the analytes on a packed column with high effi ciency. SFC–MS with two different 

columns (either a 2-ethyl-pyridine stationary phase, in a normal phase mode, or a 

pentafl uorophenylpropyl stationary phase, in a RP mode) for the effi cient separation 

of the contaminant quinocide from the drug primaquine diphosphate was reported 

to achieve a higher sample throughput than with either HPLC–MS or GC–MS [28]. 

In addition, the differential fragmentation of positional isomers at branching points 

with the ESI source was observed using the SFC–MS technique. Estrone, estradiol, 

estriol, and their metabolites are known to be potential biomarkers that have been 

linked to the possible development of breast cancer. Therefore, the ability to effi -

ciently separate and quantify individual estrogen metabolites in hundreds of clinical 

samples is critical [51]. A packed column SFC–MS/MS approach was successfully 

developed by Xu et al. [51] for a broad analysis of 15 estrogen metabolites with 

around sevenfold reduction in assay times as compared to previous HPLC–MS/MS 

methods and without sacrifi cing the sensitivity achievable using HPLC–MS/MS 

(Figure 9.8a and b).

It is quite challenging to establish a reliable reversed-phase HPLC–MS method 

for very polar compounds showing little or no chromatographic retention prior to 

mass spectrometric detection. SFC is not limited to relatively nonpolar compounds 

but could be extended to allow the elution of polar and ionic compounds [16,53]. 

To illustrate the advantages of SFC–MS, Hsieh and his colleagues have applied it 

to quantitatively determine cytarabine (ara-C), an antineoplastic antimetabolite, in 

mouse plasma samples [16]. Here the separation of a very polar small molecule, ara-

C, from endogenous compounds (sharing the same mass transition range as the ana-

lyte, as shown in Figure 9.9) as well as the elution of a nonpolar internal standard in 
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mouse plasma extract was achieved by SFC using a bare silica stationary phase with 

an isocratic mobile phase composed of CO2/methanol solvent containing ammonium 

acetate as additive [16]. As another example, for the elution of the most hydropho-

bic peptides, a 2-ethylpyridine bonded silica column using trifl uoroacetic acid as 

an additive to a CO2/methanol mobile phase was successfully employed to suppress 

deprotonation of peptide carboxylic acid groups and to protonate the peptides’ amino 

groups prior to MS detection [53].

In HPLC, the direct serial coupling of achiral and chiral columns for the simulta-

neous achiral/chiral separation of a range of components in a complex mixture was 

not feasible due to either the increased backpressure or the different mobile-phase 

requirement. However, this concept is not restricted for SFC because the supercritical 

fl uid not only has a signifi cantly lower viscosity than a liquid but is also an effective 

eluent for both chiral and achiral stationary phases [52]. As an example, an SFC–MS 

approach using the coupled achiral/chiral column combination was reported to 

signifi cantly enhance the separation effi ciency for the reaction mixtures of cinna-

monitrile and hydrocinnamonitrile intermediates to determine the diastereometric/

enantiometric composition of the fi nal product in one step [52]. Characterization of 

(a)

HPLC C18 column

64.41
755

536

753

534

522

520

506

504

00.0164.85

44.35

i100

%

0
100

%

0
100

%

0
100

%

0
100

%

0
100

%

0
100

%

0
100

%

0
0 10 20 30 40

Time (min)
50 60 70

ii

iii

iv

v

vi

vii

viii

41.62

32.34
37.02

41.14

32.63
29.4421.22

2.1.13 21.86

46.32

42.18

(b)

CPS column

7.48
755

536

753

534

522

520

506

504

6.12
7.38

6.95

5.15

i100
%
0

100
%
0

100
%
0

100
%
0

100
%
0

100
%
0

100
%
0

100
%
0

3.0 4.0 5.0 6.0 7.0 8.0 9.0
Time (min)

ii

iii

iv

v

vi

vii

viii

4.72

4.45
4.694.02

5.40

4.67
4.86

4.61

3.92

3.92
5.37

FIGURE 9.8 (a) HPLC separation of the 15 estrogen metabolites using a RP C-18 column 
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low-molecular-weight polymeric materials is vital for elucidating their performance. 

A small difference in composition or structures of these polymers can largely impact 

performance [54]. The image data resulting from long column SFC–ESI/MS analy-

sis of a commercial polymer are three-dimensional in nature (m/z, retention time, 

and intensity). The contour plots derived from SFC–MS data of complex mixtures 

are a compilation of at least hundreds of mass spectra and a useful tool in examining 

the separations of low-molecular weight polymers. The patterns generated by the 

contour plots of the SFC–MS analyses can be useful in assigning the composition of 

the polymer [54].

Metabolomics is the study of a comprehensive analysis of all the metabolites of 

an organism as an important research tool in postgenomic science. Metabolomics is 

normally carried out for a variety of small-molecule metabolite profi les and lipids 

as effectors for signal transduction [55]. Lipids are generally classifi ed to be hydro-

phobic compounds. However, their structure diversity is high due to the complexity 

of a combination of hydrophobic acyl chain molecular species and their hydrophi-

licity increases in combination with hydrophilic molecules such as sugar and phos-

phoric acid, which requires effi cient chromatographic techniques for separation of 

individual lipids in a complex condition. HPLC–MS is one of the major tools used 

to profi le lipids [55]. As an example, a representative pharmaceutical application 
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(b) the spiked standard mouse plasma at 50 ng/mL, and the reconstructed IP HPLC–MS/

MS chromatogram of nicotinic acid as the ISTD from (c) the study mouse plasma sample. 

(Adapted from Hsieh, Y. et al., Anal. Chem., 79, 3856, 2007. With permission.) 
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was performed by Mortuza et al. [56] who profi led phospholipids in rat urine after 

exposure to the phospholipidosis-inducing compound amiodarone. Bamba et al. [57] 

developed an SFC–MS system that enabled the rapid analysis of lipids with var-

ied structures and polarities. The separation conditions for SFC and the detection 

conditions for mass spectrometry were optimized for simultaneous determination 

of phospholipids, glycolipids, neutral lipids, and sphingolipids. A cyanopropylated 

silica gel–packed column was used for the separation of all lipids within 15 min in 

support of lipid metabolomics as a fi ngerprinting method for the screening of diverse 

lipids but also for the profi ling of individual components.

9.6 PARALLEL SFC–MS

Due to its inherent selectivity and sensitivity, MS-based methods allow the simul-

taneous determination of multiple components sharing the same retention times. 

An alternative approach for higher-throughput without sacrifi cing chromatographic 

integrity is the use of parallel chromatographic systems. For example, a threefold 

increase in sample throughput can be achieved by staggering injections onto the four 

columns, allowing the mass spectrometer to continuously monitor the chromato-

graphic window of interest [58]. The parallel systems make use of unused chromato-

graphic time windows where the analyst defi nes the acquisition windows placed into 

chromatographic timetable to provide a boost in throughput. There are two com-

mon ways in the serial mode to introduce multiple fl ows onto a mass spectrometric 

interface: with a valve selector or with parallel sprayers. The use of a commercial 

four-channel multiplex electrospray interface using the rotating aperture on a tan-

dem mass spectrometer in support of in vitro and in vivo studies was demonstrated 

[59,60]. The mass data derived from each of the sprayer channels are separated to 

construct individual calibration curves to allow simultaneous method validation for 

the same analytes from different matrices.

The concept of using automated parallel HPLC–MS methods was further extended 

by Zeng et al. [61] to establish a parallel four-column SFC–MS system to perform 

higher-throughput enantioselective chromatographic method development and opti-

mization. Chromatographic optimization of enantiomers was achieved on a single 

chiral column under several buffer conditions. This parallel SFC–MS approach 

allowing for simultaneous evaluation of multiple chiral stationary phases and/or 

evaluation of an array of solvent conditions, modifi ers, and additives has resulted 

in a streamlined tool for enantioselective method development in support of drug 

discovery. The aforementioned parallel SFC–MS method was further enhanced by 

the same research group through an intelligent decision-making software program 

to assess enantiometric purity of several libraries containing compounds spanning 

a wide range of enantiomeric ratios with structurally diverse chemical scaffolds and 

stereogenic centers [31].

9.7 PREPARATIVE SFC–MS

As a result of the reduced viscosities and increased diffusivities of supercritical fl u-

ids, SFC using columns half the size in HPLC is often many times more productive, 
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which makes large-scale separations more feasible. Preparative SFC–MS systems 

have the further advantage over preparative HPLC–MS systems for producing iso-

lated fractions with minimal solvent waste, which is a key green chemistry concern. 

The evaporation of carbon dioxide during fraction collection allows the drying pro-

cess of purifi ed compounds in organic solvents more rapidly than the aqueous frac-

tions eluted from RP preparative HPLC. For the preparative SFC–MS approach, the 

eluent from the column was split prior to fraction collector to allow a small portion of 

SFC to fl ow to the mass spectrometer [62]. Fraction collection is triggered by an ion 

signal exceeding an input threshold value detected from the mass spectrometer. The 

use of molecular weight responses to trigger fraction collection provides isolation of 

only a single component from a crude reaction mixture and validation of structure 

during the compound purifi cation. Over the past few years, SFC–MS based purifi ca-

tion process has experienced a rapid growth in the pharmaceutical and fi ne chemical 

industries [62–64].

For the preparative SFC–MS system, a make-up fl ow to the fl ow split to the mass 

spectrometer was recommended to avoid peak tailing and having a fl uctuating base-

line due to high mobile-phase fl ow rate. The addition of a small amount of basic 

organic compounds such as isopropylamine and ethyldimethylamine to the modifi er 

was proven to be useful in improving both peak shape and loading capacity of phar-

maceuticals containing basic functional groups. However, some of the basic addi-

tives such as isopropylamine might have a negative impact on mass spectrometric 

detection. For the ESI interface, a higher percentage of CO2 in the mobile phase 

was reported to have a positive impact on ionization effi ciency of the analytes in the 

positive mode but a deleterious effect in the negative mode [63]. Fraction collection 

using preparative SFC–MS does have some challenges. The supercritical fl uid CO2 

undergoes rapid expansion to form an aerosol at the outlet of the pressure restrictor 

valve so that the standard low-pressure-rated valves on collection assembly can be 

frozen at the relatively high aerosol fl ow rates [62]. Also, the aerosol has a tendency 

to escape through the opening of the tube, leading to excessive sample losses and 

cross-contamination between fractions. To minimize the loss of sample, the use of a 

foil cover wrapped around the top of the collection tube, pressurized collection ves-

sels, and cyclones were suggested to trap the samples [62].

9.8 MATRIX EFFECTS

A well-understood concern about assay reliability when developing new HPLC–MS 

methods is the possibility of encountering matrix ionization suppression problems 

[65–70]. For chiral SFC–MS applications, one aspect that might be overlooked is 

the matrix ionization suppression effect when the retention time window for the 

two enantiomers accounts for most of the total chromatographic run time. In gen-

eral, matrix effect issues are associated with ionization sources, sample preparation 

procedures, or chromatographic conditions [68]. Continuous post-column infusion 

experiments are the standard method for monitoring ionization suppression [65,68]. 

The affected area of the chromatographic run is evaluated according to the differ-

ences in the infusion chromatograms between the mobile phase injection and the 

sample extract injection. The observed loss of API sensitivity is considered to be 
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caused by matrix ion suppression effects due to sample extract constituents eluting 

from the analytical column.

Phospholipids are commonly found in mammalian blood and animal tissue as 

structure components in membranes and have been identifi ed to be a major source 

of ion suppression [38,71]. Due to their hydrophilicity, phospholipids do not tend 

to be retained on RP HPLC. SFC may be an excellent solution if signifi cant ion 

suppression of the analyte due to the co-elution of phospholipids is observed in 

the RP HPLC system. In addition, ion suppression from DMSO solvent was found 

to be a greater problem with the SFC–MS method than with the standard LC–MS 

method [21].

9.9 CONCLUSIONS

The integration of SFC with MS preserves chromatographic integrity and affords 

universal identifi cation of chemicals. SFC–MS has been demonstrated as a comple-

mentary hyphenated technique to HPLC–MS. A direct comparison of HPLC–MS 

and SFC–MS highlights the effectiveness of the two techniques in terms of speed and 

resolution power of the assays. Some mixtures that are diffi cult to handle by HPLC 

may be susceptible to separation by SFC with greater productivity. Representative 

SFC–MS methods for chemical analysis are summarized in Table 9.1. A few exam-

ples have demonstrated the advantages of interfacing SFC with MS for quantitative 

and purifi cation applications such as higher throughput, stereoisomeric selectivity, 

and reduced cost of operation. Although carbon dioxide has many practical advan-

tages, including its near-ambient critical temperature and minimal interference with 

mass spectrometric detection, the use of alternative supercritical fl uids, modifi ers, 

and additives to carbon dioxide may further extend the applications of this tech-

nique. So far, the instrumental designs of SFC such as the stationary phases and API 

ionization source still rely on the same concepts used in HPLC–MS. A few investiga-

tions on a better understanding of fundamental processes of chromatographic reten-

tion and the API ionization mechanisms with extensive compounds under various 

SFC mobile-phase conditions are reported. All of these factors have restricted the 

future development of SFC–MS in a sustainable manner. Efforts toward the estab-

lishment of improved hardware for SFC–MS may elevate this technique to become 

the method of choice for high-throughput chemical analysis in both academic and 

industrial areas.

Preparative SFC offers unique advantages in chiral/achiral separation and puri-

fi cation of compound libraries, such as greater speed, faster evaporation time, 

and reduced disposal of organic solvent lending itself as a more environmentally 

friendly technique than HPLC. The scale-up of preparative SFC columns will 

allow handling separation of larger amount of chemicals. However, an increase 

in column diameter will result in the need for increasing the wall thickness of a 

stainless column which limits the scalability of constructing preparative SFC col-

umns. To overcome the pressure and volume issues at larger scale, improvements 

in instrumental design such as using a parallel column SFC approach merits future 

exploration.
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10.1 INTRODUCTION

The term “biomarker” refers to any small or large molecule or any measurement that 

is an indicator of a normal biological process, a disease state, or a pharmacological 

response to a drug treatment [1,2]. The various types of biomarkers are summarized 

in Table 10.1. Why is the pharmaceutical industry interested in biomarkers? In an 

elegant article, Kola and Landis [3] described a few key reasons due to which only one 

in nine compounds makes it through development and gets approved by regulatory 

agencies. The two top causes for a compound’s attrition in the clinical phase of drug 
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TABLE 10.1
Types of Biomarkers

Role Description Examples

Disease biomarkers Indicate the presence or likelihood 

of a particular disease in patients or 

in animal models.

High blood levels of proteins 

(troponin, C-reactive protein) 

associated with risk of stroke 

or heart disease, genotypes, 

and gene expression profi les 

linked with cancer.

Surrogate endpoints Accepted by the FDA in support of 

drug approval as a substitute for 

desired clinical outcome, and often 

can be measured months or even 

years before meaningful clinical 

endpoints like mortality or 

morbidity.

Blood pressure, tumor 

shrinkage, psychometric 

testing, pain scales, CD4 

blood count for HIV AIDS.

Effi cacy or outcome 

biomarkers

Correlate with the desired effect of a 

treatment, but do not have as much 

validation as surrogate endpoints.

Pain scales, lung function tests, 

electrocardiogram readings, 

bone density, blood or urine 

levels of proteins and other 

analytes associated with 

disease.

Mechanism biomarkers Suggest the drug effects on the 

desired pathway.

Evidence of downstream effects 

of the drug, such as activation 

or deactivation of enzymes 

and receptors.

Pharmacodynamic 

biomarkers

Used in early clinical trials to 

determine the dose that has the 

highest response. This dose is often 

below the maximum tolerated 

dose.

Blood or urine levels of 

proteins and other analytes 

associated with disease.

Target biomarkers Show that a drug interacts with a 

particular target in in vitro studies, 

preclinical studies, and, 

increasingly, in in vivo imaging 

studies.

PET imaging studies to show 

residence time on a receptor.

Toxicity biomarkers Indicate potentially harmful effects 

of a drug in cell-based, preclinical, 

or clinical studies.

Q-T prolongation, induction of 

cytochrome P-450.

Bridging or translational 

biomarkers

Can be used in both preclinical and 

clinical studies and may also be 

disease, effi cacy, or toxicity 

biomarkers.

Any of the above examples that 

can be assessed in both 

humans and animal models of 

disease.

Source: Reprinted from Baker, M., Nat. Biotechnol., 23, 297, 2005. With permission.
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development in 2000 were lack of effi cacy accounting for about 30% of failures and 

lack of safety accounting for another 30% of failures. This explains why biomarkers 

have been in the center of interest of pharmaceutical and diagnostic companies over 

the last fi ve years. Currently, in the discovery stage, the majority if not all pharmaceu-

tical companies focus on understanding fi rst the molecular target and the molecular 

basis of a disease so that biomarkers of disease and effi cacy can be proposed and 

eventually be used for demonstrating proof-of-concept in the clinical studies. In these 

early stages of drug development, biomarkers are used to optimize the selection of a 

lead compound based on its in vitro and in vivo preclinical activity profi les. As the 

compound is nominated for development, additional preclinical studies are initiated 

to better understand the safety and effi cacy profi le of a drug candidate. Biomarkers 

are used to study the correlation between the effi cacy and PK/PD data to optimize 

clinical drug formulation as well as starting clinical dose and dosing regimen. Safety 

studies are conducted in preclinical animal species (typically rodent and non-rodent 

large animals) to characterize target organ toxicities and to defi ne the maximum tol-

erated dose. At this stage opportunities arise to search for novel, more specifi c, and 

sensitive biomarkers of safety. Metabonomics and other “omics” can be used to study 

whether an observed toxicity is mechanism or non-mechanism based so that com-

pounds with mechanism-based toxicity can be eliminated [3–5]. Once a compound 

enters the clinical phase of development, one of the biggest challenges is to evaluate 

and properly validate whether the biomarker fi ndings from preclinical studies in ani-

mals translate into fi ndings in humans. In the late clinical stage of drug development, 

biomarkers can improve the statistical power of clinical study designs so that fewer 

patients are enrolled and enable selection of patients who are more likely to respond 

to a treatment. Once a drug is marketed, biomarkers are used to diagnose a disease 

and can allow for a real-time monitoring of treatment safety and effi cacy [2,5–7].

Although tremendous progress has been made in the area of small and large mol-

ecule biomarker research in the last decade, a question that needs to be asked is 

why so few novel biomarkers (whether safety or effi cacy) are being discovered and 

applied in the pharmaceutical research and development arena. One of the primary 

reasons for this phenomenon is the fact that by the time a novel biomarker of a panel 

of biomarkers is discovered and validated, it is often too late for them to make an 

impact on decision-making [1]. Another problem is that novel biomarkers are not 

studied rigorously enough because of lack of time or resources before they can be 

used to infl uence decisions. Furthermore, for a biomarker to be used in regulatory 

decision-making, it needs to be validated. Cummings et al. [6] recently described in 

detail the biomarker validation process and Collings and Vaidya [8] discussed steps 

necessary for a successful development of a biomarker of safety from the moment 

it is fi rst discovered until it can be successfully used in a clinical setting (Figure 

10.1). Moreover, some argue that it is not worthwhile to search for new “unknown” 

biomarkers since there are a lot of “known” validated clinically relevant biomarkers 

described in the literature that can be applied. In addition, perhaps for the intellectual 

property reasons, the biomarker efforts within the pharmaceutical industry are quite 

extensive but the fi ndings are not being made available for public knowledge.

The focus of this chapter is to review the progress that has been made in the area of 

mass spectrometry (MS)–based nontargeted metabonomics research in the context of 
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pharmaceutical research and development. Examples of metabonomic biomarkers of 

safety and effi cacy are presented and the necessary MS-based analytical procedures 

to generate such data are reviewed.

10.2 METABONOMICS VERSUS METABOLOMICS

In the last decade, the fi eld of metabonomics or metabolomics has experienced 

tremendous growth and has been the subject of numerous reviews in the litera-

ture [9–12]. However, metabolite or metabolic profi ling of low-molecular-weight 
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FIGURE 10.1 Biomarker discovery and evaluation process. (Reprinted from Collings, F.B. 

and Vaidya, V.S., Toxicology, 245, 167, 2008. With permission.)
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compounds in biological samples is not new. In 1971 Horning [13] used the term 

“metabolic profi ling” for the fi rst time to describe a gas chromatography-mass spec-

trometry analysis of a patient sample. Lindon et al. [14] described the differences 

between the two terms “metabolomics” and “metabonomics.” Metabolomics refers 

to the metabolome “which is defi ned as the metabolic composition of a cell and is 

analogous to the genome or proteome.” Metabonomics, on the other hand, is the 

study of a whole organism with separate organs and multiple cell types. It evaluates 

not only the static cellular and biofl uid concentrations of endogenous metabolites but 

also how those metabolites change over course of time [14]. Figure 10.2 illustrates 

how metabonomics relates to other “omics” sciences. Metabonomics is considered to 

be complementary to those other “omics” fi elds.

The fi eld of metabonomics (or metabolomics), regardless of an analytical platform, 

involves an analysis of thousands of low-molecular-weight compounds, endogenous 

metabolites such as amino acids, sugars, vitamins, organic acids, or nucleotides, 

the end products of biochemical pathways [15,16]. The overall size of the metabo-

nome remains debatable but it has been proposed that the number of small molecule 

metabolites ranges from a few thousand to tens of thousands. One of the greatest 

hopes for metabonomics is that it will eventually contribute to understanding the 

regulation of biochemical pathways and thus the interaction of proteins encoded by 

the genome [15]. Although many names have been used to describe this new fi eld, 

including metabolomics, metabolic fi ngerprinting, and metabolic profi ling, for the 

purpose of clarity, metabonomics is used throughout this chapter. It is important 

to point out that within the fi eld of metabonomics, there are other more specifi c 

branches of metabonomics, such as lipidomics [17–21] or glycomics that specifi cally 

focus on lipid or sugar metabolites, respectively.

The applications of metabonomics techniques to pharmaceutical research and 

development have been extensively reviewed in the literature [9,10,12,14,22–33]. In 

metabonomics studies of pharmaceutical relevance, urine and plasma are the two 

biofl uids most commonly profi led because they can be obtained noninvasively. 

Genome

Gene regulation

Proteins Metabolism

MetabonomicsProteomics

Transcriptomics

FIGURE 10.2 The relationships between the genome and the technologies for evaluating 

changes in gene expression (transcriptomics), protein levels (proteomics), and small- molecule 

metabolite effects (metabonomics). (Reprinted from Lindon, J.C. et al., Anal. Chem., 75, 

384A, 2003. With permission.)
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However, a number of other biofl uids (e.g., bile, cerebrospinal fl uid [CSF], or synovial 

fl uid) and cell or tissue extracts can also be used [9,34–36]. In addition, it is generally 

considered that metabonomics offers an advantage over other “omics” technologies 

(genomics, transcriptomics, proteomics) because it can provide metabolic profi le 

information on the whole-organism over time. A typical drug-development timeline 

together with potential opportunities for applying metabonomics technology within 

that timeline is presented in Figure 10.3 [11].

10.3 BIOMARKERS OF TOXICITY

From a drug safety perspective, there is a substantial interest within the pharma-

ceutical industry in the discovery of novel and more specifi c and sensitive markers 

of toxicity, in particular biomarkers of hepatotoxicity and nephrotoxicity. As men-

tioned above, the attrition of drug candidates in the development phase due to safety 

concerns is about 30% (combined preclinical and clinical) and as safety standards 

are raised, the drug development process has become more challenging [37]. Once 

a drug is approved and reaches a larger and broader patient population, other safety 

concerns such as adverse drug reactions arise. Adverse drug reactions are estimated 

to occur in ∼5% of all treated patients. Thus, there is an increased need for more sen-

sitive safety biomarker other than the traditional clinical pathology and hematology 

biomarkers (e.g., creatinine, urea, glucose) [37,38].

Ozer et al. [39] pointed out that even though all new drug products undergo an 

extensive preclinical and clinical testing prior to approval by regulatory agencies 

such as the Food and Drug Administration (FDA) or the European Medicines Agency 

(EMEA) and prior to being marketed, many drug candidates do not obtain the regu-

latory approval due to signifi cant organ toxicity in preclinical species. Out of all of 

those preclinical drug candidates that are discontinued because of organ toxicity, 

Metabonomics in the drug development pipeline

Synthesis LEAD IND

P1 P2 P3

kg
R&D timeline
(not to scale)mg

Efficacy
HTS

g
Efficacy
in vivo TOX

Rapid throughput
tox screening

Preclinical efficacy
biomarkers

Prelead prioritization

Preclinical safety
biomarkers and

mechanisms
Clinical safety

biomarkers

Clinical efficacy
biomarkers

FIGURE 10.3 Schematic of typical drug-development timeline overlaid with points of entry 

and applications of metabonomics technology. Relative availability of bulk drug is indicated 
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up to half are due to liver toxicity. However, the correlation of the  preclinical safety 

testing results to adverse events in human liver is only about 50%. Thus novel bio-

markers of drug-induced liver injury are being explored in order to more accurately 

predict the potential for human liver toxicity and thus reduce the number of false 

negative results [39]. Ozer et al. [39] recently summarized current published large 

molecule biomarker candidates of hepatotoxicity and compared them with serum 

alanine animotransferase (ALT) activity level, the clinical chemistry gold standard 

of hepatotoxicity.

In addition to the high interest in the biomarkers of hepatotoxicity, there is also a 

great interest and need for more sensitive markers of nephrotoxicity because the tradi-

tional blood (creatinine, blood urea nitrogen) and urine markers (fractional excretion 

of sodium, urine osmolality) of kidney injury are insensitive and not specifi c enough 

to detect acute kidney injury. Vaidya et al. [40] and Ferguson [41] recently reviewed 

the most promising serum and urinary large molecule biomarkers for the early detec-

tion acute kidney injury (AKI) or acute renal failure (ARF). Some of the proposed 

biomarkers included clusterin, kidney injury molecule 1(KIM-1), microablumin, 

and interleukin-18 (IL-18). To date most studies have been focused on the discovery 

and characterization of several highly promising individual biomarkers. However, in 

order to translate these potential biomarkers into clinical application future research 

should include validation of those biomarkers individually and in a multiplexed man-

ner to assess preclinical and clinical sensitivity and specifi city [40,41].

One of the earliest hopes for metabonomics in drug safety testing was that it would 

provide an effective insight into understanding underlying mechanisms of toxicity 

of a given drug candidate. Being able to differentiate between mechanism-based and 

nonmechanism-based toxicity can be of great importance because in the early stages 

of drug development the latter can be potentially avoided by designing another more 

desirable analogue of a lead compound. To date, examples of this application of 

metabolomics in the most recent literature are rather limited most likely because of 

the proprietary nature of the pharmaceutical research. Nevertheless, the examples 

that have been described in the past indicate that metabonomics has consistently 

been shown to be a powerful tool in gaining insights on mechanisms of toxicity 

[4,11,12,42–47]. It is important to point out that metabonomics studies are typically 

an introduction to gaining insights on a potential mechanism of toxicity involved and 

are often followed by additional specifi c studies aimed at understanding the exact 

mechanisms involved.

Interestingly, the number of examples of toxicity biomarkers discovered using 

nuclear magnetic resonance (NMR)-based and MS-based metabonomics is quite 

impressive. In metabonomics studies in which a severe toxicity is observed, almost 

always the relative urinary concentrations of Krebs cycle intermediates are decreased 

and a concomitant decrease in urinary levels of hippuric acid is observed. These 

compounds have been proposed to be nonspecifi c markers of toxicity as they refl ect a 

combination of complex changes in an organism [11,48–51]. Taurine has been known 

to be a specifi c marker for liver toxicity as its urinary levels are typically increased 

with necrosis and fatty liver. Several bile acids in the serum such as cholic, glycolic, 

and taurocholic acids have also been demonstrated to be sensitive markers of liver 

dysfunction [50]. In the literature, there are a few preclinical and clinical examples of 
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using metabonomics in evaluating small molecule biomarkers of liver toxicity. In a 

very recent preclinical study, Sun et al. [52] investigated acute and chronic acetamin-

ophen-induced hepatotoxicity using NMR- and ultrahigh-pressure liquid chromatog-

raphy (UPLC)-MS-based metabonomics. A number of metabolites (energy-related 

metabolites, antioxidants, trigonelline, S-adenosyl-L-methionine) were depleted in 

urinary profi les of both groups of male Sprague-Dawley rats administered with acute 

and chronic doses of acetaminophen, indicating oxidative stress. In addition, results 

from histopathology and clinical chemistry studies well correlated with the metabo-

lomics data. Based on similarities in patterns of metabolic changes, it was concluded 

that mechanisms for detoxifi cation and recovery following acute and chronic admin-

istration of acetaminophen were also similar.

Yang et al. [53] investigated the usefulness of MS-based metabonomics in pre-

dicting liver toxicity in a clinical setting. The authors analyzed serum samples from 

37 chronic hepatitis B patients and compared them with serum samples from 50 

healthy individuals. A number of potential biomarkers for acute deterioration of liver 

function in chronic hepatitis B were identifi ed including lysophosphatidylcholine 

(LPC) C18:0, LPC C16:0, LPC C18:1, LPC C18:2, and glycochenodeoxycholic acid. 

In another paper, Yang et al. [54] demonstrated that metabonomics methods were 

successfully used to differentiate between patients with hepatocirrhosis and hepatitis 

from those with liver cancer. Although the markers that allowed for that differentia-

tion were not fully identifi ed, such an approach showed promise for aiding in the 

correct and reliable diagnosis of the liver cancer.

To date, several small molecule biomarkers of renal toxicity have been described in 

the literature. Urine composition is considered to refl ect kidney function and pathol-

ogy. Thus, in the presence of proximal tubule damage, the relative concentrations of 

a number of metabolites (glucose, lactate, alanine, lysine, glutamine, glutamate, and 

valine) are markedly increased due to impaired reabsorption of those metabolites. 

An increase in the relative concentrations of those metabolites in urine is typically 

accompanied by a corresponding decrease in plasma levels [50,55].

An increase in urinary levels of trimethylamine N-oxide (TMAO), dimethylamine 

(DMA), methylamine (MA), and betain, with a decrease in dimethylglucine, citrate, 

and 2-oxoglutarate has been showed to be associated with renal papillary toxicity. 

A reduction in the urinary levels of products of tryptophan metabolism (kynurenic 

acid and xanthurenic acid) has been associated with perturbed peroxisomal function 

of proximal tubules [48–50,55,56].

10.4 BIOMARKERS OF EFFICACY

One of the reasons for an interest in metabonomics is the anticipation that global 

metabolite profi ling of samples from diseased patients might lead to identifi cation 

of new biomarkers of disease, help to understand the biochemical pathways leading 

to the disease, and thus allow for a more targeted design of new drugs. The idea to 

use metabolite profi ling to diagnose human disease was brought about by studies 

of inborn errors of metabolism in infants. Millington and colleagues [57,58] pio-

neered the use of MS-based methods for monitoring fatty acid oxidation, as well 

as select organic and amino acids. Their work led to universal neonatal screening 
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for metabolism disorders in the state of North Carolina. Vangala and Tonelli [37] 

pointed out that although in pediatric hospitals metabonomics has been successfully 

applied to screen and treat newborn babies with inborn errors of metabolism, the 

pharmaceutical industry has not yet embraced these metabonomics biomarkers for 

preclinical and clinical drug development.

Claudino et al. [59] recently reviewed current application of metabonomics in 

cancer research, specifi cally in clinical diagnosis of a disease, tumor biology char-

acterization, monitoring a response to treatment with anticancer agents, and early 

prediction of toxicity from anticancer agents. The researchers currently attempt 

to integrate NMR-based metabonomic technology in their clinical breast cancer 

research projects, including profi ling urine and blood for markers of cardiac toxicity 

in early breast cancer patients receiving an anthracycline-based adjuvant therapy, as 

well as searching for NMR-based metabolic profi les that might predict response to 

therapy in a population of advanced breast cancer patients.

Cancer biomarkers are currently most frequently detected by proteomics 

approaches in which plasma from cancer patients is analyzed for specifi c proteins 

or changes in their levels. In an effort to better understand the potential of using 

the human urine for the diagnosis of latent urologic malignancies, Kind et al. [60] 

performed a pilot study to discriminate between urinary samples from patients with 

renal cell carcinoma (RCC) and healthy individuals. Six urine samples randomly 

selected from patients with metastatic clear cell RCC and an equal number of ran-

domly selected control urine samples were analyzed by various MS-based metabo-

lomics techniques. Despite a small number of samples in this pilot study, the authors 

were able to clearly distinguish between RCC patients and normal individuals. 

Studies to validate those fi ndings using a larger sample size are currently ongo-

ing. In addition, Denkert et al. [61] applied MS-based metabolic profi ling to study 

metabolite patterns in invasive ovarian carcinomas and ovarian borderline tumors, 

while Di Leo et al. [62] investigated metabolomics techniques as a novel strategy 

for identifying molecular markers to predict chemotherapy activity and toxicity in 

breast cancer.

Rozen et al. [63] demonstrated the applicability of metabonomics to detect met-

abolic signatures of motor neuron diseases (MNDs) such as amyotrophic lateral 

sclerosis (ALS) in a noninvasive manner. Blood plasma profi les of healthy human 

subjects were obtained and compared with those from patients with a MND on or off 

riluzole drug therapy. Further investigation of the signature molecules in ALS and 

other forms of MND would provide a better understanding of underlying biochemi-

cal pathways and perhaps also lead to a discovery of diagnostic markers and targets 

for drug design in this therapy area.

In another research article, Wang et al. [20] successfully applied LC–MS meta-

bonomic techniques to the metabolite profi ling of plasma phospholipids in type 2 

diabetes mellitus (DM2) patients. Diabetes mellitus is associated with a metabolic 

disorder of lipid or fatty acid in phospholipids. The authors were not only able to 

differentiate between the samples from the DM2 patients and the healthy subjects 

but also identifi ed a number of phospholipid molecular species that could be used 

as potential biomarkers for a differentiation of DM2 patients from the healthy 

 individuals and perhaps even an early detection of DM2.
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Lewis et al. [64] recently reviewed the application of metabolomics to cardiovas-

cular biomarker and pathway discovery. The authors pointed out that although novel 

metabolomics techniques suffered from high signal-to-noise issues, the real chal-

lenge resided in human interindividual variability. This could be partially overcome 

by collecting serial samples in patients serving as their own biological controls. 

However, further testing in large cohorts would be necessary to detect more subtle 

metabolic changes and to provide robust statistical data on the utility of each marker. 

The authors provided a clinical study example [65] in which an MS-based metabo-

lomics platform was applied to patients undergoing stress testing with myocardial 

perfusion imaging. Half of the patients had no evidence of ischemia (control group) 

while the other half had inducible ischemia (case group). Plasma samples obtained 

from all patients were profi led by LC–MS. Although the majority of detected metab-

olites displayed concordant changes in both patient groups, six metabolites yielded 

statistically signifi cant changes ( p < 0.0001; c-statistic = 0.95). Lewis et al. [64] also 

pointed out that although plasma and serum offer the advantage of simple sample 

collection, they refl ect the sum of all metabolic changes occurring throughout the 

body. Sampling specifi c tissues enables localization of metabolic changes and thus 

might be helpful in assessing the sensitivity and specifi city of signature plasma meta-

bolic profi les.

In an excellent mini-review, Griffi n and Kauppinen [66] summarized the recent 

advances in the fi eld of human brain tumor metabolomics research, in particular 

advances in high-resolution multinuclear nuclear magnetic resonance spectroscopy 

(MRS). They provided a list of metabolites including alanine, lactate, myo-inositol, 

choline-containing metabolites, nucleotides, CH3 and CH2 lipids, and polyunsatu-

rated fatty acids that have been commonly identifi ed as perturbed in brain tumors 

using tissue extract or in vivo MRS analysis. Others have made attempts to apply 

metabonomics techniques to study the etiology of multiple sclerosis in hopes of iden-

tifying new therapeutic targets [67], to monitor kidney transplant [67–70], to study 

aging and caloric restriction [71–73], to evaluate exercise-induced improvements in 

insulin sensitivity [74], or to study Parkinson’s disease [75], but these and similar 

metabonomics efforts are still primarily in its infancy.

10.5 METABONOMICS ANALYTICAL METHODS

A typical workfl ow for an untargeted metabonomics analysis is presented in Figure 

10.4 [76].

10.5.1 FACTORS AFFECTING METABOLIC PROFILING

When designing a metabonomic experiment it is critical to control as much as pos-

sible all the factors that affect the baseline of detected metabolites. These factors 

include but are not limited to species, strain, gender, diet, age, diurnal variation, 

changes in gut microfl ora, lifestyle, and time of sampling [34,50,77–82].

It is well understood that the majority of variation in metabonomic experiments 

comes from the biological rather than analytical variation [83]. Nevertheless, it 

is critical that the reproducibility of an analytical method is acceptable and that 
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FIGURE 10.4 A typical workfl ow for an untargeted metabonomics analysis. (Reprinted 
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sources of analytical variation such as changes in retention, mass accuracy, or 

signal  intensity are minimized [84]. In addition, since metabonomic studies typi-

cally involve sample preparation prior to analysis, it is critical at a minimum to use 

quality control (QC) samples as much during the sample processing steps as dur-

ing actual sample analysis. There are no clear guidelines on what should be used as 

QC samples in metabonomic studies. Some investigators choose to use pooled bio-

logical matrix samples as QC samples, as recently proposed by Sangster et al. [85]. 

In that metabonomic study involving LC–MS and gas chromatography (GC–MS) 

analyses, all plasma or urine samples were pooled per matrix and split into mul-

tiple QC samples, which were then randomly analyzed at the beginning, middle, 

and end of the entire experiment. An alternative approach to the pooled sample 

approach is to spike several pseudo-internal standards into samples of interest. Luc 

et al. [86] demonstrated the use of over 20 stable label isotope compounds with 

diverse chemistry as internal standards in metabonomics experiments. Whatever 

the QC samples used, they enable to monitor analytical processes and increase the 

credibility of metabonomic data sets [78,87].

The largest inherent biological variability is found in human studies because in 

preclinical studies factors such as strain, gender, or diet can be more easily con-

trolled. Determining the normal variation is crucial for any study whether pre-

clinical or clinical, regardless of the analytical technique used for sample analysis. 

Saude et al. [88] studied the variation of metabolites in normal human urine and 

pointed out that, conclusions from a metabonomic study heavily rely upon hav-

ing a well-defi ned healthy group with well-characterized metabolite homeostasis. 

Currently, many Phase I clinical studies recruit healthy volunteers such that the 

total number of healthy control subjects is limited. Thus, metabolite measurements 

of the normal cohort are pooled and a certain level of homeostasis in normal urine 

is assumed to occur. Data generated in this manner for the control subjects are used 

for comparison with test subjects. A key fi nding of the study conducted by Saude 

et al. [88] was that the variance of the pooled metabolite concentrations within 

the normal population was high, as was the degree of variation of metabolites for 

individuals over time. Thus, before any comparisons can be made in any clinical or 

preclinical study between the test and the control groups, it is critical to fi rst defi ne 

the inter- and intra-individual metabolite variance within the control population. 

Otherwise, a simple single comparison of control versus test groups may generate 

misleading results.

When designing a metabonomics study, a great care must be taken so that rigor-

ous protocols are employed to ensure reproducible sampling and that there is an 

adequate number of biological replicates per group. For example, in a preclinical 

study involving rodents, one would use 6–8 animals per dose group, while in a clini-

cal study it is desirable to include as many as 20–30 individuals per dose group. In 

longitudinal studies or studies in which there is a limited number of controls (e.g., 

in Phase I clinical studies the number of control subjects is typically less than 10), 

each animal or subject will provide its own predose sample that can be used as its 

own control [78].

Another important aspect of conducting a metabonomics study, especially in a 

clinical setting, is to ensure strict control over samples between sample collection 
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and sample receipt. In a clinical study, samples are typically collected from multiple 

locations all over the country or the world. Therefore, variation in time collection, 

time exposed to light prior to packaging or actual shipping time, is impossible to 

control. Shurubor et al. [83] using high-performance liquid chromatography cou-

pled with electrochemical array detector (HPLC–ECD) assessed stability of human 

plasma metabolome under simulated shipping conditions up to 48 h. The authors 

demonstrated that most of the metabolites were suffi ciently stable for use even after 

48 h of exposure to shipping conditions. However, stability of some metabolites 

differed between individuals, suggesting that there were some biological factors 

involved that had infl uence on the stability of samples, a parameter that is typically 

considered as analytical.

Unlike other “omics” techniques, it is clear that metabonomics is very much an 

emerging fi eld and new lessons on how to conduct a proper metabonomics study 

are learned each day. A very positive development is that in an effort to stan-

dardize the reporting standards for metabonomics studies, a fi rst draft of a mini-

mum requirement for the description of the biological materials and/or processes 

examined in a metabolomic study involving mammalian subjects was published 

in 2007 [89].

10.5.2 SAMPLE PREPARATION

Sample preparation is one of the most critical steps in a successful metabonomic 

analysis. The composition of any biological (plasma, urine, bile) or an in vitro sample 

is very complex, and the quantity of metabolites detected depends to a large extent 

on how the sample is prepared for analysis. In a nontargeted metabolomics experi-

ment, the purpose of sample preparation is to remove any large molecules (proteins, 

peptides) and salts, while retaining a wide range of small molecule metabolites. The 

more steps in sample preparation, the narrower will be the chemical diversity of 

compounds present in the fi nal sample [90].

The most popular methods for extracting biological samples (in particular plasma, 

urine, and tissue) include solvent extraction with protein precipitation (PP), solid-

phase extraction (SPE), and liquid–liquid extraction (LLE). While urine or bile can 

be directly injected for an LC–MS analysis, plasma must be fi rst extracted to remove 

proteins. In some cases, it is desirable to clean up urine and bile samples and thus 

such samples are also most commonly subjected to SPE.

10.5.2.1 Plasma
Shipkova et al. [91] extensively investigated sample preparation approaches for non-

targeted LC–MS metabonomic profi ling of plasma. She concluded that traditional 

SPE approaches for extracting plasma lead to signifi cant sample losses. Overall, 

the most promising procedure for processing plasma yielding the highest intensity 

of individual components was an extraction with three volumes of cold CH3OH 

with 0.1% formic acid at (−20°C) to precipitate proteins. The solvent was evapo-

rated under nitrogen and sample was reconstituted in 200 μL of H2O:CH3OH (95:5), 

vortexed, and centrifuged. A 5 μL aliquot was subjected to an LC–MS analysis. 

Alternatively, a modifi ed C8 SPE approach could also be used to extract plasma 
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samples. In this case, a plasma sample was fi rst diluted 10-fold with 0.1% formic 

acid. A 500 μL diluted plasma sample was loaded onto a C8 cartridge and without 

washing was eluted with 500 μL CH3OH. The eluent was evaporated under nitrogen 

and  reconstituted in 200 μL of H2O:CH3OH (95:5), vortexed, and centrifuged. A 

5 μL aliquot was injected for an LC–MS.

10.5.2.2 Urine
Traditionally, it has been established that urine samples should be diluted 1:4 with 

water prior to an LC–MS analysis. Plumb et al. [92,93] reported obtaining good 

results from LC–MS analysis for rat urine after a 1:4 dilution with water. Waybright 

et al. [94] investigated the applicability of this dilution method to human urine 

which is less concentrated than mouse or rat urine. He concluded that a 1:4 dilution 

of human urine is not optimum for the detection of lower abundance metabolites. 

Although, the chromatogram for neat untreated urine was more intense, injection of 

neat urine on an HPLC column without column washing between injections was not 

recommended because of contamination of the HPLC column.

Since urine is a complex biological matrix composed of hydrophobic and hydro-

philic molecules, salts, proteins, and other compounds, it is useful to remove any 

of the interfering compounds that may interfere with chromatographic separation. 

Waybright et al. [94] demonstrated that C18 SPE cartridge was appropriate to extract 

the hydrophobic fraction of urine without any appreciable losses. A Waters Oasis 

HPLB (30 mg) cartridge was conditioned with 1 mL of CH3OH and then with 1 mL 

of 10 mM ammonium acetate buffer adjusted to pH 4.01. A 500 μL urine sample 

was loaded onto a cartridge, washed with 1 mL of the buffer and the hydrophobic 

fraction was eluted with 1 mL of CH3OH. The eluent was lyophilized at ambient 

temperature and reconstituted in 500 μL acetonitrile/0.1% formic acid in H2O (1:1, 

v:v). A 5 μL aliquot was subjected to LC–MS analysis. Shipkova et al. [91] also 

demonstrated that SPE of urine showed overall higher recovery of both hydrophilic 

and hydrophobic fraction than the direct dilution approach. In this case, 50 μL of 

urine was fi rst diluted 10-fold with 0.1% formic acid. A 500 μL diluted urine sam-

ple was loaded onto a C18 cartridge and without washing was eluted with 500 μL 

CH3OH. The eluent was dried down under nitrogen and reconstituted in 200 μL 

of H2O:CH3OH (95:5), vortexed, and centrifuged. A 5 μL aliquot was injected for 

LC–MS analysis. In addition, if a urine sample is to be analyzed by GC–MS, it is 

recommended to remove excessive urea in urine samples by a urease treatment. 

High levels of urea can interfere with the analysis and cause an overload of a column 

and/or detector [76].

10.5.2.3 Tissue
Upon collection, tissues are typically frozen in liquid nitrogen and then homogenized 

by grinding the frozen sample to a fi ne powder. Extraction of tissue components is 

most commonly performed using LLE. Polar compounds are extracted with polar 

solvents including methanol, ethanol, isopropanol, acetonitrile, water, or polar sol-

vent mixtures, while nonpolar compounds are extracted with ethyl acetate or chlo-

roform. Such an LLE yields two fractions (polar and nonpolar) that can be analyzed 

separately [76,95,96].
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10.5.3 SAMPLE STABILITY

Saude and Sykes [97] studied the effects of preparation and storage on the stability 

of human urine for metabolomic studies. Urine samples were collected from healthy 

male and female subjects and prepared by four different procedures (raw, centri-

fuged, fi ltered, and containing the bacteriostatic preservative sodium azide) and 

analyzed by NMR. The samples were stored at three different conditions at room 

temperature (22°C), in a refrigerator (4°C), or in a deep-freezer (−80°C) and changes 

in concentrations of 55 metabolites were monitored every week for one month. The 

researchers concluded that samples should be stored in a deep freeze (−80°C) and the 

number of freeze–thaw cycles should be minimized as much as possible. Bacterial 

contamination of the urine had signifi cant changes on urinary metabolites and could 

be controlled by either fi ltration (MS-based analyses) or by the addition of sodium 

azide (NMR-based analyses).

Gika et al. [98,99] investigated short-term sample stability for human urine by 

LC–MS. Urine samples were collected from normal female and male volunteers 

into containers containing one protease tablet and frozen at −80°C or −20°C for one 

month. Upon defrosting, samples were centrifuged at 13,000 rpm for 10 min and then 

diluted 1:4 with 0.1% formic acid for LC–MS analysis. All samples were kept at 4°C 

in an autosampler. LC–MS analyses showed that there were no differences observed 

between samples stored at −80°C or −20°C even after 1 month. Therefore, storing 

urine samples at −20°C for at least one month is acceptable. In addition, based on 

principal component analysis (PCA) the data obtained from samples that had been 

subjected from one to nine freeze–thaw cycles showed that overall stability of the 

samples was also acceptable.

The above examples illustrate that it is critical to establish short- and long-term 

stability, as well as freeze–thaw stability data for any matrix that is being investi-

gated (animal or human plasma, urine, tissue extract, etc.) before any fi rm conclu-

sions can be drawn from a metabolomics study, especially if the data are to be used 

for drug development decision-making.

10.5.4 GC–MS

Gas chromatography and more recently two-dimensional GC (GC × GC), when 

combined with MS detection, typically electron impact (EI) and more recently 

time-of-fl ight (TOF), is an excellent choice for nontargeted profi ling of metabolites 

[78,87,100–106]. GC–MS provides very high chromatographic resolution, good 

sensitivity, and robustness. In addition, one of the reasons to use GC–MS rather 

than LC–MS for metabonomic analyses is the availability of commercial EI spectral 

libraries and structure databases that can be used for putative biomarker identifi ca-

tion. However, the most practical limitation of GC-based metabolite profi ling is the 

fact that only a limited number of compounds can be analyzed directly. Most samples 

following extraction need to be derivatized to reduce polarity and achieve thermal 

stability and volatility. This introduces more variability into an experiment, as well as 

makes the identifi cation of the original molecule prior to derivatization very diffi cult 

[78,101]. The most widely used derivatization procedure involves dissolving a dry 
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extract in pyridine, reacting it with methoxylamine hydrochloride for 90 min at 28°C 

followed by N-methyl-N(trimethylsilyl)-trifl uoroacetamide (MSTFA) for 30 min at 

37°C [60,107]. The fi rst step ensures the conversion of carbonyl groups to oximes in 

order to stabilize sugars in an open-ring conformation and to prevent decarboxyla-

tion of α-ketoacids. In the second step, the active hydrogen in polar groups such as 

alcohols, amines, and carboxylic acids is replaced with a trimethylsilyl group, which 

decreases the polarity and increases the thermal stability and volatility of many 

compounds. In addition, there are a number of other derivatizing agents that can be 

used as summarized by Dettmer et al. [76]. Using ethyl chloroformate has recently 

gained popularity especially for the analysis of urine samples because it can not only 

be used in a nonaqueous medium but can also be used in an aqueous medium [87].

To illustrate an example of how a sample could be analyzed by GC–MS, 

Kind et al. [60] recently described a GC–MS procedure utilized in their labora-

tory. Briefl y, following derivatization samples were analyzed by GC–MS using an 

Agilent 6890 N gas chromatograph interfaced with a TOF Pegasus III mass spec-

trometer. The system was fi tted with both an Agilent injector and a Gerstel tem-

perature-programmed injector. The Agilent injector temperature was maintained at 

250°C. Injections of 1 μL were made in a split (1:5) mode and chromatography was 

performed using an Rtx-5Sil MS column (30 m × 0.25 mm i.d., 0.25 μm fi lm thick-

ness) and an Integra-Guard column. Helium gas fl ow was maintained at 1 mL/min. 

The GC oven temperature was programmed at 50°C and was ramped 20°C/min to 

a fi nal temperature of 330°C. Mass spectra were acquired at 20 scans/s over a m/z 

50–500 mass range.

Alternative GC–MS methods for metabonomic profi ling are described in the lit-

erature [60,76,78,87,108]. An example of total ion chromatogram (TIC) of a human 

urine extract analyzed by GC–MS is shown in Figure 10.5 [76]. Figure 10.6 illus-

trates metabonomics approaches for biomarker screening in plasma, urine, and  tissue 

samples using GC–MS [87].

As mentioned above, GC–MS metabonomic investigations traditionally have 

relied on GC–EI–MS and more recently TOF mass analyzers have become more 

popular. Analyses by GC–EI–MS rely primarily on quadrupole instruments, which 

provide high sensitivity and large dynamic range, but scan speed is low and only 

nominal mass accuracy can be obtained. The TOF mass analyzers on the other 

hand offer high mass accuracy and mass resolution in comparison to quadrupole 

instruments. They also allow for high scan speeds that are necessary for acquiring 

adequate number of data points across a high-resolution narrow (0.5–1 s wide) chro-

matographic peak. This is particularly important for two-dimensional GC analyses 

in which peak capacity is increased but the peak widths are signifi cantly decreased 

[76,78,109].

10.5.5 LC–MS

LC–MS has only very recently started to be used extensively for metabonomics 

analyses and the amount of recently published reports in this area is extensive [110–

116]. In many ways LC–MS is an ideal technique for metabolic profi ling as many 

biological fl uids such as urine and plasma upon PP can be directly injected onto an 
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LC column. In addition, LC–MS offers good dynamic range, can be very sensitive 

depending on a class of compounds, and by generating structural data provides an 

opportunity to identify potential biomarkers [78].

One of the early most commonly used chromatographic methods for LC–MS-

based metabonomics analysis was published by Plumb et al. in 2003 [77]. In this 

case, a 20 μL aliquot of diluted mouse urine was injected onto a Symmetry C18 col-

umn (2.1 × 100 mm, 3.5 μm). The mobile phase consisted of 0.1% formic acid in water 

(A) and acetonitrile (B). A 10 min linear gradient was used with 0%–20% B over 

0.5–4 min, 20%–95% B over 4–8 min, 95% B held for 1 min and at 9 min returned to 

100% A. The fl ow rate was 0.6 mL/min and the column effl uent was split with 20% 

of the fl ow (120 μL) diverted to a mass spectrometer. Samples were analyzed using 

Waters Alliance 2795 HPLC system coupled to a Micromass QTof-Micro mass spec-

trometer equipped with an electrospray source and leucine enkephalin lock-spray. 

Data were acquired in a full-scan mode from m/z 100 to 1400 from 0 to 10 min, in 

either positive or negative mode. More details on analytical procedures can be found 

in the publication itself. Other similar LC–MS and UPLC–MS methods have been 

described in the literature [92–94,98,99,117–120].

Luc et al. [86] evaluated a number of different columns and gradients for LC–MS-

based nontargeted metabonomics analyses of rat plasma and urine samples. The 

authors compared equivalent UPLC and HPLC columns of the same size and with 

the same packing material. The only difference was in the particle size, which was 

1.7 and 3.5 μm for UPLC and HPLC columns, respectively. Luc et al. concluded that 

although the UPLC peaks had improved peak widths (FWHM) and overall intensity, 

100

0
10.0 12.0 14.0 16.0 18.0 20.0 22.0 24.0 26.0 28.0 30.0 32.0 34.0 36.0 38.0 40.0 42.0 44.0 46.0 48.0 50.0

Time

Re
la

tiv
e i

nt
en

sit
y (

% 
ba

se
 p

ea
k)

FIGURE 10.5 TIC of a human urine (1 mL) extract after silylation with MSTFA and 

GC–MS analysis. (Reprinted from Dettmer, K. et al., Mass Spectrom. Rev., 26, 51, 2007. 

With permission.)
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this did not translate into a signifi cant increase in the number of components detected 

by an LTQ-Orbitrap mass spectrometer operating at 15,000 mass resolution in m/z 

85–1000 acquisition range. Moreover, step gradients provided much better separa-

tion of polar compounds than linear gradients. One of the most successful separation 

methods included a shallow 10 min gradient (100% A to 80% A in 6 min, 80% A to 

5% A in 2 min, and 5% A to 100% A in 1.5 min), where mobile phase A consisted 

Urine Blood Tissues

Mix, centrifuge and collect supernatant and dry under nitrogen or freeze dry

Area normalization

PCA analysis

Outliers
Yes

No

Remove outliers

PLS-DA or OPLS-DA analysis

Identify potential biomarkers

Apply Welch t-test to test statistical significance

Incubate with urease
(30 min) Add acetonitrile,

methanol or ethanol

Add ethanol or
methanol

Homogenize

Add methoxamine hydrochloride and incubate (up to 2 h)

Derivatize using MSTFA with 1% TMCS (for 30 min to 1 h)

Analyze the samples using GC/MS or GC/TOF-MS or GC × GC/TOF-MS

Deconvolution, peak alignment, compound identification 

Add mixture of
H2O: CH3OH: CHCl3

(2: 5: 2)

Observe for grouping or
trends

FIGURE 10.6 Metabonomic approaches for biomarker screening in plasma, urine, and tis-

sue samples using GC–MS. (Reprinted from Pasikanti, K.K. et al., J. Chromatogr. B Analyt. 
Technol. Biomed. Life Sci., 871, 202, 2008. With permission.)
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of 0.1% formic acid in water and mobile phase B consisted of 98:2 acetonitrile:water 

(0.1% formic acid). A Waters UPLC BEH C18 column (2.1 × 100 mm, 1.7 μ) was 

maintained at 45°C and the fl ow was adjusted to 0.6 mL/min. In a separate investi-

gation, Waybright et al. [94] also reported that a step elution gradient rather than a 

linear gradient was the most effi cient method for achieving optimal peak resolution 

when analyzing human urine samples (Figure 10.7).

Nordstrom et al. [121] also compared the differences between UPLC and HPLC 

for metabolomic profi ling. This time a Waters Acquity system was coupled to 

Micromass Q-Tof-Micro mass spectrometer and data were acquired in the m/z 100–

1000 range with an acquisition of ∼2 spectra per second. About 20% more compo-

nents were detected using UPLC versus HPLC and the length of the chromatographic 

separation was one of the most crucial parameters affecting the number of detected 

features. These examples demonstrate the importance of appropriate mass analyzers 

when utilizing UPLC. For more on UPLC see Chapter 8.

Wong et al. [122] published an excellent article on an approach to develop a 

method for untargeted urinary metabolite profi ling using UPLC–QToF MS. The 

authors studied the effects of varying sample pretreatment and chromatographic 
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conditions on metabolite profi les. As in the case of Luc’s investigation [86], the step 

elution gradient yielded the highest number of components and the best chromato-

graphic resolution. In addition, untreated fi ltered urine yielded the highest number 

of components but dilution with methanol provided more homogenous metabolic 

profi les with less variation in the number and intensity of the detected components.

Gika et al. [119] investigated the use of high-temperature UPLC–MS for meta-

bonomics analysis. The studies showed that for rat urine, but not plasma, chroma-

tography at elevated temperatures provided better results (higher peak capacity and 

better peak asymmetry) than conventional reverse-phase HPLC. Burton et al. [123] 

recently published a paper on the sources and appearance of artifacts that are inher-

ent to the analytical technique in LC–MS metabolomics experiments and that cannot 

be easily avoided. They can however be detected using statistical tools such as mul-

tivariate analysis (MVA). Guy et al. [124] also in a very recent paper discussed the 

importance of method validation for metabolomic profi ling of urine samples using 

UPLC–TOFMS.

An interesting approach to separation of highly polar compounds by hydrophilic 

interaction chromatography (HILIC) was described by Kind et al. [60]. Raw human 

urine samples were mixed with an equal amount of acetonitrile and centrifuged 

prior to injection onto a normal phase Luna NH2 column (150 × 3 mm, 3 μm). Mobile 

phase A consisted of acetonitrile and mobile phase B consisted of 13 mM ammo-

nium acetate adjusted to pH 9.1 with ammonium hydroxide. The separation gradi-

ent included holding 20% B for the fi rst 5 min, increasing a gradient to 35% B over 

20 min, followed by a gradient to 90% B over 30 min. The fl ow rate was 0.5 mL/ min 

and column was maintained at 40°C.

10.5.6 IONIZATION TECHNIQUES AND MASS ANALYZERS

Once components of a biological sample are separated on a chromatographic column, 

they must be ionized for an analysis in a mass spectrometer. In GC, samples are vapor-

ized and then ionized by EI or chemical ionization (CI). Want et al. [125] point out 

that the advantages of EI include good sensitivity and unique fragmentation. However, 

since often molecular ions cannot be detected because of fragmentation, this poses a 

problem for identifying unknown compounds. In addition, only compounds with rela-

tively small molecular weights can be analyzed because of the requirement for ther-

mal desorption. CI is a much softer ionization technique and thus molecular ions can 

be generated. Nevertheless, a compound still needs to be vaporized to be ionized.

For metabolic profi ling using LC–MS, samples are ionized via atmospheric pres-

sure ionization (API) techniques, most commonly electrospray ionization (ESI), 

although other ionization techniques such as atmospheric pressure chemical ion-

ization (APCI) and atmospheric pressure photoionization (APPI) have also been 

reported but they are not widely used for metabonomic analyses. In LC–ESI–MS-

based metabonomics experiments, samples are typically ionized in positive and 

negative ionization modes. Waybright et al. [94] reported that a greater number of 

chromatographic peaks were identifi ed in the early portion of a typical chromato-

gram in the positive ionization mode, while the negative ionization mode provided 

more chromatographic peaks in the later portions of the chromatogram,  indicating 
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unique differences between compounds detected in the two ionization modes 

(Figure 10.8).

Along with advances in various ionization sources, signifi cant improvements 

have been made in the area of mass analyzers. Mass analyzers can be differentiated 

based on several attributes such as scan speed, duty cycle, mass resolution, mass 

range, and cost [126]. The most common analyzers used for metabonomics analyses 

include the quadrupole and TOF-based analyzers [125–127]. Some other analyzers 

that have been reported for use in MS-based metabonomics analyses are the ion 

traps, Orbitraps, and Fourier transform mass spectrometers [128,129].

Quadrupole mass fi lters are one of the most common and cost effective mass 

analyzers. Although they have limited mass resolution (Table 10.2) and are less sen-

sitive than other mass analyzers, they are durable and suitable for high-throughput 

analyses. To perform a tandem mass analysis (MS/MS), a triple quadrupole MS is 

used in which three quadrupoles are placed in series to select, fragment, and analyze 

ions of interest. Quadrupole ion-trapping devices such as linear 2D ion traps are 
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good alternatives to conventional quadrupole systems. They offer more sensitivity in 

the full-scan mode and the ability to carry out MS/MS analyses as with triple qua-

drupole instruments. In addition, a low mass cut-off can be now reduced by utilizing 

pulsed-Q-dissociation (PQD), which is a novel fragmentation mechanism available 

with the LTQ mass spectrometer. TOF is another mass analyzer most commonly 

used for MS-based metabonomics. As its name applies it sorts ions based on the 

time it takes for them to reach the detector after receiving equal kinetic energy. 

TOF offers relatively high resolution, extremely fast scanning capabilities, and mass 

accuracy (Table 10.2). A hybrid instrument, the Q-TOF combines a quadrupole mass 

fi lter for mass selection, a collision cell, and a TOF MS for analysis. This makes it 

an obvious choice for metabonomics analyses since accurate MS/MS spectra can be 

acquired [125]. However, Q-TOF instruments are limited by the properties of the 

time-to-digital converter detector that is only able to record one ion per dead time. 

Intense ion signals become saturated leading to distortions in the mass-peak shape 

and therefore deviations in mass accuracy. Recently some improvements have been 

made by extending dynamic range and introducing an online mass lock spray [90].

Fourier transform ion cyclotron mass spectrometry (FT-ICR-MS) instrumentation 

offers excellent sensitivity, accuracy (<1 ppm), and high mass resolution (>1,000,000) 

(Table 10.2). However, because of being too expensive, diffi cult to use, and not com-

patible with conventional HPLC columns and fl ow rates, FTMS has not been fre-

quently used in pharmaceutical research. This changed with an introduction of a 

hybrid instrument consisting of a linear ion-trap mass spectrometer compatible with 

LC and an ion-cyclotron-resonance (ICR) detector. Such a hybrid instrument is com-

patible with conventional HPLC and allows for acquisition of accurate mass data-

dependent MSn spectra. Sanders et al. [128] recently reviewed the utility of hybrid 

LTQ-FTMS for drug metabolism and metabonomics applications while Brown et al. 

[129] reviewed the metabolomics applications of FT–ICR–MS.

The Orbitrap is a new FT–MS instrument that has a more modest performance 

in comparison to the FT–ICR–MS. It achieves a maximum >100,000 resolution and 

TABLE 10.2
Typical Values for Mass Resolving Power and Mass Accuracy 
of Commercially Available Analyzers

Analyzers Mass Resolving Powera Mass Accuracy

Triple quadrupoles and ion traps ∼500 ∼0.3–1 Da

TOF devices 8,000–20,000 1–5 ppmb

LTQ-Orbitrap Up to 100,000 <3 ppm

FTICR Up to 1,000,000c <1 ppm

Source: Reprinted from Werner, E. et al., J. Chromatogr. B, 871, 143, 2008. With 

permission.
a m/Δm, FWHM.
b When internal calibration or lock mass is used.
c Higher value can be achieved depending on the magnetic fi eld intensity.
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<3 ppm mass accuracy (Table 10.2). It is very stable and provides accurate mass 

 measurements (<2 ppm error) for over 24 h post-calibration [90,130]. Because ions are 

trapped in an electrostatic fi eld rather than a superconducting magnet, the Orbitrap 

is also less expensive than FT–ICR–MS. A hybrid instrument that couples a linear 

ion trap to an Orbitrap was recently introduced. Makarov et al. [131] described its 

performance in detail. In a recent article Dunn et al. [132] reported the advantages of 

coupling a UPLC system with the LTQ-Orbitrap mass spectrometer for metabolite 

profi ling of serum samples.

10.6 DATA PROCESSING AND ANALYSIS

In a GC–MS or LC–MS metabonomics experiment each fi le represents a single bio-

logical sample. The basic goal of data processing is to transform raw data fi les to a 

standard and uniform format so that statistical analyses can be carried out. A variety 

of instrument vendors utilize different proprietary data formats. Thus, the fi rst step 

in data processing requires a conversion of such raw proprietary data into common 

raw data format such as ASCII text or binary netCDF. More recently, a universal 

mzXML format has become more popular. Many vendor instrument software pack-

ages contain scripts to allow for such a fi le conversion [76].

A typical data processing workfl ow includes data fi ltering, feature detection, data 

alignment, and normalization, but not always necessarily in this order depending 

on a software package used. Filtering methods allow for removal of effects such as 

chemical and random noise or a baseline. The purpose of feature detection is to iden-

tify all true ion signals and characterize them as so-called features that include m/z, 

retention time, and intensity for each ion. This step provides quantitative information 

on a given ion that can be then compared across all samples. Alignment is performed 

to correct retention time differences between runs and to combine data from differ-

ent samples. Depending on the software used, alignment is sometimes performed 

prior to the feature detection step. Normalization is intended to remove undesirable 

systematic bias in ion intensities between measurements and at the same time retain 

the biological variation that is of interest. This is a very challenging task because of 

the number of chemically diverse molecules in a metabonomics experiment, differ-

ences in extraction recoveries for those compounds, as well as differences in their 

ionization effi ciencies in a mass spectrometer. There are two major approaches to 

data normalization including using statistical models to derive optimal scaling fac-

tors for each samples (e.g., median of intensities) or using a number of internal or 

external standards (e.g., ion intensity or peak area) [76,133–137]. There are a number 

of commercial and freely available software packages for processing of MS-based 

metabonomics data [32,76,134–136,138–141]. Some of the most widely used soft-

ware tools are summarized in Table 10.3.

An in-depth review of statistical methods for metabonomic data analysis is 

beyond the scope of this chapter. Briefl y, there are a few main approaches to data 

analysis. Examples of multivariate data analyses include the so-called unsupervised 

analyses such as PCA, independent component analysis (ICA), and hierarchical clus-

tering analysis (HCA), while partial least square differential analysis (PLS-DA) is 
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an  example of one of the supervised methods. Typically, the unsupervised methods 

are used initially for sample classifi cation or if sample identity is unknown. The 

supervised methods are used for searching for specifi c biomarkers, for example, 

biomarkers of disease, by comparing samples from healthy subjects and patients. 

Alternatively, when a purpose of a study is to simply discover general biomarkers 

common statistical methods such as ANOVA are often utilized [15,76,117,125,142–

145]. An example of applying PLS-DA to an analysis of data obtained from UPLC–

Q-TOF MS profi ling of human urine samples from healthy, insulin-sensitive, and 

insulin-resistant subjects is presented in Figure 10.9 [146].

10.7  METABOLITE IDENTIFICATION AND STRUCTURE 
ELUCIDATION

Various approaches to metabolite identifi cation and structure elucidation have been 

extensively described in the literature [78,90,101,107,109,125,127,146–151]. Fully 

identifying unknown metabolites in a metabonomics study remains a great challenge 

even today. For many metabonomics studies the most frequent goal is to understand 

TABLE 10.3
Commercial and Free Software Tools for MS Metabonomics Data 
Processing

Name Vendor or License Type

Commercial

BlueFuse BlueGnome, Cambridge, United Kingdom

Genedata Expressionist Genedata, Basel, Switzerland

MarkerLynx Waters, Milford, MA, United States

MarkerView Applied Biosystems, Foster City, CA, United States

MassHunter Agilent Technologies, Santa Clara, CA, United States

Metabolic Profi ler Bruker Daltonic & Bruker BioSpin, Billerica, MA, United States

metAlign PlanResearch International B.V., Wageningen, the Netherlands

MS Resolver Pattern Recognition Systems, Bergen, Norway

Rosetta Elucidator Rosetta Biosoftware, Seattle, WA, United States

SIEVE Thermo Fisher Scientifi c, Waltham, MA, United States

Free

COMSPARI GNU General Public License

MathDAMP Free

MET-IDEA Free

MZmine GNU General Public License

SpecArray GNU General Public License

XCMS GNU General Public License

Source: Adapted from Katajamaa, M. and Oresic, M., J. Chromatogr. A, 1158, 318, 2007. With 

permission.
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biochemical pathway interactions or general metabolic changes and thus to achieve 

that goal it is critical to unequivocally characterize unknown putative diagnostic 

biomarkers. Otherwise, such studies are of no consequence. It is often perceived 

that mass accuracy is the most important parameter in this identifi cation process 
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0

%

1

%

2.50 5.00 7.50 10.00 12.50 15.00 17.50 20.00 22.50 25.00 27.50 30.00 32.50 35.00

2.50(a) 5.00 7.50 10.00 12.50 15.00 17.50 20.00 22.50 25.00 27.50 30.00 32.50 35.00

Positive ion mode

1: TOF MS ES–
TIC

1: TOF MS ES+
TIC

3.49e4

2.77e4

Time

Negative ion mode

– 400(b) – 300 – 200 – 100 0 100 200 300 400

– 400

– 300

– 200

– 100

100

200

300

400

0

FIGURE 10.9 (a) Representative reversed-phase UPLC-Q-TOF MS TICs of a urine sam-

ple analyzed in positive and negative ion modes; (b) PLS-DA scores plot (OSC fi ltered) of 

healthy, insulin-sensitive subjects (Δ) and prediabetic, insulin-resistant individuals (■); (c) 

corresponding PLS-DA loading plot. The variables are labeled with m/z, and m/z 194.34 is 

labeled by an arrow; and (d) differences in the TIC peak height of m/z between insulin-sensi-

tive subjects (Δ) and insulin-resistant individuals (■). p < 0.05 vs. insulin-resistant individuals 

analyzed by the Wilcoxon rank sum test. (Reprinted from Chen, J. et al., Anal. Chem., 80, 

1280, 2008. With permission.)
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because it can provide an elemental composition for an unknown. However, even 

with ultrahigh-resolution instruments, like the Orbitrap, there are still a number of 

elemental compositions possible for a given compound. The most important step in 

the molecular formula fi nding is applying constraints that reduce the number of pos-

sible elemental compositions. The two most popular constraints or rules include the 

nitrogen rule and the number of rings plus double bond equivalents (RDBE) rule. The 

fi rst one states that odd nominal molecular mass compounds contain an odd num-

ber of nitrogen atoms. However, as Werner et al. [127] point out, this rule becomes 

unreliable for masses above 500 Da because of the large number of elements con-

tributing to the mass and thus because of an increased mass defect (above 0.5 Da), 

it is possible to overestimate the integer mass by 1 Da. The RDBE rule allows one 

to calculate the number of rings and double bonds in a molecule from the number 

of C, H, and N atoms a molecule contains. One of the most important, but often 
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overlooked tools to reduce the number of possible molecular formulas, is the analysis 

of isotopic patterns in a mass spectrum. Kind and Fiehn [148] showed that by using 

isotopic abundance patterns as the only constraint, it is possible to remove over 95% 

of false molecular formula candidates. For this reason, the use of instruments like the 

Orbitrap or FT–ICR becomes of great interest, because these high-resolution instru-

ments allow for optimum resolution of isotope peaks. In addition, Kind and Fiehn 

[149] also proposed an algorithm for fi ltering molecular formulas. The algorithm is 

based on seven heuristic rules which include restriction for the number of elements, 

LEWIS and SENIOR chemical rules, isotopic patterns, hydrogen to carbon ratios, 

element ratio of N, O, P, and S versus C, element ratio probabilities, and presence of 

trimethylsilylated compounds. These rules have been implemented in an automated 

script within the Excel program.

Once a molecular formula is correctly assigned, tandem MS experiments can be 

used to determine the structure of unknown metabolites. As with determining of 

molecular formula for a molecular ion, high mass accuracy data for the fragment ions 

are often critical to effi ciently characterize a metabolite. It is important to point out that 

mass spectrometry alone cannot distinguish between stereoisomers and thus in some 

cases additional spectroscopic analyses such as NMR or additional experiments (e.g., 

H/D exchange) may need to be carried out for complete identifi cation of a compound. 

In addition, it is worthwhile mentioning that criteria for identifying nonnovel versus 

novel compounds differ signifi cantly. Many compounds detected in a metabonom-

ics experiment are nonnovel and thus can be identifi ed based on co-characterization 

with an authentic standard. As Bedair and Sumner [109] point out a guideline for the 

identifi cation of nonnovel metabolites has been recently proposed by the Chemical 

Analysis Working Group. The guideline states that a minimum of two indepen-

dent and orthogonal data relative to an authentic standard analyzed under identical 

experimental conditions are needed for metabolite identifi cation. Examples of such 

data include for example accurate mass and tandem MS, or mass and NMR spectra. 

Identifi cations performed without authentic standards based solely on comparisons 

to spectra available in spectral libraries are clearly insuffi cient to prove identity of 

a nonnovel metabolite. For novel metabolites, a standard array of  physicochemical 

properties must be determined, including elemental analysis, accurate mass, UV/IR 

and/or NMR analysis, melting or boiling point, and optical rotation.

Moreover, there are a number of publicly available free and commercial spectral 

(e.g., MS- and NMR-based), chemical, and biochemical/metabolic pathway data-

bases that can be useful in identifi cation and characterization of metabolites, as well 

as interpretation of metabonomics data at a biochemical pathway level. Examples 

of such databases are listed in Table 10.4. In a very recent publication, Loftus 

et al. [150] provided an example in which unknown analytes in complex biologi-

cal matrices can be detected and characterized using high mass accuracy ESI MSn 

and formula prediction software, as well as by comparison to mass spectral data-

bases, rather than by following the standard identifi cation route via comparison to 

an authentic standard. This seems to be an attractive and a promising alternative for 

future profi ling studies.
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10.8 CONCLUSIONS

It is quite clear that the pharmaceutical industry has seriously embraced the concept 

of utilizing biomarkers to accelerate the drug discovery and development process. 

TABLE 10.4
Databases for Identifi cation and Metabonomic Data Interpretation

Database Source

MS-Based
Fiehn Library Fiehn Laboratory Univ California Davis

Golm Metabolome Database 

(GMDM@CSB.DB)

Max Planck Institute of Molecular Plant Physiology

Human Metabolome Database (HMDB) Genome Alberta and Genome Canada

KNApSAcK (Comprehensive Species-

Metabolite Relationship Database)

Nara Institute of Science and Technology (NAIST)

MassBank Keio University, RIKEN PSC (Japan), and others

Metabolome of Tomato Database (MoTo DB) Plant Research International

Metlin The Scripps Research Institute

NIST/EPA/NIH Mass Spectral Library 

(NIST 0.5)

National Institute of Standards and Technology 

(NIST)

SpecInfo Daresbury Laboratory

Spectral Database for Organic Compounds, 

SDBS

National Institute for Advanced Industrial Science 

and Technology (AIST)

Chemical
Chemical Entities of Biological Interest 

(ChEBI)

European Bioinformatics Institute (United 

Kingdom)/European Molecular Biology Lab

Chemical Structure Lookup Service (CSLS) CADD Lab, Med. Chem. NCI, NIH

ChemFinder Cambridge Soft

Merck Index John Wiley & Sons, Inc.

LipidBank Japanese Conference on the Biochemistry of Lipids 

(Japan)

PubChem National Institutes of Health (NIH)

SciFinder Chemical Abstract Service (CAS)

Pathways

Biochemical, Genetic and Genomic (BiGG) 

Database

University of California

BioCyc (HumanCyc, MetaCyc) SRI International

Kyoto Encyclopedia of Genes and Genomes 

(KEGG)

Kyoto University/ Tokyo University

LIPID Metabolites and Pathway Strategy 

(LIPID MAPS)

LIPID MAPS Bioinformatics Core

Sources: Adapted from Moco, M. et al., Trends Anal. Chem., 26, 855, 2007; Werner, E. et al., J. 
Chromatogr. B, 871, 143, 2008. With permission.
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MS-based metabonomics as well as other “omics” technologies have been explored 

for this purpose. However, the extent of these efforts varies widely depending on 

the focus of each pharmaceutical company. The primary reason for not utilizing 

the metabonomics technology, whether for discovering novel biomarkers of safety, 

effi cacy, or target engagement, is the uncertainty of what the data mean and how 

they can be used to mitigate fi nancial risk. In addition, metabonomics is a relatively 

young science with the analytical platform changing and improving rapidly. From 

a regulatory perspective, metabonomics together with other “omics” technologies 

have shown promise to reduce the development time of drugs by aiding in the selec-

tion of drug candidates or by altering the manner in which drugs are investigated 

and approved. However, the full potential of metabonomics and other associated 

technologies is yet to be realized [152]. It is likely that over time, metabonomics will 

evolve to fi nd a wider application in the pharmaceutical research and development 

process.

ACKNOWLEDGMENT

The author thanks Dr. Swapan Chowdhury and Mr. Kevin Alton for reviewing this 

chapter and for their valuable comments.

REFERENCES

 1. Baker, M., In biomarkers we trust? Nat. Biotechnol., 23(3), 297, 2005.

 2. Wagner, J.A., Strategic approach to fi t-for-purpose biomarkers in drug development, 

Annu. Rev. Pharmacol. Toxicol., 48, 631, 2008.

 3. Kola, I. and Landis, J., Can the pharmaceutical industry reduce attrition rates?, Nat. Rev. 
Drug Discov., 3(8), 711, 2004.

 4. Mortishire-Smith, R.J. et al., Use of metabonomics to identify impaired fatty acid 

metabolism as the mechanism of a drug-induced toxicity, Chem. Res. Toxicol., 17(2), 

165, 2004.

 5. Marrer, E. and Dieterle, F., Promises of biomarkers in drug development—a reality 

check, Chem. Biol. Drug Des., 69(6), 381, 2007.

 6. Cummings, J. et al., Biomarker method validation in anticancer drug development, Br. 
J. Pharmacol., 153(4), 646, 2008.

 7. Lock, E.A. and Bonventre, J.V., Biomarkers in translation: Past, present and future, 

Toxicology, 245(3), 163, 2008.

 8. Collings, F.B. and Vaidya, V.S., Novel technologies for the discovery and quantitation of 

biomarkers of toxicity, Toxicology, 245(3), 167, 2008.

 9. Lindon, J.C., Holmes, E., and Nicholson, J.K., Metabonomics techniques and applica-

tions to pharmaceutical research & development, Pharm. Res., 23(6), 1075, 2006.

 10. Nicholson, J.K. et al., Metabonomics: A platform for studying drug toxicity and gene 

function, Nat. Rev. Drug Discov., 1(2), 153, 2002.

 11. Robertson, D.G., Metabonomics in toxicology: A review, Toxicol. Sci., 85(2), 809, 

2005.

 12. Robertson, D.G., Reily, M.D., and Baker, J.D., Metabonomics in preclinical drug devel-

opment, Expert Opin. Drug Metab. Toxicol., 1(3), 363, 2005.

 13. Horning, E.C., Metabolic profi les: Gas-phase methods for the analysis of metabolites, 

Clin. Chem., 17(8), 802, 1971.



326 Using Mass Spectrometry for Drug Metabolism Studies

 14. Lindon, J.C. et al., Contemporary issues in toxicology the role of metabonomics in toxi-

cology and its evaluation by the COMET project, Toxicol. Appl. Pharmacol., 187(3), 

137, 2003.

 15. Kaddurah-Daouk, R., Kristal, B.S., and Weinshilboum, R.M., Metabolomics: A global 

biochemical approach to drug response and disease, Annu. Rev. Pharmacol. Toxicol., 48, 

653, 2008.

 16. van Ravenzwaay, B. et al., The use of metabolomics for the discovery of new biomarkers 

of effect, Toxicol. Lett., 172(1–2), 21, 2007.

 17. Want, E.J. et al., Phospholipid capture combined with non-linear chromatographic cor-

rection for improved serum metabolite profi ling, Metabolomics, 2(3), 145, 2006.

 18. Yetukuri, L. et al., Bioinformatics strategies for lipidomics analysis: Characterization of 

obesity related hepatic steatosis, BMC Syst. Biol., 1, 12, 2007.

 19. Ogiso, H., Suzuki, T., and Taguchi, R., Development of a reverse-phase liquid chroma-

tography electrospray ionization mass spectrometry method for lipidomics, improving 

detection of phosphatidic acid and phosphatidylserine, Anal. Biochem., 375(1), 124, 

2008.

 20. Wang, C. et al., Plasma phospholipid metabolic profi ling and biomarkers for type 2 dia-

betes mellitus based on high-performance liquid chromatography/electron mass spec-

trometry and multivariate statistical analysis, Anal. Chem., 77(13), 4108, 2005.

 21. Roberts, L.D. et al., A matter of fat: An introduction to lipidomic profi ling methods, 

J. Chromatogr. B Analyt. Technol. Biomed. Life Sci., 871(2), 174, 2008.

 22. Lindon, J.C., Holmes, E., and Nicholson, J.K., So what’s the deal with metabonomics? 

Anal. Chem., 75(17), 384A, 2003.

 23. Lindon, J.C., Holmes, E., and Nicholson, J.K., Metabonomics and its role in drug 

 development and disease diagnosis, Expert Rev. Mol. Diagn., 4(2), 189, 2004.

 24. Lindon, J.C., Holmes, E., and Nicholson, J.K., Metabonomics in pharmaceutical R&D, 

FEBS J., 274(5), 1140, 2007.

 25. Lindon, J.C. and Nicholson, J.K., Analytical technologies for metabonomics and 

 metabolomics, and multi-omic information recovery, Trends Anal. Chem., 27(3), 194, 

2008.

 26. Griffi n, J.L., The potential of metabonomics in drug safety and toxicology, Drug Discov. 
Today Tech., 1(3), 285, 2004.

 27. Griffi n, J.L. and Bollard, M.E., Metabonomics: Its potential as a tool in toxicology for 

safety assessment and data integration, Curr. Drug Metab., 5(5), 389, 2004.

 28. Keun, H.C. and Athersuch, T.J., Application of metabonomics in drug development, 

Pharmacogenomics, 8(7), 731, 2007.

 29. Kramer, J.A., Sagartz, J.E., and Morris, D.L., The application of discovery toxicology 

and pathology towards the design of safer pharmaceutical lead candidates, Nat. Rev. 
Drug Discov., 6(8), 636, 2007.

 30. Ackermann, B.L., Hale, J.E., and Duffi n, K.L., The role of mass spectrometry in 

 biomarker discovery and measurement, Curr. Drug Metab., 7(5), 525, 2006.

 31. Schlotterbeck, G. et al., Metabolic profi ling technologies for biomarker discovery in 

biomedicine and drug development, Pharmacogenomics, 7(7), 1055, 2006.

 32. Robertson, D.G., Reily, M.D., and Baker, J.D., Metabonomics in pharmaceutical 

 discovery and development, J. Proteome Res., 6(2), 526, 2007.

 33. Dieterle, F. et al., Application of metabonomics in a compound ranking study in early 

drug development revealing drug-induced excretion of choline into urine, Chem. Res. 
Toxicol., 19(9), 1175, 2006.

 34. Ritchie, S., Comprehensive metabolomic profi ling of serum and cerebrospinal fl uid: 

Understanding disease, human variability, and toxicity, in Surrogate Tissue Analysis, 1st 

edition, Burczynski, M.E., and Rockett, J.C., Eds., CRC Press LLC, Boca Raton, FL, 

2006, p. 165.



Biomarkers of Effi cacy and Toxicity: Discovery and Assay 327

 35. Wikoff, W.R. et al., Metabolomic analysis of the cerebrospinal fl uid reveals changes in 

phospholipase expression in the CNS of SIV-infected macaques, J. Clin. Invest., 118(7), 

2661, 2008.

 36. Bobeldijk, I. et al., Quantitative profi ling of bile acids in biofl uids and tissues based 

on accurate mass high resolution LC-FT-MS: Compound class targeting in a metabo-

lomics workfl ow, J. Chromatogr. B Analyt. Technol. Biomed. Life Sci., 871(2), 306, 

2008.

 37. Vangala, S. and Tonelli, A., Biomarkers, metabonomics, and drug development: Can 

inborn errors of metabolism help in understanding drug toxicity? AAPS J., 9(3), E284, 

2007.

 38. Farkas, D. and Tannenbaum, S.R., In vitro methods to study chemically-induced 

 hepatotoxicity: A literature review, Curr. Drug Metab., 6(2), 111, 2005.

 39. Ozer, J. et al., The current state of serum biomarkers of hepatotoxicity, Toxicology, 

245(3), 194, 2008.

 40. Vaidya, V.S., Ferguson, M.A., and Bonventre, J.V., Biomarkers of acute kidney injury, 

Annu. Rev. Pharmacol. Toxicol., 48, 463, 2008.

 41. Ferguson, M.A., Vaidya, V.S., and Bonventre, J.V., Biomarkers of nephrotoxic acute 

kidney injury, Toxicology, 245(3), 182, 2008.

 42. Espina, J.R. et al., Detection of in vivo biomarkers of phospholipidosis using NMR-

based metabonomic approaches, Magn. Reson. Chem., 39(9), 559, 2001.

 43. Slim, R.M. et al., Effect of dexamethasone on the metabonomics profi le associated with 

phosphodiesterase inhibitor-induced vascular lesions in rats, Toxicol. Appl. Pharmacol., 
183(2), 108, 2002.

 44. Clayton, T.A. et al., An hypothesis for a mechanism underlying hepatotoxin-induced 

hypercreatinuria, Arch. Toxicol., 77, 208, 2003.

 45. Robertson, D.G. et al., Metabonomic assessment of vasculitis in rats, Cardiovasc. 
Toxicol., 1(1), 7, 2001.

 46. Zhang, J. et al., Mechanisms and biomarkers of cardiovascular injury induced by phos-

phodiesterase inhibitor III SK&F 95654 in the spontaneously hypertensive rat, Toxicol. 
Pathol., 34(2), 152, 2006.

 47. Niemann, C.U. and Serkova, N.J., Biochemical mechanisms of nephrotoxicity: 

Application for metabolomics, Expert Opin. Drug Metab. Toxicol., 3(4), 527, 2007.

 48. Lenz, E.M. et al., Cyclosporin A-induced changes in endogenous metabolites in rat 

urine: A metabonomic investigation using high fi eld 1H NMR spectroscopy, HPLC-

TOF/MS and chemometrics, J. Pharm. Biomed. Anal., 35(3), 599, 2004.

 49. Lenz, E.M. et al., A metabonomic investigation of the biochemical effects of mercuric 

chloride in the rat using 1H NMR and HPLC-TOF/MS: Time dependent changes in the 

urinary profi le of endogenous metabolites as a result of nephrotoxicity, Analyst, 129(6), 

535, 2004.

 50. Keun, H.C., Metabonomic modeling of drug toxicity, Pharmacol. Ther., 109, 92, 2006.

 51. Jia, L. et al., Serum metabolomics study of chronic renal failure by ultra performance 

liquid chromatography coupled with Q-TOF mass spectrometry, Metabolomics, 4(2), 

183, 2008.

 52. Sun, J. et al., Metabonomics evaluation of urine from rats given acute and chronic 

doses of acetaminophen using NMR and UPLC/MS, J. Chromatogr. B Analyt. Technol. 
Biomed. Life Sci., 871(2), 328, 2008.

 53. Yang, J. et al., High performance liquid chromatography-mass spectrometry for metabo-

nomics: Potential biomarkers for acute deterioration of liver function in chronic hepati-

tis B, J. Proteome Res., 5(3), 554, 2006.

 54. Yang, J. et al., Diagnosis of liver cancer using HPLC-based metabonomics avoid-

ing false-positive result from hepatitis and hepatocirrhosis diseases, J. Chromatogr. 
B Analyt. Technol. Biomed. Life Sci., 813(1–2), 59, 2004.



328 Using Mass Spectrometry for Drug Metabolism Studies

 55. Williams, R.E. et al., D-Serine-induced nephrotoxicity: A HPLC-TOF/MS-based meta-

bonomics approach, Toxicology, 207(2), 179, 2005.

 56. Lenz, E.M. et al., Metabonomics with 1H-NMR spectroscopy and liquid chromatog-

raphy-mass spectrometry applied to the investigation of metabolic changes caused by 

gentamicin-induced nephrotoxicity in the rat, Biomarkers, 10(2–3), 173, 2005.

 57. Frazier, D.M. et al., The tandem mass spectrometry newborn screening experience in 

North Carolina: 1997–2005, J. Inherit. Metab. Dis., 29(1), 76, 2006.

 58. Roe, C.R., Millington, D.S., and Maltby, D.A., Identifi cation of 3-methylglutarylcar-

nitine. A new diagnostic metabolite of 3-hydroxy-3-methylglutaryl-coenzyme A lyase 

defi ciency, J. Clin. Invest., 77(4), 1391, 1986.

 59. Claudino, W.M. et al., Metabolomics: Available results, current research projects in 

breast cancer, and future applications, J. Clin. Oncol., 25(19), 2840, 2007.

 60. Kind, T. et al., A comprehensive urinary metabolomic approach for identifying kidney 

cancer, Anal. Biochem., 363(2), 185, 2007.

 61. Denkert, C. et al., Mass spectrometry-based metabolic profi ling reveals different metab-

olite patterns in invasive ovarian carcinomas and ovarian borderline tumors, Cancer 
Res., 66(22), 10795, 2006.

 62. Di Leo, A. et al., New strategies to identify molecular markers predicting chemotherapy 

activity and toxicity in breast cancer, Ann. Oncol., 18(Suppl. 12), xii8, 2007.

 63. Rozen, S. et al., Metabolomic analysis and signatures in motor neuron disease, 

Metabolomics, 1(2), 101, 2005.

 64. Lewis, G.D., Asnani, A., and Gerszten, R.E., Application of metabolomics to cardiovas-

cular biomarker and pathway discovery, J. Am. Coll. Cardiol., 52(2), 117, 2008.

 65. Sabatine, M.S. et al., Metabolomic identifi cation of novel biomarkers of myocardial 

ischemia, Circulation, 112(25), 3868, 2005.

 66. Griffi n, J.L. and Kauppinen, R.A., A metabolomics perspective of human brain tumors, 

Febs. J., 274(5), 1132, 2007.

 67. Ibrahim, S.M. and Gold, R., Genomics, proteomics, metabolomics: What is in a word 

for multiple sclerosis? Curr. Opin. Neurol., 18(3), 231, 2005.

 68. Wishart, D.S., Metabolomics: The principles and potential applications to transplanta-

tion, Am. J. Transplant., 5(12), 2814, 2005.

 69. Wishart, D.S., Metabolomics in monitoring kidney transplants, Curr. Opin. Nephrol. 
Hypertens., 15(6), 637, 2006.

 70. Wishart, D.S., Metabolomics: A complementary tool in renal transplantation, Contrib. 
Nephrol., 160, 76, 2008.

 71. Kristal, B.S. and Shurubor, Y.I., Metabolomics: Opening another window into aging, 

Sci. Aging Knowledge Environ., 26, 19, 2005.

 72. Kristal, B.S. et al., Metabolomics in the study of aging and caloric restriction, Methods 
Mol. Biol., 371, 393, 2007.

 73. Kristal, B.S. et al., High-performance liquid chromatography separations coupled with 

coulometric electrode array detectors: A unique approach to metabolomics, Methods 
Mol. Biol., 358, 159, 2007.

 74. Kuhl, J. et al., Metabolomics as a tool to evaluate exercise-induced improvements in 

insulin sensitivity, Metabolomics, 4(3), 272, 2008.

 75. Michell, A.W. et al., Metabolomic analysis of urine and serum in Parkinson’s disease, 

Metabolomics, 4(3), 191, 2008.

 76. Dettmer, K., Aronov, P.A., and Hammock, B.D., Mass spectrometry-based metabolom-

ics, Mass Spectrom. Rev., 26(1), 51, 2007.

 77. Plumb, R. et al., Metabonomic analysis of mouse urine by liquid-chromatography-time 

of fl ight mass spectrometry (LC-TOFMS): Detection of strain, diurnal and gender dif-

ferences, Analyst, 128(7), 819, 2003.



Biomarkers of Effi cacy and Toxicity: Discovery and Assay 329

 78. Lenz, E.M. and Wilson, I.D., Analytical strategies in metabonomics, J. Proteome Res., 

6(2), 443, 2007.

 79. Granger, J.H. et al., A metabonomic study of strain- and age-related differences in the 

Zucker rat, Rapid Commun. Mass Spectrom., 21(13), 2039, 2007.

 80. Rezzi, S. et al., Human metabolic phenotypes link directly to specifi c dietary prefer-

ences in healthy individuals, J. Proteome Res., 6(11), 4469, 2007.

 81. Plumb, R.S. et al., A rapid screening approach to metabonomics using UPLC and oa-

TOF mass spectrometry: Application to age, gender and diurnal variation in normal/

Zucker obese rats and black, white and nude mice, Analyst, 130(6), 844, 2005.

 82. Gu, H. et al., Monitoring diet effects via biofl uids and their implication for metabolom-

ics studies, Anal. Chem., 79(1), 89, 2007.

 83. Shurubor, Y.I. et al., Biological variability dominates and infl uences analytical vari-

ance in HPLC-ECD studies of the human plasma metabolome, BMC Clin. Pathol., 7, 9, 

2007.

 84. Sangster, T.P. et al., Investigation of analytical variation in metabonomic analysis using 

liquid chromatography/mass spectrometry, Rapid Commun. Mass Spectrom., 21(18), 

2965, 2007.

 85. Sangster, T. et al., A pragmatic and readily implemented quality control strategy for 

HPLC-MS and GC-MS-based metabonomic analysis, Analyst, 131(10), 1075, 2006.

 86. Luc, C.E. et al., Evaluation of columns and gradients for LC/MS-based non-targeted 

metabonomics. Proceedings of the 56th ASMS Conference, Denver, CO, 2008.

 87. Pasikanti, K.K., Ho, P.C., and Chan, E.C., Gas chromatography/mass spectrometry in 

metabolic profi ling of biological fl uids, J. Chromatogr. B Analyt. Technol. Biomed. Life 
Sci., 871(2), 202, 2008.

 88. Saude, E.J. et al., Variation of metabolites in normal human urine, Metabolomics, 3, 439, 

2007.

 89. Griffi n, J.L. et al., Standard reporting requirements for biological samples in metabolo-

mics experiments: Mammalian/in vivo experiments, Metabolomics, 3, 179, 2007.

 90. Moco, M. et al., Metabolomics technologies and metabolite identifi cation, Trends Anal. 
Chem., 26(9), 855, 2007.

 91. Shipkova, P.A. et al., Sample preparation approaches and data analysis for non-targeted 

LC/MS metabonomic profi ling of plasma and urine. Proceedings of the 55th ASMS 
Conference, Indianapolis, IN, 2007.

 92. Plumb, R.S. et al., Metabonomics: The use of electrospray mass spectrometry coupled 

to reversed-phase liquid chromatography shows potential for the screening of rat urine 

in drug development, Rapid Commun. Mass Spectrom., 16(20), 1991, 2002.

 93. Plumb, R.S. et al., Use of liquid chromatography/time-of-fl ight mass spectrometry and 

multivariate statistical analysis shows promise for the detection of drug metabolites in 

biological fl uids, Rapid Commun. Mass Spectrom., 17(23), 2632, 2003.

 94. Waybright, T.J. et al., LC-MS in metabonomics: Optimization of experimental condi-

tions for the analysis of metabolites in human urine, J. Liquid Chromatogr. Related 
Technol., 29(17), 2475, 2006.

 95. He, X. and Becker, C.H., A quick mass spectrometry based tissue metabolomics method: 

Multi-fraction preparation using automated homogenizer and liquid-liquid extraction. 

Proceedings of the 56th ASMS Conference, Denver, CO, 2008.

 96. Wu, H. et al., High-throughput tissue extraction protocol for NMR- and MS-based 

metabolomics, Anal. Biochem., 372(2), 204, 2008.

 97. Saude, E.J. and Sykes, B.D., Urine stability for metabolomics studies: Effects of prepa-

ration and storage, Metabolomics, 3(1), 19, 2007.

 98. Gika, H.G. et al., Within-day reproducibility of an HPLC-MS-based method for meta-

bonomic analysis: Application to human urine, J. Proteome Res., 6(8), 3291, 2007.



330 Using Mass Spectrometry for Drug Metabolism Studies

 99. Gika, H.G., Theodoridis, G.A., and Wilson, I.D., Liquid chromatography and ultra-

performance liquid chromatography-mass spectrometry fi ngerprinting of human urine: 

Sample stability under different handling and storage conditions for metabonomics 

studies, J. Chromatogr. A, 1189(1–2), 314, 2008.

 100. Jonsson, P. et al., Extraction, interpretation and validation of information for comparing 

samples in metabolic LC/MS data sets, Analyst, 130(5), 701, 2005.

 101. Kopka, J., Current challenges and development in GC-MS based metabolite profi ling 

technology, J. Biotech., 124, 312, 2006.

 102. Kanani, H.H. and Klapa, M.I., Data correction strategy for metabolomics analysis using 

gas chromatography-mass spectrometry, Metab. Eng., 9(1), 39, 2007.

 103. Fiehn, O. and Kind, T., Metabolite profi ling in blood plasma, Methods Mol. Biol., 358, 

3, 2007.

 104. Fiehn, O., Extending the breadth of metabolite profi ling by gas chromatography coupled 

to mass spectrometry, Trends Analyt. Chem., 27(3), 261, 2008.

 105. Kanani, H., Chrysanthopoulos, P.K., and Klapa, M.I., Standardizing GC-MS metabolo-

mics, J. Chromatogr. B Analyt. Technol. Biomed. Life Sci., 871(2), 191, 2008.

 106. Strehmel, N. et al., Retention index thresholds for compound matching in GC-MS metab-

olite profi ling, J. Chromatogr. B Analyt. Technol. Biomed. Life Sci., 871(2), 182, 2008.

 107. Fiehn, O. et al., Identifi cation of uncommon plant metabolites based on calculation of 

elemental compositions using gas chromatography and quadrupole mass spectrometry, 

Anal. Chem., 72(15), 3573, 2000.

 108. Wiklund, S. et al., Visualization of GC/TOF-MS-based metabolomics data for identifi -

cation of biochemically interesting compounds using OPLS class models, Anal. Chem., 

80(1), 115, 2008.

 109. Bedair, M. and Sumner, L.W., Current and emerging mass-spectrometry technologies 

for metabolomics, Trends Anal. Chem., 27(3), 238, 2008.

 110. Wilson, I.D. et al., HPLC-MS-based methods for the study of metabonomics, 

J. Chromatogr. B Analyt. Technol. Biomed. Life Sci., 817(1), 67, 2005.

 111. Boernsen, K.O., Gatzek, S., and Imbert, G., Controlled protein precipitation in combina-

tion with chip-based nanospray infusion mass spectrometry. An approach for metabolo-

mics profi ling of plasma, Anal. Chem., 77(22), 7255, 2005.

 112. Tolstikov, V.V., Fiehn, O., and Tanaka, N., Application of liquid chromatography-mass 

spectrometry analysis in metabolomics: Reversed-phase monolithic capillary chro-

matography and hydrophilic chromatography coupled to electrospray ionization-mass 

spectrometry, Methods Mol. Biol., 358, 141, 2007.

 113. Nordstrom, A. et al., Multiple ionization mass spectrometry strategy used to reveal the 

complexity of metabolomics, Anal. Chem., 80(2), 421, 2008.

 114. Metz, T.O. et al., High-resolution separations and improved ion production and 

 transmission in metabolomics, Trends Anal. Chem., 27(3), 205, 2008.

 115. Theodoridis, G., Gika, H.G., and Wilson, I.D., LC-MS based methodology for global 

metabolite profi ling in metabonomics/metabolomics, Trends Anal. Chem., 27(3), 251, 

2008.

 116. Lu, X. et al., LC-MS-based metabonomics analysis, J. Chromatogr. B, 866, 64, 2008.

 117. Crockford, D.J. et al., Statistical search space reduction and two-dimensional data 

 display approaches for UPLC-MS in biomarker discovery and pathway analysis, Anal. 
Chem., 78(13), 4398, 2006.

 118. Gika, H.G., Theodoridis, G.A., and Wilson, I.D., Hydrophilic interaction and reversed-

phase ultra-performance liquid chromatography TOF-MS for metabonomic analysis of 

Zucker rat urine, J. Sep. Sci., 31(9), 1598, 2008.

 119. Gika, H.G. et al., High temperature-ultra performance liquid chromatography-mass 

spectrometry for the metabonomic analysis of Zucker rat urine, J. Chromatogr. B Analyt. 
Technol. Biomed. Life Sci., 871(2), 279, 2008.



Biomarkers of Effi cacy and Toxicity: Discovery and Assay 331

 120. Gika, H.G. et al., Evaluation of the repeatability of ultra-performance liquid chromatog-

raphy-TOF-MS for global metabolic profi ling of human urine samples, J. Chromatogr. 
B Analyt. Technol. Biomed. Life Sci., 871(2), 299, 2008.

 121. Nordstrom, A. et al., Nonlinear data alignment for UPLC-MS and HPLC-MS based 

metabolomics: Quantitative analysis of endogenous and exogenous metabolites in 

human serum, Anal. Chem., 78(10), 3289, 2006.

 122. Wong, M.C. et al., An approach towards method development for untargeted urinary 

metabolite profi ling in metabonomic research using UPLC/QToF MS, J. Chromatogr. B 
Analyt. Technol. Biomed. Life Sci., 871(2), 341, 2008.

 123. Burton, L. et al., Instrumental and experimental effects in LC-MS-based metabolomics, 

J. Chromatogr. B Analyt. Technol. Biomed. Life Sci., 871(2), 227, 2008.

 124. Guy, P.A. et al., Global metabolic profi ling analysis on human urine by UPLC-TOFMS: 

Issues and method validation in nutritional metabolomics, J. Chromatogr. B Analyt. 
Technol. Biomed. Life Sci., 871(2), 253, 2008.

 125. Want, E.J. et al., From exogenous to endogenous: The inevitable imprint of mass 

 spectrometry in metabolomics, J. Proteome Res., 6(2), 459, 2007.

 126. Ackermann, B.L. et al., Current applications of liquid chromatography/mass spectrom-

etry in pharmaceutical discovery after a decade of innovation, Annu. Rev. Anal. Chem., 

1, 357, 2008.

 127. Werner, E. et al., Mass spectrometry for the identifi cation of the discriminating sig-

nals from metabolomics: Current status and future trends, J. Chromatogr. B, 871, 143, 

2008.

 128. Sanders, M. et al., Utility of the hybrid LTQ-FTMS for drug metabolism applications, 

Curr. Drug Metab., 7(5), 547, 2006.

 129. Brown, S.C., Kruppa, G., and Dasseux, J.L., Metabolomics applications of FT-ICR mass 

spectrometry, Mass Spectrom. Rev., 24(2), 223, 2005.

 130. Lim, H.K. et al., Metabolite identifi cation by data-dependent accurate mass spectromet-

ric analysis at resolving power of 60,000 in external calibration mode using an LTQ/

Orbitrap, Rapid Commun. Mass Spectrom., 21(12), 1821, 2007.

 131. Makarov, A. et al., Performance evaluation of a hybrid linear ion trap/orbitrap mass 

spectrometer, Anal. Chem., 78(7), 2113, 2006.

 132. Dunn, W.B. et al., Metabolic profi ling of serum using ultra performance liquid chroma-

tography and the LTQ-Orbitrap mass spectrometry system, J. Chromatogr. B Analyt. 
Technol. Biomed. Life Sci., 871(2), 288, 2008.

 133. Shurubor, Y.I. et al., Analytical precision, biological variation, and mathematical 

 normalization in high data density metabolomics, Metabolomics, 1(1), 75, 2005.

 134. Katajamaa, M., Miettinen, J., and Oresic, M., MZmine: Toolbox for processing and 

visualization of mass spectrometry based molecular profi le data, Bioinformatics, 22(5), 

634, 2006.

 135. Katajamaa, M. and Oresic, M., Processing methods for differential analysis of LC/MS 

profi le data, BMC Bioinform., 6, 179, 2005.

 136. Katajamaa, M. and Oresic, M., Data processing for mass spectrometry-based metabolo-

mics, J. Chromatogr. A, 1158(1–2), 318, 2007.

 137. Sysi-Aho, M. et al., Normalization method for metabolomics data using optimal selec-

tion of multiple internal standards, BMC Bioinform., 8, 93, 2007.

 138. Smith, C.A. et al., XCMS: Processing mass spectrometry data for metabolite profi ling 

using nonlinear peak alignment, matching, and identifi cation, Anal. Chem., 78(3), 779, 

2006.

 139. Styczynski, M.P. et al., Systematic identifi cation of conserved metabolites in GC/MS 

data for metabolomics and biomarker discovery, Anal. Chem., 79(3), 966, 2007.

 140. Benton, H.P. et al., XCMS(2): Processing tandem mass spectrometry data for metabolite 

identifi cation and structural characterization, Anal. Chem., 80(16), 6382, 2008.



332 Using Mass Spectrometry for Drug Metabolism Studies

 141. Lu, H. et al., Comparative evaluation of software for deconvolution of metabolomics 

data based on GC-TOF-MS, Trends Anal. Chem., 27(3), 215, 2008.

 142. Bijlsma, S. et al., Large-scale human metabolomics studies: A strategy for data (pre-) 

processing and validation, Anal. Chem., 78(2), 567, 2006.

 143. Jonsson, P. et al., A strategy for modelling dynamic responses in metabolic samples 

characterized by GC/MS, Metabolomics, 2(3), 135, 2006.

 144. Wagner, S. et al., Metabonomics and biomarker discovery: LC-MS metabolic profi ling 

and constant neutral loss scanning combined with multivariate data analysis for mercap-

turic acid analysis, Anal. Chem., 78(4), 1296, 2006.

 145. Westerhuis, J.A. et al., Assessment of PLSDA cross validation, Metabolomics, 4(1), 81, 

2008.

 146. Chen, J. et al., Practical approach for the identifi cation and isomer elucidation of bio-

markers detected in a metabonomic study for the discovery of individuals at risk for 

diabetes by integrating the chromatographic and mass spectrometric information, Anal. 
Chem., 80(4), 1280, 2008.

 147. Smith, C.A. et al., METLIN: A metabolite mass spectral database, Ther. Drug Monit., 
27(6), 747, 2005.

 148. Kind, T. and Fiehn, O., Metabolomic database annotations via query of elemental com-

positions: Mass accuracy is insuffi cient even at less than 1 ppm, BMC Bioinform., 7, 

234, 2006.

 149. Kind, T. and Fiehn, O., Seven Golden Rules for heuristic fi ltering of molecular formulas 

obtained by accurate mass spectrometry, BMC Bioinform., 8, 105, 2007.

 150. Loftus, N. et al., Profi ling and biomarker identifi cation in plasma from different Zucker 

rat strains via high mass accuracy multistage mass spectrometric analysis using liquid 

chromatography/mass spectrometry with a quadrupole ion trap-time of fl ight mass spec-

trometer, Rapid Commun. Mass Spectrom., 22(16), 2547, 2008.

 151. Wishart, D.S. et al., HMDB: The Human Metabolome Database, Nucleic Acids Res., 35, 

D521, 2007.

 152. Leighton, J.K., Application of emerging technologies in toxicology and safety assess-

ment: Regulatory perspectives, Int. J. Tox., 24, 153, 2005.



333

11 Imaging Mass 
Spectrometry for 
Small Molecules

Fangbiao Li

CONTENTS

11.1 Introduction ................................................................................................. 333

11.2 Current Imaging Techniques ....................................................................... 335

11.3 Principles of MALDI Imaging Mass Spectrometry ................................... 336

11.4 Fundamentals of Imaging Mass Spectrometry ...........................................340

11.4.1 Tissue Collection and Slicing ........................................................340

11.4.2 MALDI Matrix Application ..........................................................340

11.4.3 Experimental Conditions ............................................................... 341

11.4.4 Imaging Drugs in Tissue Sections by MALDI .............................. 342

11.5 Applications to Drug Discovery and Development ....................................344

11.6 Application to Imaging of Phospholipids....................................................348

11.7 Conclusions ................................................................................................. 349

References .............................................................................................................. 350

11.1 INTRODUCTION

Mass spectrometry-based bioanalytical methods play an important role in the 

entire process of searching new medicines to improve the quality of human life. 

High-performance liquid chromatography coupled to a tandem mass spectrometer 

(HPLC–MS/MS) has become the standard tool for the determination of pharma-

ceuticals in various in vitro and in vivo samples stemming from drug discovery and 

development experiments [1–5]. However, the major disadvantage of the HPLC–MS/

MS technique is that it does not readily provide information on the distribution of the 

administrated drug and its metabolites.

Alternatively, imaging mass spectrometry (IMS) using matrix-assisted laser des-

orption/ionization (MALDI) can be used to simultaneously map the distribution of 

pharmaceuticals in thin tissue sections to determine how a drug is distributed in 

animal tissues [6–9]. MALDI–IMS has been extensively employed to measure mac-

romolecules such as peptides and proteins in tissue sections [10–13] (Figure 11.1). 

Although MALDI–IMS has been applied almost exclusively as an analytical tool for 
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biopolymers, the potential of using this technique for both qualitative and  quantitative 

determination of small molecules (<1500 Da) such as enzyme subtracts [14], acetyl-

choline, 3,4-dihydroxyphenylalanine [15], vitamins [16], and others [17,18] has been 

demonstrated. Several teams of researchers have extended MALDI–MS imaging 

methodology to visualize the distribution of candidate drug compounds in different 

regions of biological tissue sections [19–24]. In this chapter, we describe the use of 

MALDI mass spectrometric imaging as a tool for the pharmaceutical analysis of 

drug compounds and their metabolites in the drug discovery and development pro-

cess. This technique offers signifi cant advantages over alternative technologies, such 

as autoradiography. For example, MALDI–MS imaging can distinguish intact drugs 

from their metabolites without the addition of an isotope label. This allows distribu-

tion studies of lead compounds to occur much earlier in the drug-discovery process 
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FIGURE 11.1 (See color insert following page 210.) General overview of MALDI–IMS. 

(a) Fresh section cut from sample tissue. (b) Mounted section after matrix application using a 

robotic picoliter volume spotter. (c) Partial series of mass spectra collected along one row of 

coordinates (x-axis). (d) Three-dimensional volumetric plot of complete dataset with selected 

m/z “slices” or ion images. Principal axes are x, y, and m/z. Color of each voxel is determined 

by ion intensity. (From Cornett, D. et al., Nat. Methods, 4, 828, 2007. With permission.)
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and allows compounds with unfavorable distribution characteristics to be rapidly 

discarded. In addition, the reliance on radioactive isotopes can be reduced, which is 

advantageous from both an economical and environmental standpoint.

Distribution studies of drug candidates in animals are crucial in both drug dis-

covery and development. These studies provide information about where the drug 

accumulates in the body. For example, it may be important to know if the test com-

pound accumulates in the target organ or if it selectively accumulates in other organs 

or tissues (such as the brain, which could result in neurotoxicity or other unwanted 

side effects). It is also important to know how long a drug remains in the body and 

MALDI–IMS can help to measure that parameter as well. The accurate assessment 

of preclinical ADME (absorption/distribution/metabolism/excretion) and toxicologi-

cal parameters of new chemical entities (NCEs) is essential for deciding whether or 

not to develop the NCE. Techniques currently in use for assessing the distribution 

of drug candidates in tissues will be discussed; these techniques include positron 

emission tomography (PET), magnetic resonance imaging (MRI), autoradiography, 

and secondary ion mass spectrometry (SIMS). Their strengths and limitations will 

be addressed, especially with regard to the spatial analysis of drugs and metabolites 

in tissues. The technique of MALDI–IMS will be discussed, and the examples of 

its use will be presented. Finally, the further development of the technique will be 

addressed, focusing on improvements and advance necessary to allow the technol-

ogy to reach its full potential.

11.2 CURRENT IMAGING TECHNIQUES

Several analytical techniques exist to image the distribution of small molecules in 

the body. Generally, they can be divided into two groups: noninvasive in vivo tech-

niques and ex vivo/in vitro techniques. In vivo techniques, such as PET [25–32] and 

MRI [32–36], allow the distribution of a drug to be evaluated over time in a living 

animal. In contrast, the ex vivo/in vitro techniques, such as autoradiography [29,30], 

require the removal of the tissue of interest and thus can only image the distribution 

of a drug at a fi xed time.

All these techniques require labeled drugs. The visualization of PET requires 

that a drug contain a radioactive positron emitter, such as 11C, 13N, 15O, or 18F [32]. 

Similarly, a radioactive isotope, typically 14C, 3H, or 125I, is necessary for a com-

pound to be visualized with autoradiography. While MRI does not require a radioac-

tive isotope, only isotopes with nuclear spin, such as 1H, 13C, and 19F are visible with 

MRI [32,33]. Because the sensitivity of MRI depends on the magnetic properties 

of the monitored nucleus and its natural abundance, drugs typically need to contain 
19F or be enriched in 13C in order to be effectively monitored in the body. Contrast 

agents, which include paramagnetic atoms such as gadolinium, iron, and manganese, 

are often used to increase the contrast in MRI images and are frequently used as 

models for drugs that cannot be imaged on their own [33,34]. The main limitation 

with using a label or tracer for imaging, especially in terms of drug metabolism, is 

that only the label and not the parent compound is imaged. Thus, the experimentally 

determined distribution of a drug in a tissue may be inaccurate if extensive metabo-

lism has occurred.
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In vivo imaging techniques have several advantages for drug-discovery applica-

tions, including the ability to examine a drug’s actions directly in humans and the 

ability to re-measure the same individual under different conditions. However, there 

are signifi cant limitations. The spatial resolution is limited with PET, and MRI-PET 

has a resolution of ∼3–6 mm [26,32,33], while MRI has a resolution of ∼2 mm [34,35], 

but can be improved to 700–800 μm [36] with some modifi cations to the instrument 

used. This limits the size regime in the body in which meaningful distribution data 

can be acquired. The use of a labeled compound typically occurs late in the drug 

development process due to the increased cost and time involved to synthesize the 

labeled compound. Additionally, there are time constraints with PET imaging due to 

the half-lives of the positron emitters. The half-lives of some commonly used posi-

tron emitters are 15O, 2 min; 13N, 10 min; 11C, 20 min; and 18F, 110 min. Thus a drug 

must be synthesized, administered, and monitored on the time-scale of the half-life 

of the radiotracer.

Autoradiography is one of the most common techniques used today in the phar-

maceutical industry for examining the distribution of a drug candidate in the body 

ex vivo [37,38]. In quantitative whole-body autoradiography (QWBA), a radiolabeled 

drug is administered to animal and, after a specifi c time, the animal is sacrifi ced, 

fl ash-frozen, and sectioned. The radioactivity in the sections is then analyzed, and 

the result is an image showing where the drug has accumulated in various organs. 

Individual organs may be dissected and analyzed separately as well. This technique 

is also widely used in psychopharmacology for in vitro experiments, in which a 

radiolabeled compound is incubated with a section of brain tissue, and the resulting 

image is used to determine where in the brain the compound is binding in order to 

locate the specifi c receptors of the compound [38,39].

Autoradiography has signifi cant advantages over the noninvasive imaging tech-

niques, especially in terms of drug discovery. As it is typically performed on lab-

oratory animals, it occurs earlier in the drug-discovery process. Additionally, the 

resolution is better that PET and MRI, ranging from a few micrometers for fi lm to 

∼30–50 μm for the β-imager [38,39], ∼70 mm for microchannel plates [40,41], and 

∼25–100 μm for commercial phosphor-imaging systems (Fujifi lm). In contrast, the 

time required to acquire an autoradiographic image varies substantially and can be 

prohibitively long. It often takes weeks or months to acquire an image on fi lm, while 

the same image may be acquired on the β-imager in 8–12 h [38,42]. Also, because a 

radiolabel is required, the extra cost and time required for additional synthesis are 

still limitations.

11.3 PRINCIPLES OF MALDI IMAGING MASS SPECTROMETRY

Due to its molecular specifi city, there is a great deal of interest in using mass spec-

trometry as an imaging tool. Instruments used for IMS can be classifi ed according 

to how ions are generated from the sample either by irradiation by pulsed laser or 

bombardment by energetic particles [43]. SIMS systems use particle bombardment 

with a continuous beam of highly focused, energetic ions such as Cs+, Au3
+, and 

C60
+. Laser-based systems include MALDI and laser desorption ionization (LDI) 

instruments.
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SIMS has been used for imaging surfaces for more than 40 years [44]. The  primary 

ion beam has an energy of ∼25 keV which desorbs ions from the surface of the sam-

ple. These secondary ions are predominantly elements, atomic clusters, and organic 

fragments that are typically analyzed by time-of-fl ight (TOF), quadrupole, or mag-

netic sector instruments. While protonated molecules can be formed, for example, 

several analyses have been reported involving the [M + H]+ ions of cholesterol [45], 

benzodiazepines [46], and crystal violet [47], the secondary ions formed most abun-

dantly include elemental ions (e.g., Na+, K+) and molecular fragment ions. Thus, its 

primary use has been for the localization of inorganic and atomic species [44].

Applications of SIMS imaging to biological/pharmaceutical analyses have been 

in two key areas: atomic imaging of drugs [48–50] and tissue mapping via molecular 

imaging of fragment ions [51–53]. In the fi rst application, the drug of interest must 

be effectively labeled; it must contain an atom not natively found in cells or tissues, 

and only that atom is monitored. The other main application of SIMS to biological 

imaging has focused on tissue mapping. Compared to the traditional imaging tech-

niques discussed earlier, the benefi ts of the SIMS imaging techniques include excel-

lent spatial resolution (submicrometer to ∼1 μm) and high sensitivity and molecular 

specifi city. One of the main drawbacks, however, especially in regards to metabolite 

localization, is the low effi ciency of molecular ionization [47]. Thus it is diffi cult to 

differentiate a compound and structurally similar metabolites if they share the same 

label or if they form the same fragment, because that is what is typically analyzed. 

While advances are being made toward increasing molecular ion yields, especially 

utilizing cluster ion beams such as C60
+ and SF5

+ [47,54], the full potential of this 

technology for pharmaceutical imaging has not been reached.

MALDI–IMS employs a matrix solution to mix with the analytes and to form 

cocrystals. These crystals absorb energy at the wavelength of the laser beam result-

ing in desorption and ionization of the analytes that were included in the crystals. 

The concept of MALDI–IMS was introduced in 1997 by Caprioli and coworkers 

[55] for rapid and direct profi ling of the analytes within a tissue section or an organ. 

In this process, matrix is uniformly deposited over various tissue sections to extract 

analytes into the matrix and to produce matrix crystals (Figure 11.2) [56]. A raster of 

the organ or whole-body sections containing the compound of interest under a sta-

tionary laser beam is then performed over a predetermined two-dimensional array 

to generate ion plumes directly from the tissue sections in a MALDI plate array 

as depicted in Figure 11.3 [56]. For the small molecule application, commercially 

available MALDI source instruments have been utilized. These instruments utilize 

a large sample plate suffi cient to contain whole tissue slices. The movement of the 

sample stages is automatically accomplished in the x- and y-directions to locate the 

edges of the tissue sample and to defi ne the exact region of interest (Figure 11.2).

During an imaging mass spectrometric experiment, MALDI–MS signals of small 

molecules from tissue sections within a user-defi ned area are fi rst obtained as a func-

tion of acquisition times which are associated with the location of an array of pixels 

as given in Figure 11.4 [56]. Thus, two-dimensional ion maps of biological tissues 

are reconstructed with drug signals of a given m/z value monitored in each spec-

trum from each pixel within a defi ned array to provide specifi c molecular images 

as demonstrated in Figure 11.5 [56]. In order to detect small molecules in complex 
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biological tissue sections using MALDI, a tandem mass spectrometer is required in 

order to separate the analyte ions from the background interference ions produced by 

the matrix [22]. In most MS/MS systems, two analyzers are connected together by 

a collision cell. A protonated molecule is generated in the ion source. Then the fi rst 

analyzer selects the ion as the precursor ion for collisionally activated dissociation 
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Matrix application
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FIGURE 11.2 General procedure for MALDI–MS imaging analysis and conventional 

quantitative HPLC/MS analysis.
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FIGURE 11.3 Diagram for an automated MALDI–IMS system used for direct analysis of 

pharmaceuticals in tissues. (From Hsieh, Y. et al., J. Pharmacol. Toxicol. Methods., 55, 193, 

2007. With permission.)
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FIGURE 11.4 MALDI–MS signals from a droplet deposited in the rat brain tissue section 

containing a drug candidate are plotted against acquiring time which is directly related to 

the locations of each pixel. (From Hsieh, Y. et al., J. Pharmacol. Toxicol. Methods., 55, 193, 

2007. With permission.)

FIGURE 11.5 An ion image of a spot in the rat brain slice was obtained after reconstruc-

tion of MALDI–MS signals derived from the spot of chemical residue while “rastering” the 

tissue sample under the laser beam. (From Hsieh, Y. et al., J. Pharmacol. Toxicol. Methods., 
55, 193, 2007. With permission.)
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(CAD). This precursor ion passes through a collision cell, which breaks the precursor 

ion into product ions. Analysis of the resulting product ions by the second analyzer 

generates a mass spectrum of the fragment ions and providing structure information. 

By monitoring the transition of a selected precursor ion to its dissociated product 

ions, tandem mass spectrometry systems give researchers a tool for distinguishing 

between precursor ions of similar mass-to-charge ratios, such as matrix ions and 

small molecule drug candidate compounds [22]. For example, a hybrid quadrupole-

time-of-fl ight (QqTOF) analyzer was utilized in order to resolve some of the mass 

spectrometric interference from the matrix, as CAD fragmentation of protonated 

drug molecules could be performed [19,21,22].

11.4 FUNDAMENTALS OF IMAGING MASS SPECTROMETRY

11.4.1 TISSUE COLLECTION AND SLICING

Tissue collection and slicing are critical to the spatial integrity of measured molecu-

lar distribution [57]. Inappropriately handling tissue samples in the sample prepa-

ration steps may cause delocalization and degradation of the analytes. A typical 

study may involve samples collected over a lengthy period of time, and standard-

ized procedures are therefore required to minimize experimental variability over the 

time course of the study. Ideally, animal tissues are frozen immediately following 

collection to prevent drug dispersing in tissue. For the analysis, animal tissues are 

sliced to expose the area of interest. Cryostats are normally used as a standard tool 

for slicing frozen tissue to reducing sample contamination [56]. Contamination of 

the tissue surface due to the use of optimal cutting temperature (OCT) polymer as an 

embedding medium for stabilizing the organ specimens should be avoided because 

it would lead to ionization suppression in MALDI–IMS analysis [13,58]. Recently, 

it has been reported that distilled water can be used as embedding medium to over-

come this problem [59]. There are several direct ways to transfer tissue slices to the 

sample plate [56]. First, the frozen tissue slice is gently positioned on the cold target 

plate (approximately −15°C) using an artist’s brush and thaw-mounted onto the plate 

by quickly moving out of the cryostat chamber. Second, the frozen section adheres to 

the MALDI plate held at room temperature. Third, the section is stuck to a double-

sided transparent tape which is then attached to the sample plate. In addition, blot-

ting the tissue onto cellulose or carbon-conducting membranes is an indirect way to 

transfer the sections. Tissue containing drugs subject to photodegradation should be 

maintained in a dark container as much as possible during the processing steps.

11.4.2 MALDI MATRIX APPLICATION

Once the section is mounted to the sample plate with the desired orientation, matrix 

solution is deposited on the tissue surface by electrospray deposition, aero spray, 

or using robotics to deposit small matrix droplets across the tissue surface before 

MALDI analysis [13]. The most common and least expensive devices available for 

applying matrix are hand-held aerosol sprayers or air brushes. The main advantage 

of these devices is that, with careful application, a dispersion of very small droplets 
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of matrix solution can be delivered onto the sample surface to form a homogeneous 

layer of crystals. An alternative to aerosols is the delivery of matrix solution to the 

sample in the form of very small droplets from precision ejectors. Two different 

types of ejectors have been incorporated into such devices: inkjet-style piezo nozzles 

[60] and focused acoustic dispensers [61]. Both designs operate by drop-on-demand, 

producing highly reproducible drops of approximately 1000 pL that dry to form crys-

talline matrix spots of ∼150 μm diameter. Aerosol-generated droplets can be smaller 

in size, but spotting devices offer advantages of droplet uniformity and precision of 

placement, both of which translate into greater control over analyte extraction. High-

resolution images with MALDI–IMS necessitate a uniform coating by the matrix, 

no redistribution of surface analytes and linearity of MALDI signals after matrix 

application. In order to produce a homogeneous crystal layer over the tissue surface, 

spraying multiple coats of matrix across the surface of the tissue is recommended. 

Typically, one coating cycle consists of passing the sprayer two to three times across 

the surface of the tissue and allowing the tissue to dry between cycles. The sam-

ple plate is held vertically about 20–30 cm from the sprayer nozzle. The sample is 

allowed to dry for at least 2–5 min before the next coating cycle to avoid the deposi-

tion of a large quantity of solvent in any one region of the tissue. The combination 

of the spray rate and spray distance should be adjusted to avoid excessive wetting 

of the tissue which could lead to analyte dispersion. This process iterates usually 

more than 10 cycles and serves to redissolve and recrystallize the matrix enhancing 

the incorporation effi ciency of analytes in the crystals. Contaminants such as salts 

and phospholipids in tissues may signifi cantly inhibit cocrystallation resulting in 

low MALDI intensities of the analytes. Some researchers have proposed washing of 

samples with weak organic solvents such as 70% ethanol prior to matrix application 

to eliminate endogenous materials from the native tissue and to improve the crystal-

lization process and the ionization effi ciency for biopolymers [57]. However, this 

is not recommended for small molecule applications because there is a potential of 

altering the spatial integrity of drug-related components on tissues. Washing of tis-

sue samples with water has been reported recently to improve signals and reduce the 

background noise in some circumstances [62].

11.4.3 EXPERIMENTAL CONDITIONS

The selection of matrix and matrix solution conditions such as solvent composi-

tions, pH, and the rates of cocrystal growth can affect the quality of mass spectra for 

both marcomolecules and small molecules [63]. The success of the MALDI–IMS 

applications to an analyte in tissue is strongly dependent on the choice of appropri-

ate matrix materials. The common UV-absorbing molecules (Figure 11.6) used as 

matrices for MALDI analysis are benzoic acid–based components with low molecu-

lar weights (<500 Da) which dominate the low-mass range background for a typi-

cal MALDI–MS spectrum further challenging the advancement of MALDI for the 

analysis of small molecules.

Because of the nature of biological tissues, the growth of crystal is more 

 complicated on tissue than on an inert plate where a small volume of matrix is 

mixed with a neat drug solution. Strong acids such as 0.1% trifl uoroacetic acid 
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(TFA) that are normally added to the matrix solution to assist the protonation of 

proteins have been found to have a marginal effect on the ionization effi ciency for 

small molecules [56]. For small molecules, a higher matrix concentration tends 

to produce better quality of mass spectra. The solvent composition may have a 

substantial effect on the responses of the targeted compounds dependent on their 

effectiveness of analyte extraction and crystal formation. Laser wavelength, fl u-

ence, and spot size on the sample have a strong impact on the desorption/ionization 

process [64]. The MALDI–MS signals of drug-related compounds from tissues 

were detected when the fl uence values were higher than the fl uence threshold which 

is normally greater than those from the neat solution. The relation between laser 

radiation power and the MALDI responses from the tissue surface is dependent on 

the compounds of interest. For clozapine, MALDI–MS signal amplitude improved 

with an increase in laser beam exposure up to around 70 μj and declined steadily 

with higher laser power (Figure 11.7) [21]. For norclozapine, the ion production 

was roughly proportional within an increasing laser exposure range under the same 

experimental conditions.

MALDI imaging resolution is governed by both crystal size and laser diameter. 

Generally smaller crystal sizes yield better imaging spatial resolution. With crystal 

diameters smaller than the laser beam, typically 50–200 μm depending on the instru-

ment, imaging resolution is generally limited to the laser diameter [57]. Acquisition 

times for tissue imaging relies on several instrumental parameters such as spatial 

resolution requirements, the laser repetition rate, spot-to-spot sample repositioning 

transfer time, and data processing. In order to obtain higher resolution (more pix-

els on a given tissue slice), one needs to use longer acquisition times. With current 

instrumentation, it can take several hours to obtain the data for one tissue sample. 

As lasers with faster repetition rates and improved electronics become available, one 

could reduce the acquisition times from hours to minutes [10].

11.4.4 IMAGING DRUGS IN TISSUE SECTIONS BY MALDI

MALDI signals were found to be proportional to the densities of pharmaceuticals 

in tissues although different regions within the same organ section and different 

types of tissues might demonstrate different surface properties (Figure 11.8) [21]. 
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The linearity of analyte responses and the ionization suppression degree due to the 

heterogeneity within a tissue section was addressed by making a calibration curve 

for the semiquantitation of parent drug and its metabolite by depositing several drop-

lets with increasing concentrations on a blank tissue section. Good linearity data 

suggested that the impact of ionization suppression from one location to another 

location within the tissue section is not signifi cant [19,21]. A consistent MALDI 

signal from the matrix outside the tissue section indicated a uniform tissue coating 

by the matrix. Another useful means to evaluate the feasibility of MALDI–IMS 

technique was to map the location of the spiked analytes within a blank tissue sec-

tion. For example, the letters S and P were inscribed by connecting microdroplets 

containing clozapine and norclozapine through a microsyringe, respectively (Figure 

11.9) [21]. The ion transitions from m/z 327 to m/z 192 and from m/z 313 to m/z 192 

for clozapine and norclozapine, respectively, were monitored at discrete spots over 

the entire rat brain section. The MALDI–IMS images of clozapine and norclozapine 

clearly indicated these two letters refl ected on the tissue sections without distortion. 

These experiments suggested that the redistribution of surface analytes after coating 

with the sinapinic acid solution by airspray was minimal. The resulting MS imaging 

distribution of either clozapine or norclozapine was not skewed by overlapping with 

other compound signals.
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function of laser fl uence. (From Hsieh, Y. et al., Rapid Commun. Mass Spectrom., 20, 965, 

2006. With permission.)
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11.5 APPLICATIONS TO DRUG DISCOVERY AND DEVELOPMENT

MALDI–IMS is an excellent tool for visualizing small molecules in tissue sections. 

It is a more attractive option than other imaging modalities requiring labeled analytes, 

such as autoradiography and fl uorescence imaging, because of its molecular speci-

fi city. The application of IMS to drug discovery is particularly appealing because 

it provides the opportunity to detect the localization of a drug and any metabolites 

that differ in mass from the parent drug in one experiment. It has been used to image 

drug distribution in various animal tissues as well as whole body slices.

For small molecules, the CAD fragmentation of the protonated molecules was 

usually performed to reduce or eliminate interference signals from the tissue or 

matrix [21,65–68]. For example, one study that imaged a drug in tissue used a drug 
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ing concentrations from six individual droplets spotted in rat brain tissue slice. (From Hsieh, Y. 

et al., Rapid Commun. Mass Spectrom., 20, 965, 2006. With permission.)
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with a calculated protonated monoisotopic molecular weight that differed from the 

molecular weight of a sinapinic acid matrix cluster ion by less than 0.2 amu [21]. In 

this case, CAD was employed to fragment the drug ion at m/z 695 into a dominant 

fragment ion at m/z 228. The sinapinic acid cluster ion at m/z 695 fragmented into 

noninterfering ions at m/z 246 and m/z 471. Thus, MS/MS was used to localize the 

parent compound in a mouse tumor sample from a mouse dosed at 80 mg/kg.

MALDI–MS imaging was reliable and has been verifi ed with autoradiography 

[21]. Another example using MALDI–MS/MS to image drugs in tissue was a study 

on clozapine levels in rat brain tissue in which results were compared with autora-

diography studies. An autoradiograph taken from a rat brain following dosing with 
3H-labeled clozapine revealed that the drug was distributed throughout the rat brain, 

with the highest concentration in the lateral ventricle (Figure 11.10). A MALDI–MS/

MS image of the clozapine fragment ion (m/z 327 → m/z 192) strongly correlated 

with the autoradiograph, showing the most intense signal in the ventricle area.

The MALDI instrument utilizes a relatively large target plate suffi cient to con-

tain a mouse whole-body tissue slice. Recently, some research teams had extended 
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(a)

(b)

(c)

FIGURE 11.10 (a) Optical images, (b) radioautographic images, and (c) MALDI–MS/MS 

images from the study of rat brain tissue section. (From Hsieh, Y. et al., Rapid Commun. 
Mass Spectrom., 20, 965, 2006. With permission.)
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the applications of MALDI–IMS from an isolated organ tissue to whole-body sec-

tions [59]. Distinguishing drugs from metabolites has been demonstrated using 

MALDI–MS/MS imaging in whole-body rat sections. Olanzapine, an antipsychotic 

drug, was administered at a physiologically relevant dose to 10-week-old rats (given 

orally at 8 mg/kg). The animals were euthanized at 2 and 6 h postdose. Whole-body 

sections were obtained on acetate fi lm tape and mounted onto MALDI plates using 

double-sided conductive tape. MALDI–MS/MS analyses were performed on the 

whole-body sections to detect simultaneously olanzapine (m/z 313 → m/z 256) and 

two metabolites, N-desmethyl-olanzapine (m/z 299 → m/z 256) and 2-hydroxymeth-

yl-olanzapine (m/z 329 → m/z 272). As shown in Figure 11.11, all three compounds 

can be detected in almost all tissues at both 2 and 6 h postdose. Olanzapine was 

detected throughout the body at 2 h, and was present in the target organs, brain and 

spinal cord. However, by 6 h it was signifi cantly decreased in intensity in the brain 

and spinal cord (66% less ion signal). As expected from the results of classical stud-

ies, neither metabolite was detected in the brain or spinal cord. Both metabolites were 

present to a high degree in the liver and bladder. These data were also consistent with 
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FIGURE 11.11 (See color insert following page 210.) Detection of drug and metabolite 

distribution at 2 h postdose in a whole rat sagittal tissue section by a single IMS analysis. 

(A) Optical image of a 2 h post-OLZ dosed rat tissue section across four gold MALDI target 

plates. (B) Organs outlined in red. Pink dot used as time point label. MS/MS ion image of 

OLZ (m/z 256). (C) MS/MS ion image of N-desmethyl metabolite (m/z 256). (D) MS/MS ion 

image of 2-hydroxymethyl metabolite (m/z 272). Bar, 1 cm. (From Khatib-Shahidi, S. et al., 

Anal. Chem., 78, 6448, 2006. With permission.)
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previous autoradiographic data and with the known metabolic pathways of rats [59]. 

This application highlights the ability of the technology to provide unambiguous 

localization information for several small molecules simultaneously.

There are also several successful examples of using MALDI–MS imaging for 

small-molecule analysis of the protonated molecule without CAD fragmentation 

[19,69]. One study used chlorisondamine, a neuronal nicotinic ganglionic blocker, 

and cocaine administered to rats [69]. Both compounds were detected in the brains 

of rats via MALDI–IMS using α-cyano-4-hydroxycinnamic acid (CHCA) and 2,6-

dihydroxybenzoic acid (DHB) as the matrices for chlorisondamine and cocaine, 

respectively. However, MS/MS was employed to confi rm the identity of the proto-

nated ions. Another study was reported by Bunch et al. to map the distribution of a 

xenobiotic substance, ketoconazole, in skin [19]. In this case, the detection of the 

protonated drug compound (along with diagnostic 37Cl isotope signals) enabled 

the drug to be localized on the tissue surface and also localized by depth following 

the analysis of a cross-section.

These studies illustrate that MALDI–MS imaging can be performed in several 

ways to detect small molecules. Care must be taken when using MS to ensure there 

are no interfering peaks from the matrix or from endogenous compounds present in 

the tissue. In addition, the specifi c fragmentation information obtained from MS/MS 

experiments adds a high degree of confi dence in the identifi cation of a signal as com-

ing from the analyte of interest. However, the MS-only mode can give a multiplex 

advantage, in that many signals are detected at the same time from the same pixel. 

Sample preparation procedures, including the choice of matrix, extraction solvent, 

and detection method, must be optimized for each drug because of the wide variety 

of structures, solubilities, and physicochemical properties of drug compounds.

11.6 APPLICATION TO IMAGING OF PHOSPHOLIPIDS

Phospholipids played a very important role in many essential biological functions, 

including cell signaling, energy storage, and membrane structure and function. The 

analysis of lipids is challenging because of the wide molecular diversity of this class 

of compounds and their relative insolubility in aqueous systems. Using multiple 

stages of mass spectrometry [13,70,71], ion species may be unambiguously identifi ed 

depending on how the lipid ion initially fragments. The use of ion mobility (IM) has 

also been reported in conjunction with MALDI–MS as a means to fractionate lipids 

[72–74] (Figure 11.12). In this technique, ions are fi rst separated by IM and then 

analyzed by TOF mass spectrometry. The desorbed lipid ions fall on a trend line that 

is separate from those of oligonucleosides, peptides, proteins, and drugs and metabo-

lites having the same nominal mass. This allows ions originating from lipids to be 

distinguished from other small molecules. In contrast with IMS, imaging IM–MS 

provides several unique advantages [72–74] including (1) the selective imaging of 

isobaric species or structural/conformational subpopulations of the same species on 

the basis of IM; (2) the separation/rejection of undesirable endogenous chemical 

noise; (3) the reduction of ion suppression effects in the source of the TOFMS, by 

temporal IM separation of analytes; and (4) the potential utility for nearly simultane-

ous IM–MS/MS of all analytes at a particular pixel coordinate.
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11.7 CONCLUSIONS

During the past several years, signifi cant progress was made for the MALDI–MS 

imaging technique. It has been proven to be a valuable tool for studying drug distri-

bution in animal tissues. MALDI–IMS is a simple, quick, and molecularly specifi c 

analytical platform that can distinguish small molecules from their metabolites on 
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FIGURE 11.12 (See color insert following page 210.) Imaging IM–MS for mapping 

the spatial coordinates of analytes based on structure and m/z. (a) An optical image of a thin 

coronal tissue section (12 μm) of a rat brain adjacent to the section used for imaging IM–MS. 

The spatial coordinates of the white spot indicated in (a) were interrogated to yield an IM–MS 

molecular profi le as indicated in (b). Lipid imaging of the analytes indicated by the rectangle 
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tissue sections. This technique is still in a very early stage of the development. There 

is a need for the further improvement in instrumentation and sample preparation. The 

use of new ion sources [75], new matrices [76], improved lasers [77], and advanced 

imaging software will improve our current ability to profi le tissues by expanding the 

technological capabilities to decrease analysis time, and to increase sensitivity and 

versatility. The collaboration between analytical scientists and biological scientists will 

result in better experiment design and result interpretation. The potential of MALDI–

IMS is great, and advances in the instrumentation and operating protocols will bring 

new applications and insights into molecular processes involving health and disease.
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12.1 INTRODUCTION

The introduction of matrix-assisted laser desorption/ionization (MALDI) [1–3] in 

the late 1980s ushered in a new era of biological research, allowing large, intact 

biomolecules, primarily proteins, to be analyzed by mass spectrometry (MS) for the 

fi rst time. Building upon this innovation, for the past decade MALDI MS has been 

applied to the direct analysis of proteins and peptides from thin tissue sections [4–6]. 

This type of analysis is advantageous for several reasons, including minimal sample 

preparation requirements, relatively fast analysis, and the analysis of the active pro-

teome complement that is present at a given location and time. One primary advan-

tage of this technology is the ability to spatially map, or image, the distribution of 

any protein or peptide across the entire tissue section.

This ability to combine spatial information with high molecular specifi city is 

unique to MS, and over the past decade MALDI imaging has fl ourished. The goal of 

this chapter is to briefl y summarize the MALDI imaging mass spectrometry (IMS) 

experiment for proteins and biomarkers, to describe seminal research illustrating 

the strengths and versatility of the technique, and to elaborate on current advances, 

examples, and challenges relating to direct protein imaging by MALDI MS. While 
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this technology is currently widely available and new applications and advances are 

continuing to be reported by many researchers, this chapter highlights examples 

from the author’s laboratory.

12.2 MALDI IMS: A BRIEF HISTORY

As was fi rst described in 1997 [4], the application of MALDI MS to the direct analy-

sis of proteins in tissue sections is illustrated in Figure 12.1. The general procedure 

is to obtain a thin section of a sample of interest, apply matrix (which is necessary 

for the MALDI process), and then acquire mass spectra at discrete x-, y-coordinates 

over the entire sample section. Each individual mass spectrum contains signals cor-

responding to proteins (and other endogenous compounds, including peptides, lipids, 

and metabolites) present in the sample at a unique set of coordinates. The intensities 

of any given molecular species may then be plotted as a function of position on the 

sample surface.

In the imaging approach, the technology is a powerful discovery tool, highlight-

ing areas of the tissue where certain proteins are abundant or absent, where proteins 

may colocalize with other proteins, and where proteins may localize in histologically 

well-defi ned areas. In addition, the signals obtained primarily represent the proteins 

as they are found in that region of tissue at that moment of time, including all the pro-

cessing and/or posttranslational modifi cations they have undergone. Indeed, the fi rst 

applications of this technology in the imaging mode showed localizations of proteins 

in well-defi ned and symmetric compartments of mouse brain tissue, as shown in 

Figure 12.2 [6]. Similarly, differential localizations of several proteins, including 

thymosin β4, β actin, and S100A4, were shown in different regions of a section of 

mouse xenograft glioblastoma tumor.

Another way of implementing this technology is in the profi ling mode, which can 

simply be thought of as a low-resolution imaging experiment with high morphological 

Acquire
mass

spectra

Apply
matrix

Droplets
Spray

coating

ImagingProfiling

Laser
+ + +

Laser
+ + +

High density
droplet array
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+ + +

FIGURE 12.1 (See color insert following page 210.) General procedure for MALDI MS 

imaging experiments in profi ling (left side) and imaging (right side) modes.
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specifi city. In this mode, matrix is deposited in discrete locations upon the tissue 

 surface corresponding to areas that are highly enriched in a cell population of inter-

est (normal epithelial cells, areas of surrounding stroma, invasive cancerous cells, 

etc.). Mass spectra are acquired at each spot (so that the spectra are still linked to a 

location on the tissue surface), but the analysis is more typically a biostatistical anal-

ysis where protein profi les or signatures are compared between and among different 

regions, often with the goal of discovering biomarkers that can be used in diagnostic 

and/or prognostic analyses. In many cases, both imaging and profi ling experiments 

are undertaken on the same samples, thus generating complementary data that, for 

example, visually show the location of statistically signifi cant biomarkers.

The fi rst applications of the profi ling approach involved human lung cancer [7] 

and human brain cancer (glioma) [8,9] samples. In both cases, groups of signals 

obtained from cancerous tissues were found to be signifi cantly different from sig-

nals obtained from noncancerous tissues, and different statistical algorithms were 

utilized to successfully distinguish cancer from noncancer and to classify subtypes 

of tumors.

12.3  TECHNOLOGY DEVELOPMENTS: DATA ACQUISITION 
AND PROCESSING

In the decade since its inception, many signifi cant advances have occurred to 

make the MALDI imaging process more widely available, more automated, and 

more robust. These improvements involved more sophisticated sample preparation 

(a) (b)

0%

(c) (d)

FIGURE 12.2 (See color insert following page 210.) One of the fi rst examples of mass 

spectrometric images of proteins in a mouse brain section. (a) Optical image of the tissue 

section mounted on a gold-coated plate. (b) m/z 8528 in the regions of the cerebral cortex and 

the hippocampus. (c) m/z 6716 in the regions of the substantia nigra and medial geniculate 

nucleus. (d) m/z 2564 in the midbrain. (Reproduced from Stoeckli, M. et al., Nat. Med., 7, 

493, 2001. With permission.)
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methods as well as commercial instrumental and software improvements. In  general, 

MALDI  imaging may be performed on any mass spectrometer equipped with 

a MALDI source, but realistically some type of software improvements are neces-

sary to  facilitate data acquisition. Indeed, the fi rst images were generated via manual 

control of the sample stage where data acquisition took ∼1 min/pixel. Figure 12.3a 

shows an example of an “image” of rat pancreas tissue taken before any image gen-

eration or processing software was available. It shows a graphical representation of 

the location of the signal intensity at m/z 5802 (insulin) along a linear coordinate.

Thus, the fi rst improvement was a software program written in-house (MS 

Image Tool) to automate instrument control, data sampling, and data processing 

[10]. This improved data acquisition times to ∼1 s/pixel or better. Currently, soft-

ware to automate image acquisition and perform some image processing is com-

mercially available from several MS instrument vendors, including FlexImaging 

from Bruker Daltonics, ImageQuest from Thermo Scientifi c, MassLynx from 

Waters, and oMALDI server [11] and TissueView from Applied Biosystems/MDS 

Sciex. These tools allow the user to specify instrumental parameters such as spa-

tial resolution, laser shots per spot, and pixel coordinates, as well as provide some 

data processing and image generation capabilities. Along with higher frequency 

lasers and faster electronics, these software packages allow for imaging times on 

the order of 10–100 ms/pixel (depending on desired resolution and sensitivity). An 

example of an image acquired using current technology of similar tissue (human 

pancreas) is shown in Figure 12.3b. Clearly, advances in the imaging process are 

visible, as the expression of insulin (m/z 5808) is more accurately visualized as part 

of the tissue section.

Optical image

(b)
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MS image
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FIGURE 12.3 (See color insert following page 210.) Technological developments have 

facilitated the development and processing of MALDI image data. (a) Rudimentary “image” 

of an area of rat pancreas tissue, 450 × 75 μm. The reconstructed ion image at m/z 5802 

shows the presence of insulin in an islet while the image at m/z 6500 serves as a control. 

(Reproduced from Caprioli, R.M. et al., Anal. Chem., 69, 4751, 1997. With permission.) (b) 

Software developments allowed this image of human normal pancreas tissue (adjacent to 

tumor) to be obtained. From top to bottom: optical image of the tissue section, H&E stained 

section, and MALDI MS image of insulin (m/z 5808) visualized with Biomap software 

obtained at 150 × 150 μm resolution. Insulin is clearly visualized within many islet cells.
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In addition, several software programs are freely available to assist with the 

imaging process, including BioMap from Novartis [12] (which is an image process-

ing program for use on any data set that has been transformed into the Analyze 

fi le format), CreateTarget and Analyze This! [13] (which work with Bruker instru-

ments to create custom geometry fi les and to export data into the Analyze format for 

further analysis with BioMap), and Axima2Analyze (converts data from Shimadzu 

Axima QIT instruments to Analyze format). These software packages primarily 

assist with image generation and data processing, and are currently available for 

download from the Mass Spectrometry Imaging interest group website (http://www.

maldi-msi.org).

In the interest of generating a “universal” tool that can be used to analyze MS 

data acquired from any one of the various MS instruments commonly used for pep-

tide and protein analysis (often with their own proprietary data fi le structure), the 

Human Proteome Organization (HUPO) has proposed creating a standard format 

for MS data, called mzML (building on a previous version, mzXML) [14]. A new 

imaging software package has been developed to take advantage of the XML for-

mat, MITICS [15], which serves to both control image data acquisition on Applied 

Biosystems MALDI-TOF Voyager series instruments (MITICS Control) and provide 

for data processing and image reconstruction in the XML format (MITICS Image). 

An extension of the standard MS data format, called i-mzML (http://www.i-mzml.

org), for imaging data has also been proposed. This trend toward making all imaging 

data available in one standard format will assist in image evaluation and validation 

between and among different acquisition platforms and should allow further devel-

opment of the technology to progress more rapidly.

12.4 TECHNOLOGY DEVELOPMENTS: AUTOMATION

In addition to the increased availability of image-specifi c software packages, there 

are a number of tools now commercially available that are designed to automate vari-

ous aspects of sample preparation. The ultimate goal for imaging applications is to 

acquire images that accurately show the distribution of proteins while maintaining 

spatial integrity. The requisite addition of a matrix to the tissue section, typically as a 

solution, introduces the possibility of analyte delocalization as analytes may be solu-

bilized by the matrix solution and migrate over the surface of the tissue section. Two 

instruments are now commercially available that enable automated spray-coating 

of matrix on tissue sections. Bruker Daltonics manufactures the ImagePrep system, 

which nebulizes small amounts of matrix solution and allows the “mist” to fall onto 

a tissue section mounted on a glass slide. By monitoring the transmission of light 

through the glass slide, the instrument can estimate the relative “wetness” of the 

matrix coating, and optimize the timing for future coats of matrix. The TM-Sprayer 

by LEAP Technologies [16] utilizes a spray nozzle to create a fi ne mist of matrix, 

which is deposited on the sample plate as it is moved in an x, y pattern under the 

spray nozzle. One recent report also describes the use of a commercial desktop inkjet 

printer for automated matrix deposition [17]. This approach provides a less expensive 

alternative to the commercially available robotic sprayers and accommodates the 

possibility of using multiple solvents.
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The ultimate goal of these robotic instruments, as with manual spray-coating, is 

to generate a thin, homogeneous coating of matrix crystals over the tissue surface 

while maintaining the spatial integrity of the solubilized proteins. Automating the 

process should make it more reproducible and thus improve the quality of the images 

produced.

12.5 TECHNOLOGY DEVELOPMENTS: SAMPLE PREPARATION

Apart from automating the matrix application process, it is critical to evaluate the 

resulting matrix crystals and coating for analyte extraction, localization, and effect 

on tissue architecture. Several reports have shown that even for standard analytes 

mixed with matrices, there is an uneven distribution of the analyte within the MALDI 

crystals and that sample preparation infl uences the resulting distribution [18–20]. 

Thus, other active areas of research are focused on optimizing matrix application 

and sample preparation protocols.

For example, one way to avoid solvent-induced analyte delocalization is to apply 

matrix without any solvent. Two groups have explored this approach, one using subli-

mation to apply matrix to tissue sections [21], and the other using fi nely ground pow-

dered matrix applied through a sieve [22]. Both of these approaches were evaluated 

on mouse brain tissue and were found to produce homogeneous coatings consisting 

of fi ne microcrystals (<20 μm). Relatively high-resolution images (∼30–100 μm) were 

acquired from various phospholipids present in the brain tissues illustrating high 

degrees of analyte localization within various substructures. An example of the DHB 

crystals obtained after dry-coating DHB on brain tissue is shown in Figure 12.4a, 

along with representative images of phospholipids obtained from spray-coating and 

dry-coating mouse brain sections (Figure 12.4b). While these results are very prom-

ising for lipids, the applicability of these techniques to larger, more polar analytes, 

including peptides and proteins, is yet to be fully examined.

Another approach to matrix application is to robotically deposit small (pL to nL) 

droplets of matrix on discrete areas of the sample surface. When the droplets are 

deposited as arrays over the entire tissue surface, mass spectra can be acquired at 

each matrix spot and reconstructed into an image. In this case, potential analyte 

delocalization is limited to the area under the matrix spot, typically ∼100–250 μm 

with commercially available spotters (e.g., Portrait 630 by Labcyte [23], ChIP by 

Shimadzu, TM iD by LEAP Technologies). This approach is fundamentally a 

trade-off between spatial integrity and resolution, because what limits resolution in 

most cases is the diameter of the laser beam, which is typically much smaller than 

the diameter of the matrix spot (on the order of 30–50 μm). Samples prepared by 

spray-coating, either manually or robotically, may be imaged at the diameter of the 

laser beam, but may not have maintained analyte localization throughout the spray 

process.

Another goal of matrix application, important to diagnostic samples, is the pres-

ervation of tissue integrity for subsequent histological analysis. Classical histological 

techniques usually involve immersing the tissue in a solution, such as formalin or 

ethanol, to fi x the proteins while maintaining cellular structure. Formalin works by 

crosslinking proteins, and thus is not readily compatible with MALDI MS analysis, 
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although some work has been done with samples fi xed in this way using alternative 

approaches [24]. (This will be discussed in more detail in the application section.) 

Implementing solvent rinses as a means to improve peptide and protein sensitivity 

for MALDI IMS presupposes that the solvent will rinse away compounds on the tis-

sue surface, primarily salts and lipids, that compete for protons or otherwise inhibit 

protein cocrystallization and/or ionization. However, any time the tissue is immersed 

in a liquid, the possibility exists fi rst that analytes of interest may be soluble in the 

rinsing solvent and thus be extracted and lost, and second that soluble analytes may 

be extracted and redeposited elsewhere on the tissue surface, thus inducing delo-

calization. Methodology development must incorporate a full investigation of these 

effects prior to the implementation of any washing protocol, and it must be kept in 

mind that the washes may behave differently on different tissue surfaces (i.e., liver 

vs. brain vs. tumor). Nonetheless, different rinses and fi xation protocols have been 

described by several groups and by and large have been shown to improve MALDI 

sensitivity for peptides and proteins while maintaining tissue architecture and pre-

serving the tissues over time [25–29].

First reported as a method to improve the crystal coverage and crystal formation 

of α-cyano-4-hydroxycinnamic acid (CHCA) on tissues, largely due to the removal 

of surface salts and lipids [29], further studies have systematically investigated the 

tissue fi xation properties of various organic solvent rinses [26,27]. Lemaire et al. 

[27] developed a tissue-washing procedure based on organic solvents typically used 

for lipid extraction. Using rat brain sections as the standard tissue, they compared 

MALDI signals in the protein range with and without rinsing the tissue with different 

organic solvents, including chloroform, hexane, acetone, toluene, and xylene. They 

found a 44% increase in the number of signals detected (m/z >3000) in tissue rinsed 

(a)

(b)

Spray coated

2 mm 375 μm

Dry coated

FIGURE 12.4 (See color insert following page 210.) Developments in sample prepara-

tion have led to matrix coating procedures that induce minimal delocalization. (a) Scanned 

optical image of a dry-coated sagittal mouse brain section on a gold-coated MALDI plate, 

with a 4× magnifi cation of the DHB layer shown on the right. (b) Comparison of phospho-

lipid images obtained from a sagittal mouse brain either spray-coated (middle) or dry-coated 

(right) with DHB. (Adapted from Puolitaival, S.M. et al., J. Am. Soc. Mass Spectrom., 19, 882, 

2008. With permission.)
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with xylene and a 34% increase in tissue rinsed with chloroform compared to control 

(untreated) tissue, as well as an increase in overall signal intensity. A decrease in the 

standard deviation was observed for all solvents tested. Tissue cellular structure was 

determined with optical microscopy and immunohistochemistry to be intact after 

rinsing with no notable delocalization of proteins.

Imaging experiments in both the peptide and protein range were undertaken with 

rat brain sections at least 6 months old prior to analysis [27]. Two adjacent sections 

were obtained, one was left untreated and the other was rinsed with chloroform. 

Sinapinic acid was applied as the matrix for protein imaging. For older tissues it 

was diffi cult to recognize brain structures without any treatment, but after rins-

ing the structure became apparent. The signal obtained for a relatively high mass 

protein at m/z 14,306 showed an increase in intensity after chloroform rinsing com-

pared to the untreated section. Visualizing the spatial localization of the protein 

was thus enhanced after chloroform rinsing. The authors concluded that treatments 

with these organic solvents improved the detection and sensitivity of proteins via 

lipid removal without generating any peptide or protein delocalization. They also 

noted however, that there was not a reduction of salt adducts as has been shown with 

alcohol rinses.

Seeley et al. also systematically evaluated a series of organic solvents for the 

effects on protein signals from tissue using rat liver tissue as a model [26]. Alcohol 

treatments (ethanol, methanol, isopropanol) were evaluated in addition to lipid 

removing solvents (chloroform, xylene, toluene, hexane). In this case the goal was 

to determine the overall effect on protein signal after rinsing (number of signals, 

signal intensity) as well as tissue preservation, that is, how long after sectioning/

rinsing/matrix application could the tissue be analyzed with minimal disruption to 

the signals. Similar to Lemaire, they found increases in both the number of protein 

signals and the signal reproducibility after most washes (except acetone) compared 

to the untreated control. They also reported that overall signal intensity and quality 

was maintained with no signifi cant deterioration after washing with isopropanol for 

up to 1 week. Ethanol and isopropanol were also found to leave the tissues virtually 

indistinguishable from untreated tissues after histological staining, thus indicating 

no disruption of tissue architecture [26].

Pathologists use staining to enhance contrast between cellular regions on tissue 

sections to diagnose clinical specimens, with hematoxylin and eosin (H&E) being 

a common staining protocol. Combining this histological information with MALDI 

analyses of protein expression is quite powerful for biomarker discovery, because the 

cellular location of specifi c biomarkers can be assessed. However, this is typically 

accomplished using serial sections of a given tissue specimen because common stain-

ing protocols, such as H&E, have been found to compromise the MALDI signal [30]. 

Alternative staining protocols were thus evaluated in order to develop a protocol that 

could be used both for histological assessment and for MALDI MS. Toluidine blue, 

nuclear fast red, methylene blue, Terry’s polychrome, and cresyl violet were applied 

to mouse liver sections in either water- or ethanol-based solvents [28]. Excess stain 

was removed with ethanol washing, and the resulting stained tissues were evaluated 

both for optical detection of cellular features and for the resulting MALDI spec-

tra after matrix application. In this case, MALDI signals from methylene blue and 
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cresyl violet were similar to control (ethanol washed) tissue, in terms of number of 

signals and signal intensity. It was also shown that cresyl violet offered high nuclear 

to cytoplasm contrast necessary for adequate histological analysis of cancer tissue 

[28]. This analysis allows for MALDI IMS and histological analysis to be performed 

on the same tissue section instead of serial sections, which can eliminate any errors 

associated with sectioning and is valuable for very small clinical diagnostic speci-

mens, such as needle biopsies.

Agar et al. also investigated histology-compatible tissue preparation protocols for 

MALDI IMS [25]. In this case, they modifi ed several established immunohistochem-

istry protocols to include dissolved MALDI matrices in the solvent rinses, and they 

examined the resulting tissue architecture and MALDI protein signals using mouse 

brain tissue as a model. They found an ethanol/methanol/acetonitrile/0.1% trifl uoroa-

cetic acid (in water) mix in a 2:2:1:1 ratio containing 25–30 mg/mL of matrix resulted 

in the best MALDI signal (in terms of number of signals and S/N of the resulting 

signals) while minimizing diffusion of proteins and tissue deformation. Again, this 

protocol would allow one single tissue section to be stained, visually examined for 

histological features, and then subjected to MALDI IMS analysis where the resulting 

protein images could be directly correlated with tissue architecture.

12.6 EXAMPLES AND APPLICATIONS

MALDI MS offers the ability to discretely analyze the proteomic composition of 

many well-defi ned substructures in various tissues, without the need for dissection, 

extraction, or homogenization. It has thus been used as a tool for the study of normal 

development [31] and of many varied pathological processes, used in a targeted or 

nontargeted approach. A wide variety of tissues, both animal and human, includ-

ing brain [6,12,25,28,31,32], liver [26,28], kidney [33,34], eye [35], pituitary [36], 

pancreas [4], prostate [37], colon [5], and breast [38] have been analyzed using this 

methodology. Analyses of whole-body animal sections, rat or mouse, have also been 

described [39–41]. Pathological conditions, such as cancer [6–9,24,26,38,42–47], 

Parkinson’s disease [48,49], Alzheimer’s disease [12], diabetes, tuberculosis, pre-

term labor, and heart disorders have been examined. These lists are not meant to be 

inclusive, and certainly with time the kinds of tissues and conditions examined will 

expand. Rather, this chapter aims to highlight several applications that illustrate the 

unique capabilities and versatility of the MALDI IMS experiment.

12.6.1 APPLICATIONS TO DEVELOPMENT AND DISORDERS

The study of Parkinson’s disease is often done in animal models where one side of 

the brain is lesioned, generally via administration of a chemical, such as 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP) or 6-hydroxydopamine (6-OHDA), that 

disrupts the dopaminergic pathway. Differences in protein expression between the 

lesioned and unlesioned sides of the brain have been analyzed via MALDI MS. One 

study revealed signifi cantly decreased levels of Purkinje cell protein 4 (PCP-4 or 

PEP-19) in the striatum of MPTP-lesioned mice compared to control [48]. This result 

was in agreement with data acquired from a variety of other analytical techniques, 
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including liquid chromatography–tandem mass spectrometry, high-resolution MS, 

and in situ hybridization. In a more recent study, the same group used a targeted 

approach to evaluate the distribution and relative quantitation of the immunophi-

lin FKBP-12 in the striatum of 6-OHDA-lesioned rats [49]. MALDI MS profi ling 

revealed increased levels of intact FKBP-12 (m/z 11,791) in the dorsal and middle 

part of the dopamine-depleted striatum, but no difference in the level of FKBP-12 in 

the ventral part compared to the striatum in the intact hemisphere of the brain. These 

results were also supported by data from Western blotting and two-dimensional (2D) 

gel electrophoresis.

MALDI IMS was recently utilized to examine embryo implantation in mice [50]. 

A comprehensive understanding of the spatial and temporal changes that occur in the 

uterine environment prior to and during embryo implantation has yet to be realized. 

Successful implantations are necessary for successful pregnancies, so understanding 

the reasons for implantation failure has important ramifi cations for understanding 

and potentially treating some causes of infertility. However, because the biochemi-

cal events surrounding implantation are quite complex, with the roles and expres-

sions of a large number of gene products remaining poorly understood during this 

process, this is an analytically challenging task. In addition, these implantation sites 

are approximately 2 mm in diameter, necessitating an analytical technique capable 

of high-resolution analysis. MALDI IMS allowed the authors to analyze hundreds 

of proteins involved in various biochemical processes during the peri-implantation 

period, and thus provide unique proteomic snapshots of implantation and interim-

plantation sites.

Implantation and interimplantation sites were excised from dissected mouse 

uteri on several days postimplantation and prepared for MALDI MS analysis. 

Profi ling experiments were undertaken where matrix was deposited on discrete 

morphological areas of the tissue, and proteomic signatures were recorded. It was 

determined that 50 signals were signifi cantly changed in the uterus due to the pres-

ence and proximity of the embryo [50]. Imaging experiments were subsequently 

undertaken, and the resulting images for several of the statistically signifi cant 

proteins, including calcyclin and ubiquitin, are shown in Figure 12.5. As shown, 

both the location and expression of the proteins changes as a result of time (days 

5, 6, or 8 after implantation). The imaging results are in good agreement with the 

profi ling results and mRNA localizations as determined by in situ hybridization 

(Figure 12.5).

MALDI IMS was further used to examine the proteomic profi les of wild type 

and Pla2g4a null mice, which have known defects in implantation and experience 

implantation delays. The results of these studies suggest that proteome signatures 

are different between wild type and Pla2g4a null mice, which may help distinguish 

which proteins are critical for on-time implantation, which leads to more positive 

pregnancy outcomes.

The evolution of protein expression during normal mouse prostate development 

was examined with MALDI IMS technology [37]. In this case, protein expression 

and spatial localization was followed as a function of lobe specifi city and age: dur-

ing organ development (1–5 weeks), at sexual maturation (6 weeks), and as adult 

(10, 15, or 40 weeks). In addition, the protein signatures from normal development 
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were compared to 15 week prostate tumors. Several protein signals were found 

to be uniquely expressed during the very early time points, such as m/z 4937 and 

m/z 4965 (consistent with the molecular weights of thymosin β 10 and 4, respec-

tively), suggesting these proteins may play a role in early prostate development. In 

contrast, signals identifi ed as probasin and spermine-binding protein (SBP) were 

increasingly detected as the prostate sexually matured. Most proteins showing this 

trend were absent in the tumors, indicating that normal protein synthesis was inter-

rupted as the cells dedifferentiated. In addition, numerous signals were found to 

be lobe-specifi c.

One of the strengths of this technique is the ability to identify posttranslationally 

modifi ed proteins by following a change in mass. In this study, the authors reported 

a change in the proportion of α-N-acetylated (m/z 17,882) and nonacetylated (m/z 

17,840) cyclophilin A (Cyp A) between the normal prostate and prostate tumors. 

(The identity of Cyp A was confi rmed by HPLC separation, MALDI MS peptide 

fi ngerprinting, and MS/MS analysis). These results were confi rmed by Western blot-

ting and immunohistochemical analyses [37].

Ubiquitin

Calcyclin

Calgizzarin
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FIGURE 12.5 (See color insert following page 210.) Imaging MS shows spatial localiza-

tion for selected proteins of interest on days 5, 6, and 8 of pregnancy. Spatial localization of 

(a) ubiquitin, (b) calcyclin, and (c) calgizzarin by imaging MS (upper panels) and respective 

mRNAs by in situ hybridization (lower panels) in the implantation site (IS) or interimplan-

tation site (inter-IS) of the mouse uterus. Bar, 700 μm. (Adapted from Burnum, K.E. et al., 

Endocrinology, 149, 3274, 2008. With permission.)
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12.6.2 THREE-DIMENSIONAL IMAGING

The ability to localize biomarkers in three dimensions using MALDI imaging MS 

is an emerging approach for the analysis of protein profi les in organs. The initial 

proof-of-principle study optically registered 264 coronal mouse brain sections 

(20 μm thick) spanning the area of the corpus callosum to a stereotaxic coordinate 

system to produce a three-dimensional (3D) volume [32]. MALDI protein profi les 

were obtained on 10 of the 264 sections, which were approximately 400–500 μm 

apart, and the protein data inserted into the 3D volume. Thus, the distribution of any 

protein signal could be visualized not only within each coronal brain section but also 

over the entire 3D structure. Additional studies of 3D imaging have recently been 

reported for the rat brain model. The colocalization of not only proteins but also pep-

tides or small endogenous or exogenous compounds were assessed in a 3D space.

One of the strengths of the MALDI MS technique for biomarker discovery is that 

many different types of compounds can be analyzed on a single analytical platform. 

This unique feature was utilized in a study examining the distribution of proteins 

and peptides in the same 3D volume from the substantia nigra and interpeduncular 

nucleus [51]. For this analysis, two series of adjacent sections were cut every 200 μm 

throughout the rostrocaudal axis of the rat midbrain. One section was coated with 

sinapinic acid as matrix for protein analysis and the other with DHB for peptide 

analysis. The matrix was spotted using a robotic matrix dispenser in an array with 

200 μm spacing in both the x- and y-directions. As the sections were acquired every 

200 μm (the z-direction), a single voxel consisted of the intensity of any m/z signal at 

one 200 × 200 × 200 μm point in 3D space. The small distance (12 μm) between adja-

cent sections taken for protein and peptide analyses was determined to be roughly 

the size of one medium-sized neuron, and thus negligible in terms of shifting the 

morphology in the regions, compared to the large 200 μm distance between points 

in 3D space. Similar to the initial experiment, a 3D volume of the analyzed brain 

area was constructed based on registering anatomical features, and the protein and 

peptide data were inserted into the 3D volume. Figure 12.6 illustrates the process 

from intrasection registration of the MALDI images with the matrix spots (Figure 

12.6a), to creation of the 3D volume (Figure 12.6b), to the visualization of unique 

peptides and proteins in the same 3D space (Figure 12.6c). The results showed sig-

nifi cant overlap for the peptide substance P (m/z 1347.8, shown in green) and the 

protein PEP-19 (m/z 6717, shown in purple) in the substantia nigra, while differential 

localization was observed in the interpeduncular nucleus [51].

Extending the visualization of proteins in three dimensions, another recent study 

attempted to integrate the 3D representation of MALDI MS protein data with 3D 

data acquired from another imaging modality, namely, magnetic resonance imag-

ing [44]. This study utilized a mouse with a brain tumor, where the whole mouse 

head was subjected to MRI imaging on a 7T magnet, after which the mouse was 

sacrifi ced and frozen. Sequential cryosectioning for subsequent MALDI analysis 

was then performed, with high-resolution digital images acquired for each block-

face section. In this case, the 3D volume recreated from the blockface images was 

coregistered to the magnetic resonance volume of the mouse’s head. Due to the fact 

that the brain is surrounded by bone, minimal deformations occurred to the brain 
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Substance P PEP-19 Overlay

(a)

(b)

(c)

D

V

P

A

SN
M

Hip
Ctx

FIGURE 12.6 (See color insert following page 210.) 3D volume reconstructions of 

one  peptide and one protein as detected by MALDI IMS of the rat ventral midbrain. (a) 

Intrasection registration of pixelated IMS images is performed so that each individual pixel 

matches its matrix deposit. (b) The intersection registration uses cresyl violet stained images 

to create a z-stack for alignment using Amira software. The 3D surface reconstructions of 

cortex (Ctx), hippocampus (Hip), midbrain (M), and substantia nigra (SN) visualize the 

alignment. The box outlines the volume analyzed by MALDI IMS. (c) MALDI IMS images 

of substance P (m/z 1347.8 [M + H]+) and PEP-19 (m/z 6717 [M + H]+) were registered using 

the same factors obtained for intra- and intersection registration. Virtual z-stacks were cre-

ated in Image J  software and 3D volume reconstructions of substance P and PEP-19 were 

rotated for frontal and dorsal views (top and bottom rows, respectively). Overlap of substance 

P and PEP-19 localization was assessed by combining z-stacks. Differential localization was 

observed in the interpeduncular nucleus. Anterior (A), posterior (P), ventral (V), dorsal (D). 

Scale bars, 2 mm. (Reproduced from Andersson, M. et al., Nat. Methods, 5, 101, 2008. With 

permission.)



368 Using Mass Spectrometry for Drug Metabolism Studies

during processing, so a relatively simple registration was required. Ion volumes 

were  created for two proteins, the astrocytic phosphoprotein Pea 15 (m/z 15,035) 

and fatty acid-binding protein 5 (Fabp5, m/z 15,076) obtained from the MALDI 

data and rendered against the MRI data. These results showed the feasibility of 

correlating in vivo anatomical imaging with spatially resolved ex vivo molecular 

imaging. This is quite promising for biomarker discovery, as functional information 

from in vivo studies, such as tumor angiogenesis, can be directly correlated with 

molecular signatures from these areas.

12.6.3 MARKERS OF TOXICITY AND INFECTION

MALDI MS has been utilized as part of a new strategy to investigate potential mark-

ers of toxicity. The kidney is often the major site of drug toxicity because it serves 

to fi lter and excrete exogenous compounds from the body. Nephrotoxicity is usu-

ally reversible if detected early so the toxicant can be discontinued, however early 

detection is not always straightforward [52]. Such early detection would have ben-

efi ts in both the clinical setting as well as drug discovery. In one study, the known 

nephrotoxicant gentamicin was administered to rats for seven consecutive days [33]. 

Sections were acquired from kidneys from both control and gentamicin treated rats, 

and proteomic profi les and images were acquired. Differential protein expression 

was observed within the normal kidney that distinguished the substructures of the 

kidney, with unique signals expressed in the cortex, medulla, and papilla.

The gentamicin-treated kidneys showed differential expression of a number 

of signals compared to controls, mostly in the cortex, consistent with the known 

action of gentamicin. This correlated well with H&E stained sections, where the 

treated sections showed clear epithelial degeneration and regeneration in the proxi-

mal tubules. The most signifi cant signal at m/z 12,959 was highly upregulated in 

the treated cortex but not detectable in the control (Figure 12.7). This signal was 

identifi ed as transthyretin, a blood transporter protein. This result was confi rmed 

by Western blotting and immunohistochemical staining. Several other signals were 

found to be differentially expressed in treated vs. control kidneys, and the use of IMS 

enabled the localization of the affected proteins. For example, a signal at m/z 8242 

was found to be present throughout the cortex and medulla in the control kidney, but 

depleted only in the cortex after gentamicin treatment. Further studies are required 

to discover whether transthyretin is a general marker for kidney toxicity, a marker 

for proximal tubule damage, or is specifi c for gentamicin or aminoglycoside-induced 

toxicity. Nonetheless, this result is promising and provides additional information 

not obtainable by conventional 2D gel electrophoresis analysis of kidney homoge-

nates [53] or plasma samples [54].

Understanding the molecular events underlying the immune response to infection 

may lead to the design of better antimicrobial agents, a task that grows more urgent 

as more bacteria become resistant to current treatments. MALDI MS was utilized 

to examine host factors that limit microbial growth in abscesses in a mouse model 

of Staphylococcus aureus infection [34]. An initial imaging experiment comparing 

kidneys from control mice and mice infected with S. aureus revealed high signals 

from a protein at m/z 10,165 that was localized to the abscesses. This signal was 
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subsequently identifi ed as S100A8 (calgranulin A). Other imaging experiments also 

revealed a signal at m/z 12,976 that colocalized with S100A8 in the abscesses of 

infected kidneys. This protein was identifi ed as S100A9 (calgranulin B). These two 

proteins make a functional heterodimer, calprotectin, which is a calcium-binding 

protein known to inhibit the growth of many bacterial pathogens. It was further 

shown that the proteins are only present in the abscesses in immunocompetent (neu-

trophil-replete) mice. A more thorough investigation of how calprotectin exerts its 

antibacterial activity determined that calprotectin likely starves the bacteria of the 

metal ions (Ca2+, Mn2+, Zn2+) that S. aureus needs to survive [34].

12.7 NEW APPROACHES

A limitation of protein technologies is the relatively small subset of proteins that are 

readily amenable to detection (typically small proteins <50,000 Da, soluble proteins, 

and relatively abundant proteins). One approach to making this technology more suit-

able for other types of compounds, such as membrane proteins or mRNA, is the use 

of reporter tags. This strategy can be used to analyze compounds not generally ame-

nable to MALDI, to multiplex the analysis of such compounds [55] (i.e., label sev-

eral compounds with reporters of different mass so they may all be analyzed in one 

experiment), or to amplify the signal obtained from a low abundance analyte [56].

A recent report describes the use of MALDI profi ling (untargeted) followed by a 

targeted imaging approach, to determine biomarkers for ovarian cancer [46]. In this 

study 25 late-stage ovary carcinomas and 23 benign ovaries were analyzed using 

MALDI MS. One putative biomarker was found in ∼80% of the ovarian cancer sam-

ples at m/z 9744. This signal was subsequently identifi ed as a fragment of the 11S 

proteasome activator complex, Reg-alpha. Western blotting and immunocytochemi-

cal studies were carried out to validate the specifi c presence of this protein in can-

cer samples compared to benign ovaries. Finally, a targeted imaging experiment 

was carried out, with a primary antibody to Reg-alpha applied to the carcinoma tis-

sue. The primary antibody was associated with a secondary antibody that had been 

modifi ed with a photocleavable linker and a reporter peptide. MALDI analysis of 

this tissue section detected the reporter peptide at the sites that were occupied by the 

anti-Reg-alpha primary antibody. These results correlated well with the untargeted 

MALDI imaging experiment showing the localization of the fragment at m/z 9744. 

Taken together, these fi ndings support the 11S proteasome activator complex as a 

potential biomarker of ovarian cancer.

Another approach is to digest proteins directly on tissue sections and then analyze 

the resulting peptides. This technique can make peptides from insoluble membrane 

proteins or high molecular weight, low abundance proteins available for analysis, and 

it can provide a built-in validation, as all peptides from the same protein should have 

the same distribution. This was recently demonstrated for proteins in rat brain tissue 

[57]. For example, tryptic fragments from the higher molecular weight proteins actin 

(41 kDa), tubulin (55 kDa), and synapsin-1 (74 kDa) were all identifi ed using in situ 

tryptic digestion on a single tissue section. The distribution of one tryptic peptide 

from synapsin-1 (m/z 1496.75) is shown in Figure 12.8. In addition, this approach can 

also be a means to profi le formalin-fi xed tissue specimens whose native proteins have 
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been crosslinked by the formalin fi xation. This approach has tremendous potential, 

given the vast stores of archived samples in tissue banks that have been fi xed in this 

manner. There are several reports describing the use of immunohistochemical anti-

gen retrieval methods for more general proteomic profi ling studies [58–60]. These 

results suggest that it is possible to extract proteomic identifi cations that are similar 

to those obtained from fresh frozen tissues.

One example of using on-tissue digestion for formalin-fi xed tissue analysis was 

recently reported [24]. In this application, tissue microarrays (TMA) were created 

by embedding formalin-fi xed needle core biopsies from lung tumor patients in par-

affi n blocks. Analysis of TMAs allows for hundreds or thousands of samples to be 

processed together in a high-throughput approach. Analyzing TMAs by MALDI 

IMS offers the additional advantage of molecular and spatial specifi city. The TMA 

described in this paper contained 100 duplicate needle core biopsies from 50 patients 

diagnosed with nonsmall-cell lung cancer (NSCLC) and 10 adjacent normal lung 

tissue samples.

On-tissue digestion was performed on a section of the TMA to generate diag-

nostic peptides from the formalin-crosslinked proteins. After digestion, matrix was 

applied and spectra were acquired from all biopsy samples in one MS run. A serial 

section of the TMA was acquired for H&E staining and histological examination 

by a pathologist. Spectra were classifi ed according to the histological area they 

were obtained from, and statistical analyses were carried out to develop classifi -

cation algorithms to predict which biopsy correlated to which diagnosis (specifi -

cally adenocarcinoma or squamous cell carcinoma). The analysis is illustrated in 

Figure 12.9. As shown, the statistical classifi cation made by the support vector 

machine (SVM) of four biopsies is in agreement with the diagnosis made by the 

pathologist. This model classifi ed adenocarcinoma spectra with an accuracy of 

97.9% and squamous cell carcinoma with an accuracy of 98.6%. This approach 

combines histology-directed protein profi ling with a visualization of the statistical 

results on hundreds of samples at once. While much work still needs to be done in 

terms of validation and analysis of fresh frozen samples, the potential of using this 

High

Low

FIGURE 12.8 (See color insert following page 210.) On-tissue digestion aids the detec-

tion of high-molecular-weight species. Distribution of ion detected at m/z 1496.75 correspond-

ing to a tryptic peptide of the 71 kDa protein, synapsin I. (Reproduced from Groseclose, M.R. 

et al., J. Mass Spectrom., 42, 254, 2007. With permission.)
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technology as a fast, high-throughput, objective tool for the rapid diagnosis of lung 

tumor biopsies is enormous.

12.8 CONCLUSIONS

The use of MALDI IMS for protein analysis and biomarker discovery has been 

described. In the relatively short time that this technology has been around, it has 

enjoyed rapid and widespread use. Unparalleled as a discovery tool, MALDI IMS 

can simultaneously show the location and state of hundreds of proteins in a given 

tissue section at one time. This capability has been demonstrated in applications 

involving understanding normal human development and pathological conditions 

from Parkinson’s disease to cancer. Used in conjunction with histological analysis, 

protein signatures can be correlated with tissue structures and probed using various 

statistical algorithms to generate lists for biomarker discovery. As biomarkers already 

discovered are validated and developed into clinically relevant tools, MALDI IMS 

will become an invaluable tool in the clinical setting. And as technological innova-

tions continue to make the imaging process better, increasing resolution and sensitiv-

ity and decreasing analysis time, MALDI IMS will no doubt continue to be applied 

to new biological challenges well into the foreseeable future.

(a) and (c)- Adenocarcinoma

Pathologist diagnosis

(a)

(c)

(b)

(d)

(a)

(c)

(b)

(d)

Histological class imaging

(b) and (d)- Squamous cell carcinoma

Adencarcinoma
Squamous cell carcinoma

FIGURE 12.9 (See color insert following page 210.) On-tissue digestion of lung tumor 

TMA allows for high-throughput diagnostic analyses. Shown is a visual representation of 

the statistical classifi cation of four biopsies compared to the marking and diagnosis based 

on histology. (Reproduced from Groseclose, M.R. et al., Proteomics, 8, 3715, 2008. With 

permission.)
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13.1 INTRODUCTION

One of the most signifi cant developments in mass spectrometry in the recent years is 

the introduction of a new class of ionization methods where samples in either solid or 

liquid state can be directly ionized in their native environment under ambient condi-

tions (rather than inside a mass spectrometer) without any sample preparation. This 

new class of ionization methods is often referred to as ambient ionization methods [1,2]. 

Because these methods generally ionize analytes on the surface or near the surface 

of the samples at atmospheric pressure, they have also been called atmospheric pres-

sure surface sampling/ionization methods or direct/open air ionization methods [3]. 

Since the fi rst reports on ambient ionization with desorption electrospray ionization 

(DESI) [4] and direct analysis in real time (DART) [5], numerous reports have been 

published on the applications of these new ionization methods as well as the intro-

duction of many related ambient ionization methods such as desorption atmospheric 

pressure chemical ionization (DAPCI) [6], atmospheric solid analysis probe (ASAP) 

[7], and electrospray-assisted laser desorption/ionization (ELDI) [8]. Recently, two 

reviews of the various established and emerging ambient ionization methods have 

been published [2,3].

While the applications of ambient ionization mass spectrometry have been widely 

reported in areas such as biomedical, homeland security/forensics, and pharmaceuti-

cal process monitoring, the evaluation and the use of these techniques for absorption, 
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distribution, metabolism, and excretion (ADME) studies on drugs or drug  metabolites 

have emerged more slowly mostly due to two reasons. First, samples for ADME 

studies are generally in complex biological matrixes, and, therefore, ion suppression 

is a concern if samples are directly subject to ambient ionization methods without 

any sample preparation. Second, most of the ADME applications are quantitative 

in nature. Unlike conventional liquid chromatography–tandem mass spectrometry 

(LC–MS/MS)-based techniques where samples with a well-defi ned volume are 

injected for analysis, sampling reproducibility can be a challenge for ambient ioniza-

tion methods since there is no defi ned sampling volume. In spite of the challenges, 

the unique and attractive features of ambient ionization methods such as real-time 

analysis without sample preparation or vacuum constraints have driven the research 

interest in this area and publications in this fi eld are emerging.

In this chapter, we fi rst provide an introduction to DESI and DART as the two most 

established ambient ionization methods. We then review some details on the early 

applications of DESI and DART in ADME studies. We close this chapter with some 

perspectives on the future role of ambient ionization methods in ADME studies.

13.2  TWO MOST ESTABLISHED AMBIENT IONIZATION 
METHODS: DESI AND DART

Instead of introducing a defi ned volume of samples in liquid state onto a mass spec-

trometer as in LC–MS/MS-based techniques, there has always been a desire and 

interest in analyzing samples in solid state using a desorption or ablation method. 

Matrix-assisted laser desorption ionization (MALDI) [9] and secondary ion mass 

spectrometry (SIMS) [10] are the two most established ionization methods for 

these types of applications where samples are ionized directly inside the vacuum 

chamber of a mass spectrometer. The introduction of atmospheric pressure (AP) 

MALDI [11] allowed samples to be placed outside the enclosure of a mass spec-

trometer although extensive sample preparation is still required prior to analysis. 

The fi rst report on ambient ionization mass spectrometry, where samples were 

analyzed under ambient conditions without any sample preparation, was published 

in 2004 by Cooks et al. using the DESI technique [4]. A schematic diagram of this 

DESI technique is shown in Figure 13.1. In this method, an electrospray probe 

carrying the solvent is sprayed toward the surface of the sample at an angle. The 

charged solvent droplets are believed to fi rst prewet the sample surface and dis-

solve or collect analytes on the sample surface. The subsequently arriving charged 

droplets impact this surface solvent layer and create off-spring droplets containing 

the analyte. The analyte in these droplets are ionized through the same mechanism 

as electrospray before being sampled into a mass spectrometer. DESI applies to 

both small and large molecules and the resulting mass spectrum resembles that of 

electrospray.

Shortly after the report on the DESI technique, DART was reported as another 

ambient ionization method [5]. In this method, a gas with a high ionization potential 

such as helium or nitrogen fl ows through a probe that contains multiple chambers. 

The gas fi rst fl ows into a discharge chamber where electrical discharge occurs by 

applying a potential of several thousand volts across a cathode and an anode. The 
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discharge generates ions, electrons, and electronic or vibronic excited-state species. 

As this mixture moves through the rest of the chambers, it is heated and ions are 

removed from the mixture. The gas fl ow coming out of the probe can be aimed 

directly at the orifi ce of the mass spectrometer with the sample in between or the gas 

fl ow can be refl ected off a sample surface into the mass spectrometer. It is believed 

that the excited-state species (metastable helium atoms or nitrogen molecules) are 

mostly responsible for the desorption and ionization of the compounds off the sam-

ple surface. DART generally applies to small molecules and does not ionize large 

molecules such as proteins and peptides.

After the introduction of DESI and DART techniques, they have found wide 

applications across different fi elds. DESI has been used to characterize the active 

ingredients in formulated tablets, gels, and ointments [12,13]. It has also been evalu-

ated in pharmaceutical cleaning validations [14], rapid analysis of controlled sub-

stances [15], explosives [16], and as a chromatographic detector [17]. DART has been 

used for reaction monitoring in drug discovery [18], counterfeit drug identifi cation 

[19], a chromatographic detector [20], fl avors and fragrances analysis [21], forensic 

science [22], bacterial fatty acid profi ling [23], self-assembled monolayer analysis 

[24], and so on. The literature on the applications of ambient ionization methods are 

quickly expanding.

13.3  EARLY APPLICATIONS OF AMBIENT IONIZATION 
METHODS IN ADME STUDIES

Although still at a very early stage, ambient ionization methods, mostly DESI and 

DART, have been evaluated and used in the ADME studies for drug candidates. The 

fact that ambient ionization methods can analyze samples without sample preparation 

seems extremely attractive for bioanalysis as sample preparation is widely consid-

ered as the key bottleneck in bioanalysis. Also, the fact that samples can be analyzed 
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FIGURE 13.1 Schematic diagram of DESI. (Reprinted from Takats, Z. et al., Science, 306, 

471, 2004. With permission.)
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intact under ambient conditions generated interest in using ambient ionization mass 

spectrometry as an imaging tool to study drug distribution in tissue sections.

The two key challenges in bioanalysis with ambient ionization methods are 

reproducibility and matrix effects [25]. Overall, good sample-to-sample reproduc-

ibility is not as readily achieved in ambient ionization/sampling methods as with 

conventional LC–MS/MS-based methods where samples with a defi ned volume can 

be injected onto the system with high precision. An initial key question during the 

evaluation of ambient ionization methods for quantitative applications was whether 

reproducibility could be largely improved through a more refi ned sample introduc-

tion mechanism, or was it a more fundamental limitation of the technique itself. 

Recently Yu et al. [26] and Zhao et al. [27] independently demonstrated that at least 

for samples with homogenous matrices such as plasma, excellent sample-to-sample 

reproducibility can be achieved with DART using an improved automated sample 

introduction device. An example of a reproducibility test is shown in Figure 13.2 

where repeated sample introduction was made on the DART/MS/MS system with 

untreated rat plasma containing 1 μM of benzoylecgonine. The %CV of the peak 

height for nine consecutive sample injections was 3.1%, which is comparable to that 

of conventional LC–MS/MS methods. These reports demonstrated that the repro-

ducibility of DART, and potentially other ambient sampling methods can be opti-

mized to meet the requirements for quantitative applications.

Matrix effects are another key aspect that needs to be carefully considered for 

quantitative applications with ambient ionization methods. Currently an extensive 

comparison of the matrix effects among various ambient mass spectrometric meth-

ods is not available. DESI has been evaluated for salt tolerance, and it was found that 

DESI is more tolerant of the presence of salts than is electrospray [28]. On the other 
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FIGURE 13.2 Reproducibility test of repeated injections of a rat plasma sample containing 

1 μM of benzoylecgonine on the DART/MS/MS system. The %CV of the peak height is 3.1%. 

(Reprinted from Yu, S. et al., Anal. Chem., 81, 193, 2009. With permission.)
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hand, based on the mass range, DART appears to offer some advantage in handling 

matrix suppression from biological samples because it generally only ionizes small 

molecules and not the large molecules in the sample matrix such as proteins and 

peptides. Also, one of the key ionization mechanisms in DART largely resembles 

APCI, which involves proton transfer from ionized water cluster to the analyte in 

the gas phase [29]. Therefore, DART may be expected to be potentially less prone to 

ion suppression than DESI, which has an ionization mechanism that mimics electro-

spray ionization. The recent work by both Yu et al. and Zhao et al. has evaluated the 

matrix effects of various compounds in different matrices. One set of these results 

are summarized in Figure 13.3, where the matrix effects of methacin, verapamil, 

alprazolam, proparacaine, and a proprietary compound in untreated rat plasma were 

measured. It was found that all of these compounds could be directly detected from 

untreated rat plasma using DART, and as expected, the matrix effects were highly 

compound dependent. The level of matrix effects ranged from about 5%–70% indi-

cating that signal suppression up to 20-fold could occur with untreated plasma, which 

could result in an elevated quantitation limit. The matrix effects of verapamil in 

untreated rat whole blood and bile, and in rat liver and brain homogenates, are also 

shown in the fi gure. The results indicate that, with some compromise in sensitiv-

ity, it is possible to analyze samples directly from tissue homogenates with DART. 

Zhao et al. evaluated the limits of detection (LOD) in plasma for 39 commercially 

available drugs on the DART/MS/MS system and found the LOD to range from 

0.25 to 20 ng/mL [27]. Since these LODs are generally higher than those obtained 

on a conventional LC–MS/MS system, they can meet the needs for many of the 

bioanalytical applications in drug discovery, but may not be suitable for applications 

that demands for the highest sensitivity, particularly with compounds that have high 

matrix effects.

In addition to reproducibility, matrix effects, and sensitivity, DART has been 

evaluated for dynamic range, precision, and accuracy [26]. In general, DART/MS/

MS on a triple-quadrupole instrument such as an API-4000 has showed a dynamic 

range across a concentration range of three to four orders of magnitude. The preci-

sion and accuracy can also meet the commonly accepted ±15% criteria for quality 

control samples and back-calculated standards. It is interesting to note that, accord-

ing to the work by Yu et al., satisfactory results in precision and accuracy can be 

achieved without the use of an internal standard for plasma samples. This allowed 

for the further simplifi cation of the assay procedures as there was no need to add the 

internal standards. As a result, the DART/MS/MS was successfully used to analyze 

samples from a limited number of discovery PK studies and in vitro metabolic stabil-

ity studies and the results were broadly similar to those generated using conventional 

LC–MS/MS systems.

A major limitation of the DART/MS/MS method in bioanalysis is the potential 

metabolic interference resulting from ion source fragmentation. The helium atom 

at the excited state carries an internal energy of 19.8 eV, which is higher than the 

bond energy in many labile metabolites. Since no chromatographic separation is 

used in the DART/MS/MS method, metabolites with labile chemical bond, such as 

a glucuronides or N-oxides, may break down in the ion source and interfere with 

the assay of the parent compound [27]. This limitation is believed to be more of a 
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concern with DART than with DESI, which is a softer ionization method. Because 

of this limitation, the application of DART/MS/MS in bioanalysis for pharmacoki-

netic studies should be carried out with caution. Some suitable applications include 

either early-stage screening studies, where any positive results will be confi rmed by 

LC–MS/MS, or studies on late-stage discovery compounds whose major metabolic 

pathways are known.

Besides the early work in bioanalysis using DART, the feasibility of using DESI 

to profi le drug metabolites in urine has been successfully demonstrated by Cooks 

et al. although no quantitative results have been reported [30–32]. The same group 

also evaluated the quantitative analysis of small molecules in neat solvent spotted on 

porous polytetrafl uorethylene surface, and it was found that DESI can be employed 

for quantitative analysis by using this porous surface [33]. Recently Takats et al. 

demonstrated the use of DESI coupled with solid-phase extraction for bioanalysis 

[34]. In this work, the eluent from the solid-phase extraction was evaporated on 

the closing frit of the extraction cartridge and then was subjected to DESI analysis. 

Signifi cant improvement in sensitivity was reported compared to conventional solid-

phase extraction as a result of the drying and concentrating process at the frit of the 

extraction cartridge. However, to date, the capability of full quantifi cation of small 

molecules in blood or plasma using DESI without sample preparation has not yet 

been reported.

In addition to some early applications in bioanalysis, ambient ionization mass 

spectrometry has been used as an imaging tool to study drug distribution in tissue 

sections. Most of the work reported so far involved the use of DESI as the ambi-

ent ionization method. Compared to other mass spectrometry-based tissue imaging 

techniques such as MALDI and SIMS, DESI allows tissue samples to be analyzed 

under ambient conditions without sample preparation, which simplifi es the proce-

dure and prevents the redistribution of analytes during matrix deposition. A major 

drawback of DESI as an imaging tool is its relatively low spatial resolution (typically 

250 μm) and therefore cannot be used for cellular or subcellular imaging.

Wiseman et al. recently reported the procedures of using DESI for ambient molec-

ular imaging of tissue sections [35]. Since DESI did not require sample prepara-

tion and a vacuum environment for analysis, the overall procedure was very simple. 

Examples in their work include the imaging of the distribution of clozapine in the 

sagittal section of the brain tissue in the rats that received a 250 μg dose of clozapine 

via an intracerebral ventricular injection. The authors claimed that the procedures 

should also apply to other types of tissues.

A most comprehensive DESI-based imaging study on drug tissue distribution 

was recently reported by Kertesz et al. [36,37]. In this work, they used DESI/MS/

MS to obtain the drug distribution images from whole-body thin tissue sections of 

rats dosed with propranolol. They also compared the results generated by DESI/

MS/MS with those from whole body autoradiography. Figure 13.4 shows the com-

parison of the images generated by these two methods. As we can see, the images 

look qualitatively similar for propranolol tissue distribution. Tissue sections showing 

the most radioactivity were also excised and analyzed by HPLC to differentiate the 

parent from the metabolites. After correction for metabolites, the relative signal of 

propranolol calculated from radiography and measured by DESI/MS/MS are shown 
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in Figure 13.5. Nominal agreement was achieved between the two techniques for 

the amount of propranolol in the brain, lung, and liver. However, the two techniques 

showed a marked discrepancy on propranolol amount in the kidney, which was unex-

plained. Also, a major metabolite (hydroxypropranolol glucuronide) known to be 

present in the kidney and liver was not detected by DESI/MS/MS.

Although often considered beyond the scope of ADME studies, it is worth point-

ing out that DESI has been evaluated and used for tissue profi ling and imaging [38]. 

One of these examples was the direct tissue profi ling of human liver adenocarci-

noma using DESI. Differences in tissue profi les, including elevated levels of certain 

phospholipids in the tumor region, were observed compared to the nontumor region. 

This experiment demonstrated the utility and feasibility of using DESI as a potential 

real-time diagnostic tool in surgery.

13.4 CONCLUSIONS AND FUTURE DIRECTIONS

Since the fi rst publication in 2004, ambient ionization mass spectrometry has become 

one of the fastest growing areas in mass spectrometry. Because of the diversity of 

mechanisms for ionization under ambient conditions, a large variety of ambient 
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ionization techniques has been developed. Among these techniques, DESI and 

DART are the two most established methods that have been evaluated and used in 

different applications including ADME studies. Some initial proof-of-concept work 

has been done with either DART or DESI in bioanalysis and tissue imaging. DART 

has showed good reproducibility, wide dynamic range, and manageable matrix 

effects with untreated plasma samples in bioanalysis. With the current instrumenta-

tion of the DART/MS/MS system, the detection limits are generally about one order 

of magnitude higher than those with conventional LC–MS/MS. A key limitation 

with the DART/MS/MS system in bioanalysis is the potential metabolite interfer-

ence resulting from ion source fragmentation in the absence of chromatographic 

separations. DESI has showed to be a potentially useful imaging tool for studying 

drug distribution in tissues without vacuum constraints and the need for sample 

preparation. The largest limitation of tissue imaging with DESI is the relatively low 

spatial resolution.

Compared to the dominant role of LC–MS/MS in bioanalysis, the use of ambient 

ionization mass spectrometry in bioanalysis is still at its infancy. It is not expected 

that these ambient ionization techniques will replace LC–MS/MS in drug discovery 

and development due to some of the limitations described above. However, these 

techniques will enhance our current bioanalytical capability to address different 

needs in drug discovery and development. First, ambient ionization may be a solu-

tion for screening PK or in vitro screening studies where a quick turnaround of the 

data is critical for decision-making. By eliminating sample preparation, ambient 

ionization methods offer the potential for close to real-time turnaround. The recent 

work by Yu et al. and Zhao et al. on DART has fully demonstrated this potential 

[26,27]. Spooner et al. recently reported the use of dried blood spots on paper as a 

sample collection technique for the determination of pharmacokinetics in the clinic 

[39]. If this technique can be combined with ambient ionization methods, it may 

signifi cantly simplify the blood collection procedures in the clinic by dramatically 

reducing blood draw volume, employing less invasive sampling (fi nger or heel prick 

vs. conventional venous cannula), and streamlining sample storage and shipping. 

This kind of dry spot sampling methods, once enabled by direct analysis with ambi-

ent ionization methods, may change the way we do bioanalysis for certain types 

of studies. The second area where ambient ionization methods may fi nd its unique 

advantage is in clinical diagnostics. Because of its simplicity in sample handling, it 

may potentially be deployed routinely into clinical labs or even at bedside, particu-

larly when combined with a portable mass spectrometer. It can be used to monitor 

drugs, endogenous compounds, or biomarkers in real time to make timely decisions 

on a therapy. In the initial report on DESI, Takats et al. demonstrated the feasibil-

ity of sampling the fi nger of a person who had taken 10 mg of the over-the-counter 

antihistamine loratadine [4]. Another interesting example of the application in this 

area was the use of DART to analyze hydrocarbons in a live fl y [40]. In this work, a 

small steel probe was used to carefully depress the abdomen of restrained but  awake 

fl y. Cuticular hydrocarbons were directly sampled through the probe by DART/MS. 

A third area of potential applications, which is yet to be explored, is to take advan-

tage of the intact sample to study binding and cellular partitioning of drugs. All of 

our conventional bioanalytical procedures require sample preparation, which will 
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largely change the noncovalent binding and cellular distribution of drugs. By elimi-

nating sample preparation with ambient ionization methods, it is potentially possible 

to study these properties particularly when a soft ambient ionization method is used. 

Zheng et al. recently reported the development of a low-temperature plasma probe 

for ambient desorption ionization [41]. This method provides soft ionization without 

damage to the sample or causing perceptible heating. This method or other to be 

developed “low impact” ambient ionization methods may provide utility in this type 

of applications.

Like its use in bioanalysis, ambient mass spectrometry is also at an early stage in 

tissue imaging. The distinct advantages of eliminating the need for sample prepa-

ration and the introduction into a vacuum system make it unique over other mass 

spectrometry-based imaging tools. Because of its relatively low spatial resolution, 

ambient ionization methods cannot replace MALDI or SIMS for imaging of tissue 

sections in many cases. However, the unique strength with ambient ionization is the 

potential applications in real-time or even in vivo imaging, which is highly desir-

able in many cases such as in surgery and pathology, but has been largely viewed as 

the major limitation of any mass spectrometry-based imaging tools.

Overall, ambient ionization methods have showed to be a highly promising tool 

for ADME studies. Although most of the early work to date has been focused on the 

throughput advantage, the future role of ambient ionization methods in the pharma-

ceutical industry and particularly for the ADME studies will largely depend on how 

their unique features can be utilized to solve problems that are not readily solvable 

with conventional LC–MS/MS methods.
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14.1 INTRODUCTION

Drug development is a long and expensive process. Unfortunately, around 75% of 

drug development cost is associated with drug candidates that failed in the early 

stages of development and did not make it to the market [1,2]. One reason for the 

high failure rate in drug development is the unreliable prediction of absorption, dis-

tribution, metabolism, and excretion (ADME) in humans based on data generated in 

preclinical species. Up to 40% of new drugs under development are dropped during 

Phase I even though promising ADME data were obtained in animals [2]. Current 

methods of investigating drug metabolism and pharmacokinetics (PK) rely on animal, 
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in vitro, and in silico models. There is always a concern that human  metabolism 

pathways and PK might differ signifi cantly from those predicted from the animal 

models. Thus, there is a critical need to confi rm metabolism and PK parameters in 

humans as early as possible, prior to large investment in clinical trials.

A new approach to address the issue that has been gaining a lot of interest in 

recent years is to generate human PK data early in clinical development with micro-

dosing. In microdosing studies, subpharmacological doses of drugs are adminis-

trated to human subjects to obtain metabolism profi les and PK parameters such as 

exposure, clearance, volume of distribution, bioavailability, and half-life. Current 

guidance for human microdosing allows for administrating less than 1/100th of the 

therapeutic dose predicted from animal and in vitro models, and must be less than 

100 μg. Ultrasensitive analytical techniques are required for quantitative measure-

ment of the drug and metabolites after microdosing. Both accelerator mass spec-

trometry (AMS) [3,4] and HPLC–MS/MS [5] have been used for biological sample 

analysis after microdosing. However, HPLC–MS/MS sensitivity is severely limited 

by the MS sensitivity of analytes and high background interference for many micro-

dosing studies. An AMS is capable of achieving sensitivity in the range of 10−21 to 

10−18 mol by directly detecting 14C atoms [6–8] and is adequate for microdosing 

studies. Usually, the drug candidate is 14C-labeled at a metabolically stable position 

for microdosing studies. Other stable isotopes, such as 3H, 41Ca, and 26Al, have been 

evaluated as well.

The ultrahigh sensitivity of AMS enables it to follow trace amounts of radio-

isotope-labeled drugs in animals and humans postadministration. In addition to 

microdose PK studies, AMS has been utilized in many aspects of pharmaceutical 

research, such as absolute bioavailability determination, mass balance and metabo-

lite profi ling, and identifi cations of DNA and protein adducts.

14.2 ACCELERATOR MASS SPECTROMETRY

14.2.1 HISTORY OF ACCELERATOR MASS SPECTROMETRY

Accelerator mass spectrometry (AMS) is a technique developed in the United States 

during the mid-1970s for measuring long-lived radionuclides that occur naturally in 

the environment. In AMS, ions are accelerated at very high energy (often millions of 

electron volts) and separated based on their energy, charge, and momentum. Initially 

AMS was mainly used for archaeological studies for detecting 14C and radiocarbon 

dating purposes [9]. Living entities maintain a natural level of 14C due to relative 

constant isotope production in the upper atmosphere. This amount, referred to as 

“Modern” carbon level, corresponds to 97.6 attomole of 14C per milligram (mg) of 

total carbon, which is the background level of 14C in the atmosphere in 1950 before 

the widespread atmospheric testing of atomic weapons (Figure 14.1). Upon death, the 
14C abundance starts to decrease at a constant rate due to β-decay of 14C and permits 

age determination based on the 14C/12C ratio. Before AMS was available, the decay 

counting without isotope enrichment was possible for samples less than 60,000 years 

of age and required 7 g of sample and four days of counting. AMS extended the limit 

to 100,000 years with less than 5 mg of sample and a counting time of 2 h.
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Using AMS to follow 14C and other radioisotope tracers for biomedical studies 

was suggested in the 1980s [10,11]. In the early studies, AMS was used to examine 

the effect of chemical carcinogens at the DNA level and PK of xenobiotics in animals 

[12,13]. AMS applications to trace other long-lived isotopes of interest in biomedi-

cine include 3H, 26Al, 41Ca, 36Cl, 129I, and several others [11]. The success of AMS 

measurement relies on (1) the generation of stable negative ions, (2) an elemental iso-

tope with a half-life of more than 10 years, (3) more than one stable isotope of the ele-

ment, and (4) the isotope of interest should be of low natural abundance. Considering 

these factors, 14C is the most suitable isotope for biomedical applications using AMS 

as a detector for measuring trace-level analytes.

14.2.2 INSTRUMENTATION

AMS does not determine the absolute concentration of isotopes; rather an isotope 

ratio of a rare isotope to an abundant stable isotope of the same element is measured. 

There is no commercially available AMS instrument that measures all isotopes, 

such that most instruments are built to detect one or two elements only. Highly spe-

cialized, complex, and time-consuming sample preparation is often required prior 

to AMS analysis. AMS instruments for various radioisotope analyses have been 

reviewed in a recent publication [14]. Here we would only discuss AMS instrument 

for 14C analysis, the most important radioisotope for biomedical applications. For 
14C measurement, an AMS instrument usually consists of an ion source to gen-

erate negative ions, a low magnetic fi eld for initial ion separation, a high-voltage 
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accelerator to separate out isobaric ions, and to strip electrons from the negatively 

charged ions to form positive ions, an electrostatic mass analyzer and ion detectors 

(Figure 14.2) [15–20].

Biological samples are graphitized by a series of reactions into reduced carbon 

and loaded into a metal holder in the ion source [21]. Usually a cesium ion sputter 

is used in the ion source to generate the negatively charged ions (C−, C2−, CH−, and 

CH2−). These negative ions are fi rst accelerated by passing through a preacceleration 

tube to energies as high as 80 keV. Ions are initially separated by their kinetic energy 

and momentum. However, ions of similar masses are not distinguished here.

Upon leaving the preacceleration tube, ions are guided into the high-voltage 

Pelletron accelerator (two-stage accelerator). A 45° electrostatic analyzer is usually 

used to sort out ions according to predetermined kinetic energies and a 90° inject-

ing magnet is used to guide the ions of selected momentum into the accelerator. By 

discrete adjustment of the injecting magnet current, one can select only 12C−, 13C−, 
14C− ions, and their corresponding isobaric ions, to pass into the accelerator.

The Pelletron accelerator contains up to 6 atm of SF6 gas in a sealed tank to insu-

late the terminal, which allows it to attain several megavolts (typical ranges are from 

1 to 10 MV) without discharging. Inside the accelerator, the acceleration tube is 
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for 14C events
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40 sample
MC-SNICS

source
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13C and 12C
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Molecular
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FIGURE 14.2 Schematic layout of a 14C accelerator mass spectrometer with 500 kV 

double stage Pelletron accelerators. (Courtesy of National Electrostatics Corporation, 

Middleton, WI.)
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maintained at ultrahigh vacuum (10−7 torr) and the end terminals at ground poten-

tial. The terminal at the midpoint of the acceleration tube is maintained at positive 

high voltage. A thin carbon foil or gas stripper, usually Argon, is used inside the 

midpoint terminal. Electrons are removed from the high-velocity negative ions when 

they pass through the stripper. Positive ions with varying charge states are formed 

and interfering molecular isobaric ions are dissociated and separated. The charge 

state depends on the ion velocity. With a 5–7 MV terminal, most C− ions form C4+ 

ions, while mainly C+ ions are formed in 250 kV accelerators. Positive ions are then 

further accelerated to ground potential in the second half of the accelerator.

Posterior to the Pelletron accelerator is a high-energy 90° analyzing magnet, 

which is used to separate the rare ions (14C) from the abundant ions (12C, 13C). The 

ions are then measured in an energy-sensitive semiconductor or gas-fi lled ioniza-

tion chamber. Rare ions (14C) are measured by single particle counting in the gas 

ionization detector, while abundant ions are measured by electric current gener-

ated in the electron multipliers (Faraday cup). AMS does not determine absolute 

concentrations of radioisotopes. Each measurement is an isotope ratio, the ratio of 

rare isotope to a stable isotope of the same element (14C/12C and/or 14C/13C). The 
14C/12C ratio, R, is presented in units of Modern, or percentage of Modern Carbon 

(pMC). One Modern corresponds to 98 attomole 14C/mg 12C or 6.11 fCi 14C/mg 12C, 
14C in the background atmosphere in 1950, prior to widespread atmospheric testing 

of atomic weapons.

While the majority of AMS instruments have a double-stage Pelletron accelerator, 

there is a trend to build a new generation of AMS instruments that can run at a lower 

voltage and with a smaller footprint. The earlier AMS instruments used 1–10 MV 

double-stage Pelletron accelerators [18] and required a footprint of 260 m2. More 

recently AMS instruments with double-stage Pelletron accelerators are designed to 

operate at a lower energy, for example, 500 kV [17]. This high voltage requires a 

sealed pressure tank fi lled with SF6 up to 6 atm to insulate from discharging. Any 

repair or maintenance on the Pelletron accelerator demands emptying the pressure 

tank and an expensive refi ll. Recently, an AMS instrument with a single-stage 250 kV 

accelerator is available commercially from National Electrostatics Corporation 

(Middleton, WI, United States) [22–24]. After dissociation of the accelerated nega-

tive ions, there is no second-stage acceleration. Because of the relatively low voltage 

of the accelerator, open-air insulation is allowed. A low cost solid-state silicon bar-

rier detector has replaced the gas ionization detector in the instrument to reduce the 

cost. Although there is some reduction of the absolute sensitivity, the single-stage 

AMS is comparable to a double-stage 5 MV AMS instrument for pharmaceutical 

applications, because the sensitivity is limited by the background interference for 

biological samples (Figure 14.3). The biggest advantage of the single-stage AMS 

instrument is that it reduces the footprint greatly, from the 260 m2 required for a typi-

cal 5 MV double-stage Pelletron AMS to around 56 m2, which is much easier to fi t 

into a typical analytical laboratory. With less complexity and no high-pressure insu-

lation tank, the operation and maintenance are less challenging. Because of many 

useful utilities of AMS systems and the availability of small foot-print systems, it 

is expected that more pharmaceutical research organizations will develop in-house 

AMS capabilities in the very near future.
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14.2.3 AMS SAMPLE PREPARATION

The most important consideration in preparing samples for AMS analysis is prevent-

ing contamination and knowing the source and amount of isotope (14C) introduced 

during the process. Numerous precautions are taken throughout the procedures 

to ensure that the amount of isotope present is within the dynamic range of the 

spectrometer and the isotope detected is associated with the labeled sample under 

investigation. Disposable labware, a dedicated low-background working area and 

specialized equipment are often required to avoid sample contamination.

Most 14C samples are measured as graphite. Alternatively, the 14C samples can be 

analyzed as a gas [25–27], such as CO2. Compared to gaseous forms, solid samples 

emit up to 10× the ions and make the most effi cient use of the spectrometer. However, 

a gaseous source requires less amount of sample [28], can be operated continuously, 

and is compatible with gas chromatography (GC) as demonstrated in a recent report 

[25]. The solid-state sample is preferred due to mature standardized procedures, 

lower risk of cross-contamination in the ion source, shorter memory effects when a 

“hot” sample is encountered, higher sample throughput due to more effi cient ioniza-

tion, etc. A direct interface for gaseous ionization will have more applications as the 

technology becomes more mature.
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The standard procedure (Figure 14.4) to produce a graphite 14C sample involves 

oxidation of the biological sample to a gaseous mixture of CO2 and water, cryogeni-

cally extracting the CO2 gas, and reducing it to form fi lamentous graphite [21]. In 

most cases, the compound of interest from biological samples is isolated from the 

crude sample using HPLC and transferred to a prebaked quartz tube containing CuO 

powder (Figure 14.5). The quartz tube is vacuum-sealed using a high-temperature 

torch. The sample is then oxidized by heating in an oven at 900°C for 2 h or longer 

to be converted to CO2, H2O, and N2. After cooling slowly to room temperature, 

the quartz tube is transferred into one end of a Y-shaped vacuum device called the 

combustion chamber. The other end of the Y-shaped device is a reaction chamber 

Zn, TiH2, Co
4 h, 500°C

CuO
2 h, 900°CBiological

sample

Step 1. Oxidation Step 2. Reduction

Zn, Ti
4 h, 500°C TiH2 (solid)

(for 3H AMS)
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+

+

N2

H2O

FIGURE 14.4 Stages of sample preparation for 14C and 3H AMS analysis.
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FIGURE 14.5 Sample manifold to transfer CO2 from the combustion tube to the reaction 

tube. (Adapted from Vogel, J.S., Radiocarbon, 34, 344, 1992. With permission.)



398 Using Mass Spectrometry for Drug Metabolism Studies

containing reducing agents, such as titanium hydride, zinc, and cobalt powder. The 

gases in the reaction chamber are fi rst pumped out followed by clamping off. The 

combustion chamber is placed into a dry-ice/isopropanol bath to condense water. 

The end of the combustion tube is broken to allow the transfer of CO2 over to the 

reaction chamber, which is placed in liquid N2 to trap the CO2. Finally, the clamp 

is removed to release the N2 gas and the reaction tube is sealed. The sealed reaction 

tube is placed in a furnace for ∼4 h at ∼500°C. The CO2 is reduced to graphite by zinc 

and titanium hydride and deposited on the cobalt catalyst contained in the smaller 

inner tube of the reaction tube.

Sample preparation is the rate-limiting step in AMS studies. A number of modi-

fi cations have been designed to improve the effi ciency and to reduce the sample 

amount, including preparing graphite from CO2 in a septa-sealed vial [29], miniatur-

izing the reactor size [7], and direct plasma/urine sample analysis by depositing on 

a CuO reaction bed heated by a laser [30]. Directly analyzing components from GC 

eluent by passing through a CuO reactor using AMS was reported recently [25]. In 

the foreseeable future, direct HPLC/AMS analysis may become a reality.

With the sample preparation method described earlier, the optimal amount of 

total carbon for AMS analysis is around 1.0 mg. When the total carbon level is far 

below that level, a precise amount of suitable carrier carbon is added. Petroleum-

based tributyrin is often used as the carrier because it is a nonvolatile liquid, contains 

depleted levels of 14C and 3H, and its measurement is highly reproducible [18].

14.2.4 DATA PROCESSING

AMS measures the isotope ratio of 14C:13C:12C and expresses the ratio as the amount 

of 14C per mass of carbon. The isotope ratio is interpreted by knowing the sources of 

carbon in the studied sample, which is the sum of isotope abundance in natural and 

an appropriate added carrier carbon. This ratio can be converted to a drug concentra-

tion according to the equation from Vogel and Lover [20] and Salehpour et al. [7]:

 
= − ψmeasure natural( ) ( / )K R R W L

 
(14.1)

where

K is the concentration of analyte

Rmeasure is the isotope ratio of the sample containing the 14C-analyte

Rnatural is the natural background isotope ratio of the sample (or the controlled 

background of the sample without 14C-analyte)

ψ is the carbon mass fraction in the sample (the percentage of carbon in the 

sample)

W is the molecular weight of the analyte

L is the specifi c molar activity of the analyte

AMS data only provide the total 14C content from a collected sample. To determine 

the concentration of any individual analyte present in a mixture of analyte, the com-

pound of interest must be separated from others by a chromatographic technique, 

usually HPLC, prior to AMS analysis.
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For studies with a well-characterized drug or known metabolites, a calibration 

curve can be constructed by spiking a series of sample with predefi ned amounts of 
14C standard along with a known and equal amount of nonradiolabeled analyte as 

the internal standard [31]. The drug or metabolite concentration in the sample can 

be calculated directly from the working calibration curve by comparing the AMS 

measurement. This procedure avoids complicated unit conversion and compensating 

for compound loss during sample preparation.

14.3 APPLICATIONS OF AMS FOR PHARMACEUTICAL STUDIES

The great sensitivity of AMS gives it a number of advantages over other analytical 

techniques for detecting long-lived radioisotopes. The AMS technique is therefore 

ideally suited for studies in which only low doses of chemical or radioactivity are 

allowed. The long half-lives of radionuclides suitable for AMS analysis undergo neg-

ligible decay during the time course of biological in vitro and in vivo studies. In recent 

years, the AMS applications for microdosing PK studies, as well as metabolite profi l-

ing, absolute bioavailability, mass balance, and DNA/protein modifi cation studies have 

grown rapidly. Some of the compounds that have been studied recently using AMS for 

their DNA/protein binding, bioavailability, and PK are shown in Figure 14.6.

14.3.1 VALIDATION OF AMS INSTRUMENT FOR PHARMACEUTICAL APPLICATIONS

In an effort to validate AMS for pharmaceutical applications, multiple studies have 

been conducted. Using 14C standards, a precision of 0.5% has been achieved on a 

two-stage 500 kV AMS instrument at two different 14C levels from replicate analysis 

over a 3 day period [17]. The linear response of AMS to 14C concentration has been 
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demonstrated (Figure 14.7) in standard samples by spiking different amount of 14C 

malonic acid in tributyrin in the range from 0.1 to 150 Modern (correlation coef-

fi cient 0.9987).

Direct comparison of AMS with liquid scintillation counting (LSC) of biological 

samples has been demonstrated for analysis of plasma, urine, and feces. During a PK 

study with 14C-labeled fl uticasone in male Han Wistar rats, blood samples were ana-

lyzed using a liquid scintillation counter and diluted several thousand folds for AMS 

analysis. The two methods agreed with each other remarkably (R2 = 0.999) [32]. In 

a similar comparison study, 10 human subjects were dermally exposed to the 14C-

labeled herbicide atrazine over 24 h at two different levels (0.167 mg, 6.45 μCi and 

1.98 mg, 24.7 μCi) [33]. Urine and feces were collected over a 7 day period and ana-

lyzed using both LSC and AMS. Urine samples were diluted 10× with distilled water 

for AMS analysis and 1.23 mg of carbon carrier tributyrin was added to every sample 

to minimize the variability of carbon content among samples. Figure 14.8 shows the 

correlation of data for AMS and LSC analysis with replicate (N ≥ 4) analysis of the 

same samples from a single subject at the same dose. The correlation is 0.999 and 

AMS has better precision at the low concentrations. Day-to-day AMS analysis of 

the same sample over a fi ve-day period is very reproducible with a relative standard 

deviation of 3.9%. The correlation between two methods for all 10 subjects ranged 

from 0.992 to 0.998 for the entire sample set.

14.3.2 MICRODOSE IN PHARMACOKINETICS STUDIES

Drug development continues to be a long, complex, and expensive process. Over 

the past decade, the research and development cost for new drugs has increased 
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exponentially, while the new chemical entities (NCEs) registered for marketing 

is either static or declining [34]. While safety, effi cacy, and toxicology issues 

dominate the termination of drug development programs, up to 40% of the inves-

tigational drug candidates are still discontinued for further development after 

the fi rst in-human study due to unacceptable human PK, even though promising 

ADME data were obtained in animals [2]. Regulatory authorities are concerned 

that excessive development costs as a result of high failure rates are preventing 

new life-saving medicines from reaching patients at an affordable price [35]. 

Conventional methods of drug development rely on animal, in vitro, and in silico 

models to predict human metabolism and PK. There is always a great concern 

that drug metabolism pathways and PK in humans might differ signifi cantly from 

those derived from models. A recent approach to address these issues is to obtain 

human metabolism and PK through administration of subtherapeutic or subphar-

macological doses (microdose) of investigational drugs in so-called Phase 0 stud-

ies. To detect drugs at very low doses, trace amount of 14C are administrated with 

the microdose and the drug concentration is measured by AMS to determine the 

PK of the drug.

The microdosing strategy to quickly and safely obtain human PK data was fi rst 

proposed around 2000 [1,4,8,18,32,34,36,37]. In 2004, the European agency for 

Evaluation of Medicinal Products (EMEA) published a position paper to encourage 

the microdosing strategy [38], while the FDA issued a similar guidance in 2006 

[39]. Both regulatory authorities defi ne a microdose as the administration of 1/100th 

of the pharmacological dose determined from animal models or in vitro systems, 

which must not exceed 100 μg. The guidance recommends that the sponsor should 

demonstrate a large multiple (100×) of the proposed human dose that does not induce 

adverse effects in the experimental animals, and the scaling from animals to humans 

should be based on body surface area.
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The ability to conduct a microdose study relies on ultrasensitive analytical 

 techniques that are capable of measuring drug and metabolite concentrations in the 

low picogram to femtogram per milliliter range. AMS, which has sensitivity to trace 
14C compounds in the zeptomole to attomole range [7,8], is the most suitable tech-

nique for such studies when 14C-labeled drug candidate is dosed. Positron emission 

tomography (PET) has excellent sensitivity [40,41]. However, the radioisotope, 11C, 

used for PET studies has a very short half-life, only 20 min. This limits the tech-

nique in that PK data can only be obtained for around 2 h after drug administra-

tion. Close proximity of the radiosynthesis laboratory, the facility to administer the 

drug to volunteer patients, and the PET analytical laboratory is also required. PET 

is more suitable for pharmacodynamics studies than for PK studies. When a drug 

candidate has suitable mass spectrometry sensitivity and can be easily extracted 

from plasma, high-performance liquid chromatography tandem mass spectrometry 

(HPLC–MS/MS) can be used for microdose studies as well [5,42,43]. The advantage 

of HPLC–MS/MS is that it does not require radioisotope-labeled materials, the iso-

lation of parent drug from other drug-derived materials, and the instrument is read-

ily available in many analytical laboratories. However, endogeneous matrix species 

could interfere with the detection for drug analysis in the picogram per milliliter 

concentration range or below. For AMS and PET, drugs must be labeled at meta-

bolically stable sites. With the long half-life of 14C, AMS is currently the preferred 

analytical technique for microdosing studies.

The success of a microdose study largely depends on establishing near-linear 

kinetics between a non therapeutic microdose and a pharmacological dose. As a fi rst 

approximation, PK difference at both doses would be minimized if drug concentra-

tions are well below Km for the metabolizing enzymes. If a pharmacological dose 

achieves drug concentrations well above Km in the liver or other sites of metabolism, 

nonlinear kinetics could be observed [34,44]. This problem was fi rst addressed in 

a microdose study in dogs with an antiviral drug candidate (7-deaza-2′-C-methyl-

adenosine) [3]. During this study, dogs were dosed orally at 0.02 mg/kg, 1.0 mg/kg, 

and intravenously at 0.02 mg/kg using 14C-labeled drug. Blood samples were col-

lected over 80 h and the total 14C was analyzed using AMS. In addition, dogs were 

administrated using unlabeled drug (0.4 mg/kg) intravenously, followed by 1.0 mg/

kg orally 2 weeks later. In this group blood samples were collected over 72 h and 

analyzed using HPLC–MS/MS. It is usually not a good practice to measure only 

the total 14C in blood or plasma samples, for it represents the sum of parent and 

metabolites. However, in this case, a comparison of AMS and HPLC–MS/MS data 

showed that total 14C determinations were very similar to parent drug, probably due 

to very low levels of circulating metabolites. PK between 0.02 mg/kg (Figure 14.9) 

and 1.0 mg/kg (Figure 14.10) doses were shown to be linear with respect to AUC 

(area under curve) on average. After dose-normalization, the oral AUCs (1.0 mg/kg) 

were 77% of that achieved from the 0.02 mg/kg IV dose, while oral Cmax was 76% of 

the IV microdose.

In the Consortium for Resourcing and Evaluation AMS Microdosing (CREAM) 

trial, fi ve compounds (diazepam, midazolam, warfarin, erythromycin, and ZK253) 

were selected for study and the results were published in 2006 [45]. Of the fi ve com-

pounds, PK between microdoses (100 μg in all cases) and pharmacological doses of 
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diazepam (10 mg), midazolam (7.5 mg), and ZK253 (50 mg) were essentially linear 

within a factor of two. For example, diazepam was administrated intravenously at 

microdose (100 μg) and therapeutic dose (10 mg) over a period of 30 min. Plasma 

diazepam concentration from this microdose study predicted human PK using a 

therapeutic dose (Figure 14.11).
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Warfarin showed nonlinear PK. There was no overlap in the dose-normalized 

concentrations except for those at the initial sampling time (1 h) and last sampling 

time (120 h) (Figure 14.12). The half-life of a therapeutic dose was around 37 h, while 

it was estimated to be 528 h by microdose. The clearance was estimated at 0.17 L/h 

using a microdose with complete absorption assumed, which was similar to that 

0.19 L/h with a therapeutic dose. These fi ndings suggested that distribution was the 

major source of nonlinearity in warfarin PK. The volume of distribution was 67 L by 

microdose versus 10 L with the therapeutic dose. It is extremely unlikely that the dif-

ference in distribution is caused by protein binding, since warfarin binding to albu-

min is not saturated at a therapeutic dose. Evidence from studies in rats suggested 
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FIGURE 14.11 Semilog plot of plasma diazepam concentrations (geometric mean, SE) nor-

malized to 1 mg dose vs. time after intravenous administration of 100 μg (open circle) and 

10 mg (fi lled circle) doses over a period of 30 min, in which a linear PK was demonstrated 

over 100-fold concentration range. (Adapted from Lappin, G. et al., Clin. Pharmcol. Ther., 
80, 203, 2006. With permission.)

100.0

10.0

1.0
0 20 40 60 80 100 120

Time (h)

Pl
as

m
a w

ar
fa

rin
 co

nc
en

tr
at

io
n

(n
g/

m
L 

pe
r 1

 m
g 

do
se

)

FIGURE 14.12 Semilog plot of plasma warfarin concentrations (geometric mean, SE) nor-

malized to 1 mg dose vs. time after oral administration of 100 μg (open square) and 5 mg 

(solid square). (Adapted from Lappin, G. et al., Clin. Pharmcol. Ther., 80, 203, 2006. With 
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that low-capacity, high-affi nity warfarin binding to vitamin K-2,3-epoxide reductase 

in liver might be the cause. The other compound that did not exhibit linear PK is 

erythromycin. Erythromycin is extremely acid labile, and it was likely that most 

of the oral microdose degraded rapidly in the acidic environment of the stomach. 

Plasma erythromycin was undetectable after oral microdosing (100 μg). Therefore, 

no meaningful comparison of PK between doses could be made.

In a recent review [46] of 18 drugs studied using both microdoses and pharmaco-

logical doses, 15 of these 18 drugs demonstrated linear PK within a factor of 2. The 

three drugs that showed nonlinearity included warfarin in the CREAM trial [45], 

MLNX, and metoprolol. MLNX, a compound synthesized and studied in Millennium 

Pharmaceuticals, Inc., was orally administrated to rats at 0.01, 0.1, 1, and 10 mg/kg 

dose levels [42]. The compound showed linear PK between 0.01 and 1 mg/kg dose 

levels. However, nonlinearity was observed at the highest dose of 10 mg/kg. The 

relevance of this fi nding compared to a human therapeutic dose is unknown. In spite 

of the small number of studies reported, the microdose predictability is around 83%. 

The dose ranges established for linear PK have been from several hundred to over 

10,000-fold.

An AMS-based microdosing study provides several advantages over conventional 

Phase I studies: (1) less than 100 g of GMP manufactured active pharmaceutical 

ingredient (API) is required, (2) a minimal preclinical toxicology package is required, 

(3) data can be generated in 4–6 months from commencement of the preclinical drug 

safety to obtaining human PK data, in contrast to around 12–18 months for a con-

ventional Phase I study, and (4) the cost of conducting a microdose study is only a 

fraction of that required in full Phase I study programs. However, it should be noted 

that a microdose study does not provide information on human toxicity or effi cacy. A 

microdose study can assist the candidate selection process, determine the fi rst dose 

for the subsequent Phase I study and the likely pharmacological dose, calculate the 

cost of goods for a drug that is expensive to manufacture, and guide lead compound 

optimization if the microdosing study is carried out in an iterative manner. Probably 

the greatest advantage of a microdosing study is to terminate further development of 

a drug candidate if poor PK is observed.

14.3.3 ABSOLUTE BIOAVAILABILITY

Absolute bioavailability is a measure of the true extent of systemic absorption of 

an extravascularly administrated drug. Along with clearance and volume of distri-

bution, absolute bioavailability is one of the important parameters to characterize 

PK. Low bioavailability of a drug can be caused by incomplete dissolution when 

administrated as a solid, inability to permeate membranes, and metabolic instability 

(fi rst-pass metabolism). Despite the importance of absolute bioavailability, it is not 

routinely assessed due to the cost and toxicology requirements for such a study in 

a conventional study design, which requires an intravenous reference. Safety issues 

may arise due to solubility limitation and toxicity associated with Cmax effect. As a 

result, it is necessary to conduct a preclinical toxicological study with an IV formula-

tion to ensure adequate human safety and potential problem. Bioavailability deter-

mined from animal models is not always predictive of that in human.
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A conventional absolute bioavailability study is carried out by administrating an 

extravascular and an intravenous dose of a drug in human volunteers in a cross-over 

design. After the drug is administrated by one route, for example orally, plasma sam-

ples are taken at appropriate times and parent drug concentrations are determined. 

Following a suitable washout period, the same human volunteers are administrated 

the drug intravenously, and plasma samples are taken over time and parent drug 

concentrations are similarly measured. The total AUC is calculated for each dose 

route [47–50]. For intravenous administration, 100% of the drug is assumed to be in 

the systemic circulation. However, only portions of the dose might be absorbed into 

systematic circulation by extravascular route of administration. The absolute bio-

availability (F) can be expressed by following equation if the clearance is constant 

for both dose routes:

 
( ) ( )= ev iv

iv ev

AUC DOSE·
AUC DOSE

F
 

(14.2)

where

AUCev is the AUC calculated for the extravascular administration

AUCiv is for the intravenous administration

DOSEiv and DOSEev are the amounts of drug by intravenous and extravascular 

routes, respectively

If the clearance is plasma drug concentration-dependent, and either intravenous 

exposure is limited by blood stream solubility or the drug has very low bioavail-

ability, there could be an error in the estimation of absolute bioavailability. For more 

on these PK parameters, see Chapter 3. Additionally, extravascular and intravenous 

administrations are performed at two different time periods; any changes of metabo-

lism in the study subject may also affect the calculated absolute bioavailability.

An alternative method to study bioavailability is by concurrent intravenous 

administration of isotopically labeled drug and extravascular administration 

of unlabeled drug. Stable isotopes, such as 13C, 15N, and 18O, have been used in 

absolute bioavailability studies [51–53] in an effort to distinguish drug in circu-

lation following an oral dose from that originating from an IV dose. Therefore, 

HPLC–MS/MS can be used for the quantifi cation of the drug separately from two 

different dosing routes. However, due to the high natural abundance of these stable 

isotopes, for example, 1.1% for 13C and 0.37% for 15N, analytical sensitivity is often 

compromised. Therefore, it is necessary to dose similar amount of stable isotope-

labeled drug and the unlabeled compound, and/or incorporate a suffi cient number 

of isotopically stable atoms into the molecule so that it is suffi ciently differentiated 

during HPLC–MS/MS measurement from the unlabeled drug. Adequate solubility 

of drug in the IV formulation may become an issue when the dose approaches that 

administrated orally.

The list of AMS applications in pharmaceutical research continues to grow since 

its introduction in 1990s. With subattomole sensitivity, AMS is an ideal analytical 

technique for bioavailability studies using the isotope methodology with 14C-labeled 

drug, since it has extremely low natural abundance (10−11%) [54,55]. When AMS is 
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used to measure plasma levels of 14C-labeled parent drug, less than 100 μg drug is 

required for intravenous administration, typically with 0.1 μCi or less radioactivity. 

These low radioactive doses minimize radiosafety considerations and limit regula-

tory requirement. Solubility issues also become less of a problem at such low doses. 

As specifi ed in the guidance for a microdosing study by the regulatory authorities 

[38,39], the oral toxicology package is often enough to support the safety of the 

intended intravenous microdose. It is also possible to combine an absolute bioavail-

ability study with the conventional Phase I oral protocol by including the simultane-

ous intravenous microdosing alongside one of the oral doses. As a consequence, the 

cost of determining absolute bioavailability drops signifi cantly with an AMS-based 

microdosing study, since no intravenous toxicology package is required, and the 

blood samples are collected according to standard procedures.

Nelfi navir is a marketed medicine to treat HIV infections. The absolute bioavail-

ability of nelfi navir has been studied using AMS following microdosing with 14C-la-

beled drug [56]. In a multiple dose study in healthy male adults, volunteers received 

oral doses (1250 mg) of nelfi navir twice daily from days 2 to 10, but only the morning 

oral dose on days 1 and 11. On days 1 and 11 after taking the morning oral dose, 

each volunteer received a single intravenous dose of 1 mg (∼ 50 nCi) of 14C-labeled 

nelfi navir. Total nelfi navir was analyzed by HPLC/UV, while 14C-labeled nelfi navir 

and its main active metabolite AG1402 were analyzed using AMS after HPLC frac-

tion collection. Nelfi navir bioavailability dropped from 0.88 to 0.47 from day 1 to 

day 11. The PK results from this study revealed slow oral absorption and rapid clear-

ance of nelfi navir, but also evidence for metabolic enzyme induction after repeated 

oral dosing.

In cases where drug is applied locally or topically, parent drug concentrations can 

be so low that routine analytical methods may not have enough sensitivity to deter-

mine the concentration in plasma. AMS is the most suitable analytical tool for such 

cases. Hexaminolevulinate (HAL) is a diagnostic agent to visualize tumor bearing 

tissue in the bladder. It is administrated intravesically via a catheter. Ideally, the drug 

should be confi ned to the bladder only to minimize systemic exposure. The absolute 

bioavailability of HAL was determined by intravesical delivery of 14C-labeled drug 

into the bladder and intravenously on two separate occasions in a cross-over study 

[57]. The patients were given 100 mg (0.3 μCi) intravesically, and approximately 1 mg 

(0.1 μCi) intravenously after a 2 week washout period. The plasma drug concentra-

tions were determined by AMS. In order to avoid artifacts arising from dose-de-

pendent kinetics, the doses were carefully selected to maintain similar plasma drug 

concentrations (within a factor of 1.5). As expected, a very low absolute bioavailabil-

ity ∼7% was obtained. In another study, the dermal exposure to the herbicide atra-

zine was initially investigated using the conventional liquid-scintillation counting. 

Absorption through human skin was much lower than expected from preliminary 

animal studies. However, the archived samples were later analyzed using AMS to 

successfully obtain an estimate for absolute bioavailability [58].

Absolute bioavailability is one of the important PK parameters that can provide 

knowledge about the uptake mechanism, extent of fi rst pass effect, and potential to 

enhance bioavailability by formulation optimization. However, absolute bioavailability 

is not routinely measured in the clinical study, since by conventional means it requires 
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an extensive toxicology package for intravenous administration, IV formulation devel-

opment and is costly to implement in a traditional cross-over design. The combination 

of AMS with its exquisite sensitivity and the cost effi ciency of a simpler study design 

that includes a safe and easy to manufacture IV microdose is a powerful incentive for 

more routinely conducting absolute bioavailability studies in the clinic.

14.3.4 MASS BALANCE AND METABOLITE PROFILING

Radiolabeled mass balance studies are used to investigate the preferred clearance 

pathways and the extent of drug and drug-derived materials that are excreted from 

the body. Approximately 50∼100 μCi of 14C-labeled drug is used to trace the fate of 

a drug in a conventional human mass balance studies [59,60]. In addition to the total 

drug-derived radioactivity excreted in urine and feces, parent drug and metabolites 

are measured in urine, feces, and plasma. AMS has 103–109 times higher sensitivity 

than conventional LSC for 14C detection. This enhanced sensitivity is suffi cient to 

conduct a mass balance study with less than 100 nCi 14C-labeled drug. This allows 

for conducting mass balance studies when higher level of radioactivity is not permit-

ted for administration, or when absorption of the drug is poor or the drug is admin-

istrated locally by inhalation or topical administration.

The application of AMS for mass balance was fi rst demonstrated in male Han 

Wistar rats using 14C-fl uticasone, a chemical for treatment of asthma and rhinitis 

[32]. Samples of blood and excreta were analyzed by LSC, then diluted several thou-

sand times and analyzed by AMS. In a study involving GI181771, an investigational 

drug candidate, only 3.3 nCi of 14C-labeled drug (2.7 mg) was orally administrated 

to healthy male volunteers [61]. Following analysis of excreta using AMS, more than 

92% of the dose could be accounted for in the feces over 5 days and less than 6.5% in 

the urine. In the mass balance study of R115777, an anticancer drug candidate, 50 mg 

(∼34 nCi) of 14C-labeled drug was orally administrated in healthy male volunteers 

[36]. Plasma, urine, and feces samples were collected over 7 days. The samples were 

analyzed with HPLC and collected with 1 min fractions. The HPLC fractions were 

converted to graphite following the procedure described previously [21]. The cumu-

lative radioactivity measured was 13.7% and 79.8% of administrated dose, respec-

tively, in urine and feces.

In some studies, it is only possible to administer a low amount of a 14C tracer 

[62]. Ixabepilone is an anticancer drug, which is very unstable when labeled with 14C 

at high specifi c activity. Therefore, to ensure radiochemical stability, it is required 

to use low specifi c activity radiocarbon and ultrasensitive AMS for detection. In 

a  single dose intravenous study, 80 nCi (70 mg) of 14C-ixabepilone was adminis-

trated to humans. Blood, urine, and feces samples were collected over 7 days. Total 

 radioactivity was analyzed using AMS, and the parent drug was analyzed using 

HPLC–MS/MS (Figure 14.13). More than 77% of the drug-derived material was 

excreted over 7 days with 52% in feces and 25% in urine.

Although AMS has exquisite sensitivity, it is not routinely used for metabolite 

profi ling. AMS is not available for coupling in-line with HPLC analysis, and no 

structural information is obtained when samples are graphitized for AMS analy-

sis. Metabolites detected by AMS require characterization using other analytical 
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techniques, such as HPLC–MS/MS. Nevertheless, when the need arises, metabolites 

can be detected by AMS with several thousand folds lower radioactive dose. In a 

study [36] involving R115777, 1 min HPLC fractions were collected for the entire 

HPLC 60 min run time and then analyzed using AMS to produce a metabolite pro-

fi le. The radioactivity in all HPLC fractions was also measured after treatment with 

β-glucuronidase to assist with the metabolite identifi cation. After β-glucuronidase 

treatment, the major polar early eluting HPLC peak decreased in abundance and 

shifted mainly to the position of the parent drug R115777 (Figure 14.14). The metab-

olite was later confi rmed with authentic reference and HPLC–MS/MS analysis to 

be a glucuronide of R115777. The herbicide 14C-atrazine has been studied using 

AMS for 7 days after dermal exposure [58]. A dose of less than 5 nCi to humans 

was suffi cient to trace the metabolic profi le by HPLC with fraction collection and 

AMS analysis. Atrazine mercapturate was identifi ed as the major urinary metabolite 

and confi rmed with an authentic reference standard. Using the same methodology, 

GI181771 fecal metabolites have been identifi ed after an oral dose (2.7 mg, 3.3 nCi) 

of 14C-labeled drug [61].

In addition to xenobiotic metabolism, AMS has been used to study the metab-

olism of endogenous compounds in humans. Such studies are generally diffi cult 

because the amount of radiotracer that can be administered is severely limited due 

to potentially long residence time in the body. Using AMS, it was possible to con-

duct the experiment with microdosing. The PK of β-carotene and its contribution 

to vitamin A synthesis in humans was investigated using AMS [63]. A single dose 

(930 ng, 60.4 nCi) of 14C-labeled β-carotene was intravenously administrated to 

healthy human subjects. Blood samples were collected up to 22 h postdose; urine and 

feces were collected for 10 days. The study found that 1.0 mole of IV administrated 

β-carotene provided 0.19 moles of vitamin A. Folic acid metabolism has also been 
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FIGURE 14.13 Mean urinary (�), fecal (�), and total (�) cumulative excretion (168 h) of 
14C-ixabepilone derived from eight patients after intravenous administration of 70 mg (80 nCi) 
14C-ixabepilone over 3 h. Error bars represents the standard deviation. (Adapted from Beumer, 

J.H. et al., Invest. New Drugs, 25, 327, 2007. With permission.)
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studied in humans using AMS following an oral dose (35 μg, 100 nCi) of 14C-labeled 

material [18]. It was shown that the dose of 14C-folic acid took 350 days to be elimi-

nated from the body.

14.3.5 DNA AND PROTEIN BINDING

The earliest success of AMS applied to biomedical research involved identifi ca-

tion of DNA and protein binding of 14C-labeled carcinogens and drugs in animals 

and humans [12,64]. It is important to understand the level of exposure, extent of 

adduct formation, and their biological effects. Formation of a covalent DNA adduct 

is considered an initial step in some chemically induced cancers. Protein adducts 

can serve as a surrogate biomarker for DNA binding, which may be present at higher 

levels than DNA adducts. Measuring DNA and protein adducts requires very sensi-

tive analytical techniques, especially for environmental or therapeutic exposure in 

humans. Various techniques have been developed for this purpose, including 32P-

 postlabeling, immunoassay, mass spectrometry, and fl uorescence. AMS is the most 

sensitive technique to measure adducts after environmental exposure to 14C-radiola-

beled compounds.

Heterocyclic aromatic amines MeIQx (2-amino-3,8-dimethylimidazo[4,5-f]-
quinoxaline) and PhIP (2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine) are 

formed at parts per billion (ppb) levels in meat and fi sh during cooking. Both com-

pounds have been linked to colon, prostate, and breast cancers. Mouse liver levels 

of MeIQx DNA adducts were studied using oral doses ranging from 500 pg/kg to 

50 mg/kg body weight [64]. A linear relationship between MeIQx DNA adducts and 

dose amount was established across the entire dosing range. 14C-labeled MeIQx has 

been orally dosed to colon cancer patients (21.3 μg, 4.3 μCi) 3.5 ∼ 6 h before sur-

gery [13]. DNA was extracted from normal colon tissue surrounding the tumor and 

from the tumor tissue itself. Samples analyzed using AMS showed a similar level of 

DNA damage. The extent of DNA adduct formation in human colon was higher than 
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FIGURE 14.14 HPLC metabolite profi le from humans receiving a single oral dose of 50 mg 

(34.35 nCi) 14C-R115777 determined by AMS analysis of fractions from a combined pool of 

0–24 h urine samples before (fi lled circle) and after (open circle) β-glucuronidase treatment. 
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that detected in mice, suggesting that human colon might be more sensitive to the 

 genotoxic effects of MeIQx. In a similar clinical study, the colon cancer patients were 

orally dosed with 14C-labeled PhIP (70 μg, 17 μCi) [13,65,66]. Again a higher extent 

of DNA adduct formation was found in human colon tissue than mice. Collectively, 

these data suggest that humans have a greater risk for colon cancer from these com-

pounds than rodents. The ultrasensitivity of AMS made it possible to conduct such 

studies in humans with very low dose and limited safety risk.

Benzene is a human leukemogen, such that chronic exposure to the environ-

mental pollutant benzene results in an increased risk of anemia and leukemia. In 

a mouse study [67], tissues, DNA, and proteins were analyzed using AMS over a 

48 h period after intraperitoneal injection of 14C-benzene at 5 μg/kg body weight 

(specifi c activity 50.3 mCi/mmol). With this dose that closely mimicked human 

environmental exposures, liver DNA adduct levels peaked at 0.5 h and bone mar-

row DNA adducts peaked 12–24 h postdose. The integrated DNA adduct level was 

found to be much higher in the bone marrow, the target tissue for benzene toxicity, 

than that observed in the liver. In addition, substantial protein modifi cation was 

observed. Protein adduct levels were found to be 9 to 43 times higher than DNA 

adducts. Protein and associate radiolabeled protein adducts from mice liver and 

bone marrow following 14C-benzene intraperitoneal (155 μg/kg body weight, spe-

cifi c activity 58.2 mCi/mmol) treatment were isolated using 1D and 2D gel electro-

phoresis, then excised from the gel for AMS analysis [68]. A number of protein and 

protein adducts were identifi ed by in-gel digestion followed by conventional matrix-

assisted laser desorption ionization–mass spectrometry (MALDI–MS) or LC–MS 

methods. The study found that the binding of 14C-benzene and/or its metabolites 

to proteins was largely proportional to the abundance of protein without selective 

targets. This implies that benzene and its metabolites are highly reactive to most 

proteins and the core modifi cation of benzene causing the carcinogenicity remains 

unknown.

Tamoxifen is used widely for treatment of breast cancer, and has been approved 

for the prevention of this disease in healthy women. However, long-term treatment 

with tamoxifen may increase the risk of endometrial cancer [69]. Using AMS, low 

levels of DNA damage were detected in rats that received a single oral dose of 14C-

labeled tamoxifen (90.3 mg/kg body weight, 15 μCi) [70]. In a follow-up study, 

women who were about to undergo hysterectomies were given a single oral thera-

peutic dose of 14C-labeled tamoxifen (20 mg, 50 μCi), 18 h before surgery [71]. DNA 

was extracted from the uterus and analyzed using AMS. A low level of DNA damage 

was observed, and it was concluded that the damage alone was not enough to result 

in the formation of uterine neoplasias.

When measuring covalent DNA or protein adducts using AMS, the chemical 

reactants are often 14C-labeled. AMS measures only the ratio of radioisotope to an 

abundant isotope (13C or 12C) without differentiating the signal origin. Rigorous puri-

fi cation is always employed to remove noncovalently bound compounds, in order 

to ensure that the detected AMS signal is arising from DNA or protein adducts. 

In many cases, gel electrophoresis [68] or HPLC separations [12,13,65,70] are used 

before AMS analysis. However, in one study, the formation of DNA adducts was 

directly confi rmed by enzymatic digestion [72].
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14.4 OTHER AMS APPLICATIONS

In addition to extensive application of AMS in pharmaceutical research using 14C-

labeled chemicals, other long half-life radioisotopes, such as 3H, 41Ca, 26Al, and 36Cl, 

have also been used [73] (Table 14.1).
41Ca is a radioisotope with a half-life of 104,000 years and decays by emitting 

Auger electrons and soft x-rays. AMS provides about 108-fold better sensitivity for 
41Ca detection than LSC [74]. For AMS analysis [75,76], calcium is converted to 

either CaH2, or CaF2, and is usually detected as 41Ca8+. In order to avoid potential 

interference from isobaric 41K from biological samples, free calcium is often pre-

cipitated as the oxalate salt before converting to CaF2. Since calcium is an important 

constituent for bones and cell signaling, its uptake and metabolism have been studied 

using AMS with 41Ca-labeling to provide insight into Osteoporosis disease and neu-

ral disorders in both human [77,78] and animal models [76,79]. Calcium exchanges 

very slowly from skeletal tissues into the systemic circulation. Once administrated 

to humans, 41Ca could last for lifetime, so that the dose amount is strictly limited. 

AMS is the only analytical technique available with enough sensitivity to measure 
41Ca in humans at a safe dose level ∼5 nCi. For human studies, calcium uptake is 

determined by comparing the difference between 41Ca in dietary intake and urinary/

feces excretion. Direct measurement from bone biopsy would be too invasive for 

routine measurement.

Aluminum apparently plays an important role in Alzheimer’s disease and other 

neural disorders. There are concerns about human exposure to aluminum in the 

drinking water, medical vaccines (hepatitis B), antiperspirants, and environmental 

contamination. However, research on aluminum uptake and metabolism has been 

greatly constrained due to lack of adequate analytical techniques. 26Al is a radioiso-

tope with a half-life of 710,000 years, and is rarely determined using scintillation 

TABLE 14.1
Long-Lived Radioisotopes Suitable for AMS 
Measurement

Element Isotope
Half-Life 

(Year) [91]
Natural 

Abundancea

Hydrogen 3H 12.33 1 × 10−16 [14]

Beryllium 10Be 1.51 M 7 × 10−15 [10]

Carbon 14C 5730 1.2 × 10−12 [18]

Aluminum 26Al 710 K 1 × 10−14 [10]

Chlorine 36Cl 301 K 7 × 10−16 [10]

Calcium 41Ca 104 K 1 × 10−15 [10]

Iodine 129I 17.0 M 1 × 10−12 [10]

M, million; K, kilo.
a Natural abundance, or the lowest measurement from natural 

samples.
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counting due to its extremely slow decay. When analyzed by AMS, biological 

 samples must be processed to remove potential interferences from isobaric 26Mg and 
25MgH− before aluminum is converted to Al2O3 as a solid [80,81]. Very low doses of 
26Al can be administrated to humans, typically ∼3–5 nCi in the form of AlCl3. The 

absorption, distribution, and excretion of Al in animal models [82] and the differ-

ences between patients with renal failure [83–85] have been studied by administer-

ing 26Al. Using AMS and microdialysis, the absorption and transport of aluminum 

across the blood–brain barrier have been investigated [84].
3H is probably one of the most extensively used radioisotopes for pharmaceutical 

research. AMS has been used to measure 3H in biological samples but to a much less 

extent compared to 14C. As in the case of 14C measurement using AMS, 3H in the 

biological samples is ultimately converted to a solid in the form of titanium hydride 

(TiH2) in a two-step process (Figure 14.4) [86]. Samples are heated at 900°C for 2 h 

in a quartz tube in the presence of CuO to form water and CO2, the same oxidation 

conditions that are used for 14C sample preparation for AMS analysis. The water is 

reduced to hydrogen gas with zinc, followed by reaction with titanium powder to 

form titanium hydride. The AMS sensitivity to 3H is about 100–1000 times greater 

than direct scintillation counting. One potential application of 3H AMS is dual-iso-

tope labeling for experiments in conjunction with 14C AMS. 14CO2 and 3H2O can 

be extracted simultaneously from the same biological sample and separated cryo-

genically. In one such study, two compounds 3H-PhIP and 14C-MeIQx were dosed 

separately and simultaneously in rats and examined using AMS [87,88]. The study 

demonstrated the feasibility of studying complex mixtures using dual isotope label-

ing followed by AMS analysis.

14.5 FUTURE TRENDS

Since the fi rst application with biological samples around 1990 [64,89,90], AMS has 

been shown to be a powerful tool for pharmaceutical research. The unique selectivity 

and ultrasensitivity of AMS allow study designs using very low doses of drugs with 

minimum exposure to radioactivity. The microdosing strategy for pharmaceutical 

drug development has accelerated the routine application of AMS. In the past there 

were a limited number of AMS facilities capable of conducting biological sample 

analysis. The large physical area required for the instrument, and the time-consum-

ing sample preparation procedures limited the application of AMS in pharmaceutical 

and biomedical investigations, where throughput is critical. With the recent intro-

duction of commercially available smaller footprint instrument [23], rapid growth of 

AMS to solve analytical problems in the pharmaceutical industry is expected.

Sample preparation for AMS analysis is probably the most time-consuming and 

rate-limiting step for biological sample analysis. The graphite conversion step is not 

compatible with real-time HPLC analysis, which is extensively used for separation of 

analytes and compound characterization. A large number of HPLC fractions are typ-

ically collected for metabolite profi ling, however, no structural information can be 

obtained from AMS analysis. The recent development of an interface for direct GC 
14C AMS analysis using a gaseous ion source is encouraging [25,27]. Nonetheless, 

the overriding benefi t of AMS is its exquisite sensitivity in particular to the presence 
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of 14C. This creates new opportunities for safe study designs that employ  vanishing 

small amount of radioactivity to investigate target engagement, mechanism of 

action, and PK. It is easy to predict that the AMS applications in pharmaceutical and 

 biomedical research will continue to grow in the ensuing years.
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Central nervous system, 84

Cerebrospinal fl uid, 91, 302
14C-fl uticasone, 408

Charged-coupled device (CCD), 164

CHCA, see a-Cyano-4-hydroxycinnamic acid 

(CHCA)

Chemical ionization (CI), 316

Chemiluminescent nitrogen-specifi c HPLC 

detector, 244

Chip-based nanoelectrospray, 249

ionization, 246

Chiral separation-based methods, 286

Chiral SFC–MS method, 287

4-Chlorophenoxyacetic acid (4-CPA), 224

Chromatograms, 259

Chromatographic detectors, 379

Chromatographic effi ciency, 280

Chromatographic optimization, 290

Chromatographic process, 278

Chromatographic separation, 241

Chromatographic theory, 261

CID, see Collision-induced dissociation (CID)

CI, see Chemical ionization
14C-labeled drug, 402

CLND, see Chemiluminescent nitrogen-specifi c 

HPLC detector

Clofazimine, 279

Clozapine, 219

CNLS, see Constant neutral loss (CNLS)

Cobalamin (Co(III)), 217–218

Coeluting metabolites, 147, 237

Collisionally activated dissociation, 338, 340

Collision-induced dissociation (CID), 45, 159, 

207, 238

Colloidal silica polyanions, 12

Colon adenocarcinoma cells, 49

Combustion tube, CO2 transfer, 397

Compound attrition, in drug discovery process, 2

Conjugated metabolites, 151

Conjugation biotransformations, 142–143

Consortium for resourcing and evaluation AMS 

microdosing (CREAM), 402

Constant neutral loss (CNLS), 140, 236

CREAM, see Consortium for resourcing and 

evaluation AMS microdosing

Cryostats, 340

CSF, see Cerebrospinal fl uid

Cultured human colon adenocarcinoma cells, 49

a-Cyano-4-hydroxycinnamic acid (CHCA), 361

Cyclooxygenases (COX), 206

Cyclophilin A (Cyp A), 365

Cytochrome P450 (CYP) enzymes, 51, 71, 141, 

149, 206–207

inhibition, 100–103

profi ling, 113

role in generating reactive metabolites, 207
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D

Dansylated GSH (dGSH), 215

DART/MS/MS system, 380

kidney and liver, 385

limitation of, 381

radiography, 383

rat plasma

limits of detection, 381

reproducibility test of, 380

relative intensity, 385

DART, see Direct analysis in real time (DART)

Data browser, 243

Data-processing algorithms, 241

Day-to-day AMS analysis, 400

7-Deaza-2′-C-[14C] methyl-adenosine, plasma 

concentration of, 403

Debrisoquine, 134

Desmethyl-dextromethrophan-glucuronide 

metabolite, 135

Desorption electrospray ionization (DESI), 138, 

272

based imaging, 383

schematic diagram of, 379

technique, 378

Dextrorphan, 101

Diabetes mellitus patients, 305

2,6-Dihydroxybenzoic acid (DHB), 348

1,2-Dimethylimidazole-4-sulfonyl chloride 

(DMISC), 172

Dipeptidyl pepetidase-4 (DPP-4) inhibitor, for 

diabetes control, 90

Direct analysis in real time (DART), 138, 272, 

377

ionization, matrix effects, 382

Direct liquid introduction (DLI), 44

Discovery (non-GLP) assays (level I), rules for, 

21

Discovery (non-GLP) “full PK” assays (level II), 

rules for, 23

Discovery (non-GLP) PK assays requiring QC 

samples (level III), additional rules 

for, 24

Discovery (non-GLP) “screen” assays (level I), 

rules for, 22

Discovery PK assays, 20

fl owchart for, 18

Distribution images, comparison of, 384

DNA adduct, 411

DNA binding, 410

DNA/protein binding, 399

DNA/protein modifi cation, 399

Dose-normalized AUC, for evaluation of 

exposure linearity, 67

DRE, see Dynamic range enhancement (DRE)

Drug biotransformation, 113

Drug candidates, metabolic transformation in, 

241

Drug–carrier complex, 104

Drug concentration, 87

Drug development, 391

timeline, 302

Drug discovery, 235, 267

ADME–PK screening for, 38

benchmarks for, 38–39

rationale for, 39–40

analytical methods for, 42

chromatography, 43–44

ionization, 44

mass spectrometry, 44–45

sample preparation for, 43

applications, 344–348

bioanalytical assays in, 2

fast method development paradigm for 

use in, 11

physicochemical properties, 47–53

in vivo pharmacokinetic screening, 46–47

attrition for lead compounds in, 38

challenges associated with, 1

data analysis and information management 

for, 45

development stages, 230–231

effect of compound attrition in, 2

fast chromatography

ballistic gradients, 259–261

new chemical entities, 258

half-life in, 81

HPLC–MS, 256

HPLC–MS/MS methods suitable for, 8

instrumentation, 231–235, 258, 262

lead optimization phase of, 36

metabolite identifi cation, 221

metabolite identifi cation at different stages of

conjugation biotransformations for, 

142–143

development stage for, 152–159

ionization techniques for, 137–138

mass analyzers for, 138–141

oxidative biotransformations for, 141–142

quantifi cation for, 159–167

sample preparation techniques for, 

130–133

separation techniques for, 134–137

special strategies used for, 168–172

stages for, 143–151

objectives of, 41

overview, 36–37

PK assay applications for, 7

PK parameters for

bioavailability, 68–73

clearance, 63–68

CMAX, CMIN, and AUC, 60–63
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mean residence time and different terms 

for half-life, 79–81

volume of distribution, 74–79

PK/PD in, 81–95

and preclinical stages of drug development, 

35

process, 334

representative ADME/Tox assays that are 

routinely performed in, 40

strategies for, 37–38

time commitment for, 1

timelines, 236

uses and technology

IMS, advantage of, 250

metabolite identifi cation methods, 

236–243, 248

microsomal incubations, 249

sample preparation, 231–236

workfl ows for, 40

objectives, 41

Drug distribution, 249

Drug–drug interactions (DDIs), 39, 47, 51–52, 

100, 129, 152, 221, 230

Drug-independent biological system, 87

Drug-induced toxicity, 51

Drug metabolism, 221

assays, 2, 99, 205

mass spectrometers, types of, 233

role in drug discovery process, 36

types of mass spectrometers used for, 3

goals of, 231

metabolites, identifi cation of, 232

Drug metabolism and pharmacokinetic (DMPK), 

99, 129

Drug metabolites, 51, 232

Drug-metabolizing enzymes, 104

Drug–protein adducts, 220

Drugs, quantitation of, 256

Drug–target complex, 84, 93

Dry-ice/isopropanol bath, 398

DynamicFlow™ radioisotope detector, 163

Dynamic range enhancement (DRE), 241

E

EC–LC–MS, see Electrochemistry coupling 

with liquid chromatography/mass 

spectrometry

ELDI, see Electrospray-assisted laser desorption/

ionization

Electrochemical detection (ECD) techniques, 172

Electrochemical oxidation, 219

Electrochemistry coupling with liquid 

chromatography/mass spectrometry, 

249

Electroencephalogram (EEG), 91

Electrohydrodynamic process, 244

Electron impact, 311

Electrospray-assisted laser desorption/ionization, 

377

Electrospray deposition, 340

Electrospray ionization (ESI), 13, 42, 49, 103, 

137, 231, 255, 282, 316

Electrospray ionization spectra, quality of, 246

EMEA, see European Medicines Agency 

(EMEA)

Endogenous compounds, 356

Endogenous impurities, 267

separation of, 268

Enhanced product ion (EPI), 237

spectrum, 181, 211, 224

Enterohepatic recirculation, 151

Enzyme kinetics, Michaelis–Menton equation 

for, 85

EPI, see Enhanced product ion (EPI)

ERa, see Estrogen receptor a (ERa)

ESI, see Electrospray ionization (ESI)

Estrogen receptor a (ERa), 249

Estrone, 287

Ethyldimethylamine, 291

European Medicines Agency (EMEA), 

128, 302

Exactive MS, 2

Exploratory drug metabolism (EDM), 2

Extracted ion chromatogram (XIC), 135

Extravascular fl uids, 75

F

Fast isocratic methods, 260

FDA, see Food and Drug Administration (FDA)

Fenfl uramine-phentermine (Fen-Phen), 128

FID, see Flame ionization detection

Filamentous graphite, 397

Filtering methods, 319

Fipexide, 224

First-in-human (FIH) clinical trials, 128

Flame ionization detection, 281

FlashQuant system, 114–115

Flavin monooxygenases (FMO), 141, 206

Flow injection analysis MS (FIA–MS), 216

Flow scintillation analyzer (FSA), 162

Flow-through radioactivity detectors, 164

Fluorescence-based assays, 149

Fluorescence interferences, 215

FMO, see Flavin monooxygenases (FMO)

Food and Drug Administration (FDA), 36, 302

Fourier transform ion cyclotron resonance 

(FTICR), 138, 206

Fourier-transform mass spectrometers (FTMS), 

138, 232, 317

Freeze–thaw cycles, 311

Freeze–thaw stability data, 311

FT–MS instrument, Orbitrap, 318
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FTMS, see Fourier-transform mass spectrometers 

(FTMS)

Fused-core silica particles, 272

G

Gabapentin, 90

Gas chromatography (GC), 278, 285, 308, 311, 

396

Gas chromatography/negative chemical 

ionization mass spectrometry 

(GC-NCI-MS), 172

Gas phase, 282

ions, 231

Gastrointestinal (GI) fl uid, 68

GC, see Gas chromatography (GC)

Gel electrophoresis, 364

Gene expression, 301

Generic acquisition method, 241

Gentamicin-treated kidneys, 368

differential imaging analysis, 369

Glioma, see Human brain cancer

Glucuronidation, of tertiary amine, 242

Glucuronide metabolites, UPLC vs. HPLC, 271

g-Glutamylcysteinyl-glycine (GSH), 207

detection and characterization of, 211

Glutamyl dehydroalanyl glycin, 207

Glutathione ethyl ester (GSH-EE), 214

Glutathione (GSH) conjugates, 170

Glutathione S-transferase (GST), 215

Good laboratory practices (GLP), 22

GSH-trapped reactive metabolites, mass defect 

shifts of, 213

Gut bioavailability, 69

H

HAL, see Hexaminolevulinate

Half-life, 79

for activated receptor, 93

in drug discovery, 81

for drug effect, 88

for one-and two-compartment models, 80
3H AMS analysis, 397

Hank’s balance salt solution (HBSS), 104

HCA, see Hierarchical clustering 

analysis (HCA)

Hematoxylin and eosin, 362

Hemoglobin binding, Hill equation for, 85

Hepatic bioavailbility, 72

Hepatitis B, 412

Hepatocyte clearance, 106–108

Hexaminolevulinate, 407

Hierarchical clustering analysis 

(HCA), 319

High-fi eld asymmetric waveform ion mobility 

spectrometry (FAIMS), 16

High-performance liquid chromatography 

coupled with electrochemical array 

detector (HPLC–ECD), 309

High-performance liquid chromatography 

(HPLC), 255, 258, 278

AMS analysis, 398

application, 278

based methods, 278

CLND/MS system, 245

metabolite profi le, 410

method, 259

MS methods, 286, 290

MS/MS analysis, 261

MS/MS measurement, 406

pump, 256

separations, 411

vs. UPLC, 262–266

High-performance liquid chromatography–

tandem mass spectrometer 

(HPLC–MS/MS), 2, 4, 7, 9, 100, 402

metabolite interference with, 13

potential for matrix effects in, 14

High-performance liquid chromatography with 

ultraviolet detection (HPLC/UV), 42

HILIC, see Hydrophilic interaction liquid 

chromatography

Hill equation, for hemoglobin binding, 85

Hippuric acid, 303

urinary levels of, 303

HIV infections, 407

Horseradish peroxidase (HRP), 217

HPLC–ECD, see High-performance liquid 

chromatography coupled with 

electrochemical array detector 

(HPLC–ECD)

HPLC–MS/MS, see High-performance liquid 

chromatography–tandem mass 

spectrometer (HPLC–MS/MS)

HPLC-radiodetector, 152

HPLC, see High-performance liquid 

chromatography (HPLC)

Human brain cancer, 357

Human erythropoietin, 83

Human ether-a-go-go-related gene (hERG), 113

Human liver microsome incubations, 238

Human liver microsomes (HLM), 100, 113, 134

Human metabolites, 156

Human pharmacokinetics, 2

Human Proteome Organization (HUPO), 359

Human serum albumin (HSA), 109, 222

Human tumor xenografts, 93

HUPO, see Human Proteome Organization 

(HUPO)

Hydrogen–deuterium exchange (HDX), 142, 171

Hydrophilic interaction chromatography, 316

Hydrophilic interaction liquid chromatography 

(HILIC), 134
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Hydrophilic molecules, 289

6-Hydroxydopamine, 363

Hydroxylated metabolites, 134

Hydroxyl metabolites, 263

Hydroxypropyl-b-cyclodextrin (HPBCD), 14

6-b-Hydroxytestosterone, 101

Hydroxytolbutamide, 101

Hyperbolic Hill function, of drug 

concentration, 87

I

Ibuprofen, 14

ICA, see Independent component analysis (ICA)

ICP–MS, see Inductively coupled plasma mass 

spectrometry (ICP–MS)

ICR detector, see Ion-cyclotron-resonance 

detector

Idiosyncratic drug reactions (IDRs), 206

IL-18, see Interleukin-18 (IL-18)

IM, see Ion mobility (IM)

ImagePrep system, 359

Imaging mass spectrometry (IMS), 333, 355

advantage of, 250

fundamentals of

experimental conditions, 341–342

MALDI matrix application, 340–341

MALDI signals, 342–344

tissue collection/slicing, 340

matrix-assisted laser desorption/ionization

history of, 356–357

mass spectrometry, 355

small molecules

imaging techniques, 335–336

MALDI, principles of, 336–340

Immobilized enzyme reactors (IMERs), 

production of, 248

IMS, see Imaging mass spectrometry (IMS)

Independent component analysis (ICA), 319

Inductively coupled plasma mass spectrometry 

(ICP–MS), 249

Information-dependent acquisition (IDA), 181, 237

In silico models, 78–79

Interleukin-18 (IL-18), 303

Internal standard (IS), 5

Interstitial fl uids, 75

In vitro drug metabolism, 248

In vivo MRS analysis, 306

In vivo pharmacokinetic screening

cassette-accelerated rapid rat screen, 47

n-in-one and cassette dosing, 46–47

pooling by time/pooling by compound, 47

Ion-cyclotron-resonance detector, 318

Ion intensity, 319

Ionization potential (IP), of HPLC solvents, 137

Ion mobility (IM), 348

Ion signal, 291

Ion trap mode, 238

Ion traps (ITs), 138, 206

3D ion trap system, 234

IP HPLC–MS/MS chromatograms, 289

Isopropylamine, 291

K

a-Ketoacids, 312

Ketoconazole/loperamide stability, in 

rat plasma, 266

Kidney injury molecule 1 (KIM-1), 303

Kidney proteins, 222

KIM-1, see Kidney injury molecule 1 (KIM-1)

Krebs cycle, urinary concentrations in, 303

Kynurenic acid, 304

L

Laboratory information management system 

(LIMS), 45

b-Lactoglobulin A, 222

Laser desorption ionization, 336

Laser diode thermal desorption (LDTD)-MS 

system, 114

Laser wavelength, 342

LC–MS analysis, 310

bioanalysis, 386

metabolic profi ling, 312

LC–MS for metabolite quantifi cation, 243

LC–MS metabonomics, 319

plasma, 309

LC–MS, see Liquid chromatography–mass 

spectrometry (LC–MS)

LC, see Liquid chromatography

LDI, see Laser desorption ionization

Leap technologies, 262

“Learn-confi rm” cycles, 87

Limits of detection (LOD), 45, 162, 381

Linear ion trap, 232

mass spectrometer, 318

Linear ion trapping (LIT), 138

Linear ion traps, 211

Lipophilicity, 48–49

Liquid chromatography, 231, 243, 255, 278

mass spectrometry, 230

tandem mass spectrometry, 378

Liquid chromatography-accurate radioisotope 

counting (LC-ARC), 162–163

Liquid chromatography–mass spectrometry 

(LC–MS), 35, 42–43, 49, 59, 129, 206

Liquid–liquid extraction (LLE), 9, 43, 131, 236, 

309

Liquid scintillation counting (LSC), 162, 400

LIT, see Linear ion trap

Liver bioavailability, 69

Liver blood fl ow, 66
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Liver metabolism, 72

Liver microsomes, 216

LLE, see Liquid–liquid extraction (LLE)

LOD, see Limits of detection (LOD)

Lower limits of quantitations (LLOQs), 4, 8, 11, 

19, 23, 46

LSC, see Liquid scintillation counting (LSC)

LTQ-FTMS system, 2

LTQ-Orbitrap, 232, 235

mass spectrometer, 319

LTQ-Orbitrap MS, 2

Luc’s investigation, 316

Lysine–Tyrosine (Lys–Tyr), 216

Lysophosphatidylcholine, 304

M

Magnetic resonance imaging (MRI), 353

Magnetic resonance spectroscopy (MRS), 306

MALDI–IMS system

overview of, 334

pharmaceuticals, direct analysis of, 338

rat brain tissue, 339

MALDI MS images, 356

applications, 363–365

image analysis, 360

HPLC/MS analysis, 338

matrix coating procedures, 361

norclozapine/clozapine, 345

OLZ, ion image of, 347

optical images/radioautographic images, 346

protein technologies, limitation of, 370

proteomic composition, 363

rat brain slice, clozapine, 343

three-dimensional imaging, 366–368

toxicity/infection, markers of, 368–370

MALDI MS protein data, 366

MALDI MS technique, for biomarker discovery, 

366

MALDI protein profi les, 366

MALDI, see Matrix-assisted laser desorption 

ionization (MALDI)

Male Han Wistar rats, 14C-labeled fl uticasone, 

400

Mass analyzers, 317

Mass defect fi lter (MDF), 170, 212

Mass spectrometric detection, 282

Mass spectrometry-based bioanalytical methods, 

333

Mass spectrometry-based nontargeted 

metabonomics, 299

Mass spectrometry (MS), 255

precautions for using, 117–118

Matrix-assisted laser desorption ionization 

(MALDI), 140, 249, 355

chemical structures of, 342

imaging process

automation, 359–360

data acquisition, 357–359

histological assessment, 362

sample preparation, 360–363

software program, 358

Matrix effect (ME), 19

Matrix ion suppression, 260

MDL metabolism database, 241

Mean absorption time (MAT), 61

Mean residence time (MRT), 60

MeIQx DNA adducts, mouse liver levels, 410

Mercapturic acid, 151

Metabolic profi ling, 301

Metabolic stability, in vitro methods for 

determination of, 50

Metabolism/mechanism-based inhibitor, 102

Metabolite distribution, for detection of drug, 

347

Metabolite identifi cation, 229–230, 320–324

applications of, 172

linear ion trap (2D)/hybrid tandem mass 

spectrometry applications, 180–184

quadrupole ion trap (3D) applications, 

177–180

time-of-fl ight applications, 174–177

triple quadrupole applications, 173–174

conjugation biotransformations for, 142–143

development stage for

defi nitive in vitro studies, 152

defi nitive nonclinical ADME studies, 

152–154

fi rst-in-human studies, 155–158

human ADME, 158–159

microdose of radioactivity, 154–155

discovery stage for

cross-species comparison, 147–148

early PK screening, 147

metabolic stability studies, 145–147

reaction phenotyping, 149–151

reactive metabolite screens, 148–149

rodent and nonrodent biliary excretion, 

151

in silico methods, 143–145

ionization techniques for, 137–138

mass analyzers for, 138–141

oxidative biotransformations for, 141–142

quantifi cation in absence of reference 

standards or radiolabel, 167–168

quantifi cation of, 159–162

accelerator mass spectrometer, 164–167

fl ow-through radioactivity detectors, 162

liquid chromatography-accurate 

radioisotope counting, 162–163

microplate imager, 164

microplate scintillation counting, 163–164

sample preparation techniques for, 130–133

separation techniques for, 134–137
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special strategies used for

chemical derivatization, 171–172

hydrogen–deuterium exchange, 171

online electrochemical techniques, 172

stable isotope labeling, 168–170

stages for, 143–151

strategy for, 243

using LC–MS techniques, 49–50

Metabolites, 399

quantitative information, 243

screening procedure, 248

Metabolomics, 289, 301

Metabolynx software, 241

Metabonomic data interpretation, 324

Metabonomics, 299; see also Metabolomics

applications of, 301

vs. metabolomics, 300–302

Metabonomics analytical methods

data analysis, 319–320

data processing, 319

factors affecting metabolic profi ling, 

306–309

sample preparation

gas chromatography, 311–312

ionization techniques/mass analyzers, 

316–319

LC–MS, 312–316

plasma, 309–310

sample stability, 311

tissue, 310

urine, 310

Metabonomics data, 323

Methyl cellulose (MC), 14

3,4-Methylenedioxybenzylpiperazine (MDBP), 

224

N-Methyl-N-(t-butyldimethylsilyl) 

trofl uoroacetamine (MTBSTFA), 172

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP), 363

Michael acceptors, 207

Michaelis–Menton equation, for enzyme 

kinetics, 85

Microdosing strategy, 401

Micromass Premier fast scanning, 256

Micromass Q-Tof-Micro mass spectrometer, 315

Microplate imager (MI), 164

Microsomal incubation assay, 237

Microsomal incubations, chip-based format, 249

MNDs, see Motor neuron diseases

Mobile-phase fl ow rates, infl uence of retention 

times on, 280

Mobile-phase gradients, chromatographic 

comparison, 315

Mobile phase injection, 291

Mobile phase modifi ers, 12

Monoamine oxidase (MAOs), 141

Monolithic columns, 277

Morphine, 172

Motor neuron diseases, 305

Mouse brain, MS images of, 357

Mouse plasma extract, 288

Mouse xenograft glioblastoma tumor, 356

MPTP, see 1-Methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP)

MRI, see Magnetic resonance imaging (MRI)

MRS, see Magnetic resonance spectroscopy 

(MRS)

MS-based metabolic profi ling, 305

MS-based metabonomics, 318

MS-based methods, 290

MS ionization modes, 317

MS metabonomics data processing, software 

tools for, 320

MS, see Mass spectrometry (MS)

Multiple ion monitoring (MIM), 181

Multiplexed inlet system (MUX), 106

Multivariate analysis (MVA), 316

MUX interface, 272

MVA, see Multivariate analysis (MVA)

Myeloperoxidase (MPO), 206

N

N-acetyl-p-benzoquinoneimine (NAPQI), 220

Nanoelectrospray, 246

Nanospray ionization (NSI), 137

Naproxen, 14

NCE, see New chemical entity (NCE)

N-dealkylation, 241

Nebulization process, 284

Nefazodone, 183

Nelfi navir bioavailability, 407

Nephrotoxicity, 368

Neuropathic pain, threshold values for, 91

New chemical entity (NCE), 5, 37, 99, 102, 113, 

128–129, 230, 258, 335

human plasma protein binding for, 114

New drug application (NDA), 152

N-glucuronidation, 241

N-methylation, 242

NMR-based metabonomic technology, 305

NMR, see Nuclear magnetic resonance (NMR)

Nonmicrosomal enzymes, 141

NP chromatography, 287

Nuclear magnetic resonance (NMR), 303

O

OCT, see Optimal cutting temperature (OCT)

6-OHDA, see 6-Hydroxydopamine

Omics techniques, 309

On-tissue digestion, 371

of lung tumor, 372

Optimal cutting temperature (OCT), 340
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Oral bioavailability, 68–69, 73

Oral clearance, 68

Orally administered drugs, 73

Oral toxicology package, 407

Orbitrap-based hybrid tandem mass 

spectrometers, 139

Orbitrap systems, 206, 318

Oxazepam, 245

Oxidative biotransformations, 141–142

Oxidative metabolic detoxifi cation, 220

Oxiranes, 217

P

Parallel artifi cial membrane permeability assay 

(PAMPA) system, 49, 69

Parallel chromatographic systems, 290

Parkinson’s disease, 306

Partial least square differential analysis, 319

Particle-beam (PB) systems, 281

Pathological conditions, 363

PB systems, see Particle-beam (PB) systems

PCA, see Principal component analysis (PCA)

PCP-4, see Purkinje cell protein 4 (PCP-4)

Pelletron accelerators, 394–395

PET, see Positron emission tomography (PET)

P-glycoprotein (P-GP), 105

Pharmacodynamics (PD), 37, 231

for acute pharmacology models, 91–93

basic concepts in drug discovery

direct Emax model and target binding, 

84–86

direct vs. indirect response, 82–84

reversible vs. irreversible response, 82

challenges in modeling of, 95

methodology of drug discovery, 86–87

models and principles of scaling PD 

parameters, 87–88

for subchronic pharmacology models, 93–95

translatability of preclinical models, 90–91

Pharmacokinetics (PK), 2, 36–37, 59, 391

for acute pharmacology models, 91–93

challenges in modeling of, 95

in drug discovery, 81–82

evaluation of key parameters for, 88–90

for subchronic pharmacology models, 93–95

in vivo rat, 258

workfl ow for studies related to, 5

Pharmacological dose, 401

Phosphate-buffered saline (PBS), 111

Phospholipids, 292

imaging application, 348–349

in plasma, 12

Phosphor-imaging systems, 336

Photomultiplier tubes (PMTs), 164

PIS, see Precursor ion scan (PIS)

PK, see Pharmacokinetics (PK)

Plasma albumin, 73

Plasma diazepam concentrations, semilog plot 

of, 404

Plasma metabolites, 162

profi ling, 133

Plasma protein binding assays, 52–53, 108–112

impact of pH and temperature on, 112–113

plate format for, 112

Plasma warfarin concentrations, 404

semilog plot of, 404

PLS-DA loading plot, 321

PLS-DA, see Partial least square differential 

analysis

Porous silica layer, 270

Portal vein dosing, 72

Positron emission tomography (PET), 154, 

335, 402

PP, see Protein precipitation (PP)

PQD, see Pulsed-Q-dissociation (PQD)

Precursor ion (PI), 207

Precursor ion scan (PIS), 236

Pregabalin, preclinical pain model for, 90

Principal component analysis (PCA), 311

Pronase digestion, 224

Protein adducts, 392

Protein binding, 14C-labeled carcinogens, 410

Protein expression, evolution of, 364

Protein precipitation (PP), 102, 131, 260, 309

procedure, 4–5, 7

advantages of, 18

of mouse plasma samples, 13

normalized mass chromatograms of blank 

control plasma obtained using, 8

Proteins

covalent binding of, 220–224

identifi cation of, 222

signatures, 364

Proton transfer reaction, 282

Pseudoephedrine, 88

Pulsed-Q-dissociation (PQD), 318

Purkinje cell protein 4 (PCP-4), 363

Pyrene, HPLC/SFC elution of, 278

Q

QED scanning, see Quality-enhanced data-

dependent scanning

QIT mass spectrometer, 162

QQQ, see Triple-quadrupole

Q-TOF instruments, 318

Q-TOF technology, 234

QTrap MS/MS system, 24

QTrap system, 237

Quadrupole ion-trapping devices, 317

Quadrupole ion trap (QIT), 138

Quadrupole linear ion trap (QqQLIT), 206, 

214, 233
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Quadrupole mass fi lters (QMFs), 138, 317

Quadrupole orthogonal time-of-fl ights 

(Q-TOFs), 138

Quadrupole-time-of-fl ight (QqTOF), 206, 209, 340

illustration of, 233

mass spectrometers, 232

Quality-enhanced data-dependent scanning, 237

Quantitative structure activity relationships 

(QSAR), 49

Quantitative whole-body autoradiography 

(QWBA), 158, 222, 336

Quartz tube, 397

Quaternary ammonium GSH (QA-GSH) analog, 

215

QWBA, see Quantitative whole-body 

autoradiography (QWBA)

R

Radioactivity detection (RAD), 152, 162

Radiochromatograms, 164, 179

Radiofl ow detection, 256

Radiolabeled compounds, IV/PO studies of, 69

Radiolabeled drugs, 151

Radiolabeled parent drug, 224

Rapid equilibrium dialysis (RED), 109

RapidFireTM XC-MS system, 114, 117

Rat midbrain, rostrocaudal axis of, 366

Rat ventral midbrain, MALDI IMS of, 367

Raw urine chromatograms, C18 column, 317

RCC, see Renal cell carcinoma (RCC)

RDBE, see Rings plus double bond equivalents 

(RDBE)

Reactive metabolites, 51

categories of, 206

procedure for identifi cation of

cobalamin (Co(III)), 217–218

cyanide adducts, 215–216

electrochemical system for metabolite 

generation, 218–220

glutathione adducts, 207–215

other peptides, 216–217

in vitro and in vivo reactive metabolite 

profi ling, 207

Receptor-binding kinetics model, 91

Receptor complex (RC), 85

Receptor-mediated endocytosis, 74

Reconstructed ion chromatogram (RIC), 236

Renal cell carcinoma (RCC), 305

Renal CL (CLr), 65

RER scanning, see Reversed energy ramp (RER) 

scanning

Restricted access media (RAM), 43

Reversed energy ramp (RER) scanning, 237

Reversed-phase HPLC–MS method, 287

Reversed-phase HPLC systems, 12

RIC, see Reconstructed ion chromatogram (RIC)

Rings plus double bond equivalents (RDBE), 322

S

Safety Testing of Drug Metabolites (STDM), 129

SBP, see Spermine-binding protein (SBP)

Schiff bases, 216

Secondary ion mass spectrometry (SIMS), 335, 378

ex vivo/in vitro techniques, 335

Selected ion monitoring (SIM), 45, 234

Selected reaction monitoring (SRM), 9, 45, 140, 

212, 234

SENIOR chemical rules, 323

SFC, see Supercritical fl uid chromatography

SFC–APCI/MS/MS chromatograms, of racemic 

propranolol, 286

SFC–API/MS methods, for chemical analysis, 

283

SFC–ESI/MS analysis, 289

SFC–MS based purifi cation process, 291

SFC–MS methods, 278, 290

SFC–MS systems, 290–291

schematic diagram of, 281

SFC–MS technique, 287

Shake-fl ask methods, for determining solubillity 

of drugs, 47–48

Signal-to-noise ratio (SNR), 8, 23, 135

SIM, see Selected ion monitoring (SIM)

SIMS, see Secondary ion mass spectrometry 

(SIMS)

Single ion monitoring (SIM), 117

Sitagliptin, 90

Small-molecule analysis, 231

Sodium azide, 311

Solid-phase extraction (SPE), 6–7, 43, 131, 214, 

236, 309

Solid-phase microextraction (SPME), 172

Solvent mixture A (SMA), 102

SPE, see Solid-phase extraction (SPE)

Spermine-binding protein (SBP), 365

SRM channels, TIC of, 239

SRM chromatograms, 17

SRM, see Selected reaction monitoring (SRM)

Staphylococcus aureus, 368

StopFlow radioisotope detector, 163

Structure activity relationships (SAR), 37, 111

Structure elucidation, 320–324

Substantia nigra, 367

Sulfotransferases (SULT), 206

Supercritical fl uid chromatography, 278–281

APCI/MS/MS chromatograms, 286

mass spectrometry, 281

achiral columns, 287–290

chiral columns, 285–287

integration of, 281–285

parallel chromatographic systems, 290

preparative, 290–291

matrix effects, 291–292

mobile phase conditions, 282

stereoisomeric drugs, 285
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Support vector machine (SVM), 371

Surface enhanced laser desorption/ionization 

time-of-fl ight (SELDI–TOF), 217

T

Tamoxifen, 411

Thermodynamic critical point, 278

Thermo Electron Accela pump, 262

Thermospray ionization (TSI), 44

Thin coronal tissue, optical image of, 349

Thin-layer chromatography (TLC), 285

TIC, see Total ion chromatogram (TIC)

Time-of-fl ight mass spectrometers, 285

Time proportional pooling, 133

Tissue components, extraction of, 310

Tissue homogenates, 78

Tissue microarrays (TMA), 371

TLC, see Thin-layer chromatography (TLC)

TMA, see Tissue microarrays (TMA)

TMAO, see Trimethylamine N-oxide (TMAO)

TM-Sprayer, 359

Tolbutamide hydroxylase, 101

Toremifene, 249

Total ion chromatogram (TIC), 236

human urine, 312–313

Toxicity markers, 225

Transcellular passive diffusion, 74

Transepithelial electrical resistance (TEER), 105

Trapping agent, 207

Trap-triple quadrupole mass spectrometer, 234

Triethylamine (TEA), 12

Trifl uoroacetic acid (TFA), 12

Trimethylamine N-oxide (TMAO), 304

Triple-quadrupole, 232

MS/MS data, 234

NCE, metabolic profi le, 234

quantum AM, 236

tandem mass spectrometer, 285

Triple quadrupole mass spectrometer, 2

Troglitazone, 209

Trypsin digestion, 222

TSQ quantum, 259

Tumor angiogenesis, 368

Tumor growth inhibition (TGI), 89, 93

schematic description of mechanism-based 

model for, 94

Turbulent fl ow chromatography (TFC), 43

Typical drug-development timeline, schematic 

of, 302

U

UDP glucuronyltransferases (UGT), 206

Ultrahigh-performance liquid chromatography 

(UHPLC), 43, 215

Ultrahigh-pressure liquid chromatography, 304

Ultrahigh-pressure performance liquid, 277

Ultralow fl ow nanospray, 247

Ultra-performance liquid chromatography–

tandem mass spectrometry 

(UPLC–MS/MS), 16, 19

Ultra-performance liquid chromatography 

(UPLC), 134–135, 163, 175, 242, 

256–257

Untargeted metabonomics analysis, 307

UPHPLC–MS/MS chromatograms, 265

UPLC–MS/MS methods, 269

Schering-Plough, 267

UPLC-Q-TOF MS TICs

of urine sample, 321

UPLC–QToF MS, urinary metabolite 

profi ling, 315

UPLC reproducibility, 266

UPLC separation, 267

Uridine diphosphate glucuronic acid (UDPGA), 

217

Uridine diphosphoglucuronosyltransferase 

(UGT) enzymes, 142

U.S. Food and Drug Administration (US FDA), 

128

UV/fl uorescence detection, 286

V

van Deemter curve, 256

van Deemter equation, 261, 277

van Deemter plots, 257

chromatographic data, 278

Vicriviroc (VCV), biotransformation of, 150

Vioxx, 113

Vitamin K-2,3-epoxide reductase, 405

Volatile trichloroethylene (TCE) 

metabolites, 172

W

Waters Acquity particles, 270

Waters Alliance 2795 HPLC system, 313

Waters MetabolLynx, 243

WATSON (Thermo-Finnigan) LIMS, 21

Wilcoxon rank sum test, 321

X

Xanthurenic acid, 304

Xcalibur LCQ software, 242

Xenobiotics, 205, 216, 221

Z

Zeptomole, 402
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FIGURE 11.1 General overview of MALDI–IMS. (a) Fresh section cut from sample tis-

sue. (b) Mounted section after matrix application using a robotic picoliter volume spotter. 

(c) Partial series of mass spectra collected along one row of coordinates (x-axis). (d) Three-

dimensional volumetric plot of complete dataset with selected m/z “slices” or ion images. 

Principal axes are x, y, and m/z. Color of each voxel is determined by ion intensity. (From 

Cornett, D. et al., Nat. Methods, 4, 828, 2007. With permission.)
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FIGURE 11.11 Detection of drug and metabolite distribution at 2 h postdose in a whole rat 

sagittal tissue section by a single IMS analysis. (A) Optical image of a 2 h post-OLZ dosed 

rat tissue section across four gold MALDI target plates. (B) Organs outlined in red. Pink 

dot used as time point label. MS/MS ion image of OLZ (m/z 256). (C) MS/MS ion image of 

N-desmethyl metabolite (m/z 256). (D) MS/MS ion image of 2-hydroxymethyl metabolite 

(m/z 272). Bar, 1 cm. (From Khatib-Shahidi, S. et al., Anal. Chem., 78, 6448, 2006. With 

permission.)
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FIGURE 11.12 Imaging IM–MS for mapping the spatial coordinates of analytes based on 

structure and m/z. (a) An optical image of a thin coronal tissue section (12 μm) of a rat brain 

adjacent to the section used for imaging IM–MS. The spatial coordinates of the white spot 

indicated in (a) were interrogated to yield an IM–MS molecular profi le as indicated in (b). 

Lipid imaging of the analytes indicated by the rectangle about an IM arrival time distribu-

tion of 480–484 μs and 700–840 m/z is illustrated in (c). (d, e) Extracted ion density maps for 

two phospholipids at m/z 771–776 [PC 32:0 + K]+ and 819–823 [PC 32:0 + K]+, in (d) and (e), 

respectively. MALDI was performed at a laser repetition rate of 1000 Hz with a spatial reso-

lution of 200 μm. Note that the images in c, d, and e represent raw data which have not been 

smoothed or interpolated. The relative abundance scale in c is the same for d and e. (From 

McLean, J.A. et al., J. Mass Spectrom., 42, 1099, 2007. With permission.)
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FIGURE 12.1 General procedure for MALDI MS imaging experiments in profi ling (left 

side) and imaging (right side) modes.
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FIGURE 12.2 One of the fi rst examples of mass spectrometric images of proteins in a 

mouse brain section. (a) Optical image of the tissue section mounted on a gold-coated plate. 

(b) m/z 8528 in the regions of the cerebral cortex and the hippocampus. (c) m/z 6716 in the 

regions of the substantia nigra and medial geniculate nucleus. (d) m/z 2564 in the midbrain. 

(Reproduced from Stoeckli, M. et al., Nat. Med., 7, 493, 2001. With permission.)
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FIGURE 12.3 Technological developments have facilitated the development and process-

ing of MALDI image data. (a) Rudimentary “image” of an area of rat pancreas tissue, 450 

× 75 μm. The reconstructed ion image at m/z 5802 shows the presence of insulin in an islet 

while the image at m/z 6500 serves as a control. (Reproduced from Caprioli, R.M. et al., Anal. 
Chem., 69, 4751, 1997. With permission.) (b) Software developments allowed this image of 

human normal pancreas tissue (adjacent to tumor) to be obtained. From top to bottom: opti-

cal image of the tissue section, H&E stained section, and MALDI MS image of insulin (m/z 

5808) visualized with Biomap software obtained at 150 × 150 μm resolution. Insulin is clearly 

visualized within many islet cells.
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FIGURE 12.4 Developments in sample preparation have led to matrix coating procedures 

that induce minimal delocalization. (a) Scanned optical image of a dry-coated sagittal mouse 

brain section on a gold-coated MALDI plate, with a 4× magnifi cation of the DHB layer shown 

on the right. (b) Comparison of phospholipid images obtained from a sagittal mouse brain 

either spray-coated (middle) or dry-coated (right) with DHB. (Adapted from Puolitaival, S.M. 

et al., J. Am. Soc. Mass Spectrom., 19, 882, 2008. With permission.)
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FIGURE 12.5 Imaging MS shows spatial localization for selected proteins of interest on 

days 5, 6, and 8 of pregnancy. Spatial localization of (a) ubiquitin, (b) calcyclin, and (c) calgiz-

zarin by imaging MS (upper panels) and respective mRNAs by in situ hybridization (lower 

panels) in the implantation site (IS) or interimplantation site (inter-IS) of the mouse uterus. 

Bar, 700 μm. (Adapted from Burnum, K.E. et al., Endocrinology, 149, 3274, 2008. With 

permission.)
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FIGURE 12.6 3D volume reconstructions of one  peptide and one protein as detected by 

MALDI IMS of the rat ventral midbrain. (a) Intrasection registration of pixelated IMS images 

is performed so that each individual pixel matches its matrix deposit. (b) The intersection 

registration uses cresyl violet stained images to create a z-stack for alignment using Amira 

software. The 3D surface reconstructions of cortex (Ctx), hippocampus (Hip), midbrain (M), 

and substantia nigra (SN) visualize the alignment. The box outlines the volume analyzed by 

MALDI IMS. (c) MALDI IMS images of substance P (m/z 1347.8 [M + H]+) and PEP-19 (m/z 

6717 [M + H]+) were registered using the same factors obtained for intra- and intersection reg-

istration. Virtual z-stacks were created in Image J  software and 3D volume reconstructions 

of substance P and PEP-19 were rotated for frontal and dorsal views (top and bottom rows, 

respectively). Overlap of substance P and PEP-19 localization was assessed by combining 

z-stacks. Differential localization was observed in the interpeduncular nucleus. Anterior (A), 

posterior (P), ventral (V), dorsal (D). Scale bars, 2 mm. (Reproduced from Andersson, M. et 

al., Nat. Methods, 5, 101, 2008. With permission.)
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FIGURE 12.8 On-tissue digestion aids the detection of high-molecular-weight species. 

Distribution of ion detected at m/z 1496.75 corresponding to a tryptic peptide of the 71 kDa 

protein, synapsin I. (Reproduced from Groseclose, M.R. et al., J. Mass Spectrom., 42, 254, 

2007. With permission.)
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FIGURE 12.9 On-tissue digestion of lung tumor TMA allows for high-throughput diagnos-

tic analyses. Shown is a visual representation of the statistical classifi cation of four biopsies 

compared to the marking and diagnosis based on histology. (Reproduced from Groseclose, 

M.R. et al., Proteomics, 8, 3715, 2008. With permission.)
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