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Abstract Metabolomics involves the study of a complex and diverse array of com-
pounds that can be thought of as the ultimate end products of the complex systems
that are characteristic of molecular biology. The compounds that constitute the
metabolome are small in size relative to the genome and proteome and include
amino acids, carbohydrates, organic acids, lipids, and nucleotides with a mass less
than 1800 Da. Understanding the role of these metabolites and the way in which
changes in these important molecules impact biological processes has great poten-
tial to improve public health through better understanding of disease mechanisms.
A comprehensive understanding of the metabolome will ultimately lead to better
candidate biomarkers and drug targets enabling improvements in patient care.
Metabolomics experiments can be divided primarily into two experimental strate-
gies: targeted and untargeted. This monograph details these two approaches and the
specific considerations for sample preparation, analytical separations, instrumental
considerations, and data analysis that are required in the practice of these important
technologies. Furthermore, selected applications of targeted and untargeted experi-
ments are showcased to demonstrate the role of metabolomics as part of multi-
omics studies and how metabolites can be spatially mapped in biological systems
using imaging mass spectrometry.
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4.1 Introduction

Metabolomics is a field which studies the chemically diverse set of biological mol-
ecules that are essential components of living systems. These include molecules
such as amino acids, carbohydrates, organic acids, lipids, and nucleotides. The com-
pounds that make up the metabolome typically have molecular weights less than
1800 Da. The metabolites in this mass range are of special interest to the scientific
community due to their dynamic nature and their close relation to phenotype.
Metabolomics differs from its -omic counterparts (genomics, transcriptomics, and
proteomics) in that metabolites are typically the final expression of a complex series
of molecular events that make up system’s biology [1]. Through the study of metab-
olomics, there is great potential to not only expand our fundamental understanding
of cellular processes, but these discoveries hold the promise to change human
health. The understanding of the end point of disease mechanisms could lead to
improved treatment and detection through the discovery of biomarkers and drug
targets which would improve patient outcomes [2]. As a result, the field of metabo-
lomics research has expanded greatly. Publications have correspondingly increased
exponentially, for example citations related to metabolomics research as increased
665 times from 1992 to 2017 [3].

With this rise in interest, a variety of technologies have been developed and are
currently being applied to the study of metabolites. The principal methods include
NMR (nuclear magnetic resonance) [4], GC-MS/MS (gas chromatography tandem
mass spectrometry) [5], LC-MS/MS (liquid chromatography tandem mass spec-
trometry) [6], and IMS (imaging mass spectrometry) [7]. NMR-based methods,
which have steadily been increasing for the past 15 years, have a few distinct differ-
ences from MS-based platforms: they are largely non-destructive, quantitative, and
require minimal sample preparation (no derivitization, sample treatment or chro-
matographic separation). However, NMR is 10 to 100 times less sensitive than
LC-MS and GC-MS [8]. Although each method has applications for which it is best
suited, LC-MS and GC-MS methods account for ~80% of all published metabolo-
mics studies. Due to the popularity of these methods, this review will focus primar-
ily on mass spectrometry based methods.

4.1.1 Targeted Vs. Untargeted Assays

In general, metabolic experiments can be characterized by one of two possible
experimental approaches: targeted and untargeted assays (Fig. 4.1). Targeted
approaches probe a specific hypothesis, monitoring a limited number of known
metabolites. Alternatively, untargeted approaches are often used for hypothesis gen-
eration and focus on broad coverage of diverse metabolites to identify both known
and unknown metabolic changes.
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Metabolomics

Untargeted Targeted

* Hypothesis generating @ * Hypothesis testing @

* Relative quantitation * Absolute quantification

* Global analysis * Subset analysis

* Broad sample preparation and » Specified sample preparation and
instrumental detection instrumental detection

* Goal: Develop overall metabolic « Goal: Look for specific metabolic
profile changes between groups or subsets

Fig. 4.1 Untargeted Vs. Targeted Metabolomics. A list of attributes of untargeted metabolomics
in contrast to targeted metabolomics [9]

The targeted approach to metabolomics requires many considerations in order to
produce an assay that is suitable for the biological question under consideration.
The type of quantitation (i.e., absolute or relative), sample preparation, separation
strategy, mass spectrometer parameters, and data analysis approach all must be
implemented to satisfy the ultimate experimental goal. One major advantage of tar-
geted metabolomics is that it allows for absolute quantitation. With known analytes
of interest being investigated, the necessary steps to obtain absolute quantitation are
limited, only requiring the creation of a calibration curve for each analyte to be run
in parallel with samples [9]. Relative quantitation is even easier to obtain experi-
mentally as it entails comparing intensities among samples.

In targeted metabolomics, characteristics of analytes such as solubility, polarity,
and pH can be used to determine the optimal assay parameters. Analytes that can be
grouped together such as amino acids, or short chain fatty acids, can be processed
together for all downstream steps such as extraction, derivatization, and chromatog-
raphy. For example, amino acids can be extracted in aqueous solvent, as they all
contain a primary amine, which allows for derivatization by dansyl chloride to aid
in chromatography [10]. In addition, these derivatized products can all be separated
by C18 reverse phase chromatography and require similar instrument parameters.

When taking the untargeted approach to a metabolomics experiment, the objec-
tive is to broaden the effectiveness of the workflow for simultaneous analysis of a
wide variety of metabolites [11]. As the goal of an untargeted experiment is to
develop an overall metabolic profile of a biological system, it is critical that meth-
ods of extraction and separation chosen be broadly inclusive of a diverse range of
metabolites. To achieve these goals, metabolite experiments are comprised of an
experimental design, sample preparation, separation method, mass spectrometric
analysis, data processing and data interpretation (Fig. 4.2).
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Fig. 4.2 All metabolomics experiments consist of the following: (a) Experimental design (tar-
geted or untargeted experiments), (b) sample preparations (metabolite extraction and reconstitu-
tion), (c¢) separations (liquid chromatography), (d) mass spectrometry, (e) data processing
(preprocessing and metabolite identification), and (f) data interpretation (metabolic network
mapping)

4.2 Sample Preparation

The method by which an analyte is obtained and processed for analysis is crucial.
Several considerations must be made for both targeted and untargeted extraction
approaches.

For targeted metabolomics, the extraction method is dependent upon the sample
matrix and class of analytes to be measured. The sample preparation process could
be as simple as dilution of the sample with solvent prior to analysis [12], or as com-
plicated as a multistep extraction involving sample preparation columns and buffer
exchanges followed by a multistep derivatization. The goal of sample preparation is
to mitigate any interference in the measurement of the analytes of interest that may
arise from the complex biological matrix with minimal sample manipulation. Before
choosing an extraction method, it is important to consider necessary down-stream
manipulations. To continue with the above example, amino acids may need to be
extracted from a complex matrix such as cell culture and may require derivatization
for effective reverse phase chromatography. In this case, the extraction can be
accomplished effectively with a mix of methanol, water and formic acid [13], which
are ideal for downstream reverse phase chromatography. Regardless of the extrac-
tion method, one major consideration is loss of analyte during sample processing
[14]. To address this problem, a known internal standard is introduced at or near the
beginning of sample preparation to account for loss of analyte as well as any incon-
sistency such as pipetting error, retention time drifts in chromatography, or instru-
mental drift [15]. Internal standards can be utilized for normalization of analytes,
where abundances are often reported as ‘response ratios’ to their respective internal
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standard [16]. Resuspension is also a consideration, as the solvent chosen can have
effects on downstream chromatography such as reproducibility of retention times or
peak shape [17].

The optimal extraction method in untargeted approaches depends on the com-
plexity of the sample matrix as well as the class of analytes. Having little to no
information about the metabolites of interest, however, it can be difficult to discern
the optimal extraction protocol. For this reason, straightforward and versatile tech-
niques such as protein precipitation [18], Folch extraction [19], and Bligh-Dyer
extraction [20] involving multiple immiscible solvents are often employed in untar-
geted metabolomics. Here, different classes of biomolecules are separated into iso-
lated liquid fractions; polar metabolites suspend in the aqueous layer while lipids
separate into a hydrophobic fraction such as chloroform. This phenomenon allows
for simple, broad extractions of metabolites and even lends itself to multiomics
workflows as each different class of biomolecules from a single sample can be eas-
ily taken for class-specific sample preparation [21].

The addition of internal standards in untargeted workflows is also common prac-
tice [22]. In this context, an internal standard could be used for normalization pur-
poses where each analyte is reported relative to the internal standard, or it could
provide a retention time reference point to provide insight on chromatographic drift
over the course of an experiment [22]. More common, however, is the practice of
sample pooling [23]. This involves pooling equal volumes from each sample for
downstream quality control. This approach operates on the premise that a pooled
sample contains every possible analyte from an entire untargeted experiment in a
single injection and can thus be used to gauge both chromatography and instrumen-
tal efficiency. While analytes may in some cases be diluted in the pooled sample,
this methodology works to provide qualitative insight to an experiment. Quality
control of chromatographic and instrumental drift can be determined by periodi-
cally injecting the pooled sample mix between samples (after every 10 injections),
over the course of the experiment.

Again, as with targeted metabolomics, the last major consideration for sample
preparation is the composition of the final resuspension solvent. Trying to use
generic solvents which are broadly compatible with any unknown analytes present
in the sample will help to avoid analyte precipitation or having sample conditions
incompatible with chromatography. Some biases can be made however, tailoring the
resuspension solvent to the analytes being measured. For example, if measuring
lipids, a solvent that will minimize lipid precipitation is necessary. Most lipids have
been found to be soluble in chloroform making it an attractive choice for resuspen-
sion; however, chloroform would not be compatible with most reversed-phase or
HILIC methods, and therefore cannot be used for resuspension in most applications.
Instead, methanol, which solubilizes most lipids could serve as a substitute resus-
pension solvent.
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4.3 Separations

Analytical separation of metabolites prior to mass analysis provide a means for
more comprehensive analysis metabolites, enabling greater depth of coverage.
There are analytical tasks that do not require separations for the analysis of metabo-
lites; however, these approaches sacrifice broad metabolite coverage in favor of
other important performance characteristics of the assay. For example, direct-
infusion high-resolution MS (DI-HRMS) allows for the analysis of metabolites
without the need for chromatographic alignment and extensive sample preparation
[24]. In addition, direct-infusion methods also allow for maximum sample through-
put [2]. Many imaging mass spectrometry techniques also do not use any chromato-
graphic separations. However, these technologies allow for the unique ability to
spatially localize specific m/z to regions of a sample, which can be of unique impor-
tance in clinical applications [25]. Although separation-free techniques can be used
for metabolomics analysis, isomeric compounds cannot be separated and ion sup-
pression effects must be mitigated [2]. To address these challenges, typically liquid
chromatography, gas chromatography, capillary electrophoresis, and ion mobility
are used.

4.3.1 Liquid Chromatography

One of the first widely accepted types of liquid chromatography in a column format
was normal-phase chromatography which was derived from thin layer chromatog-
raphy (TLC) [26]. Normal phase separations employ a polar stationary phase, often
consisting of silica [26, 27]. This polar stationary phase is ideal for retaining and
separating polar molecules in highly nonpolar solvents such as hexanes, which can
be incompatible with downstream components and not provide the necessary polar-
ity for efficient electrospray ionization [28]. While normal phase has lost much of
its popularity due to its major limitations, it is still used in limited capacities due to
its effective class separations of analytes such as lipids, as well as its compatibility
with organic solvents which are necessary for the stability of some molecules [29].

In contrast to normal-phased chromatography, reversed-phase chromatography
is defined by a nonpolar stationary phase which retains and separates nonpolar,
hydrophobic analytes very effectively [30]. Historically, reversed-phase chromatog-
raphy has been the gold standard in LC-MS, which has percolated into LC-MS
based metabolomics [31]. Reversed-phase chromatography offers versatility in
mobile phase/sample composition and can be used in flow regimes from nanoflow
(< 1 pL/min) to analytical flow (>100 pL/min < 1 mL/min). Furthermore, reversed-
phase chromatography produces highly reproducible retention times and peak
shapes [32, 33]. One large hurdle associated with the use of reversed-phase chroma-
tography for metabolites, however, is the inherently polar properties of the majority
of endogenous small molecules. As discussed above, this problem has led to the
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development of many derivatizing strategies for small molecules to make them less
polar and aid in reversed-phase retention.

Hydrophilic interaction chromatography (HILIC) is a relatively new chromatog-
raphy technique which is a variation of normal phase chromatography [34]. Briefly,
HILIC relies on a thin layer of water which surrounds the polar stationary phase,
allowing for analytes to interact with the water layer rather than the stationary phase
directly [34]. This interaction with water lends to the retention of polar, hydrophilic
molecules without the need for mobile phases which are incompatible with mass
spectrometry. This normal-phase variant has increased opportunities for performing
metabolomics without concern for analyte hydrophobicity. In addition, HILIC pro-
vides a method of separation capable of retaining and effectively resolving polar
metabolites without the need for derivatization as with reversed-phase chromatog-
raphy or incompatible solvents like normal-phase. Despite its clear advantages over
reversed-phase and normal-phase in the context of metabolites, it does have limita-
tions. Retention time and peak shape have been observed to be less robust than
reversed-phase requiring a great deal of care in buffering of mobile phases as well
as long re-equilibration periods between injections [35]. All of these factors and
others have led to hesitance in the field towards adopting HILIC, with some assert-
ing that a new method of separating polar molecules is still needed [36].

Because reversed-phase and HILIC techniques offer complementary coverage of
the metabolome, they are often used together to provide a more comprehensive
analysis of sample analytes [21]. Many common extraction methods such as the
Folch extraction or the Bligh-Dyer extraction afford separations of metabolite
classes into distinct sample fractions [19, 20]. This fractionation allows for non-
polar to be analyzed by downstream reversed-phase, and polar metabolites from the
same sample to be analyzed by HILIC [21]. While this approach can significantly
increase analysis time, it provides a much more comprehensive view of the metabo-
lites in a given sample set.

4.3.2 Gas Chromatography

Gas chromatography (GC) has also been shown to provide a high degree of sensitiv-
ity and reproducibility for volatile analytes. Rather than using changes in solvent
composition to separate analytes as in LC, GC takes advantage of analytes having
different boiling points by ramping temperature [37]. When coupled to a mass spec-
trometer, GC offers reliable platform for metabolomics [38]. One consideration
when integrating these techniques is an ionization source. In most GC experiments,
electron-impact (EI) or chemical ionization (CI) are used for ionization before mass
analysis [39]. Much like LC-MS, GC-MS can be used to effectively separate and
analyze complex mixtures and is effective in both targeted and untargeted experi-
ments. However, there are certain limitations associated with GC-based metabolo-
mics. As GC relies on analyte volatility, it is vital that analytes be volatile enough to
transition into the gas phase easily in order for GC-based methods to be effective
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[40]. Historically, in the event that analytes of interest are not sufficiently volatile,
derivatizations such as alkylation have been necessary to increase volatility for
effective analysis by GC [40]. While effective, these derivatization techniques can
be laborious and complicate data [41]. For these reasons, GC is not as widely used
in metabolomics workflows as LC.

4.3.3 Capillary Electrophoresis

Another form of separation which has been gaining popularity in the field of metab-
olomics is capillary electrophoresis (CE). CE is not a form of chromatography
because it lacks a stationary phase, a defining component of all chromatography
[42]. Instead, CE separation is achieved by applying high voltage to a capillary,
inducing an electrophoretic migration of ions. The electrophoretic mobility of the
analytes is dependent upon the ions charge-to-size ratio [42], wherein separation of
ions with differing electrophoretic mobilities is achieved. One strength of CE is its
high resolution, which is directly correlated to the potential applied to the column
as well as narrow peak widths provided in part by the inherent electroosmotic flow,
rather than laminar flow as in traditional chromatography [43, 44]. This resolution
coupled to mass spectrometry is conducive to both targeted and untargeted metabo-
lomics. In the past, the integration of these two technologies was a limiting factor
[45]. In recent years however, advancements have been made which allow for easy
coupling of CE to mass spectrometry [46]. Current limitations of CE include a lack
of robustness, especially related to clogging [47].

4.3.4 Ion Mobility

Another separation technology which has been demonstrated to be effective for the
analysis of metabolites is ion mobility (IM) [48]. By applying a high voltage gradi-
ent opposing a gas flow, charged analytes are driven by the voltage gradient in one
direction, and by the gas flow the opposite direction. These competing forces allow
gas-phase separation of ions based on differing size-to-charge [49]. Because IM
operates in the gas phase, it is frequently coupled with mass spectrometry, often
being integrated within the mass analyzers of an instrument [50]. Ion mobility pro-
vides a degree of separation which can be comparable to that of LC-MS or GC-MS,
on a much shorter timescale. Where chromatographic methods separate metabolites
in a matter of minutes to hours, [51, 52] IM operates on the order of milliseconds
[53]. IM is usually measured in drift time, and can be used to calculate an ion’s col-
lision cross section with proper calibration [54]. When coupled to mass spectrom-
etry, IM provides a high degree of separation, having been shown to separate
isobaric species, as well as offering this orthogonal drift time information for each
analyte. Moreover, IM can be utilized in conjunction with chromatography
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up-stream of a mass spectrometer, providing a second level of separation as well as
affording higher peak capacity [9]. Ion mobility is not without shortcomings how-
ever, especially that the addition of ion mobility in a metabolomics experiment has
been shown to reduce overall sensitivity [53].

4.4 Mass Spectrometry

In metabolomics, the instrument of choice is dependent on the experiment being
conducted, where different mass spectrometer platforms are ideal for different types
of assays. For targeted experiments, an instrument capable of interrogating many
known molecules on a time-scale that is compatible with the chromatographic time-
scale is critical. Targeted assays are commonly quantitative; therefore, it is impor-
tant that the instrument selected has good quantitative capabilities and sensitivity.
Usually this type of work is done by a triple-quadrupole or QTRAP system [15].
Untargeted experiments have different needs, as unknown molecules must be
selected for fragmentation in a manner that permits broad coverage of the analytes.
Orbitrap-based and quadrupole time-of-flight (QTOF) systems have proven them-
selves optimal for these types of workflows [6, 55]. There are many other types of
mass spectrometers which can be used for LC-MS-based metabolomics, but this
chapter will focus specifically on these as they are the platforms that play a central
role in the field.

Triple quadrupole and QTRAP platforms are the dominant mass spectrometers
used in the field of targeted metabolomics [55]. These instruments are very similar
in design, sharing an electrospray source followed by optics for the transmission of
ions to an initial quadrupole capable of isolating specific m/z windows. A second
quadrupole is then used as a collision cell for collision-induced dissociation (CID)
to fragment precursor ions for MS/MS analysis [56]. These two instruments differ
in their final stage where a triple quadrupole is equipped with a third quadrupole
used to isolate a particular m/z of the fragments created in the collision cell for
transmission to the detector. The QTRAP is equipped with a ion trap rather than a
conventional quadrupole, which is capable of not only of performing subsequent
fragmentation events on product ions but also accumulating ions for increased sen-
sitivity [57]. This instrument can also be operated as a conventional triple quadru-
pole instrument. Both systems are capable of isolating a precursor ion, fragmenting,
and monitoring the presence of specific fragments on the order of milliseconds [58].
The monitoring of a specific fragment of a specific parent ion is referred to as a
selected reaction monitoring (SRM), and this approach can be multiplexed so that
multiple analytes can be monitored in the same assay with high specificity. This
approach is referred to as multiple reaction monitoring (MRM), and is paramount
for targeted LC-MS techniques [59]. Practically, these mass spectrometers are capa-
ble of quantitatively monitoring upwards of 50 unique transitions within millisec-
onds [58]. This level of speed allows for dozens of metabolites to be measured with
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sufficient coverage over a chromatographic peak, producing quantitative, reproduc-
ible data for each metabolite.

Untargeted metabolomics comes with a different set of requirements due to the
chemical diversity of analytes that are characterized in a single analysis. Here, an
instrument’s ability to quickly and efficiently identify a molecule which may be of
interest for further investigation by MS/MS is critical. There exist two main meth-
ods of addressing this problem: data-dependent-acquisition (DDA) and data-
independent-acquisition (DIA). Various vendors have different names for these
processes, but in general these two techniques prevail in untargeted metabolomics
workflows [9]. DDA has proven to be effective in the field of proteomics for years
[60]. For DDA, tandem mass spectra are collected for m/z values selected from a
previously acquired MS spectrum; where the instrument is set to perform an initial
MS scan, determine the N most abundant ions, and isolate those for MS/MS analy-
sis [61]. This entire process must take place in milliseconds [62], and is repeated
several times over the course of a peak for effective and reliable MS/MS data.

DIA has grown more prominent recently, where independent of the MS data, the
instrument indiscriminately isolates mass windows (which in some cases can be
chosen by the operator) across the entire MS mass range [63]. Each of these win-
dows is sequentially isolated for fragmentation, meaning that ions within each win-
dow will proceed to the collision cell, producing fragments that are subsequently
analyzed [64]. One exception to this generalization is in Waters platforms, which
refer to their version of DIA as ‘MSF and fragments all precursor ions simultane-
ously following an initial MS scan. Regardless of the how the DIA is carried out, as
with DDA, this entire process must be repeated several times within a peak width
for reliable fragmentation and quantitation [64]. The difficulty in this approach is
pairing fragment ions with their parent ion counterparts. This requires sophisticated
software programs for data annotation [65]. Thus, the specific data analysis approach
must be carefully considered before acquiring data to ensure success.

It should be noted that fragmentation, while integral to both workflows, serves a
slightly different purpose for targeted and untargeted metabolomics. In a targeted
experiment, fragmentation is used as validation of the previously known identity of
a given molecule. The resulting fragment is measured, meaning that quantitation is
based solely on the abundance of fragment ions [66]. In untargeted metabolomics,
MS/MS is used to extract more information about the possible identity of a given
molecule [11]. In this case, any quantitative measurements are most frequently
made using MS data [11]. Lastly, the mass resolving power of the instrument tends
to differ between targeted and untargeted workflows. Untargeted metabolomics
benefits from higher mass resolving power as exact mass measurements in the MS
data can aid in identifying a metabolite [67]. For this reason, Orbitrap-based and
QTOF systems have prevailed as the ideal platforms for an untargeted experiment.
Orbitraps offer varying levels of mass resolving power, ranging from 15,000-240,000
[68], and can be modulated by the operator to suit an experiment. While not as high
performance, QTOF instruments offer mass resolving powers of up to 60,000 on
current platforms [69]. In contrast, a targeted experiment relies on specific fragmen-
tation and retention time for identification of a metabolite, rather than mass
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resolving power [9]. A targeted metabolomics experiment is also greatly affected by
the speed of the mass spectrometer being used. For this reason, most instrument
platforms used in targeted workflows are low resolution mass spectrometers capable
of rapid scan rates that enable high-speed MRM analyses. Both targeted and untar-
geted workflows require high levels of data management and processing, which can
often prove to be the most cumbersome and time-intensive component of a metabo-
lomics experiment.

4.5 Data Analysis

The validity of identifications in metabolomics studies are crucial for making bio-
logical conclusions. A useful framework for considering the confidence in the iden-
tification of a specific metabolite has been established [9]. In this framework, there
are five levels of validation ranging from a unique feature such as an accurate mass
measurement at level five (the lowest level of validation), to a validated identifica-
tion which is measured against a reference standard with a confirmed structure at
level one (the highest level of validation) (Fig.4.3).

One universal challenge between targeted and untargeted experiments is deter-
mining which spectra in these large data sets are representative of a real metabolite.
In order to make confident identifications, informative features relevant to

Unique Feature

rement Accuracy, tppm

Molecular Formula

Cy;H,,04,

Tentative Structure

M51 Dat Match

Putative

rum Match

Validated

Fig. 4.3 Levels of Confidence for Metabolite Validation. From top to bottom the least validated
level 5 to validated level 1 is shown. With increased level of validation comes increased time and
cost. A level five validated feature is a unique feature with accurate mass measurement. A level
four validation is a unique molecular formula. A level three validated feature includes tentative
structure and matches a precursor to an MS1 data based. A level two validated feature, a putative
identification matches MS/MS spectra to a database. Level two and three validations utilize
orthogonal measurements and can be techniques other than mass spectrometry such as NMR, col-
lisional cross section, spectroscopy, or retention time. A completely validated metabolite, a level
one validation matches a metabolite to a reference standard [9]
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biological processes must be differentiated from extraneous ones. For example,
Mabhieu et al. showed that although a dataset had over 25,000 features, with the
subtraction of isotopes, adducts, artifacts, and contaminants, less than 1000 were
metabolites [70]. Preprocessing methods facilitate recognition of data as either
meaningful or irrelevant.

There are a variety of tools for data preprocessing such as noise filtering, spectral
deconvolution, chromatogram alignment, and retention time correction. Data pro-
cessing such as peak detection, peak alignment, metabolite identification, quality
control, normalization, statistical analysis, metabolite quantification, and in silico
fragmentation are also used [71]. Both targeted and untargeted metabolomics meth-
ods share similar data preprocessing. With targeted methods such as MRM, chro-
matographic features linked to specific MS/MS transitions are often used. A variety
of commercial software, such as LCQuan (ThermoFisher Scientific), allow for the
identification of internal standards for relative quantitation or the import of calibra-
tion curves for absolute quantitation [72].

To reduce the dimensionality of the data, classification and clustering tools are
used [73]. Once metabolites are identified, relative or absolute quantitation can be
performed to determine the overall role of observed metabolic changes in a global
framework. There are a variety of commercially available tools for targeted and
untargeted LC-MS data analysis including LCQuan, Agilent Masshunter, Bruker’s
Profile Analysis, Thermo SIEVE, Waters’ Progensis QI and more [72, 74-77]. In
addition there are a number of open source, vendor-independent tools including
XCMS/XCMS Online, Mzmine 2, and MS-DIAL [78-80].

After data preprocessing, metabolite identification remains challenging owing to
incomplete spectral libraries and incompatibility between databases and data types.
For example, some databases are compatible with MS" data while others are only
designed to search compounds. Table 4.1 provides a list of relevant spectral libraries
and databases to assist in the identification of metabolites. When determining which
database best fits an experiment, it is important not only to consider the total number
of compounds and the data type, but also the original data used to build the data
base. For example, it is possible to limit false identifications for a human-based
experiment by selecting HMDB rather than an in silco prediction-based database.

Once metabolites are identified, pathways become integral in identifying the col-
lective role metabolites play in relation to a scientific question. Table 4.2 lists a few
metabolic pathway analysis tools, their number of reference pathways and the num-
ber of organisms on which they are based. Using these tools, data sets can be mapped
into known biological networks to aid in the interpretation of the results and provide
context that will help generate future hypotheses. Although pathway analysis can
often bring about answers to a variety of biological questions, it is important to note
that many experiments are temporal and looking at the accumulation of metabolites
or the change between experimental groups. In order to directly follow a metabolic
pathway, heavy labeling experiments are needed [87].
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Table 4.1 A variety of spectral libraries and databases are available for metabolite identification.
From left to right the database or spectral library, the number of total compounds, target data types,
organism base/ Focus and a brief description are shown [71, 81-86]

Spectral Library/ | Total Organism Base/
database Compounds | Targets focus Description
MoNA >200,000 EI, MS/MS, Multiple species, | Curated Spectra
MSn Curated
Metlin >500,000 CID-MS/MS | Multiple species | Commonly used,
Original use QTOF
NIST >574,000 EI-MS, Multiple species | Curated database
CID-MS/MS
m/z cloud 8904 MSn Multiple species | Multiple stage MSn
KEGG 18,612 Metabolites Multiple species | Pathway database
HMDB 114,100 Metabolites Human Spectra, physical and
biological properties
ChemSpider 67,000,000 All small Curated data, Curated data
molecules compounds
Mass Bank >38,000 EI, MS/MS, Multiple species | Long standing
MSn community database
MINE >571,000 Metabolites In silico predicted | Predicted database
metabolites

Table 4.2 Pathway analysis databases provide the biological context for individual metabolite
measurements within a system. From left to right the database, number of reference pathways, and

organisms included are shown

Database Reference Pathways Organisms
KEGG® 372 >700
MetaCyc® 1100 1500
WikiPathways* 100 20

4.6 Other Approaches to Metabolomics

Pathway analysis introduces a unique view of identified metabolites and their bio-
logical relevance. Metabolomics offers a plethora of biological significance through
the metabolites identified, but many times metabolomics through routine LC-MS
lack dimensions of information. There are highly complementary approaches that
can be used in the study of metabolism. Three specific examples are described be-
low: multiomic sample preparation methodologies, imaging MS for the addition of
spatial information, and NMR for high reproducibility [§8-90].
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4.6.1 Combining Metabolomics with Other Omics Technolgies

LC-MS has been successfully utilized for metabolomics, but previous sample prep-
aration methods made metabolomics incompatible with proteomic and lipidomic
analysis. In order to maximize the data extracted from a sample, a new method
known as sample preparation for multi-omics technologies (SPOT) has been devel-
oped for high-throughput multi-omics analysis by various collaborations at
Vanderbilt University [25, 91]. This technology allows for proteomic, transcrip-
tomic, and metabolomic analysis from the same sample, with common sample prep-
aration methodology. This common preparation allows for high-throughput sample
analysis, which would be optimal for applications such as rapid threat assessment.
This LC-MS based method allows for temporally resolved data sets in addition to
multi-omics analyses, optimal for addressing complex bio-logical questions.

This novel multi-omics sample preparation method utilizes cells but can be
applied to tissue samples as well. Cells are lysed, undergo a freeze-thaw cycle, and
then are sonicated in an ice bath. Aliquots are then lysed and precipitated with 75:25
Acetone: Ethanol for 2 h, then spun down. The resulting supernatant is then col-
lected for metabolomic analysis while the precipitate is used for proteomics analy-
sis. SPOT applied to metabolomics is best utilized for untargeted analysis. 50
microliters of supernatant extracted from SPOT sample preparation were analyzed
through either reverse phase LC or HILIC in a global untargeted analysis with
simultaneous analysis of molecular fragmentation. This approach showed re-
producible results comparable to traditional metabolomic methods and is efficient
with the ability to take cells from pellets to desalted samples ready for MS analysis
within 9 h. Additionally, this method led to the extraction of changing metabolites
key for biological information. SPOT was applied to human acute promyelocytic
leukemia (HL-60) cells that were exposed to zinc intoxication. Additionally, data
was collected at various time points throughout the analysis from 6 h to 24 h.

This investigation highlighted three pathways that appeared significantly modi-
fied with zinc treatment: tryptophan metabolism, purine metabolism, and eico-
sanoid signaling. Metabolomics allowed for the discovery of cellular responses not
found with proteomics and transcriptomics on the same sample. These pathways
were previously identified with genomic technologies and are supported by these
metabolomic data sets extracted using SPOT. The continued use of the SPOT proto-
col will answer many biological questions, through the incorporation of high-
throughput, time-resolved, large-scale data sets for untargeted multi-omics analysis.

4.6.2 Metabolomic Analysis with Imaging Mass Spectrometry

IMS has been used with high success for metabolomic analysis. Although LC-MS
is more suitable for absolute quantitation, IMS maintains the spatial information
from a tissue section. A paper from 2018 utilized IMS, in coordination with immu-
nohistochemistry, qPCR, western blotting and enzyme assays, to elucidate the
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regional differences in glucose metabolism in the brain [91]. IMS is an untargeted,
label-free technology, but can also be used to visualize the localization of targeted
metabolites such as those related to glucose metabolism. In this paper ATP, ADP,
HP and HBP were all identified to determine regional differences in metabolism
within the brain. This approach allows for direct measurement of metabolites gener-
ated through specific pathways and in specific brain regions. Then, using immuno-
histochemistry and Nissl staining, these regional differences can be visualized a
high spatial resolution.

MALDI IMS sample preparation differs from LC-MS methods, due to its reten-
tion of spatial information. Tissue can be sectioned and mounted onto glass slides,
then sprayed with matrix to improved ionization efficiency. This maintains the rela-
tionship of the robust chemical information provided by MS with spatial location in
the tissue, offering new correlations between the molecular makeup of the tissue
and the various regions and substructures. Overall this approach allowed for the
identification of key metabolites and gives insight into the relationship between
brain regions and pathways. Metabolites are tentatively identified by exact mass,
and then confirmed by MS? fragmentation experiments.

IMS showed the regional variations between areas that use glucose for glycolysis
versus areas that use glucose primarily for the pentose phosphate pathway (PPP).
For example, more of the glucose in the thalamus is entering the PPP over other
regions such as the amygdala where more glucose is utilized in other pathways such
as glycolysis. However, in white matter tracts and regions with low glycolysis and
PPP, ATP production is high. Additionally, this investigation showed an increase in
lactate during fasting that shows regional localization to specific brain substruc-
tures. Overall IMS allows for spatially resolved metabolomics, also showing the
ability to conduct high resolution metabolomics with the addition of spatial infor-
mation in regions of interest to study specific pathways.

4.6.3 Other Metabolomics Methods: Nuclear
Magnetic Resonance

Previous methods described for metabolomics utilize mass spectrometry for analy-
sis. While MS is higher in sensitivity by orders of magnitude, other technologies
such as nuclear magnetic resonance (NMR) have been growing in their applicability
to metabolomic research. NMR has a variety of advantages over MS [8]. The sam-
ple preparation for NMR is relatively easy compared to LC-MS, high experimental
reproducibility, and NMR is nondestructive for samples. One of the major benefits
of NMR, however, is the ability to quantify the metabolite levels explicitly. Due to
these advantages and the high automatability, NMR-based metabolomics has been
increasing over the last 15 years. With NMR technologies such as MRI and ssSNMR,
living cells and entire organs can be analyzed due to the nondestructive nature of
NMR, applications that are currently inaccessible for MS. Ultimately the choice
between NMR and MS relies on the priorities of the experiment: high sensitivity
and more identifications, or nondestructive analysis.
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NMR suffers from limited spectral bandwidth when analyzing complex metabo-
lomics samples, however, which can make untargeted complex mixtures difficult to
analyze. 2D NMR spectra allows for more information at overlapping resonances,
helping with further separation of peaks. 2D NMR involves the plotting of two fre-
quency axes against each other, allowing for visualization of correlation be-tween
different peaks using either homonuclear or heteronuclear correlations [92]. While
2D NMR applied to metabolomics can be cumbersome, the Gi-raudeau group has
recently described a fast quantitative 2D NMR workflow for metabolomics and lipi-
domics [93]. This approach specifically mentions UF COSY (ultrafast correlation
spectroscopy), 'H-"*C HSQC (heteronuclear single-quantum correlation spectros-
copy), and ZF-TOCSY (Z-filter total correlation spectroscopy) as their approaches,
but their workflow can be applied to any 2D NMR approach. Previously 2D NMR
experiments required long acquisition, up to several hours per spectrum, as well as
difficulties in quantitation. This new fast 2D NMR workflow reduces acquisition
time and allows for quantitation for both targeted and untargeted approaches. For
targeted approaches, standard additions or calibration are incorporated into the sam-
ple design, which untargeted approaches utilize involved data processing and
statistics.

4.7 Conclusion

Metabolomics is a growing field with a variety of analytical and computational tools
for analyzing a broad, dynamic, and diverse chemical and biological spaces.
Strategies exist for analyzing the metabolome for both hypothesis generation and
hypothesis testing. Specifically, mass spectrometry enables the interrogation of this
chemical space to answer a biological question. However, the experimental design
including design (targeted/untargeted), sample preparation, separations, data acqui-
sition, and data analysis tailored towards the ultimate question is integral to a suc-
cessful experiment. As the endpoint of biochemical processes, the metabolome is
uniquely suited to provide a broad, yet specific view biologically processes that
closely relate to phenotype, especially for biological and medicinal applications.
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