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Abstract

Subject: Pharmaceutical Analysis

Study of fate of metabolites is important in easkage of drug discovery and development, as this
metabolite may be toxic or pharmacologically actildass spectrometry plays a key role in drug
metabolite identification. High resolution mass cpemetry (HRMS) with new data processing
techniques has improved the quality of metabodientification process. In this review the approachie
mass spectroscopy in metabolite identification @dewed. It also discusses traditional and modern
liquid chromatography-mass spectrometry (LC-MS)rapphes includingn silico tool, tandem mass
spectroscopy (M3, and HRMS for Metabolite identification. Genestéps that are to be followed for
metabolite identification by HRMS are also summneutis
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Introduction

The primary and most crucial step of drug
discovery and development involves screening of
new chemical entities (NCESs), lead optimization,
and evaluation of potential candidates. It is
known that for every 5000 chemicals, only one is
taken for further studies and approved for human
use. The major reason for failure for other
chemicals is their unfavorable pharmacokinetic
properties, the main four parameters i.e.
absorption,  distribution, metabolism and
excretion (ADME) (Sinko, 1999). As this helps
in conversion of such an evaluated potential
candidates into successful drug. The recent
scenario is to minimize the cost and resources
spent on poor NCEs by evaluating the candidate
molecules early (Li, 2005, Lipinski et al., 2012,
Nassar and Talaat, 2004, Sams-Dodd, 2006,
Yengi et al., 2007). Drug metabolism and
pharmacokinetics (DMPK) plays very important
role in drug development and discovery (Lin and
Lu, 1997). By detecting the metabolites and
characterizing the structure of NCEs, metabolic
fate of NCEs can be predicted (Kostiainen et al.,
2003). It is a challenging task to detect and to
elucidate the structure of unexpected metabolite
that are present at trace levels relative to large
amount of complex endogenous components
(Baillie and Davis, 1993, Blair, 1993, Kostiainen
et al., 2003). In such a cases highly specific and
sensitive analytical methods are used such as,
radioimmunoassay (RIA), gas chromatography-

mass spectrometry (GC-MS) and liquid
chromatography-mass spectroscopy (LC-MS),
fluorescence, radioactivity and mass
spectrometric detection (Baillie and Davis, 1993,
Blair, 1993, Kostiainen et al., 2003). Due the
superiority, specificity, sensitivity and efficienc
LC-MS has become most popular analytical
platforms for metabolite identification (Oliveira
and Watson, 2000). HRMS has many
applications in analytical fieldiz, proteomics
(Aebersold and Mann, 2003, Prasad et al., 2011),
peptide mapping (Papasotiriou et al., 2010),
biomarker discovery (Liu et al., 2006), and
metabolite identification (Ma et al., 2006). Drug
metabolism study by HRMS shares similarities
with application of HRMS in doping control and
forensic sciences (Maurer, 2010, Jiwan et al.,
2011, Zhu et al., 2011).

A systematic strategy has been outlined
by Clarke et al for the purpose of metabolite
identification in biological matrices using LC-
MS which is followed by the drug industry
(Clarke et al., 2001). Metabolite identification
approach is based on predicted fragmentation of
precursor ion (Pl) to form metabolite ions. To
get different metabolites, multiple injections of
Pl is required (Zhu et al., 2006). To study
detailed fragmentation pathway for structure
elucidation, multistage product ion scan (WS
on an ion trap instrument is carried out (Anari et
al., 2004). The empirical formulae of metabolites
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and their fragments can be determined by using
HRMS instruments (Chen et al., 2009). In past
few years new and efficient HRMS instruments
and data processing techniques have been
developed for metabolite identification
(MortishireSmith et al., 2009, Zhang et al,
2008) with significantly improved quality of
result (Zhu et al., 2009b, Zhu et al., 2007).

Significance of Metabolite Identification
Metabolite identification study provides the
information about the site(s) and functional
group that need to be blocked or modified or to
improve the metabolic properties of molecule(s)
under consideration (Prasad et al., 2011).
Structure of metabolite is very useful in
predicting the toxicity of metabolite by
performingin silico toxicity tools. Electrophilic
reactive metabolites that may interact chemically
with endogenous molecules and may cause
toxicities can be investigated lby vitro studies.
Such early identification of reactive metabolites
is best to avoid negative outcomes (Ma and
Subramanian, 2006, Soglia et al., 2006, Wen and
Fitch, 2009). In toxicity studies, selection of
animal species that have very near metabolite
profile as that of human becomes easy by
comparing the type of metabolite formed in an
animal versus human. Such an information is
important in ADME studies and toxicological
studies in pre-clinical development stage where,
animals are used (Zhu et al., 2011) and also helps
in predicting that what would be observed in
humans in clinical trials (Prasad et al., 2011).

Tools for metbolite identification

Traditional approach

Traditionally, metabolite identification studies
were initiated once the drug cleared the
discovery process and just entered into
development process. By this time potential
candidates were available and metabolism
studies were conducted. From this study
metabolites were isolated and characterized by
conventional spectrometry and synthesis of such
metabolites was carried out. By comparing the
UV spectra, retention time or by spiking the
sample, the presence of such metabolites in
biological samples were confirmed. Traditionally
GC-MS and off flow liquid scintillation counting
were employed for metabolite identification
(Ramanathan et al., 2007, Prakash et al., 2007,
Zhu et al., 2011). Till the late 1990s GC-MS was
primarily used for metabolite identification.
However, use of GCMS declined because of two
major  drawbacks viz, requirement  of
dervatization of analyte(s) and temperature
fluctuation. This resulted in frequent shifting in
chromatographic retention time (Mastovska and
Lehotay, 2003, Koek et al., 2006).

Modern LC-MS Approach in Metabolite
Identification

In silico tool:

In silico expresses performance on computer or
via computer simulation. Several articles are
available that shows the use of computer tools
for metabolite identification (Sikanen et al.,
2010, Anari et al., 2004, Pelander et al., 2009,
Trunzer et al., 2008)E.g. Trunzeret al. used
MetaSite" for the identification of metabolic soft
spots during lead optimization in early drug
discovery (Wolf et al.,, 2010). Softwares like
Meteor , and MetaboliteDete®tcan be used to
detect and to predict phase | metabolites of
Quetiapine in 10 autopsy urine samples
(Pelander et al., 2009). Madison metabolomics
consortium database (MMCD) a web-based tool
contains data pertaining to biologically relevant
small molecules from a variety of species (Cui et
al., 2008).

Tandem mass spectroscopy (M%:

Traditionally single stage quadrupole (SSQ) was
used to carry out fragmentation of compound at
high source potential and to give information of
collecting MS information. However, some of
the fragments were skipped and complete
sequence of fragments was not often observed
(Tozuka et al., 2003, Pavia et al., 2008).

Now a days, MS with modern atmospheric
pressure ionization (API) based ion source
technologied.e. electron spray ionization (ESI)
and atmospheric pressure chemical ionization
(APCI). Furthermore, in last two and half
decades efficient improvement has been made in
mass analyzers. The very first LC-MS was SSQ
that gives data on molecular ion peaks and
fragment ion. However SSQ has been replaced
by triple stage quadruple (TSQ), lon trap, Time
of Flight (TOF), Hybrid lon Trap (Q-Trap),
Hybrid TOF (Q-TOF), Fourier Transform-
Inductive Couple Resonance (FT-ICR) and
Orbitrap (Ramanathan et al., 2007, Prakash et al.,
2007). In such a system, parent ion is selected
and then it is fragmented in the collision-induced
dissociation (CID) cell to get complete spectrum,
having product ions with lower to higher masses.
Thus, it is also used to get comprehensive
fragmentation dataviz, Q-Trap, Orbitrap, and
FT-ICR (Tozuka et al., 2003, Hahn et al., 2011).

High resolution mass spectroscopy (HRMS):
Modern HRMS systems (e.g., TOF, Q-TOF, FT-
ICR, and Orbitrap) on coupling with liquid
chromatography (LC) give accurate masses of a
drug and its metabolites. The data also permits
the calculation of accurate mass shifts of the
metabolites and in determination of their
molecular formula (Tolonen et al., 2009, Hahn et
al., 2011, Han et al., 2008).
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E.g. Around 700 drugs have been detected and
identified by multi-target screening with a 3200
Q TRAP® LC-MS/MS system and library
searching by Dresest al (Dresen et al., 2010).

The accurate mass data obtained by HRMS helps
to distinguish isobaric molecular ion in
metabolite identification stud¥.g., Quantitative
determination of vitamin D metabolites in
plasma using UHPLC-MS/MS was performed by
Ding et al (Ding et al., 2010). Gratat al has
applied UPLC-TOF-MS approach in plant
metabolomics for analysis of wound marker in
Arabidopsisthaliana (Grata et al., 2008).

Precursor ion scan and Neutral loss scan (PIS

and NLS):

This is a very common method of metabolite
detection by the use of M8ata. PIS features are
available in Q-Trap and TSQ system. PIS
approach is used to detect precursor ions which
generate a common fragment (Dieckhaus et al.,
2005). This is also used to detect phase |
metabolite where drug structure remains intact

upon metabolism. NLS approach is best to use
when there is a constant mass shift from the
molecule. It is mainly used in identification of
glucuronide/sulfate/GSH conjugates (Phase I
reactions), as it often undergoes common
cleavage to generate a neutral fragment. E.g.,
Glutathione adduct often yield neutral mass loss
of pyroglutamic acid (129 Da) in positive MS
mode (Zhu et al., 2011).

Multiple reaction monitoring (MRM):

Modern MS like Q-Trap, TSQ are designed to
perform single reaction monitoring (SRM) and
multiple reaction monitoring (MRM). MRM
mode involves selecting monitoring  of
metabolite matrix components by detection of
single and multiple precursor based on user
defined fragment ion(s) (Liu and Hop, 2005). It
is also very useful tool for detection of low level
metabolites and because of this advantage, MRM
mode is widely in use (Gao et al., 2007, Yao et
al., 2008).

Metabolite Identification

Full scan measurements

Discovery

¢

r

MRM measurements

r

Targeted

ir

Metabolite Libraries Knowledge Base

Fig.1: Overall combinatory strategy of full scan ad MRM analysis of metabolite

In figure 1 it shows metabolite identification syuly using combinatory strategy of full scan maeahel
MRM mode in mass spectrometer (Zhu et al., 2011).
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HRMS Metabolite Identification Strategy

General steps involved in metabolite identificatiorby HRMS are:
1. Data Acquisition 2.Data mining 3.Data interpretatio

— Data Acquisition

MS dataset

MS/MS dataset

I | Data Mining

Metabolite ion/
MS/MS spectrum

Metabolite
Structure

Data
Interpretation
n

Fig.2: Shows general metabolite identification streegy by HRMS which involve three crucial steps
mentioned earlier (Fragner et al., 2014).

1) Data Acquisition

The first step in metabolite identification by
HRMS is data acquisition (Zhu et al., 2011).
Recent HRMS instrumentdz, TSQ, TOF and
Fourier transform based MS give PI spectra
with greater resolution (10000 at full width at
half maximum) and accurate mass (5 ppm
deviation) (Perry et al., 2008, Bristow, 2006).
This is able to distinguish the metabolite ion
from most of the isobaric endogenous
components but not all. However, such modern
HRMS cannot used to perform PIS and NLS.
So it is required to develop methods of data
acquisition that are independent of Pl and NL
scan. Now a days various data acquisition and
data mining technologies have been developed
that are devoid of product ion scan and neutral
loss scan. E.g., Intensity dependent data
acquisition method (Ruan et al., 2008), List
dependent data acquisition method (Krivos and
Limbach, 2010), Mass defect dependent data
acquisition method (Zhu et al.,, 2011), and
isotope pattern dependent data acquisition
method (Lim et al., 2008). Each method has its
own application and limitation but they can use

independent of PIS and NLS (Prasad et al.,
2011).

Data acquisition method is of two types,

A. Data acquisition method that generates
pseudo MS/MS data and

B. Data acquisition method that generates
MS/MS data (Prasad et al., 2011).

1 )Data acquisition method that generate
pseudo MS/MS data:

This method is based on performing the full
scan MS experiment at high and low collision
energies alternatively. The full scan recorded at
higher collision energies displays fragment ion
and the full scan recorded at lower collision
energies displays molecular iohe. pseudo
MS/MS spectra. Such scan gives all type of
fragmentsi.e. positive as well as negative.
Example of such method is intensity depended
data acquiring method (Ruan et al., 2008).

2) Data acquisition method that generates
MS/MS data:

This type of methods are based on obtaining
MS/MS data based on metabolite properties.
Examples of such methods are list dependent
acquisition method, mass-defect list dependent
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acquisition method, and isotope pattern list
dependent acquisition method (Krivos and

Limbach, 2010, Zhu et al., 2011).

The list dependent acquisition method is used
for sensitive recording of MS spectra of

metabolites or metabolites of the previous run.
The mass defect dependent acquisition method
is used get selective data acquisition of
metabolites that are present at lower

concentration in biological samples (Krivos and

Limbach, 2010).

2) Data Mining

Second step of metabolite identification by
HRMS is data mining. This step involves
detection of metabolites by different
mechanisms. According to mechanism of
metabolite detection, several methods that are
used for data mining are as follows:

1) EIC-Extracted ion chromatography:

This process shows high efficiency for
detection of metabolites with predicted
molecular weights (Zhang et al., 2000, Ruan et 4)
al., 2008).

2) MDF: Mass defect filter:

The term “Mass Defect” is the difference
between exact mass of a compound and its
closest integer value. E.g., the theoretical mass
defect of carbon (nominal mass: 12 Da; exact
mass: 12.0107 Da) is 0.0107 Da. It means the
mass defect shift between parent and metabolite5)
ion is 0.0107 Da or 10.7 mDa. Generally, mass
defect changes due to biotransformation are less
than 50 mDa having maximum value of 89
mDa (Zhang et al.,, 2009, Zhang and Yang,
2008). MDF technique is based on the
similarity of mass defects of metabolites to
those of parent molecule and this method can be
used for detection of such metabolites that are
not detected by the EIC processing (Zhu et al.,
2006, Ruan et al., 2008). 6)
Recently the concept of MDF has extended to
multiple mass defect filter (MMDF). In MMDF,
several multiple MDFs are used simultaneously
for identification of multiple metabolites over a
wide range of mass defects. One assumption
considered in MMDF is that drug metabolites
of single class have identical mass defect (Zhu
et al., 2006).

Commonly used MMDF templates are:

2.1. Drug filter: Here the mass defect of only
drug is considered, and this is used to monitor
metabolites with minor changes in their 3)
molecular masses compared to the didgy.,
oxidation, reduction, and demethylation (Ma et
al., 2006).

2.2 Subgtructure filter: Used to detect
metabolites that are significantly smaller than

that of the parent drug. E.g., metabolite formed
upon hydrolytic cleavage of parent drug. This
filter is also used to detect the metabolites of a
prodrug (Ma et al., 2006).

2.3. Conjugate filter It is use to detect
different classes of conjugated metabolites (Ma
et al., 2006).

3 ) PIF and NLF: (Product ion filter and
Neutral Loss Filter):

This processes selectively detect metabolites
that undergo fragmentation pathways similar to
their known metabolites. As information is
recorded along with the acquisition of the initial
MS data set, this method does not require
predetermination of the product ion spectrum of
the parent drug. Also, high resolution product
ion filter (HRPIF) and high resolution neutral
loss filter (HRNLF) are highly selective, to
detect trace amounts of unexpected metabolites
that are not found by MDF (Wrona et al., 2005,
Ruan et al., 2008).

Background subtraction:

It is done by subtracting background or matrix
ion signals from that of the signals of drug and
its metabolites. Thus the analyte will express in
subtracted chromatogram. This technique offers
an advantage of differentiating isobaric mass
and extracting analytes in subtracted
chromatogram (Zhang and Yang, 2008, Zhang
et al., 2008).

Noise reduction algorithm:

It is generally combined with background
subtraction method. This combined algorithm
help in decreasing noise level and also helps in
removing specific background peaks seen in
analyte chromatogram. This method is very
useful in post run chromatogram where peaks
of drug and its metabolites are free from
background noise and interference (Zhang and
Yang, 2008, Zhu et al., 2009a).

Polarity switching:

In this method MS data is acquired by
simultaneous application of positive and
negative mode in Q-Trap systems. It involves
scan in one ionization mode and the product ion
spectrum is generated in second ionization
mode. Generally neutral loss scan is done in
positive ionization mode and precursor ion scan
is done in negative ionization mode. Thus, the
overall time for data acquisition is reduced. It is
also used for metabolite identification of the
reactive metabolites (Jian et al., 2009, Wen and
Fitch, 2009).

DATA INTERPRETATION:

In this third step of metabolite identification,
the structures of metabolites are elucidated.
Various 2D and 3D approaches are used for
structure elucidation of metabolite (Heinonen et
al., 2008).
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3.1.D approach:

MS data are employed for structure elucidation
of metabolite. However, as the m/z value
increases, the number of possible molecular
formula will also increase so multiple numbers
are obtained even if the mass accuracy is less
than 5 ppm. This problem has been solved by
recent advancement in instrument by inserting
new generation software tools that combine
accurate mass and isotopic pattern to compare
practical and theoretical data and thus
considerably reduce the number of reliable
formulae (Heinonen et al., 2008).

Many vendors have incorporated such a 2D
software tool into LC-MS system..d, i-FIT™
(Waters), and Sigma-FIT™ (Bruker Daltonics).
Fuzzy-FIT™ can also be incorporated in MS
system for ease of data interpretation (Hobby et
al., 2009).

3.2D approach:

This is a recent advancement in MS world that
involves combination of fragmentation data
with isotopic pattern and accurate mass. With
Q-TOF-MS, a novel software module (smart
formula 3D™) is supplied by Bruker Daltonics
(Tolonen et al., 2009). Similarly, FID™
software (Fragment ldentifier) has also been
used for structural identification of product ion
by tandem mass spectrometric data (Heinonen
et al., 2008).

From the accurate mass data and isotopic
pattern, all possible formulas for product and
precursor ions can be generated. Later, the
product ion formulas that are not a subset of
precursor ion are screened. Finally, every pair
of potential ion and fragment is crosschecked 1.
according to its neutral losses to verify and
confirm the exact elemental composition.
Finally, elemental formula will be generated by 2.
software on performing various mathematical
procedures (Ojanperé et al., 2012).

In Silico Tools For Metabolite Identification
Various in silico tools are also applied for
metabolite identification study apart from LC-
MS method. Three categories iof silico tools

are available for metabolite identification study. 3.
Stand - Alone Prediction Software

MetaSite™, a computational tool which
predicts metabolism sites by major human
CYPs i.e. 1A1, 1A2, 2B6, 2C9, 2C19, 3A4 and 4.
3A5. This software can also predict 3D
interaction between drug and active site of an
enzyme (Cruciani et al., 2014). 5.

Lc-Ms Integrated Sogtware

MetWork™ and MetabolitePredict™ software
that performs metabolic stability studies. It also g
finds expected and unexpected

biotransformation reactions, and identifies
metabolite structures easily and confidently
(Prasad et al., 2011).

Databases

Last category comprises of the databases that
gives information on metabolism according to
the biotransformation data available in the
literature e.g., MDL a metabolism database, is
the chemistry data cartridge enabling
researchers to register, search and retrieve
structures and reactions stored in large database
(Prasad et al., 2011).

Conclusion

It is clearly seen that modern mass spectroscopy
techniques have a great impact on quality of
metabolite identification result. A day by day
improvement in mass software and hardware
leads to a sensitive and accurate detection of
metabolites. Development of Q-TOF instrument
has potential and power to detect trace level of
metabolite that may or may not be toxic or
pharmacologically active. Application of
variousin silico tool in metabolite identification

is also gaining its importance in metabolite
identification.

“Cite this Article”
P V. Shah, JV. Shah, SD. Saroj, V Jairaj, |R.
Rathod “Metabolite Identification by Mas$
Spectrometry” Int. J. of Pharm. Res. & All

Sci. 2015;4(4):9-17

References

Aebersold, R. & Mann, M. 2003. Mass
spectrometry-based proteomichlature, 422
198-207.

Anari, M. R., Sanchez, R. I., Bakhtiar, R.,
Franklin, R. B. & Balllie, T. A. 2004.
Integration of knowledge-based metabolic
predictions with liquid chromatography data-
dependent tandem mass spectrometry for drug
metabolism studies: application to studies on
the biotransformation of indinavirAnalytical
chemistry, 76, 823-832.

Baillie, T. A. & Davis, M. R. 1993. Mass
spectrometry in the analysis of glutathione
conjugates.Biological mass spectrometry, 22,
319-325.

BLAIR, I. A. 1993. Applications of mass
spectrometry to toxicologyChemical research

in toxicology, 6, 741-747.

Bristow, A. W. 2006. Accurate mass
measurement for the determination of elemental

formula—a tutorial. Mass spectrometry
reviews, 25, 99-111.
Chen, G., Daaro, |.,, Pramanik, B. N. &

Piwinski, J. J. 2009. Structural characterization

14



10.

11.

12.

13.

14.

15.

16.

Available online atvww.ijpras.com

of in vitro rat liver microsomal metabolites of
antihistamine desloratadine using LT@bitrap
hybrid mass spectrometer in combination with
online hydrogen/deuterium exchange HR-
MS. Journal of mass spectrometry, 44, 203-
213.

Clarke, N. J., Rindgen, D., Korfmacher, W. A.
& Cox, K. A. 2001. Peer reviewed: Systematic
LC-MS metabolite identification in drug
discovery.Analytical chemistry, 73, 430-439.
Cruciani, G., Valeri, A., Goracci, L., Pellegrino,
R. M., Buonerba, F. & Baroni, M. 2014. Flavin
Monooxygenase Metabolism: Why Medicinal
Chemists Should Mattedournal of medicinal
chemistry, 57, 6183-6196.

Cui, Q., Lewis, I. A., Hegeman, A. D,
Anderson, M. E., Li, J., Schulte, C. F., Westler,
W. M., Eghbalnia, H. R., Sussman, M. R. &
Markley, J. L. 2008. Metabolite identification
via the madison metabolomics consortium
databaseNature biotechnology, 26, 162-164.
Dieckhaus, C. M., Fernandez-Metzler, C. L.,
King, R., Krolikowski, P. H. & Balillie, T. A.
2005. Negative ion tandem mass spectrometry

for the detection of glutathione conjugates. 20.

Chemical research in toxicology, 18, 630-638.
Ding, S., Schoenmakers, 1., Jones, K,
Koulman, A., Prentice, A. & Volmer, D. A.
2010. Quantitative determination of vitamin D
metabolites in plasma using UHPLC-MS/MS.
Analytical and bioanalytical chemistry, 398
779-789.

Dresen, S., Ferreiros, N., Gnann, H.,
Zimmermann, R. & Weinmann, W. 2010.
Detection and identification of 700 drugs by
multi-target screening with a 3200 Q TRAP
LC-MS/MS system and library searching.
Analytical and bioanalytical chemistry, 396
2425-2434.

Gao, H., Materne, O. L., Howe, D. L. &
Brummel, C. L. 2007. Method for rapid
metabolite profiling of drug candidates in fresh
hepatocytes using liquid chromatography
coupled with a hybrid quadrupole linear ion
trap. Rapid Communications in Mass
Spectrometry, 21, 3683-3693.

Grata, E., Boccard, J., Guillarme, D., Glauser,
G., Carrupt, P.-A., Farmer, E. E., Wolfender, J.-
L. & Rudaz, S. 2008. UPLC-TOF-MS for plant
metabolomics: A sequential approach for
wound marker analysis irabidopsis thaliana.
Journal of Chromatography B, 871, 261-270.
Hahn, M. A., Singh, A. K., Sharma, P., Brown,
S. C. & Moudgil, B. M. 2011. Nanopatrticles as
contrast agents for in-vivo bioimaging: current
status and future perspectivednalytical and
bioanalytical chemistry, 399 3-27.

Han, J., Danell, R. M., Patel, J. R., Gumerov, D.
R., Scarlett, C. O., Speir, J. P., Parker, C. E.,

17.

18.

19.

21.

22.

23.

24.

25.

26.

Rusyn, I., Zeisel, S. & Borchers, C. H. 2008.
Towards high-throughput metabolomics using
ultrahigh-field Fourier transform ion cyclotron
resonance mass spectromeivietabolomics, 4,
128-140.

Heinonen, M., Rantanen, A., Mielikainen, T.,
Kokkonen, J., Kiuru, J., Ketola, R. A. & Rousu,
J. 2008. FiD: a software for ab initio structural
identification of product ions from tandem mass
spectrometric dataRapid Communications in
Mass Spectrometry, 22, 3043-3052.

Hobby, K., Gallagher, R. T., Caldwell, P. &
Wilson, I. D. 2009. A new approach to aid the
characterisation and identification of
metabolites of a model drug; partial isotope
enrichment combined with novel formula
elucidation softwareRapid Communications in
Mass Spectrometry, 23, 219-227.

Jian, W., Yao, M., Zhang, D. & Zhu, M. 2009.
Rapid detection and characterizationirofitro
and urinary N-acetyl-L-cysteine conjugates
using quadrupole-linear ion trap mass
spectrometry and polarity switchin@hemical
research in toxicology, 22, 1246-1255.

Jiwan, J.-L. H., Wallemacq, P. & Hérent, M.-F.
2011. HPLC-high resolution mass spectrometry
in clinical laboratory?Clinical biochemistry,
44, 136-147.

Koek, M. M., Muilwijk, B., Van Der Werf, M.

J. & Hankemeier, T. 2006. Microbial
metabolomics with gas chromatography/mass
spectrometry.Analytical chemistry, 78, 1272-
1281.

Kostiainen, R., Kotiaho, T., Kuuranne, T. &

Auriola, S. 2003. Liquid
chromatography/atmospheric pressure
ionization—-mass  spectrometry in  drug
metabolism  studies. Journal of Mass

Spectrometry, 38, 357-372.

Krivos, K. L. & Limbach, P. A. 2010. Sequence
analysis of peptide: oligonucleotide
heteroconjugates by  electron capture
dissociation and electron transfer dissociation.
Journal of the American Society for Mass
Spectrometry, 21, 1387-1397.

LI, A. P. 2005. Preclinicaln vitro screening
assays for drug-like propertieBrug discovery
today: Technologies, 2, 179-185.

Lim, H. K., Chen, J., Cook, K., Sensenhauser,
C., Silva, J. & Evans, D. C. 2008. A generic
method to detect electrophilic intermediates
using isotopic pattern triggered datependent
high-resolution accurate mass spectrometry.
Rapid Communications in Mass Spectrometry,
22,1295-1311.

Lin, J. H. & Lu, A Y. 1997. Role of
pharmacokinetics and metabolism in drug
discovery and developmenBharmacological
reviews, 49, 403-449.

15



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Available online atvww.ijpras.com

Lipinski, C. A., Lombardo, F., Dominy, B. W.
& Feeney, P. J. 2012. Experimental and

computational approaches to estimate solubility 38.

and permeability in drug discovery and
development settingsAdvanced drug delivery
reviews, 64, 4-17.

Liu, D. Q. & Hop, C. E. 2005. Strategies for
characterization of drug metabolites using
liquid chromatography—tandem
spectrometry in conjunction with chemical
derivatization and on-line H/D exchange
approaches.Journal of pharmaceutical and
biomedical analysis, 37, 1-18.

Liu, T., Qian, W.-J., Mottaz, H. M., Gritsenko,
M. A., Norbeck, A. D., Moore, R. J., Purvine,

S. O., Camp, D. G. & Smith, R. D. 2006. 40.

Evaluation of multiprotein immunoaffinity
subtraction for plasma proteomics and
candidate biomarker discovery using mass
spectrometry.  Molecular & Cellular
Proteomics, 5, 2167-2174.

Ma, S., K Chowdhury, S. & B Alton, K. 2006.
Application of mass spectrometry for
metabolite  identification. Current  drug
metabolism, 7, 503-523.

Ma, S. & Subramanian, R. 2006. Detecting and
characterizing reactive metabolites by liquid

chromatography/tandem mass spectrometry. 43,

Journal of mass spectrometry, 41, 1121-1139.
Mastovska, K. & Lehotay, S. J. 2003. Practical
approaches to fast gas chromatography—mass
spectrometry.Journal of Chromatography A,
100Q 153-180.

Maurer, H. H. 2010. Perspectives of liquid 44.

chromatography coupled to low-and high-
resolution mass spectrometry for screening,
identification, and quantification of drugs in
clinical and forensic toxicologyTherapeutic
drug monitoring, 32, 324-327.

Mortishire Smith, R. J., CastrBerez, J. M.,
Yu, K., Shockcor, J. P., Goshawk, J., Hartshorn,

M. J. & Hill, A. 2009. Generic dealkylation: a 45.

tool for increasing the hitate of metabolite
rationalization, and automatic customization of
mass defect filtersRapid Communications in
Mass Spectrometry, 23, 939-948.

Nassar, A. F. & Talaat, R. E. 2004. Strategies
for dealing with metabolite elucidation in drug
discovery and developmenDrug discovery
today, 9, 317-327.

Ojanpera, |, Kolmonen, M. & Pelander, A.
2012. Current use of high-resolution mass
spectrometry in drug screening relevant to
clinical and forensic toxicology and doping
control. Analytical and bioanalytical chemistry,
403 1203-1220.

Oliveira, E. & Watson, D. 2000. Liquid
chromatography-mass spectrometry in the study
of the metabolism of drugs and other

mass 39.

41.

42.

46.

47.

48.

xenobiotics. Biomedical Chromatography, 14,
351-372.

Papasotiriou, D. G., Jaskolla, T. W., Markoutsa,
S., Baeumlisberger, D., Karas, M. & Meyer, B.
2010. Peptide mass fingerprinting after less
specific in-gel proteolysis using MALDI-LTQ-
Orbitrap and 4-chlore-cyanocinnamic acid.
Journal of proteome research, 9, 2619-2629.
Pelander, A., Tyrkko, E. & Ojanpera, I. 2009.
In silico methods for predicting metabolism and
mass fragmentation applied to quetiapine in
liquid chromatography/timef-flight mass
spectrometry urine drug screenindiapid
Communications in Mass Spectrometry, 23,
506-514.

Perry, R. H., Cooks, R. G. & Noll, R. J. 2008.
Orbitrap mass spectrometry: instrumentation,
ion motion and application$lass spectrometry
reviews, 27, 661-699.

Prakash, C., Shaffer, C. L. & Nedderman, A.
2007. Analytical strategies for identifying drug
metabolites. Mass spectrometry reviews, 26,
340-369.

Prasad, B., Garg, A., Takwani, H. & Singh, S.
2011. Metabolite identification by liquid
chromatography-mass  spectrometryTrAC
Trendsin Analytical Chemistry, 30, 360-387.
Ramanathan, R., Zhong, R., Blumenkrantz, N.,
Chowdhury, S. K. & Alton, K. B. 2007.
Response normalized liquid chromatography
nanospray ionization mass spectrometry.
Journal of the American society for mass
spectrometry, 18, 1891-1899.

Ruan, Q., Peterman, S., Szewc, M. A., Ma, L.,
Cui, D., Humphreys, W. G. & Zhu, M. 2008.
An integrated method for metabolite detection
and identification using a linear ion
trap/Orbitrap mass spectrometer and multiple
data processing techniques: application to
indinavir metabolite detectioournal of mass
spectrometry, 43, 251-261.

Sams-Dodd, F. 2006. Drug discovery: selecting
the optimal approachDrug discovery today,

11, 465-472.

Sikanen, T., Franssila, S., Kauppila, T. J.,
Kostiainen, R., Kotiaho, T. & Ketola, R. A.
2010. Microchip technology in mass
spectrometry.Mass spectrometry reviews, 29,
351-391.

Sinko, P. 1999. Drug selection in early drug
development:  screening for acceptable
pharmacokinetic properties using combinad
vitro and computational approacheSurrent
opinion in drug discovery & development, 2,
42-48.

Soglia, J. R., Contillo, L. G., Kalgutkar, A. S.,
Zhao, S., Hop, C. E., Boyd, J. G. & Cole, M. J.
2006. A semiquantitative method for the
determination of reactive metabolite conjugate

16



49.

50.

51.

52.

53.

54.

55.

56.

57.

Available online atvww.ijpras.com

levelsin vitro utilizing liquid chromatography-
tandem mass spectrometry and novel
quaternary ammonium glutathione analogues.
Chemical research in toxicology, 19, 480-490.
Tolonen, A., Turpeinen, M. & Pelkonen, O.
2009. Liquid chromatography—mass
spectrometry inin vitro drug metabolite
screeningDrug discovery today, 14, 120-133.
Tozuka, Z., Kaneko, H., Shiraga, T., Mitani, Y.,
Beppu, M., Terashita, S., Kawamura, A. &
Kagayama, A. 2003. Strategy for structural

elucidation of drugs and drug metabolites using 60.

(MS) n fragmentation in an electrospray ion
trap. Journal of mass spectrometry, 38, 793-
808.

Trunzer, M., Faller, B. & Zimmerlin, A. 2008.
Metabolic soft spot identification
compound optimization in early discovery
phases using MetaSite and LC-MS/MS
validation. Journal of medicinal chemistry, 52,
329-335.

Wen, B. & Fitch, W. L. 2009. Screening and
characterization of reactive metabolites using

glutathione ethyl ester in combination with 2.

Q-trap mass spectrometrylournal of Mass
Spectrometry, 44, 90-100.

Wolf, S., Schmidt, S., Miller-Hannemann, M.
& Neumann, S. 2010Ln silico fragmentation
for computer assisted identification
metabolite mass spectrBMC bioinformatics,
11, 148.

Wrona, M., Mauriala, T., Bateman, K. P.,
Mortishire Smith, R. J. & O'connor, D. 2005.

of

‘All -in-One’analysis for metabolite  64.
identification using liquid
chromatography/hybrid quadrupole

time-of-flight mass spectrometry with collision
energy switching.Rapid communications in
mass spectrometry, 19, 2597-2602.

Yao, M., Ma, L., Humphreys, W. G. & Zhu, M.
2008. Rapid screening and characterization of
drug metabolites using a multiple ion
monitoring—dependent  MS/MS
method on a hybrid triple quadrupdirear ion
trap mass spectrometerJournal of mass
spectrometry, 43, 1364-1375.

Yengi, L. G., Leung, L. & Kao, J. 2007. The
evolving role of drug metabolism in drug
discovery and developmentPharmaceutical
research, 24, 842-858.

Zhang, H., Ma, L., He, K. & Zhu, M. 2008. An
algorithm for thorough background subtraction
from highresolution LC-MS data: application
to the detection of troglitazone metabolites in
rat plasma, bile, and uringlournal of mass
spectrometry, 43, 1191-1200.

58.

59.

and 61,

63.

acquisition 65,

66.

Zhang, H. & Yang, Y. 2008. An algorithm for
thorough  background  subtraction  from
high-resolution LC-MS data: application for
detection of glutathion&rapped reactive
metabolites.Journal of mass spectrometry, 43,
1181-1190.

Zhang, H., Zhang, D., Ray, K. & Zhu, M. 2009.
Mass defect filter technique and its applications
to drug metabolite identification by
high-resolution mass spectrometrjournal of
mass spectrometry, 44, 999-1016.

Zhang, N., Fountain, S. T., Bi, H. & Rossi, D.
T. 2000. Quantification and rapid metabolite
identification in drug discovery using API time-
of-flight LC-MS. Analytical chemistry, 72, 800-
806.

Zhu, M., Ma, L., Zhang, D., Ray, K., Zhao, W.,
Humphreys, W. G., Skiles, G., Sanders, M. &
Zhang, H. 2006. Detection and characterization
of metabolites in biological matrices using mass
defect filtering of liquid chromatography/high
resolution mass spectrometry datdrug
metabolism and disposition, 34, 1722-1733.

Zhu, M., Ma, L., Zhang, H. & Humphreys, W.
G. 2007. Detection and  structural
characterization of glutathione-trapped reactive
metabolites using liquid chromatography-high-
resolution mass spectrometry and mass defect
filtering. Analytical chemistry, 79, 8333-8341.
Zhu, M., Zhang, H. & Humphreys, W. G. 2011.
Drug metabolite profiling and identification by
high-resolution mass spectrometdournal of
Biological Chemistry, 286 25419-25425.

Zhu, P., Ding, W., Tong, W., Ghosal, A., Alton,
K. & Chowdhury, S. 2009a. A
retentiontime-shift-tolerant background
subtraction and noise reduction algorithm
(BgSNoRA) for extraction of drug metabolites
in liquid chromatography/mass spectrometry
data from biological matrices. Rapid
Communications in Mass Spectrometry, 23,
1563-1572.

Zhu, P., Tong, W., Alton, K. & Chowdhury, S.
2009b. An accurate-mass-based spectral-
averaging isotope-pattern-filtering algorithm for
extraction of drug metabolites possessing a
distinct isotope pattern from LC-MS data.
Analytical chemistry, 81, 5910-5917.

Fragner, L., Furuhashi, T. & Weckwerth, W.
2014. Gas Chromatography Coupled to Mass
Spectrometry for Metabolomics Research.
Practical Gas Chromatography. Springer pg
no. 784-786.

67. Pavia, D., Lampman, G., Kriz, G. &
Vyvyan, J. 2008Introduction to spectroscopy,
Cengage Learning.

17



