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Metabolic profiling, metabonomics and metabolomics are terms coined in the late 1990s as they emerged as the
newest ‘omics’ technology at the time. This line of research enquiry uses spectroscopic analytical platforms, which
are mainly nuclear magnetic resonance spectroscopy and mass spectrometry (MS), to acquire a snapshot of me-
tabolites, the end products of a complex biological system. Metabolic profiling enables the detection, quantifi-
cation and characterisation of metabolites in biofluids, cells and tissues. The source of these compounds can
be of endogenous, microbial or exogenous origin, such as dietary or xenobiotic. This results in generating exten-
sive, multivariate spectroscopic data that require specific statistical manipulation, typically performed using che-
mometric and pattern recognition techniques to reduce its dimensions, facilitate its biological interpretation and
allow sample classification and biomarker discovery. Consequently, it is possible to study the dynamic metabolic
changes in response to disease, intervention or environmental conditions. In this review, we describe the funda-
mentals of MS so that clinicians can be literate in the field and are able to interrogate the right scientific ques-

tions. (J CuiN Exp HepaToL 2019;9:597-606)

etabonomic studies are applied generally at an

individual or an epidemiological level.

Metabolome-wide association studies are based
on large-scale metabolic profiling of specific populations
and aim to discover novel markers associated with
health-related conditions. Population-based studies have
successfully demonstrated an association between candi-
date metabolites and risk of disease, such as cancer, dia-
betes and hypertension.l‘2 Metabonomics in medical
science has diverse applications; it can be applied in vivo
(using imaging or live cells) or in vitro (using extracts or
biofluids), and the technology is capable of analysing a

wide range of bioproducts, including solids (tissues),
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liquids (blood, urine, fecal water, bile and cell extracts)
and gases (breath).’

Comprehensive metabolome coverage requires a broad
array of instrumentation as each spectroscopic platform
provides coverage of different classes of organic com-
pounds. The most popular techniques in metabonomics
are nuclear magnetic resonance spectroscopy and mass
spectrometry (MS) (coupled with liquid chromatography
[LC] or gas chromatography [GC]); each of these technol-
ogies has their own strengths and weaknesses. Numerous
studies have shown the particular use of each technology,
and various studies reported standardised protocols to

ensure high reproducibility. ™

GLOBAL AND TARGETED PROFILING

Metabolic profiling studies are generally divided into tar-
geted and untargeted analytical designs. The global or un-
targeted approach attempts to detect and identify as many
molecular compounds as possible and is primarily hypoth-
esis generating. It aims to capture the overall molecular
signal patterns and disrupted pathways.(’ Targeted analysis
focuses on known, small groups of metabolites of interest,
such as lipids, carnitines and bile acids or a mixed panel of
distinct compounds. The approach tends to be driven by a
specific biochemical question or hypothesis that directs
further perusal of a particular biological pathway. The
method is highly robust and offers absolute quantification
of molecules. However, the initial method development
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Figure 1 Metabolic profiling pipeline.

requires extensive work to cater to the specific require-
ments of the targeted compounds.®

Global ~ and  targeted  metabonomics are
complementary and can be used simultaneously to
discover and validate disease biomarkers. Ideally, compre-
hensive profiling of specimens of interest is generated us-
ing both global and targeted approaches, as well as
multiple spectroscopic platforms.”

METABOLIC PROFILING IN BIOMARKER
DISCOVERY

Interest in metabolites as biomarkers of disease progres-
sion has gained wide popularity in the last decade. The dis-
covery of biomarker candidates for cancer screening and
diagnosis in particular is no exception; a search in the
PubMed database for articles including the keywords ‘me-
tabolomics’, ‘cancer’, and ‘biomarker’ found 1 article in
2003, 58 articles in 2010, 154 articles in 2015 and a total

598

of 787 articles at the time of writing. The basic concept
of the approach is that cancer has several years of asymp-
tomatic latency before it is clinically diagnosed. During
this phase, there is deregulation of cellular energetics and
a profound state of metabolic dysregulation in various
pathways. The pathogenesis of cancer can lead to alter-
ations in metabolite levels in the body, which in turn, influ-
ence the metabolite levels in biological fluids. Hence,
metabolite levels can reflect the pathophysiological condi-
tion of the host.”

The pipeline of metabonomics in biomarker discovery is
illustrated in Figure 1. Initially, the discovery phase aims to
establish the disease metabolic signature and trace key
metabolic pathways altered in response to the disease.
This can be followed by an in-depth quantitative analysis
on validated compounds, and ultimately, a targeted, diag-
nostic assay that is focused on a subset of biomarkers can

be designed.
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Table 1 Comparison of Mass Spectrometer Types.

Analysis method Magnet Operation Resolution Mass

range

Magnetic sector Y Continuous High Medium

Fouriertransform ion Y Cyclic High Medium

cyclotron resonance

Quadrupole mass N Continuous Low Low

spectrometer

lon trap N Cyclic Medium Medium

Time-of-flight N Cyclic Medium High
MASS SPECTROMETRY

MS is a powerful analytical technique that is widely used in
areas such as food safety, forensic sciences and environ-
mental and biomedical science. Its origin dates back to
the early 1900s, when it was mainly in the domain of phys-
icists and physical chemists. The technology underwent
progressive improvements and revolutionary changes
that earned several Nobel Prizes.

Mass spectrometers can give qualitative information
(structure) and quantitative information (mass-to-charge
ratio, m/z, and relative abundance) on the elemental,
isotopic and molecular composition of organic and inor-
ganic samples.” The principle is simple. The sample is first
ionised, and magnetic and/or electric fields are used to
separate ions by virtue of their different trajectories in vac-
uum. Unfortunately, the details are complicated. The sam-
ple may be in the solid, liquid or gaseous phase. Different
ionisation methods are required for each phase; ions may
be positively or negatively charged, and ionisation may
occur at different pressures and may be continuous or
pulsed. Fortunately, some simplification has arisen. In
biomedical applications, where samples are predominantly
liquids containing large molecules, continuous soft ionisa-
tion methods that avoid fragmentation such as electro-
spray ionisation (ESI) are preferred. However, these
operate at atmospheric pressure, and a mechanism is
then needed to transfer the ions into vacuum.

Analysis may be based on predominantly magnetic or
electric fields or a combination of the two; the fields may
be static or time varying, and operation may again be
continuous or cyclic. The main variants of mass analysers
(the magnetic sector, Fourier-transform ion cyclotron reso-
nance, quadrupole, ion trap and time-of-flight mass spec-
trometer) and their broad characteristics are detailed in
Table 1. Again, some simplification has occurred: electric
fields are preferred because they avoid the need for a large,
heavy magnet. Consequently, the quadrupole, ion trap and
time-of-flight mass spectrometer are the most common.
All offer high performance and advantages that mainly
depend on the application. The most important perfor-

mance parameters are sensitivity, mass resolution and
mass range. The ion flux and space charge effects set the
limit to sensitivity, at low and high fluxes, respectively.
The thermal spread in ion velocity and the precision of
the applied fields limit mass resolution, whereas the
magnitude of the field limits mass range.

SEPARATION

Mass spectrometers are best suited for the identification of
single molecules. However, biomedical samples are almost
universally present as mixtures. The problem is addressed
by first passing the sample through a stationary phase, us-
ing variations in mobility to separate the different compo-
nents in time. In the late 1960s, the commercialisation of
the interfacing of GC with MS in GC-MS enabled the sep-
aration of complex gas mixtures in a packed column so
that individual molecules could be admitted sequentially
into the mass spectrometer.” GC-MS was followed in the
1980s by LC (LC-MS), allowing separation of liquid analy-
tes before analysis, and increases in pressure led to a high-
and ultrahigh-performance variants, high-performance
liquid chromatography (HPLC)-MS and ultra-perfor-
mance LC (UPLC)-MS, respectively. Other so-called ‘hy-
phenated systems’ including ion-mobility spectrometry-
MS and capillary electrophoresis-MS combining different
forms of separation with MS then followed; however,
UPLC-MS is now the de facto standard for biomedical
analysis.

TANDEM MS

Even well-separated samples may still present identifica-
tion problems because a variety of different large molecules
may have a similar m/z ratio. The solution is provided by
tandem MS (MS-MS or MS?), which was also invented
in the late 1970s and provides greater certainty in the iden-
tification of heavy ions by analysing their fragmentation.
Once again, a large number of different systems may
perform a similar task, depending on the type of the analy-
ser used to perform the initial ion selection, the methods of
fragmentation and subsequent fragment analysis. The first
article using MS in a metabonomic context was by Robin-
son and Pauling in 1971, entitled ‘Quantitative Analysis of
Urine Vapour and Breath by Gas-Liquid Partition Chroma-
tography’.”

EXAMPLE SYSTEM

The most common approaches to biomedical analysis will
be illustrated in terms of an example system, and detailed
alternatives will be discussed later. A typical hyphenated
mass spectrometer (Figure 2) consists of a number of ma-
jor components: an initial separation system (such as LC or
GC), ); an ion source; , a differentially pumped interface
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Figure 2 Basic sequence of events in a mass spectrometer. m/z, mass-to-charge ratio.

between atmospheric pressure and vacuum, a high vacuum
chamber, one or more mass analysers; , a detector, and an
instrument controller and data handling system, which
allow the instrument to perform the following processes:

1. Molecules are first introduced into the liquid handling
system, and separated as appropriate (Figure 2A).

2. Tons are created from the sample at atmospheric pres-
sure in the ionisation source (Figure 2B).

3. Ions pass through a specialised vacuum interface
(Figure 2C) into the vacuum system (Figure 2D).

4. Tons enter a first mass analyser (Figure 2E) where they
are separated according to their mass-to-charge ratio.

5. A collision cell fragments the selected ions, and the frag-
ments are analysed in a second analyser (if present).

6. Ions are detected as electrical signals in proportion to
their abundance and charge as they emerge from the
mass analyser (Figure 2F).

7. The signals are passed to a data system (Figure 2G),
and a mass spectrum of the molecule is produced
(Figure 2H).

Sample introduction/LC

LC is a popular MS separation technique used in metabolic
profiling studies; biological samples are aqueous,
composed of involatile, polar compounds and are often
of high molecular mass, preventing their analysis by GC-
MS. In addition, LC-MS requires a small sample volume
and minimal sample preparation, and unlike GC-MS, it
does not require sample derivatisation."’

600

The basic function of the sample introduction system is
to inject a sample from the autosampler into a moving
stream of the mobile phase (solvent mixture) and transfer
it to the chromatographic column or the stationary phase.
The separation is generally based on an analyte's relative
affinity for the mobile phase versus the stationary phase.
LC separation uses different types of chromatographic col-
umns.

Normal-phase chromatography

In normal-phase columns, the mobile phase is a nonpolar
solvent, and the stationary phase is polar. Molecules elute
according to their polarity; polar analytes are retained by
the stationary phase, whereas hydrophobic analytes move
faster with the nonpolar mobile phase.

Reversed-phase chromatography

Reversed-phase (RP) chromatography is the opposite of
normal-phase chromatography. A polar mobile phase
and a nonpolar stationary phase are used (Figure 3). RP
is more popular than normal-phase because it is efficient
and stable and has retention power for polar analytes,
which are typically present in biological fluids. A C18-
bonded silica column is commonly used for low-molecu-
lar-weight analytes (<5 kDa molecules).

Such a column is tightly packed with coating material.
A high pressure pump (high or ultrahigh pressure) is used
to sustain constant liquid flow at high pressure through
the small porous particle bed coating the column, hence
the name UPLC, which produces higher resolution

© 2019 Indian National Association for Study of the Liver. Published by Elsevier B.V. All rights reserved.
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Figure 3 Separation in reversed-phase liquid chromatography. LC, liquid chromatography.

chromatograms, compared with the traditional LC system
(operating at a pressure of 15,000 psi vs. 5800 psi, respec-
tively)."" The size of particles is another important factor
that can maintain the column at high pressure.

Gradient elution is used to deliver solvents at varying
proportions to elute molecules at different times. The eluo-
tropic strength of the solvent is progressed linearly as the
analysis progresses, starting at a high aqueous rate (99-
100% water) and increasing gradually to high organic con-
tent, typically over 5-30 min. The separated mixture is then
carried into the ionisation source.'’

Hydrophilic interaction LC

Highly polar metabolites are poorly retained in RP chro-
matography; they elute very early with the polar solvent
and are separated ineffectively from each other. In hydro-
philic interaction LC (HILIC), similar to normal-phase
chromatography, the stationary phase is polar. However,
the mobile phase comprises a relatively hydrophilic sol-
vent. Thus, it enhances the retention and separation of
extremely polar analytes. Together, RP and HILIC provide
complementary metabolite information and better metab-
olome coverage.

The ion source

Chromatographic separation ensures that a constant
stream of molecules enters the ion source, rather than a
large bundle at the same time. In the ion sources, the
molecules are ionised before entering the mass
spectrometer because they cannot be manipulated by elec-
trical or magnetic fields in their neutral state. There are
various forms of ionisation methods compatible with the
LC-MS system. The selection is mainly based on the phys-
icochemical characteristics of the analyte of interest. Some
ionisation types are highly energetic and cause extensive
fragmentation of the chemical bonds (hard ionisation).
Other methods do not have strong means of separation;
the energy used is only sufficient to produce adduct ions

and not cause fragmentation.” ESI is a soft ionisation tech-
nique. ESI transfers the ions gently from the solution (sam-
ple plus solvent mixture) to the gas phase via the following
process: (i) a high voltage is applied between a capillary tip
and a counter electrode, creating a high electric field, (ii)
the sample is dispersed from a fine jet extending from
the Taylor cone created by the field into an aerosol of high-
ly charged droplets, (iii) a stream of drying gas evaporates
the solvent from the charged droplets, (iv) the high density
of the charged droplet and the repulsive forces between the
ions cause the droplet to disintegrate into smaller
droplets and (v) eventually, vapour phase analyte ions are
released from the droplet and left free in an atmosphere
of drying gas.”

The vacuum interface

Efficient transfer of ions created at atmospheric pressure
into a high vacuum system for analysis is a difficult prob-
lem, which was solved in 1980 by John Fenn of Yale Uni-
versity, based on his knowledge of jet engines. Fenn was
awarded the Nobel Prize in chemistry in 2002 for this
work, which has transformed MS. The most obvious
interface, an extremely small hole in the chamber wall,
cannot be used because this leads to an effusive source
that overwhelms the high vacuum pump while coupling
poorly into the mass analyser. Instead, the ions and en-
training gas are passed through a larger sampling orifice
into an intermediate chamber through a free jet expan-
sion, an isentropic process that trades thermal energy
for kinetic energy, simultaneously cooling and colli-
mating the ions. The collimated beam is then passed
through a further orifice—a small hole at the tip of a
conical ‘skimmer’—into the high vacuum system. With
careful design, the loads on the intermediate and high
vacuum pumps can be balanced, and shocks can be
avoided. Additional components such as RF ion guides
can be used to increase the axial ion flux density, the

key to high sensitivity.
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Mass analyser

The basic function of the mass analyser is to separate the
ions according to their mass-to-charge ratio (m/z) and
transfer these ions into a detector. Different mass analysers
separate the ions by a variety of methodologies, the choice
depending on the type of data required (structural or
quantitative), resolution and mass accuracy. A quadrupole
coupled with a time-of-flight (Q-TOF) mass analyser
(Figure 4) is regarded commercially as the most successful
of hybrid analysers.'”” A hybrid instrument combines
different types of mass analysers in a single instrument.

The quadrupole (which was invented by Wolfgang
Pauli, who won the Nobel Prize in physics in 1989) consists
of four cylindrical-shaped metal rods set parallel to each
other at a well-defined spacing (Figure 5). It separates
ions based on the stability of their trajectories when a com-
bination of direct current (DC) and radio frequency (RF)
voltages is applied to the rods, creating a time-varying
quadrupolar field. With a particular ratio of DC to RF
voltage, ions near only one given value of m/z will have
bounded trajectories and hence pass through the length
of the quadrupole without discharging on the rods.

The quadrupole is a workhorse of mass analysis, but its
mass selectivity is limited by its length and constructional
precision and by the frequency of the RF voltage, and its
mass range is limited by the amplitude of the RF voltage.
Consequently, its main function is often to select ions
for a more accurate analyser. In the RF-only mode, when
filled with an inert gas at moderate pressure, a quadrupole
may also act as a so-called ‘collision cell’ in which selected
analyte ions are fragmented.

Improved mass accuracy and range are provided by the
TOF analyser, which can in principle identify a m/z value
simply based on the time taken by a pulse of ions to tra-
verse a known distance before striking a detector. If the
pulse is short, the axial velocity is low, and the distance is

ALSALEH ET AL

large; the mass range can in principle be very high. In prac-
tice, however, uncertainty in the initial position and veloc-
ity of the ions caused by thermal energy requires
complicated additional correction. The most common
techniques are orthogonal extraction (O/A), used to
shorten a pulse of ions selected from a quadrupole, and
reflection by a stacked electrode system known as a ‘reflec-
tron’, used to correct for thermal spread.

The quadrupole can be used in narrow or wide band
pass mode to determine which ions are passed into the
collision region and then into the TOF analyser. In full-
scan mode, the quadrupole is set in wide band pass
mode so that all ions are transferred into the TOF analyser,
and there is no gas in the collision cell. The narrow pass
mode is operated when fragmentation of a selected ion
with a known m/z value is required. The quadrupole will
act as a filter, allowing the passage of ions with a particular
m/z value.

The fragmentation of an ion of a known m/z value in
tandem MS allows ions of the same mass to be differenti-
ated on the basis of their fragmentation pattern. A
collision-induced dissociation cell, usually placed after
the quadrupole, is filled with an inert gas such as argon.
Ions are selectively passed into the cell, whereupon a
voltage is applied, which results in fragmenting the ion
into its constituents. Most ions will produce a signature
fragmentation pattern, which may be identifiable using da-
tabases or chemical standards. The Q-TOF system features
high mass accuracy together with the possibility of tandem
MS, which is ideal for nontargeted profiling applications.

Ion detector and vacuum system

After emerging from the mass filter, ions are converted into
electrons and thence into a usable electrical signal in an ion
detector. Detection and amplification are generally carried
out in a single component, known as a ‘channeltron’

Collision-induced

analyte ions Quadrupole dissociation cell Time-of-flight
. — —
. e
IIIII-lIIIIIIIIIII-I-IIIIIIII-IIIII-I)I-l-u-i ~~~~~~~~~~~~~~ aAEmEEm Detector
+. — _ :'
Reflectron

Figure 4 Principle of the quadrupole time-of-flight instrument. O/A, orthogonal extraction.
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detector and based on a tube that has been internally
coated with a layer of high secondary electron emissivity.
The detector is heavily biased to attract ions, which strike
with high velocity. The kinetic energy thus liberated creates
a shower of secondary electrons, which emit further elec-
trons in a cascade along the tube. The tube is normally
curved to prevent a direct line of sight path between the
entrance and final collection electrode.

The chamber housing the aforementioned components
is normally maintained at high vacuum, using a low capac-
ity, high vacuum pump such as a turbopump backed by a
high capacity, low vacuum pump such as a rotary pump.
The low pressure is required to maintain a sufficiently large
mean free path, allowing ions to pass through analyser
components without collision. Because ultimate sensitivity
is determined by ion flux and hence by gas flow into the
system, pumps are typically large and floor mounted. How-
ever, recent developments have seen the emergence of
‘desktop’ ESI-MS systems, based on miniaturised compo-
nents fabricated by machining of silicon and with the
entire pump set contained in an instrument of the size
of a personal computer (Figure 6). Performance is
moderate but steadily improving.

Preprocessing of raw spectral data

Preprocessing of spectral data produced by the LC-MS sys-
tem is a necessary step before any statistical analysis. The
process aims to transform the raw data in the analogue
format to a tabular matrix, to correct for instrumental vari-
ation, to filter the data set (reduce noise) and to extract the
molecular features from each sample. XCMS software
(XCMS Online, La Jolla, California, USA) provides a rela-
tively automated processing pipeline tailored for untar-
geted LC-MS metabolic profiling data. The software is a
robust and a very popular platform (+1500 citations in
the literature).

The outcome of the MS analysis is the generation of a
spectrum for each sample. The software initially identifies
peaks detected in each sample and then extracts and re-

ports their m/z values. Peak integrals are then created by
grouping and binning the peaks. The corresponding peaks
from run to run are then matched and grouped. The drift
in analyte retention time from run to run is calculated and
corrected by ‘peak alignment’. The peak alignment algo-
rithm corrects for retention time drifts by calculating a me-
dian retention time from ‘well-behaved’ peaks. Some
groups may be missing peaks from some of the
samples because an analyte is not present or was not de-
tected in the previous peak detection step (because of its
low concentration, the bad peak shape or a mistake in
the identification algorithm). This is corrected for by recov-
ering the missing signals from raw data via a ‘peak filling’
method.

Finally, the data are normalised to refine confounding
variation arising from experimental sources, while preser-
ving relevant biological variation. The normalisation pro-
cess scales the data so that different samples in a study
can be compared with each other. This is a key step for
the urinary matrix; urine volume changes result in signifi-
cant variation in the dilution of analyte concentrations
across samples.'” After preprocessing the spectral data,
XCMS generates a peak intensity table, which is then im-
ported to statistical analysis software.

Multivariate analysis

Similar to the other ‘omics” disciplines, metabolic profiling
generates large and complex data sets that require sophis-
ticated statistical approaches to reduce its dimension and
account for intrasample and intersample variance. Typi-
cally, hundreds or even thousands of multicollinear meta-
bolic features are produced by LC-MS for each sample.
Each metabolite detected can generate several isotopes, ad-
ducts and fragments. Moreover, multiple correlations are
present among the metabolites that are biochemically
interrelated."”

The data set requires reduction of variables, with a selec-
tion and visualisation statistical approach. The statistical
method used needs to account for correlation as the data
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Figure 6 Three-dimensional visualisation of the electrospray ionisation chromatogram, mass chromatogram and mass spectrum. m/z, mass-to-

charge ratio.

are collinear. Dimension reduction methods summarise
and transform thousands of features into a few key compo-
nents that capture the variance or discriminatory covari-
ance in the data. Usually, the data are initially explored
with principal components analysis (PCA) and orthogonal
partial least squares discriminant analysis (OPLS-DA) for
feature selection.

PCA is a statistical technique for finding patterns in
high-dimensional data. The method is unsupervised; it
does not require any input related to class
information and is used to project the data to highlight
the maximum sources of variance using a minimal number
of principal components (PCs). This approach has the
advantage of reducing the number of dimensions, without
much loss of the biological information by removing the
noise and redundancy in the data. The new PCs correspond
to an uncorrelated, linear combination of the original vari-
ables. The model uses the variability and correlation of
each variable (metabolites) to create a simplified set of
new variables (PCs). PCA reduces the number of variables
in a data set. However, it still accounts for as much of
the total variation in the original data as possible."’

PC analysis

The data are visualised as score and loading plots. In the
score plot (Figure 7), which maps the distribution of sam-
ples and allows inherent similarities between samples to be
detected, the horizontal axis represents the first PC, which

explains the largest variation. The vertical axis represents
the second-most variance or PC2, and it is orthogonal to
the PC1 axis. If there are x variables in a data set, it is
possible to add up to x PCs. Usually, the most interesting
observation can be seen in the first few components; the re-
maining PCs are either uninteresting or noise.'”

The PCA is plotted with colour codes assigned to each
group to elucidate relationship between observations.
Close clustering trends between observations within the
same group indicate similar underlying metabotypes. Ob-
servations outside the 95% confidence interval (the
magenta circle in Figure 7) are identified as potential
outliers and require further examination of their original
spectra.

Orthogonal projections to latent structures
discriminant analysis

Supervised modelling using OPLS-DA is mainly used to
maximise separation between predefined sample classes
to view discriminatory metabolites. The inbuilt orthogonal
signal correction filter removes confounding variations not
related to class separation (within group variations, age,
gender, diet and so on), which may be observed in PCA
models.

Variation that is unrelated to the class response is
described in the orthogonal component(s).'® Similar to
PCA, OPLS-DA models take into account the joint effect
of all metabolites and use their correlation structure with

604 © 2019 Indian National Association for Study of the Liver. Published by Elsevier B.V. All rights reserved.
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the additional aim of maximising the variance related to
the biological class (or y variable). A corresponding
‘loading plot’ can explain which variables (or loadings)
are different between samples, thus causing separation be-
tween groups (i.e., cancer vs. control).

Model evaluation and cross-validation is critical to
avoid ‘overfitting’ the OPLS-DA model and prevent false
positive results. Overfitting the model can show excellent
results, but the outcome might not be reproducible. Inter-
nal and external validation is required to overcome this
issue. The goodness of fit and prediction can both be
evaluated by assessing R* and Q® model statistics, respec-
tively. In addition, a permutation test, which is a leave-
one-out cross validation procedure can assess the model
validity. The permutation test compares the goodness of
fit of the original model with the goodness of fit of several
randomly permuted models (resampling Y observations,
while the X matrix is intact). Analysis of variance testing
of cross-validated predictive residuals (CV-ANOVA; P-
value<0.05) can also be performed to determine significant
differences between groups in the OPLS-DA models."”
Feature selection only proceeds if the models are robust
to identify relevant and putative biomarkers. An OPLS-
DA with Q?Y less than 20% and CV-ANOVA greater than
0.05 is considered a nondiscriminatory model.

Variable importance of projection (VIP) scores are used
to select the most differential metabolites from the super-
vised OPLS-DA model. VIP scores are used to estimate the
importance of each variable in the projection used in the
OPLS model, which allow the X variables to be classified ac-
cording to their explanatory power of Y (class informa-
tion). A variable with a VIP score close to or greater than
1 can be considered important in a given model. Univariate
significance tests and fold change are then performed on

the selected features to estimate the magnitude of change
between the groups.

Metabolite annotations

The data obtained by LC-MS are merely a series of peaks
without any chemical identity. Therefore, following the se-
lection of important, discriminant features, their interpre-
tation in a biological context is limited only by the extent
to which their precise chemical identity is known. A single
metabolite can produce multiple features; its identification
is not always straightforward because the feature is not al-
ways observed as a protonated or deprotonated ion, but
rather as adducts or fragments. Initial examination of
the metabolite chromatographic data is key to determining
the true monoisotopic parent in a cluster of masses de-
tected at the same retention time.

The identification of metabolites is labour-intensive,
time-consuming and a major bottleneck in the interpreta-
tion of MS results. The gold standard for assignment of
metabolites is to use internal isotope-labelled standards,
or ‘spiked-in’ nonlabelled authentic standards. However,
for untargeted metabolic profiling, the comparison of
each detected metabolite with the compound standard is
not feasible because of the cost and commercial availability
of standards.

Currently, the best approach for metabolite annota-
tions is to use the molecular feature information (m/z,
retention time and MS/MS) to determine its chemical
identity against a number of freely available online data-
bases, such as the human metabolome database
(HMDB),'®* METLIN," Lipid Maps™ and MS data avail-
able from earlier publications.

The potential assignments returned from the database
search of a mass are then carefully examined for molecular
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formula and structure match, as well as the biological rele-
vance of the molecule to the human metabolome. Never-
theless, many of the peaks cannot be assigned to a
metabolite. They are labelled as ‘unknown’ and are not
characterised further.

CONCLUSIONS

Although seemingly complex, knowledge of the principles
of mass spectroscopy allows the right research questions to
be asked for translational research and the correct method-
ologies to be selected for maximum discrimination of the
desired metabolites under scrutiny. Such an approach al-
lows the clinician to be mindful of what is possible and
what is not and to tailor investigation appropriately.
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