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Abstract

Metabolites are the small low-molecular-weight biological molecules that are key
players in energy conversion and biosynthesis reactions. Both qualitative and
quantitative investigation of the entire set of intracellular and extracellular
metabolites extracted from growing cells at a specified time of their growth or
reproduction cycle is called metabolomics. However, analysis of metabolites is
extremely challenging due to factors like metabolites’ reactivity, structural diver-
sity, and broad concentration range. This chapter outlines the past, present, and
future development in various extraction and detection protocols of metabolites.
These improvements are made majorly in fast sampling as well as quenching of
cellular activity, along with quick extraction of the intra- and extracellular
metabolites. Furthermore, it will also briefly describe metabolite quantification
using modern hyphenated analytical protocols, which chiefly involves use of
chromatographic platforms (LC, GC, CE) coupled to mass spectrometry and
nuclear magnetic resonance spectroscopy (NMR).
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3.1 Introduction

Low molecular weight (>1500 Da) organic and inorganic molecules which are
intermediate or end products of enzyme-catalyzed metabolic reactions occurring
inside cells during metabolic pathway are known as metabolites (Fiehn 2002). The
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metabolites do not follow a fixed structural template like DNA, RNA, and proteins,
and thus have diverse physical properties (Lu et al. 2017). Indeed, a group of
analytical tools are required for studying complete range of metabolites and meta-
bolic networks (Bino et al. 2004). In light of biological dimension, metabolites can
be classified as primary or secondary depending upon their role in cell physiological
processes, while chemically, water soluble and insoluble (Lu et al. 2017). The
solubility is key performer in studying about metabolite’s structure and function,
like primary water-soluble metabolites play crucial role in the conversion of
nutrients into usable energy, provide the basic building blocks for synthesis of
biomolecules and turn over rapidly along with simultaneous execution of the vast
majority of metabolic flux (Whitfield et al. 2004).

The field which deals with the identification and characterization of both endoge-
nous and exogenous metabolites is called metabolomics. It is a global metabolite
profiling scaffold which involves application of high-resolution analytic techniques
along with chemometric statistical tools (Zhang et al. 2012). This will generate an
integrated picture of both endogenous and exogenous metabolites including both
organic (nucleic acids, peptides, amino acids, vitamins, carbohydrates, polyphenols)
and inorganic species. For separation, identification, and accurate measurement of
these small molecules, innovational technologies of high resolution are required like
nuclear magnetic resonance (NMR), mass spectrometry (MS), high and ultra-
performance liquid chromatography (HPLC/UPLC), gas chromatography (GC),
CE, liquid chromatography (LC) (Holmes et al. 2008). For representing the func-
tional phenotype of a cell, tissue, and organ, detailed study of small molecules is
performed which enables the utilization of biomolecule as biomarkers (Arakaki et al.
2008). Also, for getting more deeper insight into the factors, like dietary and
lifestyle, responsible for manipulating specific disease, measurement of metabolites
is recommended (Patejko et al. 2017). The major reason for quantification and
evaluation of metabolites is its ability to reflect both the normal and pathological
biological processes and even pharmacological response to any therapeutic interven-
tion and thus widely accepted in clinical practice for diagnosis (Van der Werf 2003;
Villas-Boas et al. 2007; Canelas et al. 2008). Metabolomics has also been useful in
defining metabolites which are related to both prognosis and diagnosis of diseases
and thus would enhance our understanding to pathophysiology of a disease (Wishart
et al. 2016). Hence, the application of set of metabolomics technique provide
direction for advancement and integration of robust as well as reliable protocols
involved in biomass sampling, cultivation of microbes, isolation/extraction, and
quantification of these metabolites.

The brief outline of procedure involved in cellular metabolite studies is depicted
in Fig. 3.1. Firstly, microbial metabolic activity is rapidly quenched by using
different approaches like traditional one where sample’s temperature is changed
instantly ranging from < —40 °C to very high >80 °C, or by varying sample pH
from highly alkaline to very low acidic. Secondly, the method of filtration or
centrifugation is preferred for separating quenched cells from the medium, followed
by extraction of intracellular metabolites using organic solvents at high or low
temperature from biomass. Later under vacuum, organic solvents are evaporated
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Fig. 3.1 Schematic representation of an overview of steps involved in the extraction and detection
of metabolites

while the outstanding residue is dissolved in small amount of milli-Q water followed
by centrifugation. Finally, the supernatant containing metabolite is stored at low
temperature until analyzed by suitable analytical method.

This chapter focuses on the practical challenges that are encountered during
analysis of primary metabolites. Initially, we will discuss quenching and extraction
steps that are universal in metabolite preparation and critical for accurate measure-
ment. This is followed by in-depth discussion of techniques used for the detection of
metabolites which include liquid chromatography-mass spectrometry (LC-MS), gas
chromatography-mass spectrometry (GC-MS), nuclear magnetic resonance (NMR),
and enzyme assays.

3.2 Extraction of Metabolites

Accurate detection and measurement of metabolites inside the cell is quite challeng-
ing in metabolomics research, therefore different methods for efficient extraction of
metabolites from biological sample is crucial (Mashego et al. 2006). Idyllically, the
data obtained from metabolomics shows the detailed image of the metabolic condi-
tion of cells at a point of time when cells are harvested. However, sometime many
important metabolites quickly get metabolized (<1 mMs ") in the presence of some
external factors like light and temperature (Villas-Boas et al. 2007). As a result,
during sample preparation, the amount of these metabolites would get altered thus
producing results that differ from the exact one of population’s true metabolic state.
This difference in metabolite levels would be minimized or completely eliminated
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by quenching the cell’s metabolism before or during sampling so as to acquire
accurate metabolomics results (Canelas et al. 2008; Da Luz et al. 2014).

The quenching step is often performed while studying the intracellular
metabolites as they present inside the cell compartments and thus their extraction
is necessary for their quantification. However, sometimes due to factors like temper-
ature, light as well as metabolite interaction, the level and composition of extracel-
lular metabolites in the medium also differ from the real one. Thus, to circumvent
such difference in the results of metabolites, the cellular biomass should be quickly
separated from growth media and should also be rapidly treated with quenching
solution so that the degradation of metabolites could be stopped (Villas-Boas and
Bruheim 2007; Patejko et al. 2017). Moreover, the metabolite sample should always
be stored at a low temperature of about <20 °C to avoid any damage due to
temperature and light (Villas-Boas et al. 2007).

3.2.1 Quenching Methods

As soon as the importance of quickly quenching the cells’ metabolisms and avoiding
its leakage is recognized, the accurate measurement of both extracellular as well as
intracellular metabolites could be obtained, and a variety of quenching methods have
been developed.

3.2.1.1 Perchloric Acid

It is one of the oldest quenching method where sampling is performed by directly
adding the acidic solution of perchloric acid into the culture broth (Harrison and
Maitra 1968; Strange et al. 1963). Although this approach was efficient but not
followed widely because this method provides a mixture of both intra- and extracel-
lular metabolites. Since it damages the cell envelope which results in leakage of
intracellular metabolites into the outside medium (Faijes et al. 2007). The quantifi-
cation of such intracellular metabolites extracted using this approach shows great
variability because highly concentrated media components interfere during chemical
analysis and degradation of pH-sensitive metabolites (Maharjan and Ferenci 2003).

3.2.1.2 Liquid Nitrogen Method

The problem of previous method is partially addressed by Saez and Lagunas (1976),
where they developed a method which quenches the cellular metabolism as well as
extracts out the extracellular metabolites separately, but it involves two different
steps (Saez and Lagunas 1976). Firstly, using fast filtration biomass is collected
followed by quick immersion in liquid nitrogen which enables separation of living
cells from culture media. Also, liquid nitrogen decreases the rate of cell metabolism
as well as the turnover of metabolites due to its low temperature and thus provides
additional time for the extraction of metabolite. Second step involves extraction of
intracellular metabolite from biomass using different pH solutions. Although, this is
one of the most widely used method but not suitable for the analysis of fast turnover
compounds such as NADH, glutamate, pyruvate, ATP, and many others because it
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takes more than 10 s per sample to actually quench cell metabolism (Saez and
Lagunas 1976).

3.2.1.3 Methanol Method

This quenching method was proposed by de Koning and van Dam in 1992, since
then this method is considered as the gold standard method of quenching microbial
cells (Dekoning and Vandam 1992). In this method, microbial culture is added into
methanol solution (60% v/v) or kept at low temperature of about —40 °C. Then,
centrifugation is performed to separate cell biomass from the culture medium. This
method is advantageous due to its low-temperature strategy which is beneficial in
arresting cellular enzymatic activity in less than a second. Next, cells were processed
for intracellular metabolite extraction. Even though cold-methanol solution is very
efficient and its use continues to be popular these days, there are some issues related
to its usage which include little cell leakage and variation in biomolecules content
(Wittmann et al. 2004; Villas-Bdas et al. 2005a; Bolten et al. 2007; Villas-Boas and
Bruheim 2007; Canelas et al. 2008). For example, it has been found that the
concentration of free amino acids was reduced by 90% when cold-methanol solution
was used as quenching agent (Bolten et al. 2007).

Additionally, the majority of the quenching methods known till date have been
developed as modification of cold-methanol solution along with involvement of
liquid nitrogen; however, their success depends largely on the study organism or
type of cells.

3.2.2 Extraction of Extracellular Metabolites

The obligatory condition in metabolomics studies is correct estimation of substrate
as well as extracellular metabolite concentrations in the culture medium. For
quantifying the true values, the time between sampling and quenching of the cell
metabolism is considered most crucial because the high turnover rates of metabolites
present inside cell in the order of 1-2 s like glucose-6-phosphate and ATP
(Dekoning and Vandam 1992). Therefore, for capturing the correct in vivo snapshot
of the metabolite pool and cell’s metabolic state ideally, the time gap between
collection and quenching of sample should be lesser compared to the turnover
rates for such metabolites. The two common methods preferred for biomass separa-
tion or sampling are centrifugation and filtration. Further, for quick sampling of
biomass, the type of culturing device used is also crucial, i.e., culture flasks or
bioreactors (Pinu et al. 2017). Additionally, little modification can be combined with
aforementioned separation methods and culturing devices for fast sampling include
use of pre-cooled glass tubes which contains 4 mm in diameter cooled glass beads or
stainless steel spheres (Theobald et al. 1993). While others prefer to add liquid
nitrogen to the medium followed by thawing and centrifugation (Verduyn et al.
1992; Diderich et al. 1999; Van Hoek et al. 1999). Researchers find all methods
suitable depending upon the experimental organism, metabolites of interest, and
many more.
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Although, accurate preparation of metabolites is very essential for getting correct
picture of metabolites; however, sample concentration is also a crucial aspect of
metabolomics because the metabolites present in sample are diluted. Thus, to
improve the analytical tools’ detection limits, the samples are concentrated (Villas-
Boas et al. 2005a; Smart et al. 2010). The most common method applied for
concentrating metabolite samples involves removal of water using lyophilizer or
freeze dryer. Conversely, organic solvent evaporating systems or vacuum drying
methods could also be performed, but care should be taken as metabolites are
susceptible to thermal degradation. Indeed, solvent evaporation technique is pre-
ferred for concentrating non-aqueous extracellular samples (Pinu et al. 2017).

Even though, the extracted and concentrated samples of metabolites are quenched
but need to be stored under appropriate conditions before analysis to ensure the
occurrence of no reaction during storage. However, few necessary precautions which
have to be taken to avoid any unwanted changes in metabolites during the storage.
These storage conditions depend on the types and stability of metabolites. Therefore,
the storage of metabolite samples in dark and cool place (—20 °C or —80 °C) is
suggested so that metabolite degradation by light and heat could be avoided. This
also ensures the possibility that metabolites have retained their original properties.
However, still some metabolites lose their characteristics even though they are stored
at low temperature by getting oxidized easily which may result in change in their
entire features. Thus the most suitable way to protect metabolites from degradation is
storing them under vacuum (Villas-Boas et al. 2007). Although, there are few
metabolites which remain unaffected by exposure to temperature and are considered
as stable which could be stored even at room temperature in dry powder form so that
reproducible and high-quality data could be generated.

3.2.3 Extraction of Intracellular Metabolites

The extraction approach for intracellular metabolites differs based on the complexity
of structural polymers which are present in microbial cell envelope and also on
composition as well as the extent of cross-linking among the polymers and with
other cell-wall components. Variety of mechanical and non-mechanical/chemical
methods are generally followed for the disruption of cell envelope (Villas-Boas et al.
2007). However, both methods have their own advantage and disadvantage which
need to be considered before applying them. Ideally, different approaches together
should be used for obtaining optimum performance depending on the cell-wall
composition and structure (Villas-Boas et al. 2007).

3.2.3.1 Non-mechanical Lysis

For intracellular metabolite extraction, chemical agents are widely used as
non-mechanical method where metabolites extracted in the organic solvents distrib-
ute themselves depending on their partitioning coefficients, solvent temperature,
solubility between two phases. Use of chemical agents also help in concentrating
the metabolites in a single phase which is very crucial for metabolite studies
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(Villas-Boas et al. 2007). However, care should be taken while selecting the
chemical solvent for extraction as the rate of metabolite extraction varies with the
nature of chemical. Although, the selection of chemical solvent and extraction
method largely depends on the kind of microbe and the set of metabolites of interest.
Most extraction methods involving use of chemicals extract only a particular
metabolite species (like, amino acids; fatty acids); hence, emphasis has been given
to necessitate the use of multiple extraction methods in order to obtain a complete
picture of possible intracellular metabolite (Canelas et al. 2009; Duportet et al. 2012;
Park et al. 2012; Kim et al. 2013). Usually, organic solvents (both polar and
nonpolar) are used for the extraction of intracellular metabolites because they
work by attacking cell wall and membrane proteins as well as lipids. This solvent
interaction with cell wall and membrane components generates pores and results in
the release of metabolites which are present inside the cell (Villas-Bdas et al. 2005a,
2007). In next section, the most common extraction protocols for preparing intracel-
lular samples are given in the following.

Boiling Ethanol

The method involving the use of boiling buffered ethanol (75% v/v) is widely
acceptable, rapid, and simple protocol for the extraction of intracellular metabolite.
Briefly, the microbial cells that were quenched earlier are now exposed to the
buffered ethanol at 80 °C. This boiling deactivates microbial cell wall enzymes
and proteins and thus increases cell disruption, which promote the extraction of
intracellular mainly, water-soluble metabolites. Before analysis, the mixture of
ethanol and water is evaporated, and the pellets thus obtained are resuspended in
water. The main advantage of this method is its excellent reliability (Villas-Boas
et al. 2007). However, poor recovery of many metabolites of different classes, like
phosphorylated metabolites tricarboxylic acids and nucleotides, is the limitation of
this method (Maharjan and Ferenci 2003; Villas-Bdas et al. 2005a). Besides, this
metabolite extraction method could not be applied for isolation of thermo-labile
metabolites, and the reduced metabolites are susceptible for oxidation (Villas-Boas
et al. 2007).

Cold Methanol

It is simple, fast, and an extensively used method for the extraction of intracellular
metabolites from different microbial cells like bacteria (Maharjan and Ferenci 2003;
Park et al. 2012), yeasts (Bolten and Wittmann 2008; Kim et al. 2013), and
filamentous fungi. This is a very influential method that utilizes single organic
solvent for the extraction of metabolite and that too can be effortlessly removed
from the extracts by evaporation. Furthermore, the steps involved in the extraction
process are usually carried out under very low temperature of approximately lees
than —20 °C, and hence it is appropriate for heat-susceptible metabolites. However,
the key drawback of this method is its incapability in completely inactivating
enzyme and thus there is probability of alteration in intracellular metabolite pools.
This method overcome the disadvantages of previous boiling ethanol method as it
shows excellent reproducibility and good recovery of metabolites ranging from polar



40 P. Gupta et al.

to mid-polar but that is not true for nonpolar metabolites (Villas-Boas et al. 2005a).
Occasionally, for enhancing the cell permeability cold methanol extraction is
performed along with freeze—thaw cycles or sonication.

Buffered Methanol-Chloroform-Water

Folch et al. (1957) by using this buffer first time reported lipid dominating intracel-
lular metabolites extraction from animal tissue. Later, similar buffer was employed
for the extraction of polar metabolite from yeast at low temperature ranging from
—40 to —20 °C. It is a highly recommended method for the extraction of
temperature-sensitive, nonpolar, and polar metabolites from yeasts, bacteria, and
filamentous fungi. The involvement of toxic and carcinogenic chloroform assisted in
denaturing of complete set of enzymes present in the microbes and inhibited further
chemical reactions. Although, it is a painstaking and extremely long method, and the
buffers which is used for extraction also may lead to difficulty for different analytical
techniques, but it is an excellent method for the recovery of phosphorylated and
thermo-labile compounds (Villas-Bdas et al. 2005a, 2007).

Hot Water

Since 1950s, high-temperature water has been used for bacterial amino acids extrac-
tion which later has also been applied for microbial metabolite extraction (Gale
1947; Bagnara and Finch 1972). It is an extremely straightforward and easily
executable method along with the ability to quench enzyme activity due to utilization
of hot water.

3.2.3.2 Mechanical Lysis of Cell

Number of cell-disruption protocols where cells were broken using mechanical force
like microwave, grinding, French press, and ultrasonics are widely followed for the
extraction of metabolite from animal and plant cells. Although, these methods are
not recommended for the metabolites extraction from microbes; however, two
different methods that have been applied for the metabolite extraction from
microorganisms include pressurized liquid extraction (PLE) and supercritical fluid
extraction (SFE).

Supercritical Fluid Extraction

In this method, mid-polar to nonpolar metabolites are extracted from microbial cell
by using a supercritical fluid such as carbon dioxide (Cocks et al. 1995). For
increasing the applicability toward extraction of polar metabolites from microbes,
methanol or ethanol is also included along with carbon dioxide as a modifier (Lim
et al. 2002). Sometimes, nitrous oxide and xenon could also be applied in place of
CO.. The advantage of this method lies in its requirement of small volume of solvent
and sample as well as less time requirement.

Pressurized Liquid Extraction
This method is exclusively performed for the extraction of microbial secondary
metabolites. But this method did not find any application in the metabolomics
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research as the metabolite extracted by this method is very concentrated and hence,
not appropriate for high-throughput screening (Gomez-Ariza et al. 2004). On the flip
side, only temperature-stable metabolites can be extracted using this method (Villas-
Boas et al. 2007).

3.3 Detection of Metabolites

For the quantitative analysis of extracellular and intracellular metabolites, enzyme-
based assays were used earlier (Theobald et al. 1993, 1997). But these traditional
assays have some drawbacks like large sample volume requirement with detection of
very few metabolite per assay, low sensitivity etc. Therefore, for detection of even
trace of metabolites more sensitive and reliable analytical methods have been
developed which include GC, UPLC/HPLC, and LC (Fig. 3.2). The chro-
matographic techniques enable partition of metabolites depending on their chemical
and physical properties, and then the separated compounds analyzed for mass
detection with MS and NMR spectroscopy (Dunn et al. 2005; Dunn and Ellis
2005). The advantages associated with these analytical techniques have increased
its applicability and utility which includes high sensitivity of up to picomole, small
sample requirement for analysis and the simultaneous quantification of many
metabolites belonging to different pathways like tricarboxylic acid cycle, pentose
phosphate pathway, and glycolysis (van Dam et al. 2002; Villas-Bdas et al. 2005b).

GC 1

sample |pjector

A) Gas
Chromatography e
Heated Oven
% - Wm‘ s
_ Spectrometry

ESI ,/ B
Column Needle S g
e —— Detector
*e == .9
sample || N
reservoir ESI High
B) High Performance e o Voltage
Liquid Chromatography ~ |"ooooo C) Capillary
Waser 0 R e s ae - Electrophoresis

Fig. 3.2 Different analytical techniques that are used for metabolites separation coupled with mass
spectrometry for detection
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3.3.1 Mass-Spectrometry (MS)

MS often coupled with chromatography techniques are drawing attention in high-
throughput metabolomics. In past few decades, MS has been extensively developed
due to which it enjoys the distinguished status in separation science. MS works by
analyzing ions produced using ion source by converting sample into ions. These ions
generated from sample were then separated based on different trajectories of moving
ions due to different mass/charge (m/z) ratios in the presence of electrical and/or
magnetic fields and then quantitatively detected. Till date, MS is the most potential
technique which is able to measure with high precision, and to produce a wide
variety of metabolites during cellular processes. Features that made MS a popular
choice for researchers are broad dynamic range, reproducible quantitative analysis,
mass accuracy, and the proficiency of evaluating extremely complex biofluids (Lee
et al. 2010). MS can analyze biological samples either directly by simply injecting
the sample without prior purification or sometime following chromatographic sepa-
ration. Although, direct-injection MS is extremely fast for metabolic fingerprinting;
however, it has some drawbacks like co-suppression and low ionization efficiencies.
To overcome the issue, MS is often used as a key hyphenated technique instead
alone in metabolomics.

The advantage of using MS in metabolomics is its ability to outlook the effect
of nutritional status, time, stress, and environmental perturbation on hundreds of
metabolites. Currently, efforts have been made toward MS-based identification of
metabolic biomarkers because MS facilitates the finding as well as functional
annotation of biomarkers and reconstruction of metabolic networks (Hiller et al.
2010; Weston 2010).

3.3.2 Gas Chromatography-MS

Gas chromatography-mass spectrometry is a versatile technique that can measure a
broad spectrum of primarily water-soluble metabolites (Legido-Quigley et al. 2010).
Its strength is measurement of low-molecular-weight and volatile analytes, including
small species that typically uncharged. For some compound classes, especially for
essential oils and volatiles, GC and GC-MS are the only universally applicable
analytical methods (Mohler et al. 2007). Besides, for broad metabolic profiling,
GC-MS must be chemically derivatized before analysis to increase metabolite
stability and volatility. This is typically achieved by the trimethylsilylation derivati-
zation reaction on samples that have been completely dried. The reaction occurs at
room temperature in the presence of pyridine as the catalyst (Goodpaster et al. 2011).
The extent of derivatization is impacted by solvent and sample cleanliness, and
dryness (Gao et al. 2008). In GC, the sample solution is injected into the instrument
where it gets mixed with a carrier gas stream (helium or nitrogen) which transports
the sample in the form of gas into a separation tube known as the “column.” The
various components due to their differential partition in the mobile gas phase and
stationary liquid phase get separated in the column. The component which separates
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in gas comes first to detector while those partitioned into liquid phase comes out
later. A standard sample with known concentration is usually injected into the
instrument if a sample with an unknown concentration is to be measured where
the concentration of an unknown compound is calculated based on the area and
retention time of standard sample peak.

GC-MS is the preferred analytical technique for the measurement of many
metabolites like very-short-chain fatty acids and alcohols, hydroxy acids, sugars,
and monophosphorylated sugars as well as sterols that are hard to measure by other
chromatography-MS (An et al. 2010). For general metabolomics, the strengths of
GC-MS include outstanding chromatographic peak sharpness and extensive mass
spectral libraries for peak identification (Castillo et al. 2011). The effectiveness of
GC as a separation method reduces the pressure over MS analysis, leading to cost-
effective and robust detection with single quadruple. However, the requirement of
hot injection for evaporation of molecules in GC disturbs the quantification of
thermolabile compounds, such as di- and triphosphates (including ATP or
NADPH) despite derivatization. For example, the guanidinium group of arginine
decomposes to yield ornithine (Psychogios et al. 2011). Nevertheless in
metabolomics, all signals are recorded, including decomposition products, which
can puzzle biochemical interpretations or lead to structures that are absent from
chemical libraries such as PubChem (Wu et al. 2010a, b).

GC-MS uses hard electron ionization which complicates the identification of
unknown compounds because this type of ionization yields many highly reproduc-
ible fragments and rearrangement ions and also responsible for the absence of
molecular ions from spectra. Indeed, identification of known compounds by using
this ionization source is straightforward as it is based on comparison to mass spectra
and retention indices of authenticated standards which have already been deposited
in databases. But when chemical ionization approach is applied for GC-MS, molec-
ular ion peaks could easily be seen as it is a softer technique (Legido-Quigley et al.
2010).

3.3.3 Capillary Electrophoresis-MS (CE-MS)

CE-MS is emerged as an influential and promising separation technique which is
extremely suitable for the analysis of charged and polar metabolites. In CE, separa-
tion of compounds is based on the differences in intrinsic electrophoretic mobilities
of compounds, which is dependent on their charge and size. Moreover, as the
fundamental mechanism of separation of CE and other chromatographic-based
techniques is different, and hence will receive a complementary view of the metab-
olite composition in a biological sample (Ramautar et al. 2011; Andreas et al. 2015;
Kok et al. 2015). In last few years for metabolomics studies, CE-MS is being a
choice of study due to its improved concentration sensitivity as a result of advance-
ment in novel interface designs (Zhao et al. 2012; Lindenburg et al. 2015; Ramautar
2016; Zhang et al. 2016). Since the majority of primary metabolites are intrinsically
polar, CE-MS serve as a promising adjoining microseparation platform in
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metabolomics (Britz-McKibbin 2011). In CE, firstly metabolites are separated based
on their size and charge, and then selectively detected by using MS which monitor
ions over a large range of m/z values.

Although in metabolomics the use of CE-MS is still relatively low as compared
to other analytical techniques because of its technical complexity and other
constraints such as low sensitivity, method robustness, and migration time variability
(Kuehnbaum and Britz-McKibbin 2013; Kohler et al. 2016). Despite, CE-MS
possesses a number of crucial advantages over other separation techniques due its
ability to perform the reproducible and global profiling of original peptides and
metabolites (endogenous) found in a clinical setting (Kami et al. 2013; Pejchinovski
et al. 2015; Pontillo et al. 2015; Harada et al. 2016). For biological samples, the first
global metabolic profiling using CE-MS was introduced by Soga et al. (2002, 2003).
CE-MS has been applied for the analysis of a wide variety of targeted and
non-targeted metabolites which include inorganic and organic acids, vitamins, thiols,
nucleotides and nucleosides, carbohydrates, and peptides.

3.3.4 Liquid Chromatography-MS (LC-MS)

Diverse analytical methods are available for quantifying extracted metabolites. The
most sensitive detection, and thus the broadest metabolome coverage, is achieved by
MS-based methods (Theodoridis et al. 2011; Kuehnbaum and Britz-McKibbin 2013;
Milne et al. 2013; Junot et al. 2014). Among MS techniques, LC-MS is the most
versatile. In LC-MS, analytes are separated on column, ionized at an ion source,
separated by a mass analyzer, and detected. Specificity is achieved through the
combination of retention time from the column and the MS signature. In
metabolomics, to obtain optimal coverage one must employ multiple LC-MS
approaches (Patti 2011). Like, reversed-phase chromatography using a C18 column
is performed for efficient separation of fatty acids and lipids, but ideally not for the
analysis of polar metabolites due to poor retention on column. However, the
retention of negatively charged metabolites can be improved by including a cationic
ion-pairing agent in the running buffer (Coulier et al. 2006; Luo et al. 2007). These
also improve the peak shape for phosphate-containing metabolites (Lu et al. 2008,
2010). But use of ion-pairing agent have a drawback as it takes days to wash out of
an LC system, and also suppresses ionization of positively charged metabolites.

Further, the consistent and detailed measurement provided by LC-MS forms the
grounds for successive data processing and multivariate data analysis. LC-MS-based
large-scale metabolomic technologies are gaining popularity for their application in
the diagnosis of human disease by analyzing metabolites in biological samples
(Lv et al. 2011). Various biostatistical tools (PLS-DA, PCA) were adopted for
classification of metabolites which were separated from different tissue and as a
result, approximately 112 hydrophilic metabolites were identified within 8 min
of run.
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3.3.5 Nuclear Magnetic Resonance

Nuclear magnetic resonance is the most common spectroscopic technique which
uniquely identifies and concurrently quantifies a large variety of organic compounds
in the micromolar range. The application of this analytical technique in the emerging
field of metabolomics provides a “holistic view” of the metabolites under a specific
conditions, and hence it is best-fitted as well as beneficial for metabolomic studies
(Wu et al. 2010a, b). Conventionally, for metabolomics study of biofluids, NMR is
the most widely adopted technique because of its ability to analyze complete
biomaterials in the hostile way along with providing the rich structural information.
Hence, NMR-based metabolomics allow extensive research of low-molecular-
weight metabolites in biological samples with significant improvements. High-
resolution NMR is an ideal technique biofluids or tissue extracts’ metabolite
profiling and thus, there has been much interest in the establishment of a biomarker
for a disease using high-throughput NMR techniques. In drug discovery and devel-
opment research, NMR could prove to be more beneficial by providing detailed
information about the structural transformation of a compound which occurs due to
metabolism (Zhang et al. 2010). The features responsible for inclination toward
NMR for metabolic studies are its simple and automated operation which is
non-selective and non-destructive. Here, the sample that is analyzed in single run
could be reused, and provides useful structural information that prove to be an asset
in the characterization of each components of complex mixtures (Malet-Martino and
Holzgrabe 2011).

Although, for comprehensive metabolite profiling NMR has been found to have
relatively low sensitivity; it is currently become a most widely used diagnostic tool
due to its specificity. Currently, NMR has also been applied for the study of
metabolites associated with a particular disease like those involved in Alzheimer’s
disease, prostate cancer, etc. (Jordan and Cheng 2007; Barba et al. 2008). Using
NMR-based metabolomics approach, Jung et al. have investigated the link of altered
metabolic pattern in plasma and urine of cerebral infarctions patients and also
discovered a metabolic biomarkers associated with stroke (Jung et al. 2011). The
differential metabolites present in the plasma of stroke patients are characterized by
increased amount of lactate, pyruvate, glycolate, and formate, while decreased
amount of glutamine and methanol. On the other hand, the metabolite profile of
urine of stroke patients shows decrease in citrate, hippurate, and glycine. These
detected biomarkers were associated with anaerobic glycolysis and folic acid defi-
ciency. Generally, metabolomics of urine of human being is considered as an
important source of information related to the health and therefore it is the most
suitable source of studying the status of the global system. This is indicative of the
fact that in future magnetic resonance methodologies will be dominating in disease
management.
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34 Conclusion

Although, huge advancement has been made in metabolomics in the last two
decades; however, still there is no universally applicable methodology for immediate
quenching of cellular metabolic activity, extraction, and analysis of all metabolites of
interest. Further, these challenges are exacerbated due to the high degree of chemical
diversity such as polar and nonpolar metabolites. Also, the current procedures are so
strongly organism-specific that they could not be applied to any other organism
without prior optimization. The main problem which remained to be unsolved is
leakage of intracellular metabolites into the surrounding medium during quenching
and another is the loss of metabolites during extraction which needs to be corrected
for increasing the reproducibility of results.

Investigation of the metabolome with analysis of all possible measurable
metabolites in the sample could be achieved by metabolic analysis. Based on the
type of sample, both targeted and/or non-targeted approaches can be used for
supervising hundreds of metabolites at a given time. However, this requires high-
throughput and high-end techniques that enable measurement of relative changes in
compounds under a wide dynamic range, rather than estimating the absolute
concentrations of compounds. The analytical techniques generally useful for these
purposes include GC or HPLC/UPLC as separation modules which are coupled with
MS for fast and accurate detection of separated metabolites. The cutting-edge
analytical technologies enabled the measurement of metabolites and estimation of
the changes in metabolite concentrations accurately with precision under defined
conditions and thus, have highlighted the effects of perturbations in pathways of
interest. Occasionally, researchers also prefer to use more than one analytical method
which is complementary to each other, in order to circumvent the pitfalls of one
technique and also to avoid improbability to incorrectly measure the metabolites.

The standardization of analytical tools and extraction methods is the prime
requisite for metabolite profiling. Therefore, it appears to be more crucial to develop
new or modify existing techniques that are dedicated to a particular class of
metabolites, i.e., sugar intermediates, organic acids, amino acids, and cofactors.
From the above discussions, it is clear that for having the comprehensive metabolite
profiles of biological samples, single analytical technique is not sufficient and a
combination of different techniques needs to be used for acquiring as much infor-
mation as possible.
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