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Abstract

Quantification is a critical step in comprehensive lipidomics studies. Although LC-MS
is considered as an available tool for simultaneous detection and quantification of
hundreds or thousands of lipid species, the analysed samples are subjected to
unwanted variations at multiple stages, including study design, sampling and storage
procedures, analytical and data acquisition procedures, that could affect the quality
of the results. For targeted lipidomics analysis, these errors can be corrected by the
appropriate use of standards. However, for untargeted analysis, it is still problematic
to correct the data especially across multiple batches where usually many thousands

of closely related lipid species need to be measured in a complex biological matrix.

In this thesis, an approach has been investigated for the first time to correct these
variations by adapting an existing normalisation strategy routinely applied in targeted
analysis based on standards to untargeted lipidomics studies. Although the cost and
availability of authentic synthesised standards limits the practical usefulness of this
approach, an alternative in vivo isotopic labelling strategy was evaluated. The aim
was to present an approach that allows correcting variations introduced during the

study and eventually provide a more reliable estimate of lipids in the studied samples.

To find out the source for the generation of labelled standards in complex samples,
five different microorganism species were investigated and compared including E.
coli MG1655, spirulina, S. cerevisiae CEN.PK 1137D, S. cerevisiae BY4741, and P.
pastoris NCYC 175. Comparison of the lipid profiles and the efficacy of in vivo labelling
strategy in these species according to the results revealed that the yeast P. pastoris
NCYC 175 proved to be the optimum source of isotopically labelled standards leading
the way to comprehensive direct and indirect normalisation in quantitative mass
spectrometry assays in complex biological samples. After that, the optimum 3C-IS
mixture was utilised to develop and validate a novel normalisation approach for
untargeted lipidomics studies on plasma samples. An extraction protocol was
optimised to ensure maximum efficacy and sensitivity that enabled detection of a
higher number of $3C-IS in a reproducible manner. Then, the 3C-IS mixture was used



as an internal standard introduced at the initial stages of samples preparation. From
the data presented, the labelled internal standard mixture has shown to be effective
in reducing technical and analytical variations introduced during samples
preparation, analysis and special situations where the mass spectrometry response
starts to fluctuate such as in long analysis time or from day to day that ultimately

provides a reliable estimate of those ions.

Subsequently, the developed method was successfully applied to two clinical
lipidomic studies. Where for the first one, the method was used to explore the level
of intra-tumoral heterogeneity in patients diagnosed with low grade glioma and the
results showed a clear distinct lipidomic profile in spatially resolved regions of the
tumour and between patients indicating inter- and intra-tumoral heterogeneity that
could affect treatment output, survival and quality of life before and after treatment.
This highlight the importance of personalised tumour-specific strategies to
accommodate these variations. In the second application, the method was applied to
study the lipidomic signatures associated in patients diagnosed with diabetes mellitus
and to study the effect of an oral supplement of L-carnitine on plasma lipidomic
profile on T2DM patients. In conclusion, the developed method highlights the benefit
of in vivo labelling strategy in the generation of a versatile number of labelled

standards that can be used to correct data in untargeted lipidomics efficiently.
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Chapter One

Introduction



1. Introduction

1.1 Importance of lipids

Lipids are a diverse group of naturally existing molecules, including phospholipids,
mono-, di- and tri-glycerides, fats, waxes, sterols and fat-soluble vitamins. In general,
lipids are considered as amphipathic or hydrophobic small molecules that are
produced partially or entirely by carbocation/carbanion-based condensations of
isoprene/thioester units, respectively (1, 2). Lipids play several key roles in living
organisms especially in energy storage, cellular membrane structure, endocrine
actions and in cell signalling and transduction. For example, lipids play a critical role
in cell function especially in the formation of the bilayer membrane that acts as a
barrier between cells and the outside environment or between internal organelles
from the cytoplasm, it is estimated that more than 50% of the mass of cell
membranes is composed of lipids (3-5). This lipid barrier helps in maintaining an
electrochemical gradient across the membrane and any alteration to its composition
will greatly affect its function. For example, the addition of shorter and/or
unsaturated fatty acid chains affect the ability of membrane lipids to pack against
each other which render the membrane more permeable (4, 6). In addition, lipids
play an important role in intracellular membrane transport by the generation of
positive or negative curvature. Positive curvature of lipid monolayer is defined by a
bulge in the direction of the polar heads and negative curvature is defined by a bulge
in the opposite direction (7). Several mechanisms have been proposed to explain the
generation of positive or negative curvatures including changes to the membrane

lipid composition or by recruiting specialised proteins to the sites of fission and fusion



where lipid head groups serve as an attachment sites for peripheral membrane
proteins which are necessary for curvature generation that affects several cell
functions such as cell division and intracellular membrane trafficking (5, 8).
Moreover, lipids are indispensable compounds in signal transduction between cells
(9). Membrane and cytoplasmic lipids can serve as binding sites for cytoplasmic
proteins and they can initiate a degradation process that gives rise to cleavage
products that act as ligands or substrates for other signalling molecules. These lipids
are highly regulated and have an impact on various physiological functions. For
example, Ceramide and sphingosine promote apoptosis while sphingosine 1-
phosphate stimulate cell growth and inhibit apoptosis. As a result, the role of
sphingosine as a messenger of apoptosis is important (10). Many diseases result from
aberrant communication between cells and thus the precise balance of signalling

lipids and their effects can be employed to discover biomarkers of disease (10-13).

Identification of lipid-related markers in clinical research has the potential for
tremendous impact on the diagnosis and prognosis of multiple comorbid conditions
(14). It is documented that perturbations in lipid metabolism are associated with
several human diseases including diabetes, cancer, atherosclerosis, Alzheimer's and
others (15-17). For example, in patients with atherosclerosis, defects in cholesterol
and lipid metabolism, especially in the low-density lipoprotein (LDL) receptor, induce
a series of biological events that lead to accumulation of plasma lipoproteins in the
bloodstream which promotes expression of chemokines and adhesion molecules that
promote macrophage apoptosis and necrosis that eventually will provoke a series of
cardiovascular events (15, 18-20). Therefore, total blood cholesterol level has been

used in assessing the risk of high cholesterol level on the heart function (15). Also, it

3



was shown that acute elevation in free fatty acid levels in rodents induces muscle
insulin resistance within few hours which is comparable to the one caused by
prolonged high fat diet-induced insulin resistance which promotes diabetes
development (17). In addition, it is believed that a misbalance in lipid levels is
associated with the development of Alzheimer’s disease (AD) where it was reported
that a reduction in phospholipid levels was observed in brain tissues from patients
with AD and this could be a result of decreased levels of the phospholipid precursors
or/and an increase in phospholipid turnover and metabolism. This reduction in
phospholipid level could influence cell viability by reducing stability and permeability
of the membrane, which most likely results in cellular dysfunction or cellular death.
Also, sphingolipids, which are believed to be abundant in the CNS, play an essential
role in signal transmission and even small changes in their levels within the brain
might interfere with the neurodegenerative processes including AD, Parkinson's
disease and HIV-dementia (16, 21). In cancer research area, metabolic
reprogramming is now established and documented in various tumours types (22).
Tumour cells must efficiently generate energy and biomass components in order to
expand and therefore these cells express flexibility in their metabolic phenotype in
order to meet the high energy requirement needed for their growth, proliferation
and to withstand harsh tumour environment (23). Since lipids play several key roles
in cellular functions and their importance is well-documented in proliferation and
growth of cancerous and noncancerous cells, several research groups have inspected
lipid alterations in cancerous cells to explore the disease, stratify the patients,
discover potential biomarkers and to set up therapeutic strategies through targeting

the cancerous cell’s lipid metabolism (23, 24). Therefore, monitoring lipid species



could provide a valuable information that could improve our understanding regards
different pathological conditions and guide the treatment therapy plan more

efficiently.

1.2 Lipid classification

In 2005, a comprehensive classification system for lipids was developed by the
International Lipid Classification and Nomenclature Committee (ILCNC) which divides
lipids into eight distinct categories (2, 25). Each category is further divided into classes
and subclasses. Example for each group and its chemical structure is shown in Figure

1.1.
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Figure 1.1:Representative structures for the eight lipid categories.

1.3 Lipidomics

The comprehensive examination of a living organism at the molecular level can be
categorised into various fields known as the “Omics” cascade which is presented in
Figure 1.2. The “Omics” cascade includes: genomics (study of the entire genome),
transcriptomics (study of gene expression (mRNA)), proteomics (study of all the
proteins expressed) and metabolomics (study of all the metabolites) which

collectively help in understanding the biological and biochemical mechanisms in

complex systems that occur in response to different perturbations (26).




Transcriptome
RNA

Proteome
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Metabolome
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Figure 1.2: The flow of biological information where Lipidomics is considered as a subset within the
field of metabolomics.

Metabolomics has been defined as the comprehensive analysis of all metabolites in
a biological system (26, 27). Unfortunately, metabolites are much more chemically
diverse compared to the 4-letter or the 20- letter codes for genes and proteins
respectively (26). However, metabolomics has an advantage over other ‘omics’
approaches because it can provide a snapshot of cellular response to various
perturbations including diseases, toxin exposure, genetic or environmental

alterations which can correlate with phenotype (28).

Lipidomics involves the identification and quantification of a variety of lipids and their
interaction with each other and it is considered as a subset of the metabolome field
(29). Lipids are considered distinct from metabolites and they are treated differently
from analytical point view having different physicochemical properties and therefore
require different extraction solvents (30). This is because metabolites are distributed
over a large range of lipophilicity and hydrophilicity (~40 orders of magnitude on the
octanol/water coefficient scale), as is shown in Figure 1.3, and to enhance the
extraction efficacy for a wide range of metabolites including polar and nonpolar

metabolites, this requires the use of two different extraction step and/or the use of



mixture of extraction solvent (31). Also, within the lipids group itself, the choice of
the best extraction solvent depends on the polarity of the lipids to be studied (32).
For example, polar lipids (e.g. glycolipids) are more soluble in polar solvents while
non-polar lipids (e.g. triacylglycerols) are more soluble in non-polar solvents.
Different polarities of various lipid species make it difficult to extract the whole
lipidome from biological samples using a single solvent system. In addition, these
components are dynamic and present in a wide concentration ranges in the same
sample/organism (33, 34). Therefore, suitable combination of organic solvents is

essential for lipid analysis.
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Figure 1.3: Predicted octanol/water partition coefficient (X log P) range of common metabolites in
blood plasma and polarity index of different solvents used for sample extraction (31). Legend: Cer,
ceramides; Chol, cholesterol; CholE, cholesteryl esters; CL, cardiolipins; DG, diacylglycerols; FAHFA,
fatty acid esters of hydroxyl fatty acids; LPA, lysophosphatidic acids; LPC, lysophosphatidylcholines;
LPE, lysophosphatidylethanolamines; MG, monoacylglycerols; PA, phosphatidic acids; PC,
phosphatidylcholines; PE, phosphatidylethanolamines; PG, phosphatidylglycerols; PlI,
phosphatidylinositols; PS, phosphatidylserines; PUR, purines; PYR, pyrimidines; SM, sphingomyelins;
TG, triacylglycerols; TMAO, trimethylamine N-oxide; ACN, acetonitrile; IPA, isopropanol; H20, water;
MTBE, methyl tert-butyl ether; MeOH, methanol; CHCls, chloroform; DCM, dichloromethane; EtOH,
ethanol.



1.4 Technical developments in lipidomics

Numerous analytical techniques have been used in metabolomics applications
including Fourier transform-infrared (FT-IR) spectroscopy, nuclear magnetic
resonance (NMR) spectroscopy and mass spectrometry (MS) but none of these
techniques can comprehensively analyse all lipids in a single analysis (26, 33). MS and
NMR spectroscopy are two of the most successful techniques for determining the
metabolic state of an organism (34). Each of these techniques has its own advantages
and disadvantages. NMR is highly selective, reproducible, non-destructive and
requires little or no sample preparation. However, NMR suffers from relatively low
sensitivity compared to MS. The sensitivity of NMR measurements are within the
1071-10-3M concentration range, and it could reach as low as 10#-10~> M while MS
is more sensitive to 1078 M (35). However, recently the sensitivity of NMR has been
increased greatly by measuring the samples at higher magnetic field strengths but at
higher cost (36, 37).For example, increasing the magnetic field in NMR instruments
from 7 to 23.5 T, this will enhance the sensitivity and extend the limit of detection
from mM range down into the uM range(37). MS is not robust and reproducible as
NMR yet, the high sensitivity of MS measurements and its ability to analyse a wide
range of molecules due to lower background signals and peaks overlapping especially
when coupled to GC or LC system, expand the use of MS in lipid analysis rapidly over

the past few years (34, 38, 39).

Three complementary approaches are currently being used in metabolomics studies
including lipidomics: targeted, untargeted and semi-targeted (33, 40, 41). The

targeted approach is hypothesis-driven, which focuses on identifying and quantifying



a specific set of lipid molecules based on existing knowledge of a biological system
whereas the untargeted approach has been used widely to perform global lipid
profiling in a biological sample and to discover new biomarkers of disease and cell
function. Semi-targeted approach act as an intermediate between the other two
approaches, where few hundreds of metabolites are monitored. However, due to the
diversity of lipids, lipidomics method development is a complex and challenging area.
The development of soft ionisation techniques such as electrospray ionisation (ESI)
and matrix-assisted laser desorption ionisation (MALDI) has significantly broadened
the range of lipids that can be analysed by MS (42). In lipid analysis, ESI-MS is used
more commonly than the other techniques, utilising two different approaches, the
shotgun and the liquid chromatography (LC)-MS-approach (43). ESI, initially
developed by Fenn in 1989, permits analysing large, non-volatile molecules
straightway from the liquid phase without affecting the chemical structures of the
analytes (44). The principle of the ESI process is shown in Figure 1.4. The sample
enters the ion source of the MS via a capillary tube at normal pressure. Usually, a high
voltage (2-5 kV) is applied to the capillary relative to the entrance of the mass
spectrometer that provokes an electric gradient along which the charged droplets
travel. As they transport, the solvent evaporates and the intensity of the charges as
well as the Coulombic repulsion within the droplet increase, which result in
dissociation of large droplets into smaller ones. This continues to happen until it ends
up with charged individual molecules in the gaseous phase. Then they enter the mass
spectrometry for separation and detection based on their mass-to-charge ratio (42,

45).
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Figure 1.4: Electrospray ionisation mass spectrometry (46).

The ionisation efficiency in MS varies from one lipid class to another (47). For example
phosphatidylcholine, lysophosphatidylcholine, phosphatidylethanolamine, and
sphingomyelins are detected in positive mode while phosphatidylserine,
phosphatidic acid, phosphatidylinositol, phosphatidylglycerol, free fatty acids,
phosphatidylethanolamine, and eicosanoids are detected in negative mode (48).
Therefore, both modes are required in order to analyse the diverse lipid groups
simultaneously with high sensitivity (47). Neutral lipids (e.g., triacylglycerols) which
are not easily ionised by ESI, can be seen in the positive mode as an ammonium,

lithium, or sodium adducts (48).

The shotgun approach was introduced in 2003 by Han and Gross (45). In this
approach, the lipid extract usually without prior purification steps is directly
introduced into the MS system without prior separation. Although rapid and efficient
analysis of lipid classes and subclasses with high reproducibility can be achieved
directly from crude extracts which appropriate for high-throughput and large-scale

11



studies, overlaps (in term of their m/z) between different molecular species due to
the absence of suitable separation methods hinders the identification and
guantitation of low abundant species (49). Different separation methods can be used
in congection with MS such as LC that can separating mixtures accordance to their
physical and chemical propertiest through ravelling across a specific type of column
at different rates, leading to different retention times for each compounant of the
mixture (50). Moreover, ion suppression limits the use of this technology particularly
when some lipid classes are predominant which result in ion suppression of low
abundant lipid species (43). lon suppression is one form of matrix effect that LC-MS
suffer from that refer to reduced detector response, or signal:noise (S/N) which
hamper thereproducibility and accuracy when measuring trace analytes in complex
matrices, such as biological fluids (51, 52). Coupling a separation technology to the
MS, like thin layer chromatography, gas or liquid chromatography helps in analysing
a full range of phospholipids from a complex mixture which brings lipidomics to
practice as well it increases the sensitivity and efficiency of the analysis (53).
Combining liquid chromatography (LC) with MS could separate complex lipid extract
into individual classes or based on their hydrophobicities, reducing the ion
suppression of co-eluting compounds and matrix effects, which can assist in
identification of isobaric lipid species where LC-MS based methods typically allow
detection of 800—1000 lipids compared to 200—-400 lipids using shotgun methods due
to higher sensitivity and improved separation of isomeric and isobaric lipids. In
addition, retention time based on an LC system provides valuable information for
metabolite annotation and makes the identification and quantification more

accurate (43, 54-56). However, LC-MS analysis of lipids raises some concerns (57).
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First, although LC can reduce interferences and enrich low abundant ions, the high
abundant ions will also be enhanced and possibly lead to form lipids aggregate of
these ions and thus lose their ionisation efficacy (57). Second, introducing different
mobile-phase compositions due to gradient elution could introduce variations in
ionisation efficiency of lipid ions at different elution times during separation (57).
Third, differential loss of lipids after chromatography might occur, which leads to an
apparent enrichment in specific lipid species over the others (58). Fourth, the initial
mobile phase gradient used in reversed-phase LC analysis can limit solubility of some
lipid species that lead to differential apparent ionisation efficiency (57). Fifth, ion
suppression or enhancement due to matrix effect can affect quality of the results
(59). Lastly, during LC-MS analysis, the sample is subjected to multiple steps,
including sample preparation, chromatographic separation, and MS analysis that
could lead to experimental variations of different species of lipids in each step. These
variations propagate during analysis and have huge influence on the results,
especially in the analysis of large batches of samples which takes up to few days of
continuous analysis. Therefore, these concerns must be addressed during the

analysis.

1.5 Lipid identification

Identification of unknown lipids is still a challenge even with the current techniques,
due to extreme complexity of lipid mixture and their structural diversity, including
numerous isobaric and isomeric lipids. Lipid identification and the type of structural

information per molecule can be achieved at different levels as shown in Figure 1.5.
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Figure 1.5: Different levels of lipid identification, exemplified by PC (16:0/18:1(6E)). More effort and
more comprehensive and specific methods are necessary for full structural elucidation of lipid
species and accurate identification. Abbriviations: PC: Phosphatidylcholine, The 'O-' prefix is used to
indicate the presence of an alkyl ether substituent, The use of E/Z designations (as opposed to
trans/cis) to define double-bond geometry.

Complete structural elucidation requires several levels of identification including lipid
class, total number of carbon atoms and total number of double bonds, total number
of carbon atoms and total number of double bonds per acyl chain, location of the
double bond and location of each acyl chain in the lipid backbone (60). The main
challenges in accurate lipid identification are the accurate fatty acyl composition and
the positions of the double bonds which could be more functionally relevant (61).

These ultimate desires are not possible by simple MS-only measurements or by using
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conventional MS? based fragmentation methods. Also, they require the use of more
sophisticated techniques such as ozone-induced dissociation, high-energy collision-

induced dissociation or multistage fragmentation approaches (60, 62-64).

Researchers in the lipidomics field should not annotate features based on exact mass
only as each m/z value can represent different lipids ions with different adducts, since
the lipidome is diverse and enormous overlap in exact mass is expected between the
species (65). Whereas unambiguous lipid identification is achieved only by matching
retention time, full scan and product ion spectra with reference standards (66).
Putative identification can be made without chemical reference, through matching
the retention times (sometimes if the same method and instrument is used), full scan
and product ion spectra of that specific peak with entries in different
public/commercial spectral databases (67). However, in untargeted studies, manual
annotation of all lipid species is unrealistic, therefore researchers usually relied on
different software to annotate the lipid species (65). Different software has been
developed either based on libraries of fragmentation pattern of experimentally
determined or computationally generated (in silico) MS/MS spectrum such as
LipidMatch (68), Lipid Data Analyzer (69) LipidBlast (70), LipidSearch (71) and
LipidXplorer (72). Although these software decreased time and effort in lipidomic
studies, most of them require few optimisation steps, also, to set few parameters in
order to decrease the false-identification. Therefore, development of more advanced
bioinformatics tools, improved algorithms for processing large-scale data, and more
reliable structural annotation are vital to obtain more reliable and

comprehensiveness lipid profiling of untargeted lipidomics studies.
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1.6 Quantification of lipids

To a chemist, quantification must be very accurate with very limited uncertainty,
while for a biochemist, the accuracy is relatively loose since many uncertainties in the
analysis are unavoidably and some are inherent by the method of analysis (73). In LC-
MS analysis, the goal of quantification is to measure the absolute or the relative
abundance of the studied species in the sample of interest. Absolute quantification
determines the mass levels of individual lipid species while relative quantification
measures the pattern changes of lipid species in the sample (73). For absolute
guantification, a calibration curve should be prepared and analysed simultaneously
with the sample of interest under identical experimental conditions, whereas for
large-scale targeted studies or untargeted studies this is not feasible. In addition, the
major obstacle in metabolite quantification is that the metabolite's signal intensity is
not linear in MS analysis and it depends on different factors; such as concentration,
chemical structure and matrix (59, 74-77). Therefore, a normalisation method must
be applied to correct these variations and to obtain a reliable result, where the
quantity of the studied species is measured relative to an internal standard or to

another relative metabolite or factor.

1.7 Research-practical considerations in lipidomics

1.7.1 Sample type, time and storage

It is estimated that up to 46% of laboratory errors arise due to errors in preanalytical
stages (78). Therefore, standardisation and improvement of preanalytical process is
a prerequisite in lipidomics. Different factors can affect the experimental design of

clinical lipidomics studies (i.e. age, gender, exercise, diet, fasting state, general health
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condition, sample time, storage and others) (56, 78-80). Some of the key factors, and

their effects on lipid analysis are listed in Table 1.1. It is important that these factors

are considered and addressed in both at early stages during experiment planning and

at the interpretation of the results. Ideally, lipidomic studies should be conducted

within relatively homogeneous groups to reduce the effect of these factors as much

as possible to obtain accurate and reliable clinical results (56).

Table 1.1: Summary of some of the key factors and their effects on lipid analysis that should be
considered at preanalytical stages in lipidomics studies.

factor Remarks Reference
Age High level of TGs were found in elderly females. (81)
Gender Over 70% have been shown to be significantly associated (82, 83)
with gender where ChE, TG, Cer, GM and LPC were higher in
males while SM, THC and PS were higher in females.
Diet Large and variable effects. An increase in PUFAs level was (84-87)
observed upon healthy diet intake with whole grain products
and fish. Cholesterol and LDL were significantly lower in
vegetarians compared to omnivores. Cer, LPC and DG were
decreased upon fatty fish uptake whereas ChE and long-chain
TG were increased upon lean fish intake.
Exercise Changes in metabolite profiles after 30 min cycling exercise that  (88)
returned to the original profile after 2 h.
Sampling time  Large effect where it is estimated that 13% of lipids (mostly DGs ~ (89-93)
and TGs) exhibited circadian oscillations around the late
afternoon. Also, the metabolite concentrations had a higher
variability after morning meal compared to the evening meal.
Anticoagulants Large effect on most of the detected lipids. EDTA can introduce (28, 94)
interfering peaks while citrate can mask endogenous analyte,
therefore, the use of lithium heparin is recommended.
Stability of the The LPCs levels increase significantly after storage of plasma for (95, 96)
lipids more than 24 h at room temperature.
Freeze-thaw Maximum two cycles recommended. It is estimated that up to (97)

cycles

37% variability were seen in HDL and LDL cholesterol level could
result from a single freeze-thaw cycle.

Abbreviations: EDTA; ethylenediaminetetraacetic acid, LPC; lysophosphatidylcholine, GM; ganglioside,
THC; trihexosylceramide, HDL; high-density lipoprotein cholesterol, LDL; low-density lipoprotein
cholesterol,TGs: triacylglycerols, PUFAs; poly unsaturated fatty acids..
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1.7.2 Sample preparation

Sample preparation has a key impact on the quality, as well as, the sample
throughput in lipidomics (56). It is an important step to separate lipids of interest
from other biological substances like proteins, sugars or other small molecules that
may compromise the efficacy of the analysis. The ideal protocol implanted for sample
preparation should be simple, reproducible, able to extract as much as possible of
the lipids, able to remove protein efficiently, cheap and feasible, especially, for large
scale studies (14). Liquid-liquid extraction is one of the most commonly used
protocols for sample preparation. Protocol relies on the use of chloroform-methanol
mixture such as Folch (98) and Bligh and Dyer (99) extraction methods have been
widely applied in untargeted analysis of lipids. Several studies compared different
sample preparation protocols, yet, the results have not always been consistent (100-
102). Therefore, the selection of the protocol remains dependent on the
physicochemical properties of the target lipids, the origin of the sample and its lipid
composition. Thus, different protocols have been tailored towards extraction of
specific groups of lipids for targeted analysis or modified global lipid extraction for

specific samples (103, 104).

1.7.3 Quality control

Various instrumental variation in LC-MS analysis such as analytical drifts, alteration
in ionisation efficiency and gradual changes in column performance in addition to
others might arise, especially, in large scale studies. Therefore, in order to reduce bias
and improve the reliability of the analysis, the samples are prepared and analysed in
a random order. Moreover, different types of quality assurance (QA) and quality

control (QC) samples are analysed together with the samples (14, 105, 106). Some of
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the QA and QC samples are listed in Table 1.2. Although for targeted analysis a
defined inclusion and exclusion criteria for such samples are defined but for
untargeted analysis, there is no definitive recommendation currently agreed upon
for all samples, and therefore these criteria used in a study usually should be reported

in publications, and public data sources (105, 107).

Table 1.2: Quality assurance and quality control samples for lipidomic studies.
Sample Use (why?)

Blank samples Could reveal problems due to impurities in the solvents,
contamination of the separations system or carryover
contaminants. (blank signal greater than a predefined
threshold, greater than a percentage of the average signal
from the complete biological dataset or more than 20% of
LLOQ due to carryover are removed from the analysis).

Solution of authentic chemical To assess instrumental accuracy and precision. (the
standards, not in a biological acceptance criteria for the used IS compared to the
matrix. predefined parameters are: mass error of 5 ppm, RT error

of < 2%, peak area equal to + 10% of the predefined peak
area and symmetrical peak shape).

Extraction blank To remove signals derived from non-biological source
during samples preparation. (blank signal greater than a
predefined threshold, or greater than a percentage of the
average signal from the complete biological dataset are
removed from the analysis).

Pooled QC sample To condition the analytical platform prior to analysis, to
measure precision, to correct systematic measurement bias
and in some cases to correct batch to batch variations. (an
average of 5 to 10 injection of QC need to equilibrate the
platform and in order to assess the precision of the
measurement a total number of QC samples should be 5% of
unknown samples or at least six samples per run whichever
number is greater while higher number of QC injections
needed to be acquired to correct variations within and
between batches).

Internal standards added to each To monitor systematic fluctuations over time during
sample analysis.
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1.7.4 Normalisation

LC-MS is a versatile technique that helps in identifying and quantifying analytes of
interest in a biological matrix. However, the signal intensity of most of the detected
species does not correspond to the concentration of the component in the sample.
This is due to the large number of factors that can influence the absolute MS
response, which are difficult to control including the ionisation technique and
polarity, extraction technique, degradation of the analytes during sample
preparation and others (108, 109). It is difficult to specify the exact reason for such
an effect and normally the observed final effect is due to a combination of several
factors (110-113). Therefore, the metabolomics/lipidomics data must be normalised
before making any statistical interpretation or drawing any conclusions (114). The
main objective of normalisation is to reduce systematic and random bias as much as
possible so that only biologically relevant signals are present in the data. Sample
normalisation can be either addressed before or after sample acquisition (114). In
target analysis where relatively, few metabolites are monitored, errors introduced
during samples preparation and analysis can only be controlled through the
incorporation of IS into the analytical procedure or by calibration standards to
eliminate such effects (115). However, for untargeted analysis where hundreds of
metabolites are monitored or for untargeted analysis, the incorporation of such IS is
problematic due to the limited availability of such representative IS, their high cost
or when the identity of the analytes are unknown (116). Several other normalisation
methods have been introduced in the literature and can be employed in lipidomic
studies, however, selection of the most suitable normalisation method relies on

several parameters (i.e. the nature of the biological sample, convenience, accuracy
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of the normalisation method as well as the speed and the cost of performing the
selected method). Though, some methods are generic while others are only viable to
specific biological media such as normalising the urine samples to their creatinine

level (117).

Two main approaches can be used for normalisation of a set of data; either the
statistical models or the use of single or multiple standards (118). The statistical
models normalise each sample by specific scaling factor such as the median, mean
and sum of intensities of the entire chromatogram (total ion count (TIC)) or by the
height or the peak area of the highest peak (118-120). This approach assumes that
any increase in metabolites intensity is compensated by a decrease in others, and the
mean/median of the intensity will be the same per sample. However, this is not true
in practice, due to the sample nature itself and the fact that metabolites are largely
affected by the environment and they do not have self-averaging property (121, 122).
For example, the lipidomics profiles of two different mouse liver samples, obese
model and a lean wild-type, were recorded using ultra performance liquid
chromatography coupled to mass spectrometry (UPLC/MS), the results are shown in
Figure 1.6. Similar levels of phospholipids were found in both types of mice, but the
amount of triacylglycerols was increased in the obese mouse. If the data were
normalised according to total ion signal this lead to a conclusion that the
phospholipids level is decreased while the triacylglycerols level is slightly increased in

obese mouse which is not correct (118).
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Figure 1.6: Total ion chromatograms from two different mouse phenotypes (118).

Others tried to correct or decrease specific types of systematic errors (i.e.
metabolites degradation) or random errors due to inconsistency in LC and MS
instrumentation during analysis, especially, in long run in untargeted analysis using
different algorithms based on the pooled QC samples interspaced between the
biological samples (28, 116). Such algorithms include linear regression (115), LOESS
regression (28, 123), regularised cubic spline regression (124), support vector
regression (125) and cluster-based regression (126). Also, if these QC samples were
drawn from a single homogeneous source and were used across numerous batches,
they can be used to correct batch-to-batch variations, where changes in day-to-day
instrumental sensitivity can be often observed due to routine and annual

maintenance of the instrument (see Figure 1.7) (107, 124).
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Figure 1.7: For a given metabolite, its measured response is a result of different level of systematic
and random variation introduced can be corrected using QC samples (A), While pooled QC samples
are used across multiple analytical batches then it is also possible to correct for batch-to-batch
variations (B). Red squares are QC samples, blue, green and yellow circles are study samples from

batches 1, 2, and 3, respectively (105).
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Although each method has its own advantages and drawbacks, no single method is
superior over the others. These methods require optimisation of one or more
parameters that could determine the degree to which a regression curve fits to the
non-linearity in the data and thus overfitting of these parameters could negatively
impact the quality of the data (105). Furthermore, these methods require high
number of QC samples to be analysed per batch in order to enhance method
robustness which could be time consuming. In addition, some of these methods are
computationally intensive methods that are not easy to perform and learn by other
researcher (123). Most importantly, if one of these methods was applied, it is
preferred to use pooled QC derived from the study samples in order to ensure that
these QC samples and the used normalisation methods can effectively correct
variations introduced during analysis in that specific same sample matrix and to
include as much as possible of features (107). As variation introduced by matrix
components not similar to the study samples may not represent variation introduced
into the data acquired for that study samples and this will affect the normalisation
output (107). Also, features were not detected in the QC samples cannot be assessed
for repeatability and cannot be normalised by these methods, therefore, this will lead
to a loss in the selected features that will be included in any further analysis and
consequently loss in metabolic information (28). Likewise, if these QC samples were
used for batch-to-batch correction, it is a must to use the same pooled QC samples
across different analytical batches and that could be not feasible, especially in large
scale studies (28). Furthermore, these methods are considered as post-data
acquisition normalisation methods and they cannot correct any variations introduced

during sample preparation (105).

24



1.7.5 Normalisation using labelled internal standards

In this approach data are normalised using standards with similar physicochemical
properties of analytes of interest added before or after the extraction process. The
lipid species that can be used as standards depend on the targeted species. If
accurate quantification was the ultimate goal, a standard that have identical physio-
chemo properties to the analytes is preferred as both of them will be subjected to an
identical experimental condition starting from sample preparation to analysis (57). In
addition, ideally no or very low (less than 1%) overlap between the standards and the
endogenous species is a must in the analysis (57). Thus, the ideal internal standard to
quantify an analyte of interest is its stable isotope-labelled analogue. Labelled lipids
possess the same chemical formula and structure as their unlabeled counterparts and
hence they are expected to behave identically during chromatographic separation.
However, these isotopologs can be readily differentiated by their mass (m/z) (127).
Figure 1.8 represents an example of U-3C-labelled and unlabelled PE (30:0),
C3sH7o0NOgP where both have been differentiated based on their masses by the MS

but they have been detected at the same retention time.
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Figure 1.8: Extracted ion chromatograms of the unlabelled naturally abundant, m/z of 662.4766
(black chromatogram) and U-'3C-labeled form, m/z of 697.5939 (red chromatogram) of PE (30:0),
C3sH7oNOsP, detected in unlabelled and *3C-labelled E. coli MG1566 extract, respectively in the
negative mode within a mass error of 5 ppm.

This approach has been wildly used in targeted analysis to obtain the absolute
concentration of the studied species either by external or internal standards (128,
129). However, as mentioned before this approach cannot be utilised for large scale
targeted studies or for untargeted studies. Therefore, several research groups have
been exploring how to adapt this approach to make the most use of these standards
in overcoming the diverse variations that could affect the analysis. For example,
inclusion of single or multiple IS covering the whole mass range of interest have been
utilised for lipid normalisation (130). However, due to the huge diversity of
metabolite structures, concentration and composition, it is not practical to assume
that all the metabolites/lipids with different masses and different physicochemical
properties are subjected to the same amount of variation as the standards (117, 118,

130). In addition, different lipid species could overlap such as ceramides,
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diacylglycerols, sphingomyelins, and it is not practical to use the same normalisation
factor on these species. Thus, normalisation by retention time could not correct the

variations as expected due to matrix specific effects (118).

Others studied the behaviour of different concentrations of different lipid species and
they found that at low concentration, lipids from the same class possess
approximately have similar response factors (131). This is because the ionisation
efficiency of those species relies on the charged head group which is the same in each
group (57). Therefore, for better results, at least one standard should be included for
each lipid class, this can improve the quality of quantification. However, when various
species present in a mixture, it is not practical to include multiple internal standards
to normalise each class with various degrees of unsaturation within the same class
(132). In addition, non-polar lipid classes that do not have an ionizable head group
(cholesterol esters, diacylglycerols, triacylglycerols, etc) do not manifest identical
response factors even at low concentration and their response should be determined
in advance with respect to their acyl chain length and their degree of unsaturation
which complicate the analysis even more (57, 133). Also, the availability of
commercial stable isotope-labelled standards and their costs limit the large-scale use
of this method (55). Accordingly, an in vivo synthesis of U-13C-labelled compounds
can be achieved using suitable microorganisms grown in U-labelled substrate-limited
culture media (134, 135). As carbon and hydrogen are two of the most abundant
atoms in living organisms, they can be replaced by heavy isotope in order to obtain
labelled metabolites extract that could serve as IS mixture. However, complete
hydrogen replacement using fully deuterated water and nutrients is more expensive,

tedious and sometimes, the use of fully deuterated media may not support the
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growth of several species while 1>C-carbon replacement is easier and less expensive

(135, 136).

By sustaining the growth of these organisms on a sole carbon source that could be
replaced later with isotopically labelled form, in theory, variety of isotopically labelled
metabolites/lipids can be generated from the cells after applying a proper extraction
procedure. For many organisms, '3C-labelling can be performed easily and at a
reasonable cost (137). For example, 3C-labelled spirulina is already commercially
available, while E. coli strains are easy to grow on a sole carbon source. Ideally, the
source of stable isotopes should be the same as the samples to ensure all relevant
metabolites are present. This approach has been widely used for both quantitative
analyses in proteomics and metabolomics using *°N- or/and 3C sources and others
(129, 137-140). Researchers have been using labelled extract from different
organisms such as E. coli, S. cerevisiae, P. pastoris and other to normalise a selected
number of metabolites which will help them in report their absolute or relative
concentrations (129, 134, 141-143). However, a different source of isotopically
labelled extract could be used for complex organisms that is difficult to control (127,
143). Table 1.3 lists a summary of few MS metabolomics publications based on in vivo

labelling strategy.
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Table 1.3: A selected list of MS metabolomics publications based on in vivo labelling strategy.

Species studied

Source of labelled IS mixture

Source of heavy atom

Comments

Reference

Trypanosoma brucei

S. cerevisiae CEN.PK113-
7D

E. coli K-12 strain
NCM3722

E. coliNCM3722

maize roots

E. coli

S. cerevisiae CEN.PK113-7D

E. coli K-12 strain NCM3722

E. coliNCM3722

E. coli DH10B and S. cerevisiae

BRF

U-13C- glucose

U-13C- glucose and U-*3C-
ethanol

U-13C- glucose

U-13C- glucose

U-13C- glucose and U-13C-
sodium bicarbonate

Hydrophilic compounds

Absolute quantification of 75 intra and extra-cellular
metabolites

T. brucei cannot grow on media containing only glucose
and it reaches a relatively low cell density when
cultivated

Hydrophilic compounds

Relative quantification of six metabolites

As proof of concept, the application of labelled IS of the
studied metabolites for relative quantification eliminate
the drawbacks of LC-MS such as ion suppression,
nonlinear response and matrix effect. Also, it was able
compensate for metabolites loss during sample
preparation

Hydrophilic compounds

Absolute quantitation of 60 folate species

Global analysis of intracellular folates in E. coli in
response to trimethoprim, dihydrofolate reductase
inhibitor that leads to net folate oxidation

Hydrophilic compounds
Absolute quantification of 103 intra and extra-cellular
metabolites

Hydrophilic and hydrophobic compounds
Absolute quantification of 226 metabolites

(134)

(129)

(128)

(144)

(145)
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Fusarium graminearum

Arabidopsis thaliana

Clostridium
autoethanogenum

P. pastoris CBS7435

P. pastoris

P. pastoris

Fusarium graminearum

Arabidopsis thaliana

spirulina

P. pastoris CBS7435

P. pastoris

P. pastoris

U-13C- glucose

13co;

Commercially available
U-13C spirulina
lyophilised cells

U-13C- glucose

U-13C- glucose

U-13C- glucose

The IS mixture was used to investigate the impact of Pb
treatment on maize root metabolism

Relative quantification of 307 feature pairs in untargeted
analysis

The IS mixture enable improvement in precision of
workflow and reduces technical variability

Hydrophilic compounds

Relative quantification of 20 selected compounds

The possibility of relative quantification of 643 different
pairs of unique elemental compositions in untargeted
analysis

Hydrophilic compounds

Absolute quantification of 52 metabolites

The IS mixture enable calculation of the absolute
concentration of intracellular metabolites detected in C.
autoethanogenum that was suitable for computational
modelling to understand and optimize the active
metabolic pathways in gas fermentation

Hydrophilic compounds
Absolute quantification of 22 amino acids

Hydrophilic compounds

Relative quantification of 34 metabolites

The IS mixture was used to evaluate the recoveries and
repeatability during the extraction process and the extract
treatment

Lipophilic compounds

Relative quantification of 215 lipid species

(143)

(146, 147)

(148)

(149)

(140)

(150)
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human A549 lung cancer S. cerevisiae strain S90 U-13C- glucose and *°Na-
cells ammonium sulfate

U-13C- glucose and *°N,-
ammonium sulfate

S. cerevisiae strain YIM789  S. cerevisiae strain S90

Human plasma P. pastoris U-13C- glucose

Absolute quantification of 20 lipid species from different
lipid classes

Relative quantification of 40 compounds

Relative quantification of 44 compounds

Lipophilic compounds

Relative quantification of 40 lipid species

absolute quantification of 12 selected lipid species from
different lipid classes

114 labelled lipids IS extracted from P. pastoris from the
classes of PC, LPC, PE, PI, DG and TG were found to be
common with human plasma, hence they are available for
compound-specific quantification while another 98
labelled lipids that are not common with human plasma
that can be used for quantification-based class or RT

(151)

(151)

(152)
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Although in vivo labelling strategy enable the production of a wide variety of stable
labelled standards that greatly enhance accuracy and precision of absolute and
relative quantification by correction of technical and analytical variations that are
difficult to evaluate and compensate, the use of these standards in profiling methods
have not been widely explored. In addition, limited work has been applied to global
lipid analysis and the applications of these standards into complex biological samples

such as human biofluids using LC-MS especially in untargeted studies (153).
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1.8 Aims and objectives

Labelled IS are routinely used in targeted studies to correct systematic and random
errors that could introduced during the analytical work flow in LC-MS setup.
However, due to the complexity of the analysis, the cost and the limited availability
of labelled lipid standards this approach have not been applied into untageted
lipidomic studies before. Therefore,the aim of this project is to develop a novel
method for lipidomic data normalisation using an ideal U-3C-labelled organism
extract. Once this proposed normalisation method works effectively and successfully
in reducing technical and analytical variation that could be introduced during sample
preparation through analysis, it can then be utilised to perform more complex

targeted and untargeted lipidomics studies.

The objectives of this project are:

» To select the optimum species for production of stable labelled IS mixture.

» To investigate which organism that could give a better coverage of
different lipid classes. The higher the number of common lipids between
the internal standards mixture and the sample will make the internal
standards mixture more efficient in normalisation of the sample.

» To explore the labelling efficiency of the selected species.

> To develop and validate a novel normalisation technique using *3C-labelled
extract by monitoring the coefficient of variation (CV) per lipid as the main
performance measure for the developed normalisation method.

» To apply the validated normalisation technique to clinical samples, human
brain glioma samples and human plasma samples.
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Chapter Two

Materials and methods
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2. Materials and methods

2. 1 General materials and reagents

Ammonium acetate, acetonitrile, chloroform and Pierce® solution for MS calibration
were obtained from Fisher Scientific, Loughborough, UK. Isopropanol was obtained
from Acros Organics, New Jersey, USA. Methanol was obtained from VWR chemicals,
Pennsylvania, USA. All the organic solvents were of LC-MS grade. Milli-Q water was

prepared using Milli-Q water purification system (Millipore, MA, USA).
2.2 Sample preparation

Lipid extraction was performed according to the method of Bligh and Dyer using a
mixture of methanol, chloroform and water (the specificamount used of each solvent
will be listed in the individual experimental chapters) (99). Samples were vortexed for
10 min at 4°C and centrifuged for 5 min at 13,000 g. The non-polar lower layer (mostly
chloroform containing the lipids) was collected and transferred to new 2 mL
Eppendorf tubes and dried under vacuum at room temperature using Juan
evaporator centrifuge (Thermo Scientific, UK). The dried non-polar layer was
reconstituted in 100 pL of isopropanol (LC-MS grade). The reconstituted samples
were centrifuged again at 13,000 g for 10 min at 4°C to remove any insoluble
particles. Finally, 80 uL of the supernatant was transferred to a pre-labelled HPLC vial

and stored at -80°C until analysis.
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2.3 Reversed-phase liquid chromatography mass spectrometry (RPLC-
MS)

2.3.1 Chromatography

Chromatographic separation was conducted on ACE Excel 2um super C18 column (50
x 2.1 mm, pore size 100 A, Advanced Chromatography Technologies Ltd, Scotland,
UK) using a Dionex Ultimate 3000 Series UHPLC system (Thermo Fisher Scientific,
USA). Mobile phases used were: (A) acetonitrilezammonium acetate (40:60, 10 mM
final concentration) and (B) isopropanol:acetonitrile:ammonium acetate (80:10:10,
10 mM final concentration). The gradient was as follows: 0 min:30%B, flow rate 300
ML, 2 min: 35% B, flow rate 300 uL, 8 min: 100% B, flow rate 300 pL, 17 min: 100% B,
flow rate 500 pL, 18-20 min: 20% B, flow rate 300 pL. Column and autosampler

temperature were 45 and 4 °C respectively. Sample injection volume was 10 pL.

2.3.2 Mass spectrometric conditions

Mass spectrometry was performed on a hybrid quadrupole Orbitrap Q-Exactive™ MS
(Thermo Fisher Scientific, Hemel Hempstead, UK) acquiring data in full scan ion mode
and tandem MS/MS in both positive and negative modes using an electrospray
ionisation (ESI) source. Data were acquired simultaneously in full scan ion mode at
m/z 100-1500, resolution 70,000, automatic Gain Control™ (AGC) target 3E6 and
maximum ion injection time of 100 ms. Data were acquired tandem MS/MS mode at
data-dependent MS/MS scans on top 5 precursor ions per scan, resolution 17,500,
Automatic Gain Control™ (AGC) target 1E5, maximum ion injection time 50 ms, scan
range 200 to 2,000 m/z and electrospray voltage of 4 Kv. The capillary temperature

and heater temperature were maintained at 256 and 413 °C, respectively. Sheath,
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auxiliary and sweep gas flow rate (arbitrary unit) were: 48, 11 and 2, respectively. S-
lens RF level of 70. Figure 2.1 represents a schematic diagram of the Q-Exactive plus

that used in this project.
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Figure 2.1: A schematic diagram of the Q-Exactive plus system that used in this project (154).

The MS was calibrated using Pierce® solution in both negative and positive ionisation
modes and the MS performance was assessed at each run using pooled quality
control samples (QC) interspaced between every 3-10 samples based on the total
number of analysed samples. The data quality obtained from the LC-MS/MS analysis
was assessed by determining the variability (CV%) in the mean peak intensities of all
peaks present in QC samples using a metabolomics approach proposed by Want et
al. (155). A specific dataset was selected when the CV% of peak intensities across at
least 70% of the detected features was less than 30%. Figure 2.2 represents an

example of RP-LC-MS chromatogram of a human plasma lipid profile and the
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expected RT of various lipid classes detected under the chromatographic method

prescribed previously.
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Figure 2.2: An example of RPLC-MS chromatogram in combined mode (positive and negative modes)
of a human plasma lipid profile and the expected RT of various lipid classes detected under the
chromatographic method prescribed previously. Abbreviation: FA: Fatty Acyls, LPL:
Lysophospholipids, SP: Sphingolipids, GP: Glycerophospholipids, GL: Glycerolipids.

2.4 Data processing

2.4.1 Lipid identification

LipidSearch™ 4.1.16 (MitsuiKnowledge Industry, Tokyo, Japan) is a lipid identification
software for lipidomics data by comparing their m/z and fragmentation patterns with
an internal library that contains more than one million lipid ions and their predicted
fragment ions from fatty acid chains and head groups. The library contains 19 main
lipid classes and 71 subclasses. The software can also be used to align lipid data
obtained from multiple LC-MS samples. LipidSearch™ parameters used for lipids

identifications and alignment across samples are listed in Tables 2.1 and 2.2.
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Table 2.1: LipidSearch™ parameter used for lipid identification.

Search parameter Settings
Database Q-Exactive
Search type Product
Experiment type LC-MS
Precursor tolerance 5 ppm
Product tolerance 5 ppm
Intensity threshold 1.0%
Execute Quantitation on
m/z tolerance (quantitation) -/+5.0 ppm
RT range (min.) (quantitation) -/+0.5
Top rank filter On
Main node filter Main isomer peak
m-Score threshold 5.0 (1.0)*
c-Score threshold 2.0
FA priority On
ID Quiality Filter A, B,CandD

Target class

lon adducts (pos)
lon adducts (neg)
S/N

ALL lipid classes
H+, Na+ and NHa+
H- and CHsCOO +
2

*m-Score threshold was selected as 1 when the lipids profile of different species was explored in order
toinclude as much as possible of that species lipidome to get a better comparison between the studied

species.

Table 2.2: LipidSearch™ parameters used for alignment.

Search parameter Settings

Exp type LC-MS

Alignment Method mean

R.T. Tolerance 0.5 min

Calculate unassigned peak area On

Filter type New filter

Top rank filter On

Main node filter Main isomer peak
m-Score threshold 5.0(1.0) *

ID quality filter A ,B,CandD

*m-Score threshold was selected as 1 when the lipids profile of different species was explored in order
toinclude as much as possible of that species lipidome to get a better comparison between the studied

species.
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Since the m-Score is calculated based on the number of matches between lipid
fragments and library spectra, high number of matches gives high m-scores, which
indicates that the identification of lipid species is more reliable. The ID quality filter
used in LipidSearch™ also gives an idea about the reliability of the identification.
Filter ID of A and B means that the lipid class and fatty acid chains were identified, C:
either lipid class or fatty acid chains were identified, while type D identifications is
the least reliable identification because it is based only on mass or features such as

fragment ions.

2.4.2 Software to assess the labelling pattern

Isotope labelling offers advantages for MS metabolomics in term of metabolites
identification and quantification, pathway discovery and flux analysis (127). Different
heavy isotopes have been implemented in various metabolomics and proteomics
studies including 2H, 13C, N, 180 and 3%S (156-158). Stable isotopes have the same
number of protons, but they differ in mass due to a difference in the number of
neutrons. Metabolites that only differ in the isotope composition are called
isotopologues (127, 159). Each isotopologue has (;) isotopomers (identical isotopic
composition but different position of the isotope atoms within the metabolite),
where n represents the number of carbon atoms in the metabolite and k represents
the number of carbons that are labelled (159). Isotopologues possess similar
physicochemical properties and hence they behave identically under
chromatographic separation, but they are easily differentiated by their mass (m/z) in
MS or NMR. However, isotopomers can only be resolved using specific detection

methods that can assign the position of these labelled atoms such as nuclear
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magnetic resonance spectroscopy or MS analysis of multiple fragments in tandem

mass spectrometry (160-163).

In this project, labelling using carbon heavy atom will be employed to produce stable
labelled ISs. A carbon is predominantly found as the light isotope (*>C) with natural
abundance of 98.89% and the natural abundance of the heavy stable isotope form
(3C) is 1.11%. For example, the natural abundance of fully unlabelled metabolite with
four carbons is ((98.89%)* = 95.63) and ((1.11%)* = 1.52E-08) represents the natural
abundance of fully labelled form with (4*1.00335) Da higher than the monoisotopic
peak of the fully unlabelled metabolite while (100-(95.63+1.52E-08) = 4.36) represent
the natural abundance of partially labelled form of that metabolite (127, 159). Both
open sources and commercial software are widely used to identifying and/or
quantifying metabolites of interest in data gathered from unlabelled data created by
MS-based metabolomics studies including IDEOM (164), mzMatch (165), MZmine
(166), XCMS (167) and Progenesis (168). Although some of these software can be
used manually to extract information of labelled metabolites, they cannot be used
for global analysis of data from labelled metabolomics studies (127). Different tools
currently available that can handle labelled MS data including CAMERA (169),
MetExtract (170), MAVEN(171), mzMatch-ISO (172) and others (173-176).
Advantages and disadvantage of these software are summarised in Table 2.3. The
labelling percentage of selected lipids detected in positive mode in labelled extract
of Pichia pastoris previously identified by LipidSearch™ in unlabelled samples were
explored and compared using three different software available in our lab: mzMatch-
ISO, Tox-ID, and Xcalibur. mzMatch-ISO is an R tool for isotope-labelling studies that

annotates and quantifies mono-isotopic and corresponding isotope-labelled peaks of
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metabolites in isotope-labelled LC-MS data. This software generate various plots and
tables that describe the labelling pattern in more detail based on the chemical
formula provided and the expected RT for the selected metabolites (172). Tox-ID
2.12.57 (Thermo Fisher Scientific, USA) is a semi-automated compound identification
tool that used in forensic and clinical laboratory. The software is used to record peak
intensity of known mass ions at specific retention times that can be used to calculate
13C-enrichment or labelling percentage manually using equations 2.1 and 2.2,
respectively based on accurate mass scans using exact accurate mass error of 5 ppm
and RT window of 0.13 min ion threshold of 1.00E+04 that could minimise false
negative peak picking. The AUCy, AUCp and AUC, represent the area under the curve
(peak area) of unlabelled metabolite, partially labelled metabolites and fully labelled

metabolite of interest, respectively.

AUCy,

13C — enrichment (%) = (m
L U

) * 100 ....Equation 2.1

AUCy,
AUC+ AUCp+AUCy

labelling (%) = ( ) * 100 ....Equation 2.2

42



Table 2.3: Advantages and disadvantages of currently available software for labelled metabolomics data analysis (modified after (127)).

Software Advantages Disadvantages
mzMatch-ISO e Uses the standard XCMS peak-picking algorithm to pick peaks and can e Has a command line interface
retrieve missing peaks from raw data e Has a steep learning curve
e Written in the R statistical software. A single command with well-
documented parameters is all that is required to run an analysis
e Results include chromatograms and several plots that describe the
labelling patterns within replicates and within an experiment
e Can work on most biologically relevant isotopes —C, H, N, O and S
e Can be used for both targeted and untargeted isotope profiling
e Robust and easily comprehensible plots to differentiate the labelling e Development of custom algorithms and data integration that would
patterns between replicates and sample groups within an experiment extend the capabilities of the software is challenging for a typical
e The pathway visualizer and isotopic flux animator in this software offer biologist
MAVEN automated inference into biological events detected within a study
e Avery robust user interface that is easy to understand and operate
e Can be used as a tool to quickly inspect the labelling pattern of a given
metabolite
e Offers a very basic visualisation of the monoisotopic and corresponding e MetExtract employs a brute force method to extract peaks from mass
isotope peaks spectra rather than exploiting other well-established peak-picking
e Has a comprehensive user interface that enables custom parameters to algorithms
MetExtract be defined e The basic visualisation of peaks offered is not sufficient in many
applications
o Specifically designed for the annotation and evaluation of mass spectral e The software provides only a basic visualisation of the light and heavy
features including isotope peaks, adducts and fragments that co-elute isotopologue chromatograms
CAMERA from a chromatographic column. e Rapid differentiation and relative quantification of isotope patterns is

Written in the R statistical software and is open source. This offers
plenty of scope for further extension

not currently possible with this software

User-friendly and familiar interface in the form of Microsoft® Excel
spreadsheets
Very easy to implement once the underlying software is installed

Designed for the annotation and evaluation of mass spectral features
including isotope peaks, adducts and fragments that co-elute from a
chromatographic column
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IDEOM

iMS2Flux

FiatFluxt

13C-Flux2

OpenFlux

Tox-ID

Trace Finder

Results in the form of tables that can be easily exported for further
statistical analyses

Cannot directly access raw data to retrieve missing peaks (requires
mzMatch-ISO for this function)

Provides a framework for automated isotopologue analysis for large
datasets

Focus on validation and correction of MS-derived data and output in
format suitable for MFA

Additional software is required for the initial peak detection and for the
final flux analysis
Cannot directly access raw data when performing data checks

13C-MFA tool that has a convenient user interface
Facilitate FBA
GC-MS based tool

Works only on 3C-labeled data

Does not work on LC-MS data

Requires predefined steady-state stoichiometric model to predict flux
Cannot perform untargeted metabolomics and trace the route of
labelled carbon atoms

Aimed at providing a direct measure of flux in a system being
investigated

Provide insights into metabolic pathway activity by comparing flux
phenotypes under different environmental conditions and physiological
states as well as for a variety of carbon sources

Has been used in numerous *C-MFA studies

Works on GC-MS, LC—MS and NMR data

Requires a detailed steady-state stoichiometric model that
encompasses the metabolism being studied
Command-line interface

Works only on *3C labelled studies

Cannot perform untargeted metabolomics on labelled data

An attempt to make a flexible version of **C-Flux2 to perform steady-
state 3C MFA using mass isotopomer distribution data
Spreadsheet-based user interface

Not applicable for targeted and/or untargeted metabolomics data
analysis and isotope profiling

Can be used to search on specific mass or for a screening method for
different adducts form

Semi-automated and can only be used for targeted analysis
Time consuming

Quick and easy to use
Report peak area instead of intensity

Can only work for specific imported database (targeted analysis only)

tThese are metabolic-flux analysis tools that require a predefined stable steady-state stoichiometric model of the metabolism to determine the flux. MFA: Metabolic flux
analysis; FBA: Flux balance analysis.
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The results of two software packages (Tox-ID and mzMatch-ISO) were compared to
the manual method (using Xcalibur 2.2: the same software that used to acquire the
data) in order to select the software that can reveal the labelling pattern of the
identified lipids in the labelled extract more efficiently. Figure 2.3 summarises the
labelling percentage of selected lipids detected in positive mode in labelled extract

of Pichia pastoris using three different software: Tox-ID, mzMatch-ISO, and Xcalibur.
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Figure 2.3: The labelling percentage of selected lipids detected in positive mode using three different
software.

As shown in Figure 2.3, the labelling percentage results of some lipids using mzMatch-
ISO and Tox-ID were comparable with Xcalibur results, however, Tox-ID results were
closer to Xcalibur/manual method. In other lipids (e.g. PC (38:4) and TG
(16:0/18:2/18:3)) mzMatch-I1SO failed to detect the U-13C-labelled mass of these lipids
especially for [NH4*] adducts, which was reflected on the reported labelling pattern
and labelling percentage. Figure 2.4 represents an example of the labelling pattern of
PC (38:4) and TG (16:0/18:2/18:3) using the three software. mzMatch-ISO has the
potential to be used in various metabolomic studies but the structural complexity of

lipids molecules, their relatively high molecular weights and their huge number of
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isomers and isobars might affect the quality of mzMatch-ISO’s results which makes it

difficult to be applicable for lipidomics studies (177).
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Figure 2.4: The labelling pattern of (A) PC (38:4), C4sHssNOsP and (B) TG (16:0/18:2/18:3), CssHo6Os
both detected in positive mode as H* and NH4* adducts, respectively in U-13C-labelled P. pastoris
extract using three different software.

Reporting the whole labelling pattern of a long list of lipids using Tox-ID based on

Equation 2.2 is time consuming and since only the intensity of U-13C-labelled lipids

are required to normalise unlabelled lipid. Tox-ID will be used to assess the labelling

efficacy of our labelling strategy throughout the project by calculating the 3C-
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enrichment of the labelled lipid species using Equation 2.1, and only the full labelling

pattern of the optimum source of internal standards mixture will be explored.

2.4.3 Normalisation and statistical analysis

Once lipid ion species are identified using LipidSearch™, the m/z of the possible U-
13C-labelled form of that species can be calculated based on Equation 2.3
corresponding to the previously found accurate monoisotopic masses of the
unlabelled endogenous lipid ions and their expected chemical formula. Where m/z,
and m/zy represent the mass to charge ratio of the fully labelled and fully unlabelled
lipid ion respectively, N¢c represents the number of carbon atom in that lipid species
(without the adduct) and 1.00335 represent the difference in atomic weight of heavy

and light carbon atom.

m/z; = m/zy + (1.00335 * N,) .... Equation 2.3

After that, a list of the m/z of the unlabelled and labelled forms of the identified lipid
species alongside their proposed identity and their expected RT was introduced as a
database into another software called Trace Finder that was used to integrate and
extract peaks areas of (RT, m/z) lipid pairs from the LC-MS/MS raw data based on
mass error of 5 ppm, RT window of 30 s and S/N of 10. Then, the results were
exported to an Excel spreadsheet where the normalisation was done manually by
dividing the peak area of the unlabeled form of the lipid ion species by that of its
labelled form (if it was detected) or by another labelled lipid ion in the same class or
the nearest labelled lipid ions to it (if its labelled form was not detected). The quality
of the datasets obtained after normalisation was assessed using univariate (CV%) and

multivariate (PCA) approaches.
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2.5 Project workflow

To overcome unexpected systematic variations and obtain accurate quantitative
lipidomics data, a new LC-MS-based lipid profiling method will be developed using in
vivo labelling strategy to produce different variety of stable isotopes that can be used
as a source of internal standards. First, the optimum source for production of IS
mixture that provide more common lipids with complex biological samples and can
be efficiently labelled in a simple and cost-efficient way will be explored. Then, the
optimum species will be used to generate high quality of large scaled 3C-labelled IS
mixture that can be used to demonstrate the ability of these IS mixture to correct
various types of systematic variations that can be introduced during sample
preparation and analysis in LC-MS setup. After that, the validated method using the
optimum IS mixture will be applied in quantitative lipidomic studies in clinical samples
to overcome unexpected systematic variations which will lead to more reliable and

reproducible results. Figure 2.5 illustrates the general workflow of the project.

« Organism of interest (Bacteria/yeast culture)
» Untargeted LC-MS analysis

(Define the lipids composition and its coverage)
» An in vivo labelling and extraction

7 S » Clinical samples extracted using'3C-isotope
v [K’ f L labelled standard mixture from the optimal
\' 7 | species
l ’/

LC-MS/MS analysis

] + LipidSearch for lipid identifications
t:; ! TraceFinder for peak area reporting

» Data processing and statistical analysis

m
IH

Figure 2.5: Project general workflow.
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Chapter Three

Generation of uniformly labelled *3C lipid
standards in yeast and bacteria species
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3. Generation of uniformly labelled 3C lipid standards in yeast and
bacteria species

3.1 Introduction

3.1.1 Why are uniformly isotopically labelled internal standards needed in
lipidomics analysis?

Monitoring lipid changes is an essential task in comprehensive lipidomic studies.
Lipidomics involves the identification and quantification of a variety of lipids and their
interaction with each other or with other enzymes in vivo and it is considered as a subset
of metabolomics (178). Among the various analytical platforms that can be used for
metabolomics/lipidomics applications, LC-MS based platforms provide a valuable tool to
monitor lipid changes as well as to identify specific biomarkers which can be used as
potential drug targets for pharmaceutical and clinical research (139, 179-183). However,
quantification of lipids is extremely challenging due to i) the chemical diversity of lipids,
ii) isomeric and isobaric lipids, iii) dynamic range of lipids, and iv) limited stability of some
of the studied lipids (69, 150). In addition, the nonlinear responses due to ion
suppression and enhancement caused by matrix effect can often result in inaccurate
quantification making it difficult to highlight biological and/or clinical significance (55,
110). Furthermore, a key limitation of this technique is the lack of a reliable
normalisation method for the structurally diverse lipid species in a biological sample.
Therefore, in order to overcome any unexpected systematic variations and obtain more
accurate quantitative measurement, normalisation method must be applied to the
samples which will lead to more reliable and reproducible results.

Several research groups chemically synthesised a diverse range of isotopically labelled

compounds like hormones, steroids and fatty acids (55, 184-186). However, this

50



approach is laborious, costly, requires high synthetic expertise not always available in
metabolomics groups and cannot be used in large-scale metabolomics where a diverse
and complex structures of the metabolites are included in the analysis. To overcome
these problems researchers are using an in vivo labelling strategy where various
organisms can be grown on 3C-labelled carbon source to produce a wide range of
isotopically labelled intracellular metabolites which can be used as a source of internal

standards for accurate quantification.

3.1.2 Microorganisms which have been used to generate uniformly labelled internal
standards

Ideally, the same organism being studied should be used to generate 3C-labelled IS
mixture in order to cover most of intracellular metabolites. For complex biological
samples that cannot be grown on one carbon source where it is difficult to produce high
labelling efficacy (187), different organisms can be used as a source of IS mixture.
Reviewing the literature, E. coli (134, 138, 188), spirulina (189-191), S. cerevisiae (129,
138, 192) and P. pastoris (140, 150, 193), were found among the most commonly used
species to produce IS mixture for quantitative analysis in proteomics and metabolomics
studies. The labelled extract produced using these species either were used in
guantitative analysis to study the metabolome of that specific species that used to
generate the IS mixture itself or as IS in metabolomics studies to quantify (either absolute
or relative quantification) of indigenous metabolites detected in other species or
nonbiological samples. In addition, these labelled extracts could be used in flux
experiments (134), metabolic pathway exploring (194), elemental formula annotation of

different metabolites (195).
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E. coli is a Gram-negative, rod shaped bacterium that is found in the lower intestines of
mammals (196). It is one of the most intensively studied prokaryotes and has been
considered as a "model organism" for studying numerous essential processes. E. coli can
be rapidly and easily grown as it has simple nutritional needs and fast growth rate that
makes it a good organism to use as a source of IS. Previously E. coli have been used to
generate labelled f metabolites that were used in targeted metabolomics, metabolic-flux
analyses or for MS-method improvements. The labelled extract of E. coli was used by
Kim et al. to obtain the absolute concentration of 75 intra and extra-cellular metabolites
detected in Trypanosoma brucei (134). In 2014 K. Li et al. were able to quantify more
than 226 metabolites that might be involved in stress response in maize by co-extraction
the 13C-labelled cells of E. coli and S. cerevisiae (138).

Algae Arthrospira platensis commonly known as spirulina is grown on **N or 3C to
incorporate stable isotopes into its protein and metabolites. Spirulina is supplied as a
ready-to-use powder -unlabelled and labelled whole cell powder by Cambridge Isotope
Laboratory. Lyophilised powder of labelled spirulina has been routinely used in
proteomics studies (190, 191) but it was newly explored in metabolomics study
conducted by our group (189). In this study, the 13C-labelled extract of spirulina powder
was used as it is to provide absolute quantification of 43 metabolites found in Clostridium
autoethanogenum extract to understand and optimize the active metabolic pathways in
gas fermentation.

Saccharomyces cerevisiae is the most widely studied eukaryotic organism. It is commonly
associated with the brewing and baking industries due to its ability to produce ethanol
and carbon dioxide, respectively. In addition, it is one of the most frequently used species

in functional proteins production (197). S. cerevisiae is a single-budding vyeast,
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approximately 5-10 um, can grow both aerobically and anaerobically on a variety of
carbon sources. It is easy to handle and to manipulate and possess relatively simple
lipidome (197). However, It is believed that their lipid biosynthesis and metabolism are
very similar to those of higher eukaryotes with known exceptions (198). It has been
widely used as a source of IS to correct variation introduced during analysis. In 2003,
Mashego et al. reported the ability of 3C-labelled extract of S. cerevisiae CEN.PK113-7D
in eliminating the nonlinear response of the MS and consequently reducing the
experimental error that could happen due to the matrix effect (129). In 2004 Wu et al.
used the metabolite extract of S. cerevisiae CEN.PK cultivated in a fed-batch
fermentation on fully U-13C-labelled substrates to study the effect of a glucose pulse on
cells in steady-state and transient conditions. They verified that the used IS led to more
accurate, precise and robust results in metabolome analysis (192). Vielhauer et al.
explored the use of S. cerevisiae as a source of internal standards in GC-MS based
guantification of central carbon metabolism intermediates and he claims that the
presented approach will enable more labs to achieve more accurate absolute
guantification (199).

Pichia pastoris is a well-known cell factory in biotechnology. P. pastoris is an efficient
eukaryotic microorganism that can generate similar metabolite/ lipid profiles to
mammalian cells (150). Also, its culture can reach a very high cell densities in relatively
short time and it can be grown on non-complex media with one carbon source (150). The
use of 13C-labelled extract of P. pastoris has been recently explored by Neubauer et al. in
2012 as a tool to evaluate sample preparation in metabolomics study (140). Then, in
2017 he explored the possibility of using its lipids extract as a reference for compound-

specific quantification where he reported that more than 200 lipid species were
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identified from the labelled extracts with an excellent 3C-enrichment that can be used
as IS for absolute or relative quantification (150).

3.1.3 The requirements for successful generation of isotopically labelled lipids as
internal standards

In this project, isotopically labelled IS mixture produced from the optimum species will
be applied into complex studies that involve human plasma samples and human brain
tissue. The use of these labelled extract as IS in untargeted analysis in clinical biological
samples has not been previously explored especially in lipidomics studies except in one
recent study (152). In that study, Rampler et al. revealed that in vivo labelling of P.
pastoris enable the production of 212 lipid standards from 13 lipid classes that can be
applied for compound specific quantification and/or for class/RT specific quantification
in complex systems such as human plasma. Also, they were able to improve
guantification of 40 lipids from 6 classes (DG, LPE, PC, PE, PI, TG) detected in human
plasma (152).

The ideal host system that can be used to generate isotopically labelled IS should have
similar metabolome (and lipidome) profiles to mammalian cells or the target samples. in
addition, this host system should be rapidly and easily grown under simple nutritional
needs to enable simple and complete labelling of most of the metabolites extracted.
Also, it is advantageous if it can be grown to a very high cell densities that will increase
the product yields of the labelled IS mixture in relatively short time with relatively low
cost. As well, it is useful if it has a very stable cell wall enabling longer storage periods
and reduce metabolite leaching during sample collection (152).

Although different species were used as a source of labelled IS in various studies and

applications, their use have not been widely explored in complex human samples.
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Therefore, it is necessary to compare between these species to explore which species
can be used to provide a high quality labelled IS mixture that can be employed in
guantitative analysis of human samples as it would provide a better measurement of the

human adaptation system to external or internal stimuli.
3.2 Objectives

The objectives of this chapter are:
° To compare the lipidome of different species (E. coli MG 1655, spirulina,
S. cerevisiae BY4741, S. cerevisiae CEN.PK 113-7D and P. pastoris NCYC 175) to

find out which one most resembles the human lipidome.

o To study the quality of 3C-enrichment of identified lipids in the studied
species.
. To select the optimal source for labelled internal standards mixture.
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3.3 Materials and methods

3.3.1 Materials

Table 3.1 summarises the specific materials that were used during this chapter and their

sources.

Table 3.1: List of materials used in this chapter.

Material

Supplier

Microorganisms

E. coli MG1655

Spirulina whole cells (lyophilised
powder) unlabelled

Spirulina whole cells (lyophilised
powder) (U-13C, 97%)

S. cerevisiae BY4741

S. cerevisiae CEN.PK 113-7D
P. pastoris NCYC175
Medium components

D-Glucose
Bacto™ Agar
Yeast extract
Peptone

M9 Minimal salts

Magnesium sulphate heptahydrate

Calcium chloride dihydrate
Thiamine hydrochloride
Propidium iodide
Fluorescein diacetate

Yeast nitrogen base without amino acic

L-Methionine

L-Histidine

L- Leucine

Uracil

Complete supplement mixture
D-Glucose (U-*3Cs, 99%)

kindly provided by Dr Nigel Halliday, The Centre
for Biomolecular Sciences, University of Nottingham, UK
Cambridge Isotope Laboratory, USA

Cambridge Isotope Laboratory, USA

kindly provided by Professor Simon Avery, School
Biosciences, University of Nottingham, UK

EUROSCARF, Germany

National Collection of Yeast Cultures, UK

Sigma-Aldrich, USA

Scientific Laboratory Supplies, UK
OXO0ID, UK

Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA

Formedium, UK

Formedium, UK

Formedium, UK

Formedium, UK

Formedium, UK

Formedium, UK

Cambridge Isotope Laboratory, USA

3.3.2 Species growth condition

In order to prepare the unlabelled extract, the studied species were grown as described

below. For preparation of labelled biomass samples, 99% U-'3C-glucose was used in

minimal media preparation instead of *2C-glucose.
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3.3.2.1 E. coli MG 1655

A culture of E. coliin M9 minimal media was prepared overnight. Then, a known amount
of the overnight culture was diluted with 100 mL of M9 minimal media to an optical
density (ODeoo) of 0.1 and grown at 37°C and 122 rpm until it reached the stationary
phase. The M9 minimal medium was prepared according to Cold Spring Harbor Protocols
(200), which consists of: 100 mL of 5X M9 solution (33.9 g of Na;HPOg4, 15 g of KH,PO4, 5
g of NH4Cl, 2.5 g of NaCl per litre), 2 mL of 1 M MgS0Qa, 0.1 mL of 1 M CaCl, 0.8 mL of 5%

thiamine and 20 mL of 20% glucose per litre of sterile water.

3.3.2.2 Spirulina
The unlabelled and labelled form of spirulina was purchased from Cambridge Isotope

Laboratory and used as received.

3.3.2.3 S. cerevisiae BY4741

A culture of S. cerevisiae BY4741 in minimal media was prepared overnight. Then, known
amount of the overnight culture was diluted with 100 mL of minimal media to an optical
density (ODgoo) of 0.1 and grown at 30°C and 122 rpm until it reached the stationary
phase. The minimal media was prepared according to Verduyn et al. (201), which consists
of: 5 g/L of (NH)2504, 1 g/L of KH2PO4, 0.5 g/L MgS0a, 0.1 g/L of CaCl,, 0.1 g/L of NaCl,
500 pg/L of H3BOs3, 40 pg/L of CuSO4, 100 pg/L of KI, 200 pg/L of FeCls, 400 pg/L of MnSOa,
200 pg/L of NazMoOas, 400 pg/L of ZnSOa, 2 pg/L of Biotin, 400 pg/L of calcium
pantothenate, 2 pg/L of folic acid, 2000 pg/L of inositol, 400 pg/L of nicotinic acid, 200
ug/L of p-aminobenzoic acid, 400 pg/L of pyridoxol hydrochloride, 200 pg/L of riboflavin,
400 pg/L of thiamine hydrochloride. Filter-sterilised essential amino acids were added

after heat sterilisation of this medium. Final concentrations of amino acids were: 150
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mg/L of methionine, 260 mg/L of leucine, 20 mg/L of uracil, and 60 mg/L of histidine. At
the end, known amount of filter-sterilised glucose solution was added to a final

concentration of 2%.

3.3.2.4 S. cerevisiae CEN.PK 1137D

A culture of S. cerevisiae CEN.PK 1137D in minimal media was prepared overnight. Then,
known amount of the overnight culture was diluted with 100 mL of minimal media to an
optical density (ODeoo) of 0.1 and grown at 30°C and 122 rpm until it reached the
stationary phase. The minimal media was prepared according to Verduyn et al. [28],
which consists of: 5 g/L of (NH)2SO4, 1 g/L of KH2POa4, 0.5 g/L MgS0a4, 0.1 g/L of CaCly, 0.1
g/L of NaCl, 500 pg/L of H3BOs, 40 pg/L of CuSOa, 100 pg/L of KlI, 200 pg/L of FeCls, 400
pg/L of MnSO4, 200 pg/L of Na;MoOas, 400 pg/L of ZnSO4, 2 pg/L of Biotin, 400 ug/L of
calcium pantothenate, 2 pg/L of folic acid, 2000 ug/L of inositol, 400 pg/L of nicotinic
acid, 200 pg/L of p-aminobenzoic acid, 400 pg/L of pyridoxol hydrochloride, 200 pg/L of
riboflavin, 400 pg/L of thiamine hydrochloride. At the end, known amount of filter-

sterilised glucose solution was added to a final concentration of 2%.

3.3.2.5 P. pastoris NCYC175

A culture of P. pastoris NCYC175 in minimal media was prepared overnight. Then, a
known amount of the overnight culture was diluted with 100 mL of minimal media to an
optical density (ODeoo) of 0.1 and grown at 30°C and 122 rpm until it reached the
stationary phase. The minimal media was prepared according to Verduyn et al. [28],
which consists of: 5 g/L of (NH)2S04, 1 g/L of KH2PO4, 0.5 g/L MgS0s, 0.1 g/L of CaCl, 0.1
g/L of NaCl, 500 ug/L of H3BO3s, 40 pg/L of CuSOa, 100 pg/L of Kl, 200 pg/L of FeCls, 400

ug/L of MnSQO4, 200 pg/L of NaMoOa, 400 pg/L of ZnSO4, 2 pg/L of Biotin, 400 ug/L of
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calcium pantothenate, 2 pg/L of folic acid, 2000 pg/L of inositol, 400 pg/L of nicotinic
acid, 200 pg/L of p-aminobenzoic acid, 400 pg/L of pyridoxol hydrochloride, 200 pg/L of
riboflavin, 400 pg/L of thiamine hydrochloride. At the end, known amount of filter-
sterilised glucose solution was added to a final concentration of 2%.

3.3.3 Growth curve

In order to construct a growth curve, a known amount of overnight culture in minimal
media was used to inoculate freshly prepared minimal media (as described in section
3.3.2) to ODsgo 0.1. Then, the growth rate of the studied species were monitored by
measuring the ODgoo every 2 h for 36 h (n=3) to confirm the ability of the selected media
to maintain the growth of the studied species and to investigate when the cells reach the

stationary phase.

3.3.4 Sample extraction

To facilitate the extraction, cellular lipids were extracted according to Bligh and Dyer
method (99). Figure 3.1 provides a simple illustration of sample preparation steps. Cell
pellets of cellular suspension equivalent to 10 mL at ODego of 1 (for spirulina samples 5
mg of lyophilised powder) were suspended in 2.5 mL methanol and vortexed for 5 min,
then 1 mL de-ionised H20 and 1.25 mL chloroform were added and vortexed for another
5 min at 4°C. Phase separation was induced by the addition of 1.25 mL chloroform and
1.25 mL H20. The samples were then centrifuged for 10 min at 13000 g and 2 mL of the
chloroform phase (lower layer of rich lipids) were dried under vacuum at room
temperature. Finally, the dried samples were reconstituted using 200 pL of LC-MS grade

isopropanol and stored at 80°C until analysis.
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Figure 3.1: A schematic presentation of sample preparation process.

3.3.5 Live/ dead staining assay

To investigate the efficiency of the extraction procedure in lysing the cells, two dyes such
as fluorescein diacetate (FDA) and propidium iodide (Prl) were used. FDA is specific for
metabolic activity. The molecule itself is not fluorescent, however, live cells hydrolyse it
into fluorescent fluorescein that emits green fluorescence. Prl is specific for membrane
integrity. When the membrane is damaged, Prl enters the cell and binds to either DNA
or RNA, as a result, a red fluorescence is observed. Therefore, three physiological
conditions could be distinguished: i) viable cells with the intact membrane (green
fluorescence), ii) dead cells (red fluorescence), and iii) injured cells which have a

metabolic activity but their membrane is damaged (red and green fluorescence) (202).
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Killed samples of yeast cells were prepared as follow: i) heat-killed controls, cell pellets
(1 mL of cell culture of ODsgo 1) were suspend in 1 mL phosphate buffered saline and
place loosely capped in 70—80°C water bath for 10 min (used to construct the calibration
curve), ii) alcohol-killed controls, cell pellets (1 mL of cell culture of ODeoo 1) were
suspended in 1 mL of 70% isopropyl alcohol and incubated at RT for 60 min, mixed every
15 min (used as positive control).

Cell pellets of live and heat killed samples were suspended in 1 mL of phosphate buffered
saline. After that, 300 pL of FDA solution (stock solution of 5 mg/mL in acetone and
diluted again to 10 pg/mL) and 15 pL of Prl solution (0.5 mg/mL) were added to the
samples and incubated for 30 min at RT. Then, different volumes of the viable: killed cell
suspension were mixed to prepare samples of 0, 20, 40, 60, 80 and 100% viability. The
samples were analysed by plate reader (TECHAN SPARK10M, Switzerland) and the
emitted fluorescent beams were collected at the appropriate wavelength (excitation at
480 nm for both dyes and emission wavelength at 525 and 635 nm for FDA and Prl
emission respectively). The data were analysed by dividing the emitted green
fluorescence (EFrpa) by the emitted red fluorescence (EFprn) according to Equation 3.1.
This ratio was plotted as Ratiorpa/ri versus percentage of viable cells in the suspension.
Linear regression analysis was then performed to calculate the equation that can be used

to calculate the viability % of extracted samples.

A .
... Equation 3.1
EFpy

Ratioppa /pr1 =

Then, Cell pellet of culture samples (1 mL of ODeoo ~1) were extracted and when the
extract composition was chloroform: methanol: water (1:2:0.8), the samples were

centrifuged for 10 min at 13000 g, and the liquid phase was discarded. Three replicates
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of cell pellets of extracted samples, alcohol-killed controls and live cells were treated as

mentioned before and the Ratiorpa/pri Was recorded to assess the efficacy of extraction.

3.3.6 Experimental design

3.3.6.1 Exploring the lipidome of different species

For each studied species, three biological replicates of cell culture at early stationary
phase were extracted and analysed as detailed previously in section 3.3.4 and 2.3,
respectively. The raw data for LC-MS/MS were acquired and visualised with Xcalibur 2.2
software (Thermo Scientific, Hemel Hempstead, UK). Detailed steps for data processing
discussed in section 2.4, where the putative identification of lipid molecules from three
replicates were aligned and compared against HMDB. Then the !3C-enrichment of

identified lipid ions from the three replicates were studied and evaluated.

3.3.6.2 The optimal source of internal standard mixture

Mixtures of different species extract (selected species only: E. coli, S. cerevisiae CEN.PK
113-7D and P. pastoris) were combined in 1:1 and 1:1:1 ratio to find out what is the
possible ideal source/sources of IS in our work that can be used as reference for

normalisation in quantitative lipidomics involved with clinical samples.

3.3.6.3 The effect of glucose concentration on lipids level

The growth pattern of P. pastors and its lipids level on three different glucose
concentrations (0.5, 1, 1.5%) were studied and compared to the recommended glucose
level (2%) (203). Three biological replicates of each condition were prepared and the OD

at 600 nm were recorded each 2 h for 48 h. Meanwhile, samples at 36 h were taken from
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the four conditions (n=3) and their extracts were analysed using untargeted LC-MS

method described in section 2.3.

3.4 Results and discussion

3.4.1 Comparing the unlabelled and labelled extract of different species

3.4.1.1 E. coli MG1655

Comparing the E. coli Metabolome Database (ECMDB) (204) and Human Metabolome
Database (HMDB) (205) revealed that, 376 species were found common between the
two databases under the superclass “Lipids and lipid-like molecules” and “Organic
compounds” Kingdom out of 2393 and 17856 found in each database respectively. This
may indicate that the E. coli could provide a good coverage for human lipids enough to
be used as internal standards. In real samples, this number could be different depending
on sample type, extraction solvents, analytical methods used and so on. Figure 3.2 shows
that the minimal media can support the growth of E. coli for at least 36 h and the early
stationary phase starts after ~12 h of inoculation, where the samples for analysis can be

taken.
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Figure 3.2: Growth curve E. coli MG1655 in minimal media (n=3). The ODsoo of the culture was
measured every 2 h for 36 h to investigate the growth rate of E. coli in minimal media. This media
can support E. coli growth and the cells enter the stationary phase after ~12 h of inoculation.

After extraction and LC-MS/MS analysis of E. coli extract, 241 lipids were putatively
identified. Figure 3.3 represents typical total ion chromatograms in ESI negative (A) and
positive mode (B), and lipid molecules identified from E. coli extract (C). Di-glycerides
(DG), phosphatidylethanolamine (PE), monoglycerides (MG) and phosphatidylglycerol
(PG) were the most predominant common lipid ions between E. coli extract and HMDB.
By exploring the phospholipids biosynthesis pathways in E. coli, it was found that the
major glycerophosphate-based lipids were PE (70%), PG (20%) and cardiolipin (CL) (10%),
and this could explain the small diversity of lipids identified in E. coli extract (206-208).

The 3C-enrichment of identified lipid ions when E. coli was grown in minimal media with
13C-labelled glucose presented in Figure 3.4. 69% of lipid ions were efficiently labelled
that can be used as IS. High 3C-enrichment (more than 99%) could indicate good
labelling efficacy of the studies molecules whearas lower than this percentage could

indicate incomplete 3C-labelleing that could affect the normalisation process or
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complicate it. Zero 3C-enrichment means that the studied lipid species was not found
labelled and it cannot be used as IS in further normalisation steps and this could be for
many reasons discussed latter. In theory, extended growth of E. coli in uniformly 3C-
labeled glucose will lead to complete labelling of many metabolites (192, 209). However,
partially labelled forms are also present (6%), primarily due to *2C- contaminant from the
inoculum that used to set up an overnight culture (very unlikely) and from 2C-
contamination of the labelled glucose (<1%). The rest 36% of ions were not labelled at
all or most probably these ions could be miss identified. If some lipids were mistakenly
identified, then the expected assigned chemical formula could be wrong and so the
number of carbon atoms could be wrong as well. So, their expected calculated fully
labelled mass that used to record the presence of labelled lipids will be wrong, therefore
those ions will be misguidedly considered as unlabelled. At this point, it seems that E.
coli could be considered as a source of IS mixture for quantitative lipidomics involved

with clinical samples.
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Figure 3.3: An example of total ion chromatogram of E. coli extract with ESI in negative (A), positive
mode (B) and a pie chart (C) represents the common lipids identified by LipidSearch™ in positive and
negative mode from E. coli extract and HMDB and their distribution into different lipid classes.
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Figure 3.4: Pie chart represents the pattern of *3C-enrichment of detected lipid ions in labelled E. coli
extract. The blue legend means that 69% (97 ions) of the detected ions their **C-enrichment more
than 99%, the red legend means that 6% (8 ions) of the detected ions their **C-enrichment between
1 and 99% while the green legend means that 25% (36 ions) of the detected ions the were not
labelled and their 1*C-enrichment was zero.

66



3.4.1.2 Spirulina

Figure 3.5 represents an example of total ion chromatograms in ESI negative (A) and
positive mode (B), and the lipid molecules identified from spirulina extract (C). TG (32%),
PE (27%), DG (25%), PG (14%) and PC (12%) were the most predominant common lipid
ions between spirulina extract and HMDB. Comparing the total ion chromatogram of
spirulina (Figure 3.5) and E. coli (Figure 3.3), a relatively big qualitative difference in the
spectra was seen that indicates that spirulina could provide different set of lipids that
can be employed as IS. For example, PC were not present in E. coli. However, as can be
seen in Figure 3.6 which represents the 3C-enrichment of identified lipid ions in 13C-
labelled spirulina extract only 40 lipid ions were detected via parameters listed in section
2.4 and only 27 (67%) lipid ions were efficiently labelled. This small number of detected
ions could be attributed to the fact that the extracted sample was small (5 mg) and it will
be costly if simply more powder was used (1 g of spirulina whole cells (U-*3C, 97%) costs
£375). Also, 3C-enrichment of commercially available spirulina powders used in our
experiment is only 97% and so each lipid has a chance of (97%)" of being fully labelled,
(3%)" will be fully unlabelled and 1-(( 97%)" +(3%)") will be partially labelled, where n
represents the number of carbon atom in the lipid. Therefore, the probability of one lipid
to be fully labelled will be less and the chances of partially labelled forms will be higher
compared to the powder of 3C-enrichment of 99%. Although the presence of partially
labelled and unlabelled lipids will not hinder either absolute or relative quantification
because an equal amount of IS mixture will be added to all samples, it is better to
introduce high intensity fully labelled IS mixture as it will be further diluted when
extracted with samples of interest. So, the cost and the available isotopic purity of the

13C-labelled powder limit its use as a source of ISs.
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Figure 3.5: An example of total ion chromatogram of spirulina extract with ESI in negative (A),
positive mode (B) and a pie chart (C) represents the common lipids identified by LipidSearch™ in
positive and negative mode from spirulina extract and HMDB and their distribution into different
lipid classes.
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Figure 3.6: Pie chart represents the '*C-enrichment of detected lipid ions in labelled spirulina extract
The blue legend means that 67% (27 ions) of the detected ions their 3*C-enrichment more than 99%,
the red legend means that 13% (5 ions) of the detected ions their *3C-enrichment between 1 and
99% while the green legend means that 20% (8 ions) of the detected ions the were not labelled and
their 3 C-enrichment was zero.
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3.4.1.3 S. cerevisiae

Comparing the Yeast Metabolome Database (YMDB) of S. cerevisiage and Human
Metabolome Database (HMDB) revealed that 845 species were found common between
the two databases under the superclass “Lipids and lipid-like molecules” and “Organic
compounds” Kingdom out of 2395 and 17856 found in each database respectively (205,
210). This may indicate that the S. cerevisiae could provide a good coverage for human
lipids enough to be used as IS even better than E. coli as it could provide more common
lipids with human samples. Although, as mentioned before, in biological samples this
number could be different depending on sample type, extraction solvents, analytical
methods used and so on. Two strains of S. cerevisiae were studied and compared:
BY4741 and CEN.PK 1137D. Figure 3.7 shows that the selected media can support the
growth of both strains for at least 36 h, where the early stationary phase starts after ~12

h of inoculation, where the samples for analysis can be taken.

A B

N
[}

Average OD at 600nm

=}

3.5 4

3 4

[N}
L

=
w0
L

H
L

o
«n
L

™

[}

H

H

=

Average OD at 600nm

F
0

~
L

w
[

w
L

o
«n

~
L

-
5}
L

N
L

1=
n

e

——

T
12

T
18

;
24

Time (hr)

T
30

T
36

=}

18
Time (hr)

T
24

T
30

T
36

Figure 3.7: Growth curve of S. cerevisiae A) BY4741 and B) CEN.PK 113-7D in selected minimal media
(n=3). The ODsoo of both cultures was measured every 2 h for 36 h to investigate the growth rate of
these species in previously described minimal media. For each strain, the used media can support
their growth and the cells enter the stationary phase after ~12 h of inoculation.

By comparing the total ion chromatogram of the two strains in Figure 3.8, a huge
difference in the spectra between the two strains can be seen, this could indicate that

each strain could provide different set of lipids that can be used as IS. For BY4741 strain
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different lipid composition was reported previously because cells were grown at
different temperature, different media, different extraction and analysis used, leading
to the different composition of lipidome (211). However, different lipid classes can be
identified compared to E. coli and spirulina such as PS, Pl and Cer that can increase the
coverage of lipid analysis. Also, when the 3C-enrichment of their detected ions (see
Figure 3.9) was compared, both species were able to deliver a good number of fully
labelled lipids that can be used as IS. However, the percentage of partially labelled ions
in BY4741 strain was high and this could increase the complexity of sample matrix and
the chances of ion suppression during analysis. This could be due to more 2C-
contaminant introduced during cell growth, for example , 2C-contaminant from the
inoculum that used to set up an overnight culture, 2C-contamination of the labelled
glucose (<1%), CO; fixation and the essential vitamins (unlabelled methionine, leucine,
uracil and histidine) present in trace amounts in the medium used to grow S. cerevisiae
BY474 (192, 209). For example, methionine, leucine and histidine will be degraded and
finally converted into acetyl-CoA which is the precursor for fatty acid synthesis and
elongation (212). In addition, uracil is used to synthesise uridine monophosphate and
eventually they are degraded into urea or B-alanine (213, 214).

S. cerevisiae CEN.PK 1137D is a prototrophic strain that can synthesise its own amino
acids so less 2C-contaminant gets introduced into its metabolites/lipids. On the other
hand, BY4741 cannot synthesise these amino acids and so they cannot be grown in the
same media without these essential amino acids. The unlabelled form of these amino
acids was added because the addition of 3C-labelled form will be more expensive.
Therefore only CEN.PK 113-7D strain will be considered as a possible source of IS mixture

in quantitative untargeted lipidomics for clinical studies.
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Figure 3.8: An example of total ion chromatogram of S. cerevisiae 1) BY4A741 and 2) CEN.PK 113-7D
extract with ESI in negative (A), positive mode (B) and a pie charts (C) represent the common lipids
identified by LipidSearch™ in positive and negative mode from both strains compared to HMDB and

their distribution into different lipid classes.
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Figure 3.9: Pie charts represent the 3C-enrichment of detected lipid ions in labelled S. cerevisiae A)
BY4741 and B) CEN.PK 113-7D extract. The blue legend means that 68% (129 ions) and 83% (97 ions)
of the detected ions their 3C-enrichment more than 99%, the red legend means that 18% (34 ions)
and 8% (9 ions) of the detected ions their *C-enrichment between 1 and 99% while the green legend
means that 14% (26 ions) and 9% (11 ions) of the detected ions the were not labelled and their 3C-
enrichment was zero in S. cerevisiae BY4741 and CEN.PK 113-7D extract, respectively.
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3.4.1.4 P. pastoris NCYC 175

As can be seen in Figure 3.10, the selected minimal media supported the growth of P.
pastoris more than 2 days and the early stationary phase started after ~36 h of
inoculation, where the samples for analysis were taken. Also, this species reached a
higher OD than E. coli or S. cerevisiae (ODeoo at 36 h of inoculation of 1.75, 2.70, 3.73 and
6.81 for E. coli, S. cerevisiae BY4741, S. cerevisiae CEN.PK and in P. pastoris respectively)
indicating that more cells can be grown and therefore higher amount of lipids/IS mixture

can be extracted.
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Figure 3.10: Growth curve of P. pastoris NCYC175 in selected minimal media (n=3). The ODeoo of the
culture was measured every 2 h for 48 h to investigate the growth rate of P. pastoris in minimal
media. This media can support P. pastoris growth and the cells enter the stationary phase after ~36 h
of inoculation.

After extraction and LC-MS/MS analysis of P. pastoris extract, 440 lipids were putatively
identified, and 345 molecules were common with HMDB. Figure 3.11 shows typical total
ion chromatograms of the species in ESI negative (A) and positive mode (B), and lipid

molecules identified from P. pastoris extract (C). TG (32%), DG (15%), PC (14%), PE (11%)
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and PS (7%) were the most predominant common lipid ions between P. pastoris extract
and HMDB similar to previously reported data (150, 215-218). P. pastoris is an eukaryotic
species that produces similar lipid profiles to mammalian cells and it is believed that it
can provide a system that can mimic the eukaryotic lipid biosynthesis pathways better
than S. cerevisiae (150, 219). TGs represent more than one third of the identified lipids
in P. pastoris extract and much more than what can be detected in S. cerevisiae, and this
agrees with previously published data, whereas non-polar lipids such as TG are found to
be the major components of lipid droplets present in the yeast when cells are harvested
in the early stationary growth phase (215). Since more lipids can be identified from P.
pastoris compared to E. coli and S. cerevisiae, this can be advantageous to our work by
extending the range of lipids intended to be normalised. Also, more lipids were found to
be fully labelled and so more possible IS that can be used for more quantitative

untargeted lipidomics associated with clinical samples (see Figure 3.12).
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Figure 3.11: Total ion chromatogram of P. pastoris extract with ESI in negative (A), positive mode (B)

and a pie chart (C) represents the common lipids between the extract and HMDB and their

distribution into different lipid classes.

Figure 3.12: Pie chart represents the 3 C-enrichment of detected lipid ions in labelled P. pastoris

H>99% mM199% m0%

extract. The blue legend means that 83% (260 ions) of the detected ions their *3C-enrichment more

than 99%, the red legend means that 7% (22 ions) of the detected ions their 3C-enrichment

between 1 and 99% while the green legend means that 10% (31 ions) of the detected ions the were
not labelled and their *C-enrichment was zero.
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3.4.2 The optimal source of internal standard mixture

Ideally, the same studied species is best to be used as a source of IS to ensure all relevant
lipids are included in the analysis. However, for more complex species that cannot grow
on one carbon source a combination of different IS source can be ideal as a IS source in
order to increase the number of lipids that can be normalised. Among the selected
species that showed both best lipid coverage and labelling efficacy (E. coli MG1655, S.
cerevisiae CEN.PK 113-7D and P. pastoris NCYC 175), P. pastoris is considered as the best
source of IS because it produces lipids that overlap more with higher eukaryotic lipidome
in comparison to the other two species. However, mixtures of different species were
analysed and compared, and their results are summarised in Figure 3.13 and Table 3.2.
The lipid class profile of the unlabelled extract of the selected species and different
mixtures of these species shown in Figure 3.13 state that each species contains different
lipid profile and therefore could provide different set of labelled IS. For example, PE is
the major lipid class identified in E. coli extract, PE and PC are equally detected in S.
cerevisiae CEN.PK 113-7D extract while TG is the major lipid class detected in P. pastoris
extract. Therefore, a mixture of two of these species or more could provide different set
of lipids to expand the coverage of human lipids and potentially used as IS after proper
labelling. However, although the number of identified lipid ions in the mixture of P.
pastoris NCYC 175 and S. cerevisiae CEN.PK 113-7D extracts and in the mixture of E. coli
MG1655, P. pastoris NCYC 175 and S. cerevisiae CEN.PK 113-7D extracts increased
compared to the single species extract, the number of detected labelled ions in P.
pastoris was comparable to other mixture samples. This could be because of the dilution
process during samples preparation, ion suppression during analysis as highly abundant

ions from different species could suppress co-eluted low abundant ions or because of
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the similarity of detected lipids between the samples. It seems that a mixture of P.
pastoris and S. cerevisiae CEN.PK 113-7D extract can provide the highest number of
labelled ions but the high cost of growing and co-extracting S. cerevisiae CEN.PK 113-7D
and P. pastoris with the slight increase in the number of labelled lipid ions makes this
procedure less worth for a comprehensive source of IS in the future quantitative
lipidomics studies. Therefore, P. pastoris was selected as an optimal source of IS mixture

among the studied species for method validation.
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Figure 3.13: Lipid class profiles from E. coli MG1655, S. cerevisiae CEN.PK 113-7D and P. pastoris NCYC 175, and different combinations of these species. Abbreviations: S1-
E. coli extract, S2- S. cerevisiae CEN.PK extract, S3- P. pastoris extract, S4- E. coli MG1655 and S. cerevisiae CEN.PK 113-7D extract mixture, S5- E. coli MG1655 and P. pastoris
NCYC 175 extract mixture, S6- P. pastoris NCYC 175 and S. cerevisiae CEN.PK 113-7D extract mixture, S7- E. coli MG1655, P. pastoris NCYC 175 and S. cerevisiae CEN.PK 113-
7D extract mixture
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Table 3.2: Comparison between different mixtures of E. coli MG1655, S. cerevisiae CEN.PK 113-7D and P. pastoris NCYC 175 to find out the optimal source/sources of IS mixture

(n=3).
Parameters E. coli S.cerevisiae CEN.PK P. pastoris ES* EP** PS*** EPS****
Number of identified lipid ions by LipidSearch™ (meanxSD) 187+2 31348 401+13 33443 379%15 409+7 418+8
Numbers of detected ions by Tox-ID (meanxSD) 13442 25343 35613 268+1 325+4 383124 311429
Number of lipid ions with 3*C-enrichment 299% (meanSD) 12142 20616 31344 223+2 2884 334116 279120

* ES stands for E. coli MG1655 and S. cerevisiae CEN.PK 113-7D extract mixture.

**EP stands for E. coli MG1655 and P. pastoris NCYC 175 extract mixture.

***PpS stands for P. pastoris NCYC 175 and CEN.PK 113-7D extract mixture.

**%* EPS stands for E. coli MG1655, P. pastoris NCYC 175 and S. cerevisiae CEN.PK 113-7D extract mixture.
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3.4.3 Optimisation and characterisation of the optimal source of IS mixture

3.4.3.1 Optimising '3C-labelled glucose concentration for efficient generation of
labelled lipids

It is recommended to grow P. pastoris in a culture medium with 2% of the final glucose
concentration (203). However, in order to produce a wide range of 13C-labelled lipids in
a relatively low cost, the effect of glucose concentration on P. pastoris culture was
evaluated. Three different glucose concentrations (0.5, 1, 1.5%) were studied and
compared to the standard glucose level (2%). Although the cell density is not expected
to change the type and amount of labelled lipids that P. pastoris can produce, a higher
density means more cells and so higher amount of extract can be obtained from the
culture. Figure 3.14 shows the growth rates of P. pastoris at the different growth
conditions. P. pastoris was able to grow at 0.5 and 1% of glucose concentration but
significantly lower biomasses were obtained. The growth rate and the biomass obtained
at 1.5% of glucose concentration were comparable to the recommended condition with
2% of glucose concentration (except at point 36 h).

Also, the levels of 39 lipids identified from different lipid classes were monitored in
different conditions, from equal samples collected after 36 h of inoculation and the
results are summarised as a heat map in Figure 3.15. The lipids level between samples 1,
1.5 and 2% were comparable and there was no major significant difference between
them. However, 8 lipids out of 39, showed a significant difference between samples
grown at 0.5% of glucose concentration. A complete evaluation for the reasons behind
these effects was not explored here as it is not our main purpose in this project.
However, cells grown at different glucose concentrations at 36 h were at the different

growth stages (early, mid or late stationary phase) leading to the composition changes
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in selected lipids (220-222). Also, there was no significant difference (p-value > 0.05)
between the samples in term of the total ion count and number of detected features
from samples analysed (Table 3.3) when an equal amount (number of cells) were taken.
Since the obtained TIC, number of detected features and the level of selected lipids from
the extract of cells grown at glucose concentration of 1% were comparable to the extract
of cells grown at glucose concertation of 2%, indicating that P. pastoris grown at glucose
concentration of 1% could provide the same IS mixture as the reference. Although a
lower biomass would obtain, the decrease in glucose concentration to half still can
maintain an acceptable high growth rate. In conclusion, based on the various
experiments, P. pastoris which was grown in minimal media with 1% of the final 3C-
labelled glucose concentration for 24 h was selected as the best source of internal
standards to cover human metabolites. At these conditions, each 200 uL of the labelled
P. pastoris extract will cost £1.38 which is much lower than buying commercially labelled

standards.

2%
1.5%

1%

LS I

0.5%

0 6 12 18 24 30 36 42 48
Time (hr)

Figure 3.14: The effect of glucose concentration on the growth rate of P. pastoris based on the
biomass production measured by the optical density at 600 nm (n=3).
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Figure 3.15: Heatmap representing the effect of glucose concentration on the level of 39 putatively

identified lipids detected in P. pastoris extract.
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Table 3.3: The effect of glucose concentration on TIC and number of detected features in P. pastoris
extract (n=3).

Glucose concentrations TIC Number of detected features
(%) (meantSD) (meanzSD)

2 1.58E12 +9.92E10 86221201

1.5 1.47E12 + 1.08E10 87611469

1 1.45E12 + 4.30E10 82591127

0.5 1.41E12 +1.87E10 8233142

3.4.3.2 Efficacy of cell extraction

Figure 3.16 A and B illustrates the cell viability of P. pastoris culture before and after
extraction and the calibration curve that used to extract such information, respectively.
The figure shows that the yeast cells lose their viability (their cell membrane is disrupted,
and their metabolic enzymes are inactive) after extraction. Previous studies used to
mechanically disrupt the thick cell wall of the yeast in order to facilitate the extraction
of intracellular metabolites and macromolecules (215, 223-225). This was according to
previous finding that the cell cycle affects the efficacy of cell disruption where cells in
the stationary phase are more resistant to disruption (225, 226). However, the used Bligh
and Dyer method was able to break down the cell wall of the yeast and extracting its
intracellular lipids which is one of the most critical steps in any metabolomics studies

(140).
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Figure 3.16: A) P. pastoris viability before and after extraction and B) the calibration curve that was
used to record cell viability of extracted P. pastoris cells (n=3). Alcohol-killed cells serve as a positive
control.

3.4.3.3 Characterisation of 3C-labelled lipidome derived from P. pastoris

357 lipid ions were identified based on accurate fragmentation patterns by
LipidSearch™. The detected lipids are fatty acyls (FA, (O-acyl)-w-hydroxy fatty acids
(OAHFA)), glycerolipids (MG, DG, TG), glycerophospholipids (CL, PA, PE, PC, PS, PG, PI,
LPC, LPE, dimethylphosphatidylethanolamines (dMePE)), sphingolipids (Cer,
glucosylceramides (CerG1), SM, sphingosine (SO)) in accordance to previously reported
P. pastoris studies (150, 217). Then the fully '3C-labelled lipid ions were assigned by
accurate masses of the fully 13C-labelled isotopologue of high-resolution LC-MS/MS data
corresponding to the previously found accurate monoisotopic masses of the unlabelled
endogenous lipid ions. Comparing MS/MS spectra obtained from unlabelled (Figure 3.17
A) and labelled (Figure 3.17 B) extracts, a mass shifted equivalent to 1.00335 Da

increment per carbon atom present in the backbone of identified unlabelled lipid ions.
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Figure 3.17: Comparison of full scan MS spectra and MS/MS spectra of recorded unlabelled (A) and labelled (B) P. pastoris extract in positive mode between 9-10 min within

the m/z range of 600-900.
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In order to assess the 3C-labelling degree of the identified lipids and to understand why
some of the identified lipids were not labelled, all isotopologues and their relative
abundances were considered. The theoretical masses for these isotopologues were
calculated corresponding to the previously found accurate monoisotopic masses of the
unlabelled endogenous lipid ions. Then, the full labelling patterns of these identified
lipids were evaluated. As expected for an ideal internal standard, retention times of
unlabelled lipids and '3C-labelled lipids should match as they share identical
physiochemical properties. 246 ions of the labelled ions were detected in P. pastoris
extract and their retention times were matched with those of the unlabelled ions (within
1 15 s). Furthermore, their detected monoisotopic masses were in excellent agreement
with the calculated '3C-masses within a mass error of + 5 ppm, similar to what have been
previously reported by Rampler et al. (152). The labelling patterns of these ions revealed
an excellent '3C-carbon labelling degree > 98% (see Appendix, Table A.1). Ideally, high
13C-labelling efficiency was expected. Exploring the labelling pattern of identified ions
revealed that the other ions were either not labelled or partially labelled. However, this
is unlikely because of incomplete labelling rather than incorrect lipid identification.
Hence, the assighed number of carbon atom that used to calculate the *C monoisotopic
masses of different isotopologues was wrong. Compound identification is still the
bottleneck in LC-MS based metabolomics and lipidomics (227). Employing data
dependent mode (MS/MS), the lipid class, fatty acyl-chain length, and the degree of
unsaturation can be annotated using LipidSearch™ however, several false positives are
still observed (228). Figure 3.18 represents a bar chart explaining the number of lipid
ions expected to be accurately identified and misidentified ions based on their labelling

pattern. PS is one of the misidentified classes in negative mode in LipidSearch™. Similar
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false identifications were reported by Xu L. et al. (228). It was revealed that low
abundance lipids like PS have a poor chromatographic behaviour and they are integrated
from noise or poor peak shapes. Therefore, these lipids cannot be identified or
quantified with high confident using the specified parameters that were used in this
study. Thus, they suggest increasing the m-score up to 20 and the peak area threshold
up to 5.00E06 in order to correctly identify these lipid species. Also, they stated that the
m-score which is calculated in the software according to MS/MS fragment matching with
its database could be misleading. According to the software developer, the higher the
m-score is, the more confident the lipid identifications (229). Here, m-score is related to
the number of fragments matched with the database. Therefore, due to the unique
fragmentation of each molecular species, lipids that generate few fragments like FA will
have a lower m-score compared to lipids that produce more fragments like TG.
Therefore, different m-score thresholds should be used for different lipid classes to
eliminate this type of unreliable results. Also, they stated that in-source fragmentation
inside the Orbitrap and fatty acid dimerisation could be an alternative source to
introduce misidentifications especially for dMePE and ChE and OAHFA (228). Hence, IS
within mass error of 5 ppm of expected 3C-fully labelled mass detected within RT

window of 30 s of unlabelled identified peak will be used for normalisation.
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Figure 3.18: A bar chart explaining the number of lipid ions detected in A) negative mode and B)
positive mode, expected to be truly identified (coloured in blue) and misidentified (coloured in red)
by LipidSearch™ based on their labelling pattern.

3.5 Conclusion

In this chapter, a comparison of lipid profiles and the potential labelling efficacy for five
of the most widely used species (E. coli MG 1655, spirulina, S. cerevisiae BY4741, S.
cerevisiae CEN.PK 113-7D and P. pastoris) as a source of ISs for normalisation in
untargeted analysis was presented. It is the first time that a comparison and optimisation
of biologically-generated '3C-labelled internal standards have been performed for
untargeted lipidomics. It is clearly shown that there is a difference in lipid classes
predominant in each species as well as their labelling efficacy. An in vivo labelling
strategy was used to produce a wide range of isotopically labelled IS, a practical
alternative to the expensive route of buying the synthetic form of these *3C-labelled IS.
Also, this technique can provide the isotopically labelled forms of different lipids that are
not readily available in the market, leading the way toward comprehensive compound-
specific normalisation in lipidomics. Although each species could be considered as a
valuable source of IS mixture, P. pastoris NCYC175 was the optimum source of IS mixture
in quantitative analysis in clinical samples, where it can provide more common lipids

compatible with known lipids in biologically complex human samples and probably a
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higher number of labelled lipids that can be used as IS for normalisation. The use of 13C-
labelled P. pastoris extract in the proposed normalisation approach will be investigated
in the next chapter for its ability to reduce and correct technical/instrumental variations

during extraction and analysis.
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4. Development and validation of an untargeted lipidomics
method using 3C-labelled internal standards for normalisation

4.1 Introduction

In analytical chemistry, measurement of a wide range of analytes in a given sample is
never perfect due to measurement errors which can be broken down into two
components: systematic and random errors (230). The systematic error generally
caused by personal, method or instrumental inaccuracies which makes the mean of
a data set differ from the true value. This type of error generally can be minimised or
nearly eliminated by applying the proper experimental design. On the other hand,
random error has no pattern and it is usually caused by factors that vary from one
measurement to another, which makes the data to scatter more around a mean
value, random error reasons are unknown and it generally can be reduced but not
totally removed (105). However, in successful analysis, the random variance needs to
be reduced as much as possible to the point that it is negligible compared to the

biological variance (105).

Most MS platforms for metabolomics analysis, especially when coupled to GC or LC,
suffer from unwanted variations regards accuracy and precision, batch-to-batch
variations, run order effects, and poor reproducibility due to ion
suppression/enhancement in ESI, the high dynamic range of metabolite
concentrations and their short half-life (231-235). This results in an increase in
experimental variation that is not linked to the studied factor and subsequently
affects the quality of the data (236). Understanding the causes of these unwanted
variations poses a great challenge in metabolomics research especially in the

untargeted analysis where it is difficult to evaluate these variations and quantify
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them when typically, hundreds or thousands of features are detected. Figure 4.1
represents the growing interest in addressing and correcting these variations in

metabolomics/lipidomics studies.
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Figure 4.1: Literature survey of published articles that address the need for data normalisation in
metabolomics studies. The search query was performed with keywords
(normalisation/normalisation) in (metabolomics/lipidomics) from 2004 to 2018 via online analysis
tool of Scopus searching platform.

Most types of errors are linked to some type of bias, which usually originates from
poor initial experiment design, execution, analysis and interpretation of results and
it is one of the main problems in metabolomics experiments (237). With regard to
biological biases, samples selection and conditions are very common in
metabolomics studies while for analytical biases, sample preparation is the most

problematic step (237, 238).

Systematic and random errors are observed in almost every analysis. However, the

degree and the direction of these changes depend on the metabolites. Some
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metabolites show minimal drift while others drift severely, besides some metabolites
show a linear increase in response over time, some show a linear decrease, and many
others show a nonlinear change over time. In conclusion, it is advantageous to correct

the response of each metabolite avoid or minimize these errors (105).

In targeted studies, obtaining absolute quantification for a specific set of metabolites
would provide an accurate estimate of the selected metabolites and compensate for
all errors introduced during sample preparation and analysis. The application of an
appropriate IS is commonly used to assess and eliminate these variations (128, 231,
236). However, obtaining the absolute concentration of these metabolites using
specific calibration curves using IS is difficult, that is because FDA requires at least six
calibrator points in the same matrix as the studied samples, covering the quantitation
range in every run, this could be very difficult to achieve in metabolomics studies
especially when a large number of metabolites is included in the analysis or in large-

scale cohort studies (28, 155, 233, 239, 240).

In untargeted studies, it is impossible to provide the absolute concentration of the
studied features due to their huge number without prior knowledge of the limits of
detection, limits of quantification, and linearity quantifiers (105). In addition, the
chemical identities of these features are not known prior to data acquisition and
hence it is impossible to use standards and construct a calibration curve for each
feature (105). Therefore, as a prerequisite of untargeted studies, a sophisticated
experimental design should be employed in order to consider all source of errors
including samples’ type, source, handling, collection, extraction and storage, method

of analysis, data acquisition and data mining (241, 242).
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Several normalisation approaches have been utilised to reduce random error in
untargeted analysis including application of scaling factors (120, 243, 244), QC
samples (124, 245), reference sample (246) or by using an IS or a mixture of IS (115,
118, 129, 140, 247). The increasing interest shown in the scientific literature towards
various normalisation methods for untargeted metabolomics, this highlights the
significance of this problem, however, it toughens the challenge for the analyst to
choose the most appropriate normalisation method (236). However, all of the
methods mentioned before except the use of IS are considered as post-acquisition
normalisation methods which can correct instrumental variations introduced during
analysis. The use of IS can be considered as post- and pre-acquisition normalisation
method depending on the time when the IS was added into the samples (105).
Therefore, if the IS or the IS mixture was added before sample extraction, it can be
used to correct variations introduced from the beginning during sample preparation,
storage and all through the analysis. However, In untargeted studies, it is difficult to
use only one labelled standard because of the huge diversity of metabolite structures,
concentration and composition, in addition it is impractical to assume that all the
metabolites with different masses and physicochemical properties are subject to the
same amount of variation as the standard (117, 118). Also, in lipidomics studies,
different lipid species such as Cer, DG and SM can overlap due to inadequate
chromatographic separation, and it is not practical to use the same normalisation
factor on these species (118). In addition, non-polar lipid classes that do not have an
ionisable head groups (like ChE, DG, TG) do not manifest identical response factors
even at low concentration and their response should be determined in advance with

respect to their acyl chain length and their degree of unsaturation which make the
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analysis even more complicated (57, 133). Therefore, in order to obtain better
results, more than one standard should be included in the analysis and preferably
one IS for each lipid species or one for each lipid class. However, the cost and the
availability of IS limit the use of this approach in untargeted analysis, hence, there
has been significant recent interest in generating comprehensive mixtures of
isotopically labelled IS in vivo to evaluate and correct instrumental variations
introduced during samples preparation, storage and analysis (129, 140, 150).
However, the ability of these labelled IS to reduce variations in complex biological

samples has not been fully evaluated with respect to lipidomics studies.

4.2 Objectives

To evaluate the full capability of the optimised 3C-IS mixture obtained by in vivo
labelling strategy using P. pastoris in correcting various instrumental variations that

could arise in untargeted lipidomics studies.

4.3 Materials and methods

4.3.1 Plasma extraction
Extraction was performed according to a modified method of Bligh and Dyer (99).

Figure 4.2 represents a schematic presentation of the plasma extraction process.
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Figure 4.2: Flowchart describing plasma extraction process.

4.3.2 Optimisation of plasma: IS ratio

The amount of IS used is very critical; using too small or very large amount could lead
to huge experimental errors and therefore it should be optimised to a certain range.
If too little is used, then any small error carried with the IS amount will be amplified
and this could results in a large variation of the final results, while if too much is used,
this will lead to a matrix effect on endogenous species which will affect the
quantification of low abundance species (57). Wang et al. proposed that the relative
intensity of the added IS to the ion peak that corresponds to the most abundant
species in the class should be in the range of 20-500% (57). However, in untargeted
analysis with various lipid species with wide dynamic range, it is difficult to estimate
the amount of IS that must be used especially when an in vivo labelling strategy was
used to generate labelled lipid standards. The aim is to choose the lowest amount of
“IS mixture” that can provide a higher number of standards with minimal ion
suppression that can be considered as a cheaper alternative for commercially
available labelled ISs which can be utilised in the high-throughput lipidomic analysis.

The unlabelled extract of P. pastoris was used instead of the labelled extract to
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simplify the analysis and the term “IS mixture” will be used to refer to it. Five ratios
of water (50 pL): “IS mixture” were studied: 1:0.2, 1:0.5, 1:1, 1:2 and 1:3. In addition,
different amounts of the “IS mixture” were extracted in the presence of plasma (50
uL) to assess the effect of ion suppression during analysis. A list of 166 lipid ions
identified and detected previously in all replicates of P. pastoris extract, were used to
monitor the effect of different dilution ratio. Tox-ID was used to report the intensity
of the detected ions based on accurate mass scans with exact mass window (< 5

ppm), RT window (< 0.50 min) and intensity threshold (> 1E4).

4.3.3 Optimisation of SPLASH® amount

The SPLASH® supplied from Avanti® is pre-mixed deuterated internal standards (D-
IS) that include all the major lipid classes at ratios relative to human plasma. This
mixture provides a lipidomic analytical standard solution for human plasma lipids that
can save money and time. According to the company it is supplied in a vial (1 mL after
reconstitution with methanol) that is enough for 100 plasma samples (10 pL per
sample). List of IS’s present in the solution is shown in Table 4.1. 10 uL of SPLASH®
solution was diluted in 90 and 40 L isopropanol to obtain a dilution of 1:10 and 1:5,
respectively, they were then analysed and the signal of the IS’s were compared. Also,
the effect of biphasic extraction and inefficient recovery (as described in section 4.3.1
but without the plasma or the IS mixture) on the signal of the IS mixture was studied

and compared to the non-extracted SPLASH®.
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Table 4.1: List of deuterated compounds present in SPLASH® solution.

Compound name Chemical formula Exact mass
PC 15:0-18:1(d7) Ca1H73D7NOgP 752.6054
PE 15:0-18:1(d7) C3gHe7D7NOgP 710.5584
PS 15:0-18:1(d7) C39HssD7NNaO10P 776.5302
PG 15:0-18:1(d7) (Na Salt) C39He7D7NaO10P 763.5349
Pl 15:0-18:1(d7) (NHa Salt) Cs2H75sD7NO13P 846.5958
PA 15:0-18:1(d7) (Na Salt) Cs6He1D7NaOsP 689.4982
LPC 18:1(d7) Ca6H4sD7NO7P 528.3913
LPE 18:1(d7) C23H39D7NO7P 486.3444
ChE 18:1(d7) CasH71D702 657.6434
MG 18:1(d7) C21H33D704 363.3359
15:0-18:1(d7) DG C36H61D705 587.5499
15:0-18:1(d7)-15:0 TG Cs1H89D706 811.7639
d18:1-18:1(d9) SM C41H72D9N206P 737.6388
Cholesterol (d7) C27H39D70 393.3981

4.3.4 Experimental design

4.3.4.1 The effect of normalisation by 3C-IS mixture on plasma samples

Plasma samples (50 pL, n=6) (three sets of samples were used: human plasma, mouse
plasma and pooled human plasma) were extracted in the presence of labelled yeast
extract (*3C-IS, 100 pL) (1:2 ratio) and of SPLASH® (20 uL) (only in small set of samples
due to its high cost). Then all sets of groups were analysed on the Q-Exactive as
described previously in section 2.3. Lipid ions in plasma samples extracted without
any IS were identified by LipidSearch™ and TF was used to obtain the peak area of
the ions (unlabelled, 3C-labelled and deuterated). Although a high mass shift is
expected to be introduced by *3C or D-labelling, to ensure that there are no spectral
overlays between the selected endogenous unlabelled ions identified in plasma
samples and the labelled IS (*3C-IS or D-IS from SPLASH® solution) in order to
distinguish between the endogenous unlabelled ions and the labelled-IS by the
instrument and to ensure that the labelled-IS are absent in the samples of interest to
avoid isotopic interferences from the naturally occurring metabolite in the

guantification of compounds of interest (248, 249), the following criteria were used:
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unlabelled ions detected in three or more replicates from the same group were
included in the analysis, average response of unlabelled ion mass in plasma extract
over its response in blank samples >10 (S/N=10) and average response of unlabelled
ion mass in plasma extract over its response in 3C-IS (or D-IS) extract >10.13C-IS (or
D-1S) detected in all replicates were included in the analysis, average response of
labelled ion mass in plasma extracted in the presence of '3C-IS (or D-IS) extract over
its response in blank samples >10 (S/N >10) and average response of labelled ion
mass in plasma extracted in the presence of *3C-IS (or D-IS) extract over its response
in plasma extracted without *3C-IS extract >10. Then, these unlabelled identified ions
were normalised by TIC, *3C-IS or deuterated lipids and compared to non-normalised
data. For normalisation by TIC, the TICs of the samples were calculated from imported
data using Xcalibur in positive and negative modes. lons detected in positive and
negative modes were normalised by dividing their peak area by the TIC corresponding
to that mode. For normalisation by 3C-IS, lipids ions that their U-3C-labelled form
was found in the yeast extract they were normalised by dividing their peak area by
the peak area of the labelled form. For the other lipids, which their *3C-labelled form
was not found in the yeast extract, a representative IS (the most intense IS) from each
lipid class from the common ions were selected and used to normalise ions identified
in the same class. For normalisation by SPLASH®, the detected peak area of the D-
ions was used to normalise ions detected in the same class. When one lipid class was
not detected or was not included in SPLASH® solution, a deuterated ion from other

similar class was used for normalisation.
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4.3.4.2 The effect of different extraction methods on normalisation by 13C-IS
mixture on pooled plasma samples

To test the ability of 3C-IS in reducing variations introduced by different extraction
methods, samples were extracted using two methods. The first one (dried samples),
the samples were extracted as detailed in section 4.3.1, where the samples were
double extracted, their extract was concentrated, and the chloroform was replaced
by LC-MS grade isopropanol. The second method (non-dried samples), 50 uL of
plasma samples were subjected to single extraction step (using 500 pL chloroform:
methanol (1:2) followed by 500 pL water and 500 pL chloroform). After
centrifugation, an aliquot of the lower lipophilic phase was mixed with an equal
volume of LC-MS grade isopropanol prior to analysis without subsequent evaporation
and reconstitution steps. For simplicity, only unlabelled ions that their 3C-labelled
form was detected in all replicates were included in the analysis (compound-specific
normalisation). To avoid spectral overlays between the selected indigenous
unlabelled ions identified in plasma samples and the labelled IS (*3C-IS), similar
criteria for selection of unlabelled and labelled IS were used as detailed in section
4.3.4.1.

4.3.4.3 The effect of normalisation by *3C-IS in reducing variations introduced during
sample preparation and LC-MS analysis on pooled plasma samples

In metabolomics studies, especially in large scale studies, sample preparation could
introduce variations between the samples. For example, in one study the plasma
metabolome had a distant significant change when the blood was exposed at RT for
up to 24 h while no changes were observed when the blood was placed in ice water

up to 4 h (250). Therefore, when it is possible, samples analysed in one batch should
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be prepared at the same time in order to reduce potential errors observed during
sample preparation (28). To test the ability of 13C-IS extract in reducing variations that
could be introduced during samples preparation, 101 samples from a pooled human
plasma sample were extracted in the presence of 13C-IS extract as detailed in section
4.3.1 and analysed. To ensure that the analysis order does not correlate with sample
preparation order, samples were randomised during analysis (28). Then, to test the
ability of 13C-IS extract in reducing variations the could be introduced during samples
analysis, 230 injections of a pooled extract of human plasma samples extracted in the
presence of 13C-IS extract prepared were analysed over more than 77 h. After that,
to test the ability of 3C-IS extract in reducing instrumental day to day variations, 15
replicate injections of a pooled extract of human plasma extracted in the presence of
13C-IS extract prepared were analysed on three different days (Day 0, 7 and 14). Three
replicates from pooled plasma were extracted without '3C-IS and used for lipid
identification. For simplicity, only unlabelled ions that their '3C-labelled form was
detected in all replicates were included in the analysis (compound-specific
normalisation). To avoid spectral overlays between the selected indigenous
unlabelled ions identified in plasma samples and the labelled IS (*3C-IS), similar
criteria for selection of unlabelled and labelled IS were used as detailed in section

4.3.4.1. Samples were stored at -20°C till analysis.

4.3.4.4 The effect of global *3C-IS normalisation
Previously, for simplicity and ease of calculations, only unlabelled ions detected in
50% or more of the samples and their U-13C-labelled respective form detected in all

replicates were normalised and compared. However, to test the ability of 3C-IS
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mixture to reduce variations that are introduced during sample analysis globally, all
unlabelled ions detected in 50% or more of the samples in long run (when 230
injection of pooled plasma sample were analysed over more than 77 h) were
normalised and compared to non-normalised data regardless if the *3C-labelled forms

were detected or not.

In that experiment, 423 unlabelled ions were detected in 50% or more of the
injections and 100 labelled ions were detected in all samples that can be used for
compound-specific normalisation directly or non-compound-specific normalisation
(when different 13C-IS is used to normalise unlabelled endogenous ions once the U-
13C-labelled form of that ions cannot be detected or cannot be labelled in the yeast
extract). These unlabelled ions were normalised by TIC and by 3C-IS as described in
section 4.3.4.1. However, for normalisation by '3C-IS, when the U-13C-labelled form
of a specific lipid was not detected in all replicates, this lipid was normalised using
one of the 3C-IS detected in all replicates either based on RT alone or based on RT
taking into account chemical similarity (or class similarity). When ions were
normalised by RT, their peak areas were divided by the peak area of nearest *3C-IS
detected in that ionisation mode whereas when they were normalised by RT based
on chemical similarity, their peak area was divided by the peak area of nearest '3C-IS
from the same lipid class detected in that ionisation mode. When no 13C-IS detected
in one or more lipid class, unlabelled ions in those classes were normalised by the

nearest 13C-IS detected in that ionisation mode.
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4.3.5 Method evaluation
The performance was assessed by comparing the CV% across all metabolites and
replicates. CV% was calculated in an Excel sheet based on Equation 4.1. where o is

the standard deviation and X is the grand mean response of the metabolite (251).
CV% = (E) * 100 ....Equation 4.1
X

The results were plotted as a whisker plot that facilitates visual comparison of CV%
from multiple normalisation datasets where lines represent the lower quartile,
median and upper quartile values and the whiskers were used to display the
minimum and the maximum value. The data also were visualised by a Histogram of
CV% values that can clarify the CV% distribution more clearly. Friedman test, a
nonparametric test that compares three or more matched groups was used to assess
the difference between different normalisation methods (252, 253). Wilcoxon
matched pairs test, a nonparametric test that compares two paired groups (252).

MetaboAnalyst has been used to perform unsupervised principal component analysis
(PCA) when applicable to evaluate the similarity between different data sets and to
assess the impact of different normalisation on the expected variation in the analysis
(254). LC-MS spectral data can be described as a data matrix X, containing variables
K with observation N for each variable. In PCA analysis, in order to yield interpretable
results, these multidimensional data are projected to a reduced new set of
uncorrelated orthogonal variables known as principal components (PCs) while
retaining as much information as possible. The data were mean centered, scaled

using Parito scaling factor and subjected to log transformation to restore normality.
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The primary goal of PCA is to identify patterns or class differences from a multivariate

dataset (255, 256) .
4.4 Results and discussion

4.4.1 Optimisation of plasma extraction protocol

Figure 4.3 represents the total ion chromatograms of non-dried and dried samples. A
marked difference was seen in the chromatogram especially at early RT (at 1.09 min
and between 5-7 min where chloroform and LPC were expected as marked by the red
circles in Figure 4.3) that could be due to incompatibility of the chloroform with the
used column and mobile phases. This was confirmed by the number of identified ions
by parent ion search using LipidSearch™ in both groups, where a higher number of
ions were identified in the non-dried sample compared to dried sample (see Table
4.2). Also, this could explain why in dried samples, the significantly higher number (p-
value 8.09E-06) of ions were identified by product search compared to non-dried
samples. It seems that in non-dried samples, due to lipids partition when chloroform
moves across the column carrying with it some of the lipids, their intensity at the
original RT decreases, and therefore they are no longer identified by LipidSearch™ at
the used parameter (S/N of 2). Also, the TICs of the dried samples were higher than
those in non-dried samples because of chloroform removal, sample double-
extraction and extract concentration that could improve the sensitivity and therefore
more ions could be identified. These finding can be supported by untargeted analysis
of the samples where more features can be detected with high reproducibility in
dried samples compared to non-dried samples. Therefore, to avoid lipid partition and

possibly double identification and to improve the sensitivity, plasma samples will be
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extracted as detailed in section 4.3.1 to include evaporation and reconstitution

stages.

Table 4.2: The effect of chloroform removal on the number of detected features in untargeted
analysis and on the number of identified lipid ions by LipidSearch™.

Parameters Plasma (non-dried) Plasma (dried)
Number of identified ions by LipidSearch™

Parent search (n=1) 1284 950

Product search (n=3) (meanSD) 31243 415+5"
Detected features

Feature detected in all replicates (mean) 8200 9245

Features detected with CV% <30 (mean) 75% 82%

*Significantly different (p-value 8.09E-06).
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Figure 4.3: The effect of chloroform removal on the total ion chromatogram. A) represents a
chromatogram of non-dried human plasma extract. B) represents a chromatogram of a dried human
plasma extract. The red circles mark the major difference seen in the chromatogram between the
dried and non-dried plasma extract at 1.09 min and between 5-7 min where the chloroform and LPC
species were expected to appear respectively.

In addition, a closer look at the list of identified ions in non-dried samples (see
appendix, Table A.2), 14 ions (mostly LPC) were detected at ~1.1 min with high
intensity. This was not expected as LPC are known to be retained at the used column
(ACE Excel 2pum super C18 column, 50 x 2.1 mm, pore size 100 A, Advanced

Chromatography Technologies Ltd, Scotland, UK) and they should be seen later
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around 4-6 min. Also, some of these ions were detected with high confidence at
different RT. For example, LPC(18:3)+H (m/z 518.3241) was detected at 1.14 and 5.39
min (Figure 4.4A) and LPC(20:4)+H (m/z 544.3397) was detected at 1.15 and 4.67 min

(Figure 4.4B).

Although lipid isomers could explain this behaviour, the exclusivity of these
observations to LPC only and knowing that chloroform is not retained on C18 column
excludes this reason. Therefore, these observations could be due to incompatibility
of the chloroform with the used column (ACE Excel 2um super C18 column, 50 x 2.1
mm, pore size 100 A, Advanced Chromatography Technologies Ltd, Scotland, UK) and
mobile phases. As the chloroform carrying the sample moving across the column, the
lipids start to partition between isopropanol (mobile phase B) and chloroform. It
seems that LPC favour the chloroform and so most of them were eluted at the same
time (see Figure 4.4C). Since the time for this process is short, sometimes incomplete
partition happens and therefore some of the ions with high intensity retained at
different RT and eventually identified by LipidSearch™ again. Also, it seems that this
process is variable as it can be seen from the peak area of the identified lipids in three
replicates as seen in Figure A.1 in Appendix, which could highly affect any further

analysis and normalisation
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Figure 4.4: The effect of chloroform on the detection of A) LPC(18:3)+H (m/z 518.3241), B)
LPC(20:4)+H (m/z 544.3397) putatively identified by LipidSearch™ in positive mode in plasma extract
and C) represents the chloroform peak detected in negative mode (m/z 116.9071).
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4.4.2 Optimisation of plasma: *3C-IS mixture ratio

Figure 4.5 represents the number of detected ions when a different amount of
unlabelled extract was extracted with and without plasma. When “IS mixture” was
extracted without plasma (water), the higher the amount used, the more ions can be
detected. However, the number of detected ions in samples of 1:2 and 1:3 were
similar (p-value 0.2909). For “IS mixture” extracted in the presence of plasma, the
higher the amount used, the more ions that can be detected. However, there was no
significant difference between the number of detected ions from different ratios,
fewer ions were detected compared to samples extracted without plasma due to ion
suppression from plasma matrix. So, the optimum dilution of the “IS mixture” that is
expected to provide a high number of labelled IS’s with minimal ion suppression is

1:2 and this optimised ratio was used in subsequent experiments.
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Figure 4.5: The number of detected ions when a different amount of “IS mixture” was extracted with
plasma and without plasma (referred to as water) at five dilution ratios (n=3). The black stars
represent the significant difference in the number of detected ions. (**** p <0.0001, *** p <0.001,
** p <0.01, * p <0.05).
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4.4.3 Optimisation of SPLASH® mixture addition to plasma

A good signal was obtained from 1:10 dilution, however, when the same amount of

SPLASH® was extracted a substantial reduction in signal was observed for all the

compounds (see Appendix, Table A.3). Therefore, instead of using 10 uL of the

SPLASH® solution as suggested by Avanti®, 20 uL of the solution will be used in order

to obtain a good peak of the IS mixture even after extraction. Since there was no

reference IS for the D-IS, the matched RT between different adduct in positive and

negative mode was used as an indication for the presence of that lipids. Cholesterol

adduct was seen at different RT, so no proper conclusion can be withdrawn and

therefore it was not used as IS. D-IS masses used for both positive and negative mode

are listed in Table 4.3.

Table 4.3:List of internal slandered masses and RT from SPLASH® solution that will be used for

normalisation.

Lipid Standard Adduct Polarity m/z RT (min)
ChE 18:1(d7) [M+NHa]* + 675.6772 14.50
DG 15:0-18:1(d7) [M+NHa]* + 605.5837 9.70
[M-H+CHsCO2H] - 646.5637 9.70
LPC 18:1(d>) [M+H]* + 529.3986 5.61
[M-H+CHsCO2H] - 587.4052 5.61
LPE 18:1(d>) [M+H]* + 487.3517 5.74
[M-H] - 485.3371 5.74
MG 18:1(d7) [M+NHa]* + 381.3697 6.82
[M-H+CHsCO2H] - 422.3497 6.82
PA 15:0-18:1(d7) [M+NHa]* + 685.5500 9.16
[M-H] - 666.5089 9.16
PC 15:0-18:1(d>) [M+H]* + 753.6126 8.99
[M-H+CHsCO2H] - 811.6192 8.99
PE 15:0-18:1(d) [M+H]* + 711.5657 9.04
[M-H] - 709.5511 9.04
PG 15:0-18:1(d7) [M+NHa]* + 759.5868 8.66
[2M-H] - 1482.099 8.66
Pl 15:0-18:1(d7) [M+H]* + 830.5763 8.58
[M-H] - 828.5618 8.57
PS 15:0-18:1(d) [M+H]* + 755.5555 8.78
[M-H] + 753.5410 8.78
SM d18:1-18:1(ds) [M+H]* + 738.646 8.82
TG 15:0-18:1(d7)-15:0 [M+NHa]* + 829.7977 13.09
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4.4.4 Evaluation of 13C-IS mixture for normalisation of lipidomics analysis

4.4.4.1 Evaluation of 3C-IS mixture for normalisation of lipidomics data from human
and mouse plasma

Six biologically different human plasma samples were collected from fasting subjects.
392 lipid ions were identified from raw samples using LipidSerach™. 347 ions were
detected in all set of groups (the included ion should be detected in three or more of
the samples in the same group). 112 ions were found to be common between the
plasma samples and the labelled yeast extract where they can be used as IS for
compound-specific normalisation or for class normalisation. The assessment of QC
samples indicates a stable column and instrumental response during data acquisition
since the calculated CV% of 93% of the detected features among the QC samples

were less than 30, which indicate a good instrumental reproducibility (155).

Figures 4.6 and 4.7 represent the result of normalisation of 347 ions detected in all
set of groups and the compound-specific normalisation of 112 ions that their
respective uniformly labelled form was detected in plasma samples extracted in the
presence of 13C-IS, respectively. It appears that normalisation by TIC improves the
overall response and a lower CV% were obtained for most of the selected ions.
However, normalisation by 3C-IS or by SPLASH® had a negative impact on those ions.
The reason for such behaviour was not completely understood since many
researchers demonstrate the ability of 3C-labelled yeast extract to correct variations
during sample preparation and analysis in targeted and untargeted lipidomics studies
on plasma samples (140, 150, 152). So, another set of samples were used to evaluate
and to confirm why normalisation by *3C-IS or by SPLASH® had a negative impact on

CV% of the tested ions.
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Figure 4.6: Coefficient of variance distributions for different normalisation methods by a whisker plot
(A) and by a histogram where the X-axis represents the bin centre of CV% while the Y-axis represents
the counts for each bin (Frequency) (B). Data shown are based on human plasma samples (n=6)
where all 347 lipid ions detected in more than 50% of the samples were normalised by TIC (P-TIC),
13C-IS by compound-specific and hon-compound specific normalisation (P-13C-IS) or by SPLASH®
solution (P-SPLASH) and compared to raw un-normalised data. (**** p <0.0001, *** p <0.001, ** p
<0.01, * p <0.05, where the green colour indicates a reduction in overall CV% while the red colour
indicates an increase in overall CV%).
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Figure 4.7: Coefficient of variance distributions for different normalisation methods by a whisker plot
(A) and by a histogram where the X-axis represents the bin centre of CV% while the Y-axis represents
the counts for each bin (Frequency) (B). Data shown are based on human plasma samples (n=6) were
only common ions between plasma samples and 13C-yeast extract (112 ions) were included in the
analysis and normalised by TIC (P-TIC), 3C-IS by compound-specific normalisation (P-3C-IS) or by
SPLASH® solution (P-SPLASH) and compared to raw un-normalised data. (**** p <0.0001, *** p
<0.001, ** p <0.01, * p <0.05, where the green colour indicates a reduction in overall CV% while the
red colour indicates an increase in overall CV%).
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In this experiment, six biologically different plasma samples were collected from
fasting mice. 415 lipid ions were identified from raw samples. 395 ions were detected
in 50% or more in all set of groups. 132 ions were found to be common between the
plasma samples and the labelled yeast extract where they can be used as IS for
compound-specific normalisation or for class normalisation. The assessment of QC
samples indicates a stable column and instrumental response during data acquisition
since the calculated CV% of 92% of the detected features among the QC samples

were less than 30, which indicate a high instrumental reproducibility (155).

Figures 4.8 and 4.9 represent the result of normalisation of 395 ions detected in all
set of groups and the normalisation of 132 ions that their respective uniformly
labelled form was detected in plasma samples extracted in the presence of '3C-IS,
respectively. It appears that normalisation by TIC improves the overall response and
a lower CV% were obtained for most of the selected ions. Compound-specific
normalisation by 13C-IS had no observed effect but the overall normalised ions either
by compound-specific 13C-IS or by representative 13C-IS had overall a lower CV%
compared to raw data while normalisation by SPLASH® had a negative impact on the

CV% of those ions.
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Figure 4.8: Coefficient of variance distributions for different normalisation methods by a whisker plot
(A) and by a histogram where the X-axis represents the bin centre of CV% while the Y-axis represents
the counts for each bin (Frequency) (B). Data shown are based on mouse plasma samples (n=6)
where all 395 lipid ions detected in more than 50% of the samples were normalised by TIC (P-TIC),
13C-IS by compound-specific and hon-compound specific normalisation (P-13C-IS) or by SPLASH®
solution (P-SPLASH) and compared to raw un-normalised data. (**** p <0.0001, *** p <0.001, ** p
<0.01, * p <0.05, where the green colour indicates a reduction in overall CV% while the red colour
indicates an increase in overall CV%).
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Figure 4.9: Coefficient of variance distributions for different normalisation methods by a whisker plot
(A) and by a histogram where the X-axis represents the bin centre of CV% while the Y-axis represents
the counts for each bin (Frequency) (B). Data shown are based on mouse plasma samples (n=6) were
only common ions between plasma samples and 13C-yeast extract (132 ions) were included in the
analysis and normalised by TIC (P-TIC), 3C-IS by compound-specific normalisation (P-3C-IS) or by
SPLASH® solution (P-SPLASH) and compared to raw un-normalised data. (**** p <0.0001, *** p
<0.001, ** p <0.01, * p <0.05, where the green colour indicates a reduction in overall CV% while the
red colour indicates an increase in overall CV%).
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Having similar physicochemical properties, it is expected that a metabolite and its
13C-labelled counterpart will have the same degree of ion suppression or
enhancement if they were analysed under similar conditions. Despite the fact that
their levels might change during the analysis, the ratio between the two will be
always constant (134, 150, 257). However, it seems that the irregular peak shape of
the low abundant labelled form could lead to variation in recorded peak area even
after spectral smoothing. In addition, due to the matrix effect, the presence of high
abundant co-eluted compounds could interfere with detection of low abundant ions
that could affect effective normalisation, especially where ions were normalised by
non-identical IS (different '3C-labelled analogues) (59, 258). For example, when TG
(16:0/16:0/20:1)+NH4 was normalised by '3C-IS, the calculated CV% increased from
42 to 99%. The unlabelled and the labelled forms were detected at m/z of 878.8149
and 933.9964, respectively at 15.14 min (see Figure 4.10). The low abundant labelled
form and its irregular peak shape leading to inconsistent peak integration by TF could
be the reason why the CV% increased after normalisation. Also, interference caused
by overlapping chromatographical peaks due to possible chemical impurity and/or
isotopic interferences from the yeast extract could affect the response of the
unlabelled endogenous ions and the IS. This phenomenon known as cross-

contribution could affect the normalisation process (259, 260).
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Figure 4.10: Extracted ion chromatograms of A) unlabelled form, B) labelled matched form (unsmoothed peak) and C) labelled matched form (smoothed peak) of
TG(16:0/16:0/20:1)+NH4 detected in plasma samples extracted in the presence of 3C-IS.
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In addition, incorrect matching between the labelled form and the unlabeled form of
the selected ions could lead to increase the CV% especially when the selected labelled
form was from different lipid class as they no longer exhibit similar physicochemical
properties (73, 261). For example, when PE (16:0/20:4)+H was normalised by *3C-IS,
the calculated CV% increased from 19 to 26%. Peak inspection of both the unlabelled
and labelled forms reveals that they were detected at different RT (see Figure 4.11,
for the completed extracted ion chromatogram for all replicate refer to Appendix,
Figure A.2). The unlabelled form was detected at 8.95 s while the matched labelled
form was detected at 8.77 s. Ideally, '3C-labelled form and the unlabelled form
analysed at the same chromatographic condition should have the same RT as they
possess similar physicochemical properties (257). However, this labelled form is most
probably not the labelled form of that unlabelled lipid ions, but it could be mixed with
another lipid isomer. Thus, isomers can have different response factor if they belong
to different lipid class or does not reflect the level of ion suppression of the unlabelled
ions and therefore it could lead to increase in its CV% when it normalised by an
isomer. In addition, the false identity of lipid ions reported by LipidSearch™ could
lead to a miss-match between unlabelled ions and another isomer or labelled form

of different lipids that eventually could affect the normalised CV%.

117



100— 8.94

Relative Abundance
L

7 1019 10.55
i 8.2@_&32 9992 ,/\V\,\/V\\ 10.87

: 815 ga7 966 9.81 10.99
G\\\\\\\\\\\\\I\\I\\\\\\\\\\

70 7.5 8.0 85 9.0 95 10.0 10.5 11.0
Time (min)

Figure 4.11: Part of the extracted ion chromatogram of A) unlabelled form detected at m/z of
740.5236, B) labelled matched form detected at m/z of 781.6589 of PE(16:0/20:4)+H detected in
mice plasma samples extracted in the presence of 13C-IS.

In both experiments, due to the nature of the samples (samples from biologically
different subjects), the calculated CV% in raw data reflects biological variations, such
as genetic variations, gender, age, and state of health in addition to analytical and
technical variations introduced during sample collection, storage, preparation,
analysis and data processing. Since the introduced *3C-IS mixture is expected to
correct only analytical and technical variation, the efficacy of the introduced
normalisation methods will be further assessed using pooled human plasma where

the biological variability between samples are no longer present.

444 lipid ions were identified from a pooled human plasma sample. 404 ions were
detected in all set of groups (the included ion was detected in three or more of the

samples in the same group). 102 ions were found to be common between the plasma
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samples and the labelled yeast extract where they can be used as IS for compound-
specific normalisation or for class normalisation. The QC response in this experiment
indicates stable column and instrumental response during data acquisition and high
system repeatability since the CV% of 89% of the detected features were less than 30

(155).

Figures 4.12 and 4.13 represent the result of normalisation of 404 ions detected in all
set of groups and the normalisation of 102 ions that their respective uniformly
labelled form was detected in plasma samples extracted in the presence of 13C-IS,
respectively. Statistical analysis showed a significant increase in the CV% of selected
ions after normalisation by all the methods used. In addition, Figure 4.14A shows that
only PE and dMePE normalised by *3C-IS have a marked reduction in their overall CV%
after normalisation compared to non-normalised ions (for PE: average CV% dropped
from 41.36 to 15.00, p-value < 0.0001; for dMePE: average CV% dropped from 59.71
to 48.10, p-value 0.0134). Also, as it is shown in Figure 4.14B, ions with good
repeatability when they normalised by all methods, their CV% increased. This could
be due to the biological nature of the factor used for normalisation due to
unavoidable random error in measurement systems according to Philip et al. (105,
262) that could propagate the total error. However, the effect of 3C-IS normalisation
is seen in ions with higher CV% where the IS were able to decrease the CV% of ions

subjected to a high level of variations.

It seems that conducting metabolomics study in a highly controlled reproducible
system with stable instrument response and column (C18 columns used for RF-LC-MS

studies are considered more robust than other columns such as HILIC (140, 232, 240))
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will result in high quality data that does not need any normalisation. In addition, the
used column is claimed to provide improved chromatographic performance and
stability as claimed by the company (263). So, in the light of these experiments, the
effect of 13C-IS normalisation will be evaluated when the LC-MS system is subject to
higher analytical variability where the level of random error is expected to increase

and affect the quality of the data.
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Figure 4.12: Coefficient of variance distributions for different normalisation methods by a whisker
plot (A) and by a histogram where the X-axis represents the bin centre of CV% while the Y-axis
represents the counts for each bin (Frequency) (B). Data shown are based on pooled human plasma
sample from blood bank (n=6) where all 404 lipid ions detected in more than 50% of the samples
where normalised by TIC (P-TIC), 3C-IS by compound-specific and non-compound specific
normalisation (P-13C-IS) or by SPLASH® solution (P-SPLASH) and compared to raw un-normalised
data. (**** p <0.0001, *** p <0.001, ** p <0.01, * p <0.05, where the green colour indicates a
reduction in overall CV% while the red colour indicates an increase in overall CV%).
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Figure 4.13: Coefficient of variance distributions for different normalisation methods by a whisker
plot (A) and by a histogram where the X-axis represents the bin centre of CV% while the Y-axis
represents the counts for each bin (Frequency) (B). Data shown are based on pooled human plasma
sample from blood bank (n=6) where only common ions between plasma samples and 3C-yeast
extract (102 ions) where included in the analysis and normalised by TIC (P-TIC), *3C-IS by compound-
specific normalisation (P-*3C-IS) or by SPLASH® solution (P-SPLASH) and compared to raw un-
normalised data. (**** p <0.0001, *** p <0.001, ** p <0.01, * p <0.05, where the green colour
indicates a reduction in overall CV% while the red colour indicates an increase in overall CV%).
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Figure 4.14: The effect of different normalisation methods on the CV% of selected lipid ions when data arranged A) per lipid classes, the red circles highlight when
normalisation by 13C-IS reduces the CV% significantly, or B) ascending from low to high CV% (from left to right) based on the raw data CV% values, where normalisation by

13C-IS reduces the CV% significantly when high variability is seen in raw data as seen at the right side of the plot. Data shown are based on pooled human plasma sample

6) where all 404 lipid ions detected in more than 50% of the samples were normalised by TIC (P-TIC), *3C-IS by compound-specific and non-compound

specific normalisation (P-'3C-IS) or by SPLASH® solution (P-SPLASH) and compared to raw un-normalised data (P-Raw).

from blood bank (n
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4.4.4.2 The effect of different extraction methods on normalisation by 13C-IS
mixture on pooled plasma samples

The QC response in this experiment was consistent where the CV% of 85% of the
detected features was less than 30%, which indicates a good system repeatability
during the analysis for metabolomics/lipidomics studies (155). Due to the nature of
the studied samples (single source of plasma), the calculated CV% in raw data reflects
variations introduced during sample preparation and analysis only. In non-dried
samples, 121 13C-labelled ions were detected in all replicates and used for compound-
specific normalisation whereas, in dried samples, 151 3C-labelled ions were detected
in all replicates and used for compound-specific normalisation. Figure 4.15 represents
the normalisation results of the selected ions in non-dried and dried samples. After
normalisation, a significant reduction in overall CV% of the selected ions was
observed in non-dried samples, while no difference was observed in dried samples.
In non-dried samples, the presence of chloroform could introduce more variations as
it is not retained on the column and therefore the 3C-IS was able to decrease these
variations. Whereas the dried samples were more compatible with the used column
and the used method of analysis, as a result, the normalisation was not effective. This
was in agreement with our previous normalisation trials, where normalisation had
negative or no effect on the CV% of the selected ions in the set of samples where

minimal analytical and technical variations are expected.
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Figure 4.15: Coefficient of variance distributions for different normalisation methods by a whisker plot ((A) and (B)) and by a histogram where the X-axis represents the bin
centre of CV% while the Y-axis represents the counts for each bin (Frequency) (C) and (D)) of 121 and 151 lipid ions detected in more than 50% of pooled human plasma
from blood bank extracted using two different methods: non-dried samples and dried samples respectively. Data shown discuss the effect of normalisation by TIC (P-TIC)
and 3C-IS by compound-specific normalisation (P-13C-IS) on single human plasma sample from blood bank (analytical samples=6) when extracted as detailed in section
4.3.1, where the samples were double extracted, their extract was concentrated, and the chloroform was replaced by LC-MS grade isopropanol (dried samples) and
compared to plasma samples subjected to a single extraction step and after that an aliquot of the lower lipophilic phase was mixed with an equal volume of LC-MS grade
isopropanol prior to analysis without subsequent evaporation and reconstitution steps (non-dried samples). (**** p <0.0001, *** p <0.001, ** p <0.01, * p <0.05, where the
green colour indicates a reduction in overall CV% while the red colour indicates an increase in overall CV%).
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To evaluate the effect of chloroform removal and sample concentration, the CV% of
unlabelled ions and 3C-labelled ions was studied. 559 unlabelled ions were detected
in 50% or more of the samples in plasma extracted alone (condition 1) or in the
presence of 13C-IS extract (condition 2). Figure 4.16 represents the effect of drying on
the CV% distribution of unlabelled ions. In both conditions, the overall CV% of the
selected ions (559 ions) in the dried samples was significantly lower to that in non-
dried samples which means dried samples yield more stable ions. This could be
because the dried samples are more concentrated and therefore more abundantions
are less subjected to ion suppression during analysis (59, 258) or because the sample
solvent is more compatible with the used mobile phase (80% isopropanol) that does
not affect the quality of the data unlike incompatible sample solvent as seen before

in section 4.4.1.
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Figure 4.16: The effect of drying on the CV% distribution of 559 unlabelled ions detected in 50% or
more in plasma extracted alone (condition 1) or in the presence of 3C-IS extract (condition 2). In all
groups, 10 replicates were studied. (**** p <0.0001, *** p <0.001, ** p <0.01, * p <0.05, where the
green colour indicates a reduction in overall CV% while the red colour indicates an increase in overall
CV%).
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In regard to the quality of 13C-IS, Figure 4.17 represents the effect of drying on the
CV% distribution of 13C-labelled ions detected in 50% or more in non-dried and dried
yeast extract (condition 1), re-extracted yeast extract (condition 2) or in re-extracted
yeast extract in the presence of plasma (condition 3) where 156 3C-labelled ions
were detected in all groups. In conditions 1 and 2, the overall CV% of the selected
ions in the dried samples was significantly lower to that in non-dried samples, yet in
condition 3, there was no statistical difference between the two samples. This could
be because the dried samples are more concentrated and therefore more abundant
ions are less subjected to ion suppression during analysis or because the sample
solvent is more compatible. However, in condition 3, where 13C-IS extract was re-
extracted in the presence of plasma, the samples are more concentrated, and the
matrix largely affects the ionisation of selected 3C-labelled ion and their CV%.
Therefore, the positive effect seen due to drying step is counter by the negative effect

of the matrix.
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Figure 4.17: The effect of drying on the CV% distribution of 156 3C-labelled ions detected in 50% or
more in non-dried and dried yeast extract (condition 1), re-extracted yeast extract (condition 2) or in
re-extracted yeast extract in the presence of plasma (condition 3). In all groups, 3 replicates were
studied. (**** p <0.0001, *** p <0.001, ** p <0.01, * p <0.05, where the green colour indicates a
reduction in overall CV% while the red colour indicates an increase in overall CV%).

The difference in the drying effect on unlabelled ions (Figure 4.16 (2)) and on 3C-
labelled ions (Figure 4.17 (3)) in plasma extracted in the presence of 3C-IS extract
could be due to matrix effect. It is believed that the unlabelled ions are more
abundant than *3C-labelled ions and therefore the matrix have minimal or no effect
on these ions and consequently these ions had significantly lower CV% upon drying.
While the matrix had a predominant effect on low abundant '3C-labelled ions and

consequently no improvement in CV% of the selected ions was seen upon drying.

Hence, in non-dried samples, it is believed that the presence of chloroform could
introduce more variations during analysis that the 13C-IS mixture was able to decrease
them. Whereas in dried samples, this source of variation is not introduced into the
system and therefore the normalisation was not effective. This in agreement with our

previous normalisation experiments discussed in section 4.4.4.1, where
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normalisation had negative or no effect on the CV% of the selected ions in the set of
samples where minimal analytical and technical variations are expected.

4.4.4.3 The effect of normalisation by *3C-IS in reducing variations introduced during
the extraction of a large set of samples

446 ions were identified in the extract of plasma alone. 379 unlabelled ions were
detected in 50% or more of the samples in plasma extracted in the presence of 13C-IS
extract and 142 labelled ions were present in all samples that can be used for
compound-specific normalisation. Figure 4.18 represents the normalisation results of
these ions. As shown, ions normalisation by TIC or by 13C-IS had a significant reduction
in overall CV% compared to that in raw data. also, ions normalised by 3C-IS had a
lower overall CV% compared to ions normalised by TIC but the difference was not
significant. This highlight the efficacy of normalisation by 3C-IS mixture in reducing
variations that could arise during samples preparation especially when a large

number of samples are extracted at the same time.
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Figure 4.18: Coefficient of variance distributions for different normalisation methods by a whisker
plot (A) and by a histogram where the X-axis represents the bin centre of CV% while the Y-axis
represents the counts for each bin (Frequency) (B). Data shown are based on pooled human plasma
sample from blood bank repeatably extracted (n=101) to study the effect of normalisation by *3C-IS
in reducing variations introduced during extraction of large set of samples where only common ions
between plasma samples and 3C-yeast extract (142 ions) where included in the analysis and
normalised by TIC (P-TIC) and by 3C-IS by compound-specific normalisation (P-13C-IS) and compared
to raw un-normalised data. (**** p <0.0001, *** p <0.001, ** p <0.01, * p <0.05, where the green
colour indicates a reduction in overall CV% while the red colour indicates an increase in overall CV%).
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4.4.4.4 The effect of normalisation by 3C-IS in reducing variations introduced during
sample analysis over a long analysis time

446 ions were identified in the extract of plasma alone. 423 unlabelled ions were
detected in 50% or more of the injections and 100 labelled ions were present in all
samples that can be used for compound-specific normalisation. Due to the nature of
the studied samples (230 analytical injections of a pooled extract of human plasma
samples), the calculated CV% in raw data shown in Figure 4.19, reflects variations
introduced during sample analytical variations only. In metabolomics, analysis of a
large set of samples for example in cohort studies or samples measured at different
time points is a challenge due to analytical drift, where for a given metabolite, time
related systematic variation in the reported metabolite response can often be
observed (105, 264). This could be due to metabolite instability in the autosampler
that could lead to non-enzymatic metabolite conversion (oxidation or hydrolysis)
(155), or from changes in chromatography (retention time or peak shape) (116) or
interaction of the sample components with the surfaces of the chromatography
system and MS instrumentation that could cause a build-up of contaminants that
were not effectively removed during analysis (233, 256). In a good experimental
design, although randomisation of the sample run order is used to reduce the effect
of these variations, it cannot be totally removed or compensated without the use of

internal standards (264).

Figures 4.19 and 4.20 represent the normalisation results of the selected ions. lons
normalised by TIC showed a significantly higher overall CV% compared to those in
raw data where ions normalised by '3C-IS revealed a significantly lower overall CV%.

In Figure 4.20 (1A and 1B), analytical drift in metabolites response can be observed
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over time that leads to a clear separation between injections analysed at different
days in PCA plot. Similar drift in QC samples was seen in large-scale serum and plasma
samples (28) and in urine samples (233) due to sample instability or unexpected
instrumental hardware or software errors. Normalisation by TIC was not able to
correct these analytical drifts and its reflection on PCA, whereas normalisation by *3C-
IS was able to correct these drifts and remove any difference between analysed

injections as seen in Figure 4.20 (3A and 3B).
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Figure 4.19: Coefficient of variance distributions for different normalisation methods by a whisker
plot (A) and by a histogram where the X-axis represents the bin centre of CV% while the Y-axis
represents the counts for each bin (Frequency) (B). Data shown are based on pooled human plasma
sample from blood bank repeatably injected and analysed (n=230) to study the effect of
normalisation by 3C-IS in reducing variations introduced during sample analysis over a long analysis
time where only common ions between plasma samples and 3C-yeast extract (100 ions) where
included in the analysis and normalised by TIC (P-TIC) and by *3C-IS by compound-specific
normalisation (P-*3C-IS) and compared to raw un-normalised data. (**** p <0.0001, *** p <0.001, **
p <0.01, * p <0.05, where the green colour indicates a reduction in overall CV% while the red colour
indicates an increase in overall CV%).
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Figure 4.20: The effect of TIC normalisation ((2) P-TIC) and compound-specific normalisation by*3C-IS ((3) P-'3C-IS) compared to raw data ((1) P-Raw). The results were
visualised as A) log average peak area of the selected ions against injection order and as B) PCA score plots overview. Data shown are based on pooled human plasma
sample from blood bank repeatably injected and analysed (n=230) to study the effect of normalisation by 13C-IS in reducing variations introduced during sample analysis
over a long analysis time where only common ions between plasma samples and *3C-yeast extract (100 ions) where included in the analysis and normalised by TIC (P-TIC)
and by 3C-IS by compound-specific normalisation (P-*3C-IS) and compared to raw un-normalised data.
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4.4.4.5 The effect of normalisation by 3C-IS on human plasma lipidomics data on
data acquired on three separate days

446 ions were identified in the extract of plasma alone. 337 unlabelled ions were
detected in 50% or more of the injections and 105 labelled ions were present in all
samples that can be used for compound-specific normalisation. Assessment of QC
samples indicates that good repeatability was obtained during the analysis at each
run. Due to the nature of the studied samples, the calculated CV% in raw data shown
in Figure 4.21, reflects variations introduced due to batch-to-batch variation. This
type of variation arises from sample handling, preparation and storage, MS
performance and columns stability over time that collectively affect the results of

large-scale studies (233, 246, 256).

Figures 4.21 and 4.22 represent the normalisation results of the selected ions. It
appears that ions normalised by TIC had similar overall CV% compared to that in raw
data, whereas ions normalised by 3C-IS had a significantly lower overall CV%.
Therefore, it reveals that normalisation by '3C-IS was able to decrease day to day
variations introduced by the instrument during samples analysis and this can be
confirmed by the PCA plot where no grouping in respect to batch variation was seen
after normalisation shown in Figure 4.22 (3A). Also, the heat map clearly supports
these findings where the intensity of the studied normalised ions shows no trend in
ions peak area in respect to the day of analysis as seen in raw data or data normalised

by TIC.
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Figure 4.21: Coefficient of variance distributions for different normalisation methods by a whisker
plot (A) and by a histogram where the X-axis represents the bin centre of CV% while the Y-axis
represents the counts for each bin (Frequency) (B). Data shown are based on pooled human plasma
sample from blood bank extracted and analysed (n=15) at different days (day O, day 7 and day 14) to
study the effect of normalisation by *3C-IS in reducing variations introduced during sample analysis
on three separate days (batch to batch variations) where only common ions between plasma
samples and 13C-yeast extract (105 ions) where included in the analysis and normalised by TIC (P-TIC)
and by 3C-IS by compound-specific normalisation (P-13C-IS) and compared to raw un-normalised
data. (**** p <0.0001, *** p <0.001, ** p <0.01, * p <0.05, where the green colour indicates a
reduction in overall CV% while the red colour indicates an increase in overall CV%).
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Figure 4.22: The effect of TIC normalisation ((2) P-TIC) and compound-specific normalisation by*3C-IS ((3) P-*3C-IS) compared to raw data ((1) P-Raw). The results were
visualised as A) PCA score plots overview and as B) heat map where the red, green and blue samples represent samples analysed at day 0, day 7 and at day 14 respectively.
Data shown are based on pooled human plasma sample from blood bank extracted and analysed (n=15) at different days to study the effect of normalisation by *3C-IS in
reducing variations introduced during sample analysis on three separate days (batch to batch variations) where only common ions between plasma samples and *3C-yeast
extract (105 ions) where included in the analysis and normalised by TIC (P-TIC) and by *3C-IS by compound-specific normalisation (P-'3C-IS) and compared to raw un-
normalised data (P-Raw).
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4.4.4.6 The effect of global 13C-IS normalisation

Figures 4.23 and 4.24 represent the normalisation results of the selected ions. It
appears that overall normalisation by TIC had significantly higher CV% compared to
non-normalised data. Also, ions normalised by '3C-IS exhibited different trends.
Unexpectedly, ions normalised by *3C-IS based on RT showed a significant reduction
in the overall CV% compared to non-normalised data while ions normalised by 3C-IS
based on class similarity and RT revealed a non-significant increase in the overall CV%.
lons normalised based on class similarity are expected to have a lower CV% because
lipids in the same class are known to have similar response factor as they share the
same head group and therefore, they are expected to undergo a similar level of ion
suppression during analysis (73, 261). A closer look at the ions that were normalised
revealed that 89 ions out of 423, their CV% was increased when normalised based on
class similarity compared to when normalised based on RT. A list of these ions is
shown in Table 4.4. It shows that SM and TG are the most affected lipids. 62 ions out
of 72 identified SM were negatively affected when normalised based on class
similarity. Such observation is believed due to false identification by LipidSearch™.
Where if the 13C -SM that used as IS to normalise other lipid ions in the same class
was not really an SM that will affect the normalisation process since different lipid
classes are subjected to a different level of ion suppression (73). The second affected
group were TG. TG detected at RT before 10.50 min were negatively affected when
normalised based on class similarity by 3C -TG. Similarly, false identification of these
early eluted TG could be the reason especially when that the first 3C -TG was
detected at RT after 11 min. Also, it could be that the used 3C -TG for normalisation
does not reflect the response of these TG with short fatty acyl chain since identical
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response factors are not valid for non-polar lipid classes such as TG and SM where
the response factors for these species is dependent on fatty-acyl chain length and
their degree of unsaturation (73, 261). It has been reported that instrumental
response of phospholipid species decreases with increasing acyl chain length,
especially at high lipid concentration, while the instrumental response increases with

increasing the level of unsaturation of these species (261).
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Figure 4.23: Coefficient of variance distributions for different normalisation methods by a whisker
plot (A) and by a histogram where the X-axis represents the bin centre of CV% while the Y-axis
represents the counts for each bin (Frequency) (B). Data shown are based on pooled human plasma
sample from blood bank repeatably injected and analysed (n=230) to study the effect of global
normalisation by 3C-IS in reducing variations introduced during sample analysis over a long analysis
time where all 423 lipid ions detected in more than 50% of the samples where included in the
analysis and normalised by TIC (P-TIC) and by 3C-IS by compound-specific normalisation and non-
compound specific normalisation either based on RT only (P-13C-IS (RT))or based on RT and chemical
similarity (P-13C-IS (class/RT)) and compared to raw un-normalised data (P-Raw). (**** p <0.0001,
*** p <0.001, ** p <0.01, * p <0.05, where the green colour indicates a reduction in overall CV%
while the red colour indicates an increase in overall CV%).
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Figure 4.24: The effect of different normalisation methods on the PCA score plots overview. Data
shown are based on pooled human plasma samples from blood bank repeatably injected and
analysed (n=230) to study the effect of global normalisation by *3C-IS in reducing variations
introduced during sample analysis over a long analysis time where all 423 lipid ions detected in more
than 50% of the samples where included in the analysis and normalised by TIC (P-TIC) and by *3C-IS
by compound-specific normalisation and non-compound specific normalisation either based on RT
only (P-*3C-IS (RT)) or based on RT and chemical similarity (P-*3C-IS (class/RT)) and compared to raw
un-normalised data (P-Raw).
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Table 4.4 : List of 89 ions that have a higher CV% when normalised by 13C-IS based on class similarity
compared to when normalised based on RT only.

CV%
lons
RT normalised lons lised Difference

i ; normali
Lipid ID Polarity (min) based on b:sedao:le V%

BeIs 13

(Class/RT) CIS (RT)
SM(d34:1)+H + 8.75 29.84 1.71 -28.13
SM(d32:1)+H + 8.34 31.71 4.05 -27.65
SM(d34:2)+H + 8.43 29.83 2.60 -27.23
SM(d32:2)+H + 7.98 31.99 5.83 -26.16
SM(d38:1)+H + 9.47 28.59 2.68 -25.91
SM(d30:1)+H + 7.76 31.89 6.49 -25.41
SM(d40:2)+H + 9.49 28.50 3.25 -25.25
SM(d38:2)+H + 9.15 28.03 3.73 -24.30
SM(d39:1)+H + 9.64 27.90 3.92 -23.99
SM(d36:3)+H + 8.54 29.59 5.64 -23.94
SM(d35:1)+H + 8.91 28.15 4.36 -23.79
SM(d42:1)+H + 10.17 27.61 3.98 -23.63
SM(d42:3)+H + 9.71 28.44 5.73 -22.72
SM(d40:1)+H + 9.80 29.10 6.43 -22.66
SM(d41:1)+H + 9.98 28.08 5.50 -22.58
SM(d42:2)+H + 9.79 28.53 6.06 -22.47
SM(d43:2)+H + 9.99 28.10 5.83 -22.27
SM(d43:1)+H + 10.31 27.53 6.00 -21.52
TG(33:1)+NH4 + 6.10 27.53 6.10 -21.43
SM(d42:3)+H + 9.31 27.04 5.90 -21.14
SM(d18:2/22:2)+H + 9.51 33.10 12.41 -20.69
SM(d39:2)+H + 9.26 28.57 7.91 -20.66
SM(d35:2)+H + 8.52 31.72 11.89 -19.83
SM(d18:1/25:3)+H + 10.05 28.15 8.42 -19.74
SM(d16:1/25:3)+H + 9.68 29.34 10.35 -18.98
SM(d16:1/18:3)+H + 8.37 37.75 18.80 -18.94
SM(d18:1/20:3)+H + 8.97 33.93 15.11 -18.82
SM(d18:1/24:3)+H + 9.79 30.07 11.67 -18.40
SM(d45:4)+H + 10.45 27.85 9.59 -18.26
SM(d18:2/18:3)+H + 8.45 32.11 13.98 -18.13
SM(d18:1/26:4)+H + 9.80 29.46 11.66 -17.81
SM(d17:1/26:4)+H + 9.75 29.55 12.17 -17.38
SM(d36:2)+H + 8.81 29.36 12.63 -16.73
SM(d45:5)+H + 9.74 27.41 10.76 -16.65
SM(d36:1)+H + 9.11 29.35 12.96 -16.39
SM(d18:2/24:3)+H + 9.52 32.41 16.31 -16.10
SM(d32:2)+CHsCO0 - 7.96 26.26 10.39 -15.87
SM(d18:1/18:3)+H + 8.81 40.20 25.04 -15.16
SM(d18:1/14:0)+CH3:COO - 8.34 20.23 6.37 -13.86
SM(d41:2)+H + 9.68 28.28 14.57 -13.71
SM(d18:1/26:3)+H + 10.16 32.46 18.78 -13.68
TG(9:0/9:0/15:2)+H + 6.07 25.14 11.62 -13.51
SM(d44:1)+H + 10.44 27.15 13.70 -13.45
SM(d33:1)+CHsCOO0 - 8.56 18.92 5.67 -13.25
SM(d18:1/16:1)+CH3:CO0 - 8.43 18.23 5.24 -12.99
TG(6:0/10:0/17:0)+NH4 + 6.57 26.41 13.91 -12.50
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TG(6:0/10:0/17:0)+H
SM(d18:1/16:0)+CH3:CO0O
SM(d30:1)+CHsCO0
SM(d18:0/18:3)+CH3:CO0
SM(d36:0)+H
PC(38:6e)+H
SM(d18:1/18:1)+CH3:CO0
TG(6:0/16:0/18:2)+NHa
TG(4:0/16:0/16:0)+NHa
SM(d44:2)+CHsCO0
SM(d25:0/18:2)+CH3:CO0
SM(d41:1)+CHsCO0
SM(d42:1)+CHsCOO
SM(d22:0/20:2)+ CHsCOO
SM(d43:1)+CHsCOO
SM(d39:1)+CHsCOO
SM(d22:0/18:1)+ CHsCOO
SM(d41:2)+CHsCO0
SM(d22:0/20:3)+CH3:CO0
SM(d22:1/18:1)+CH3:CO0O
SM(d20:0/18:1)+CH3:CO0
TG(6:0/18:1/18:2)+NHa
SM(d18:2/26:4)+H
TG(36:1)+Na
PC(34:0e)+H
TG(4:0/16:0/16:0)+Na
PC(40:2)+H
PE(18:0/20:4)-H
PC(44:6e)+H

PC(42:4p)+H
SM(d20:0/17:1)+ CHsCOO
PC(38:3e)+H
PC(18:0/22:6)+Na
PC(44:7e)+H
PE(18:0p/18:2)+H
ChE(20:5)+NH4
TG(6:0/16:0/16:1)+NHa
PS(36:0p)-H
PC(18:2/20:4)+Na
PS(38:0e)-H
PE(20:0p/20:4)+H
PC(37:7)+H
PE(16:0p/22:4)+H

+ 4+ 0+ o+

+ + 0+ o+ o+ o+ 4+ o+

+ + + + + o+

+

+ 4+ +

6.56
8.76
7.85
8.54
9.11
9.10
8.81
10.54
10.41
10.14
9.90
9.98
10.16
9.79
10.32
9.65
9.80
9.69
9.70
9.47
9.47
10.55
9.43
5.70
9.54
10.41
9.87
9.25
9.81
9.73
9.35
9.62
9.05
9.81
9.45
12.88
10.35
5.43
8.74
6.33
9.49
8.70
9.36

26.49
17.79
20.94
23.08
26.52
24.19
18.12
16.88
17.61
19.76
19.33
18.56
18.01
18.34
19.63
17.83
18.08
18.44
17.62
17.52
17.33
15.66
31.33
28.58
13.54
20.97
13.61
13.17
10.71
10.84
15.76
16.90
16.36
11.94
7.26

4.40

14.89
9.12

11.01
9.81

10.13
37.18
7.70

14.23
5.68
8.89
11.25
15.80
13.61
8.94
7.94
8.73
12.36
12.02
11.27
10.89
11.25
12.55
10.89
11.15
11.53
11.04
11.00
10.86
9.82
27.60
25.46
10.43
17.88
10.74
10.33
7.98
8.79
13.78
15.25
14.76
10.41
5.99
3.13
13.72
8.09
10.14
9.01
9.57
36.88
7.42

-12.26
-12.11
-12.04
-11.83
-10.72
-10.57
-9.19
-8.94
-8.87
-7.40
-7.31
-7.30
-7.12
-7.09
-7.08
-6.94
-6.93
-6.91
-6.58
-6.52
-6.47
-5.84
-3.73
-3.12
-3.10
-3.09
-2.87
-2.84
-2.73
-2.05
-1.98
-1.65
-1.60
-1.53
-1.28
-1.27
-1.18
-1.03
-0.87
-0.81
-0.56
-0.30
-0.28
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4.5 Conclusion

As stated before, metabolites in LC-MS based metabolomics studies can be subjected
to a different level of systematic and random errors that are not easy to assess or to
correct. The optimal 13C-IS yeast extract has fully demonstrated the effectiveness of
these IS mixture in reducing different types of variations introduced at different level
in lipid ions response in lipidomics studies during sample preparation and analysis
especially in large scale studies where a large number of samples are included that
require long analysis time or need to be analysed at different batches as is shown in

Figures 4.18 t0 4.24 .

Labelled IS-based normalisation methods are superior to other normalisation
methods because the data for each sample can be performed independently of other
samples in the run. In addition, depending on the timing of adding the IS, different
types of variations can be corrected while most of the proposed methods can be
considered as post-acquisition correction (105). Although in all previous experiments
the assessment of QC samples indicates high quality data that worth exploring, when
LC-MS system is subject to higher analytical variability where the level of errors is
expected to increase and affect the quality of the data, ions normalised by 3C-IS
exhibit an overall lower CV% due to the ability of the IS in correcting errors introduced
during samples preparation and analysis. Therefore, the use of 13C-IS mixture can be
used to obtain a more accurate estimate of the studied lipids identified in clinical

samples.

In addition, normalisation by TIC had a variable response pattern for unknown

reasons. However, previous studies suggest that TIC is affected by some biological
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factor and does not just account for instrumental variations which can occur with
equally probability at any point in the analysis and increase in metabolites intensity

is compensated by a decrease in others (246, 265).

The validated proposed normalisation method using stable isotopically labelled IS
mixture produced by in vivo labelling strategy has shown to be an effective
normalisation method in reducing technical and analytical variations that can be
introduced at different steps in metabolomics/lipidomics studies. Therefore, the IS
mixture can now be used to obtain a more accurate estimate of the lipid identified in

clinical samples
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Chapter Five

Lipidomic analysis of low-grade glioma in
human brain tissue biopsies
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5. Lipidomic analysis of low-grade glioma in human brain tissue
biopsies

5.1 Introduction

5.1.1 Metabolism in normal cells vs cancerous cells

Normally, cell proliferation is essential for embryogenesis, growth and maintaining
proper function of several tissues. Cellular growth, proliferation and death within
multicellular organisms depend on the presence of appropriate intracellular and
extracellular signals that maintain a balance between cell accumulation and cell
death necessary for normal development and tissue homeostasis (266). During cell
proliferation, the total biomass of proteins, lipids and nucleic acids are doubled to
meet the required nutrients, energy, and biosynthetic activity to duplicate all
macromolecular components during each passage through the cell cycle. It is
therefore not surprising that metabolic activities in proliferating cells are

fundamentally different from those in nonproliferating cells (266-268).

Cancer cells frequently display altered cellular metabolism. These alterations support
the increased production of metabolic intermediates required for the synthesis of
proteins, nucleic acids and lipids needed for the rapid proliferation (269).
Furthermore, these alterations are strongly related to carcinogenesis processes and
phenotypes, including transformation, progression, migration and invasion (24). The
most prominent alterations are an increase in glucose uptake by aerobic glycolysis, a
phenomenon known as the “Warburg effect” (270). Thus extensive aerobic glycolysis
has been indicative of aggressive cancer (271). An increase in glutaminolysis has been
documented in proliferating cells such as tumour cells especially when energy
production from glycolysis is not sufficient (272, 273). Abnormal amino acid and
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tricarboxylic acid (TCA) cycle metabolism and other alterations including protein,
nucleic acid and lipid biosynthesis, are also enhanced as part of cancer-metabolic
reprogramming (269, 274). For example, the pentose phosphate pathway is up-
regulated in cancer cells that mediate nucleotides production required for RNA
synthesis (275-277). Lipids play many key roles in various cellular functions, such as
energy storage, signalling, cell membrane formation, cell-cell interactions in tissues,
proliferation, survival, and death (9, 278, 279). Consequently, cancer cells coordinate
the activation of lipid anabolic metabolism, membrane formation, production of
signalling molecules, and generate adenosine triphosphate (ATP) as an energy source
via fatty acid oxidation under energy-deficient conditions (280). Hence there is good
reason to study the changes in lipid metabolism in cancer cells and tissues as

potential markers of cancer progression or diagnosis.

Various metabolic/lipidomic biomarkers have been assessed to underline their role
in diagnosis, in prognostic characterisation and in prediction of therapeutic
outcomes. In 2016, Perrotti et al. pointed out the potential identified lipid biomarkers
in various tumour types. Among the 52 reviewed papers, 65 lipid species or lipid
classes which were up or down regulated in the respective sample type have a
diagnostic response power and 12 lipid species or lipid class have prognostic response
power while only 5 lipid species or lipid class have a predictive value of therapy
response in the case of patients receiving neoadjuvant chemotherapy (24).
Biomarkers have the potential to improve diagnosis of the disease at early stages,
classifying tumoral stages, predicting drug efficacy, contributing to an understanding
of drug mechanism of action and may potentially pave the way to personalised care

of cancer patients. In spite of significant improvements in cancer diagnoses and
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treatments, early detection of cancer through diagnostic, prognostic and predictive

metabolic biomarkers remains difficult and requires further investigation (24).

5.1.2 Inter and intra-tumour heterogenicity

Cellular composition of cancer cells and their metabolic activity may vary between
patients and/or it may vary within individual tumour regions (281, 282). Intertumoral
heterogeneity refers to tumours from different patients whose altered genotype and
phenotype are induced by diverse etiological and environmental factors while
intratumor heterogeneity refers to genomic and biological variations within a tumour
lesion, acquired by tumour cell evolution under diverse microenvironmental selective

pressures, linked to different aetiologies (283).

Intra-tumour genetic and metabolic heterogeneity in various cancerous tissue have
been documented and proven. Okegawa et al. identified metabolic differences within
regions of the same tumour in patients with renal cell carcinoma especially in
pyruvate metabolism and these findings could improve patient stratification or
enlighten personalised therapeutic approaches in human kidney cancer (284).
Hensley et al. recognised metabolic intra-tumour heterogeneity in patients with non-
small cell lung cancer that is related to the perfusion status of the tumour. However,
it is unclear whether the change in metabolic activity results from the perfusion
status of the tumour or whether the reduced perfusion and altered metabolism are
consequences of other factors (285). Gogiashvili et al. demonstrated metabolic intra-
tumour heterogeneity in patients with breast cancer using 'H NMR spectroscopy,
where intra-tumoral variability in the concentration of 32 metabolites across

different region of the tumour in three patients was shown (281). In addition, several
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groups reported intra-tumoral heterogeneity in glioblastoma patients with different
subclones within the tumour that were composed of different populations of cells.
Moreover, these subclones exhibited dissimilar drug sensitivities and could use

alternative pathways for proliferation (286-289).

Three models have been proposed to explain intra-heterogeneity of a tumour as seen
in Figure 5.1: the clonal evolution model, the hierarchical cancer stem cell model and
the dynamic or plastic cancer stem cell model. In the clonal evolution model, Peter
Nowell proposed that a tumour arises from a single mutated cell that keeps acquiring
additional mutations as it progresses and eventually gives rise to additional
subpopulations that can further divide and mutate. Then, based on physiological
selection pressures conferred by the tumour microenvironment, more aggressive
subpopulations are sub-selected over the others based primarily on survival
advantage. Thus, this model explains intra-tumour heterogeneity as a result of
natural selection. The predominant clones may differ in time and space as different
requirements may be present in different areas of the tumour resulting in a complex
structure that is further complicated by the application of therapy (276, 290, 291).
The hierarchical cancer stem cells model suggests that within a tumour, only a subset
of the cells called cancer stem cells (CSCs) possess indefinite self-renewal ability
responsible for initiation and maintaining tumour growth, therapy resistance and
metastasis. In contrast, the bulk of a tumour consists of rapidly proliferating cells and
postmitotic, differentiated cells that cannot self-renew and therefore their
contribution to the long-term maintenance of the tumour is negligible. However, this
model explains intra-tumour heterogeneity as a result of differences in the stem cells

from which they originated (292-295). In the dynamic CSCs, the CSCs phenotype is
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much more fluid and de-differentiation of non-CSCs to CSCs can be regulated by

external signals and consequently return to the malignant growth cycle (296).
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Figure 5.1: Models of tumour heterogeneity, these models are interchangeable and within a
particular disease context, all three modes may be present within distinct sub-clonal populations
(296). CSC: cancer stem cell.
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5.1.3 Clinical implications of intratumor heterogeneity

Intra-tumour heterogeneity and its dynamic nature during the disease development,
progression and through treatment, create challenges for the identification of
predictive or prognostic biomarkers that could defines clinical outcome as the
targeted subclones, or the identified biomarkers may not be readily detectable at
diagnosis. This is also a major limitation for therapy choice. For example, targeting
one genetic or metabolic pathway based on tumour collected from one region, whilst

ignoring prominent dysregulated pathways in other intra-tumour regions, which may

151



then re-grow the resistant tumour. In addition, samples at primary diagnosis and
surgery, represent one molecular snapshot of the cancer and not necessarily the
molecular (or metabolic) disease at a later stage when chemotherapy is
administered. Thus, bias in sampling could arise in oncologic practice as the
therapeutic decision is often made with reference to the primary tumour lesion that
is usually diagnosed months or years previously or in cases with patients presented
with advanced stage of the disease, from one metastatic site (297-299). This raises
important questions. Can clinicians easily discriminate between normal and
malignant tissue? Is a single biopsy representative of the whole tumour? Moreover,
can these inter and intra-tumoral differences hamper biomarker discovery as

multiple sampling from different tumour regions is often impractical?

Furthermore, intra-tumour heterogeneity could affect the treatment success as
different subclones of the tumour could have different drug sensitivity. For example,
Akio et al. showed that the sensitivities of subclones derived from a glioblastoma
patient to an inhibitor of epidermal growth factor receptor were dissimilar and could
lead to tumorigenesis and therapeutic resistance (286). Similarly, patients diagnosed
with chronic myelogenous leukaemia are prone to relapse of the disease due to intra-
tumour heterogeneity. Chronic myelogenous leukaemia is caused by the
chromosomal translocation that creates a chimeric protein with abnormal kinase
activity termed as Bcr-Abl. In these patients, a remarkable response to an inhibitor of
Bcr-Abl, imatinib mesylate is observed. However, a significant fraction of these
patients suffers from relapse of their disease due to the presence of resistant
subclones of leukemic cells which make Bcr-Abl insensitive to inhibition by imatinib.

Eventually, the treatment was thought to provide a selective pressure that drives the
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expansion of these resistant cells, causing the eventual relapse of the disease (300-
303). As a result, intra-tumour heterogeneity can facilitate the adaptation of tumours
to different environmental stress that ultimately lead to poor patient outcome in
multiple cancer types, including glioblastoma, leukaemia, lung, breast, colon cancer
and others (291, 304-307). In addition, it is estimated that only 100 of the estimated
150,000 biomarkers (less than 0.07%) have been qualified and implemented into
clinical practice (308). Considering the diversity of intra-tumour heterogeneity, the
small population size utilised in cancer diagnostic studies that could affect the
statistical power of the study that will ultimately affect implantation of discovered
biomarkers into clinic practice (309). Therefore, larger numbers of patients should be
screened to determine whether certain markers are more reliable in certain subsets
of patients. Thus, understanding the link between inter-tumour and intra-tumour
heterogeneity could improve tumour subclassification, treatment stratification and
outcome. As a single sample selection could lead to a bias that could lead to
inaccurate conclusions, the awareness of the existence of inter and intra-tumoral

differences is crucial.

5.1.4 Glioma: aetiology and current treatment

Glioma is an umbrella term used to describe different types of tumours that originate
from the glial cells that surround and support neurons in the brain. Glioma includes
astrocytes  (astrocytoma, anaplastic  astrocytoma and  glioblastoma),
oligodendrocytes, ependymal cells and mixed gliomas (280, 310-312). Gliomas are
further classified into grade |, I, lll and IV based progressively on the level of
malignancy and overall median survival. Grade | gliomas are the least aggressive

grade and are related to lesions that have low proliferative potential and can be cured

153



by surgical procedure, whereas, grade Il and IV gliomas are highly malignant and
invasive (313, 314). Glioma accounts for ~26% of all primary brain tumours and ~81%
of malignant tumours based on studies conducted in the United States between
2011-2015 (315). Grade | and Il are considered as low-grade form of the disease with
median survival time after surgery between 7-15 years; whereas grade lll and IV are
classified as high-grade with median survival times after diagnoses of between 3.5-
10 years and less 1-2 years, respectively (316). Radical surgery is the first choice for
management for low-grade glioma where resection of all visible cancerous tissue
followed by radio and/or chemotherapy greatly reduces the risk of subsequent
malignant transformation (316). However, it was suggested that due to intra-tumour
heterogeneity of these cancer cells, some cells can escape conventional treatments
such as chemotherapeutic and radiological treatments and infiltrate into the
surrounding normal tissues which complicate their safe removal. In addition, this
could explain the invariable relapse and increased incidence of transforming of these
low-grade gliomas into a higher and more aggressive grade (317, 318). Complete
resection of grade IV glioma (Glioblastoma) guided by the administration of 5-amino-
levulivinic acid (5-ALA) (a porphyrin metabolised by cells where the heme synthesis
pathway is active, to the fluorescent metabolite protoporphyrin IX) to patients as a
drink taken before the surgery, paves the way to more complete resections of the
tumour that lead to improved patients overall survival (319). Exploring the metabolic
pattern (lipidomic) of these subclones if present, will help in understanding intra-
tumour heterogeneity and potentially explain the unavoidable relapse of these

tumours and their progression into a higher and more aggressive grade.
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5.2 Objectives

The presence of intra-tumour heterogeneity in patients diagnosed with glioma grade
Il will be explored by assessing lipidomic profiling and intra-tumoral variability of
identified lipids from spatially-distinct samples obtained from resected tumour tissue
from five patients via an advanced lipidomic profiling method using LC-MS. The study
will falsify the hypothesis that there are intra-tumour differences in metabolism in
grade Il gliomas (low grade glioma (LGG)). If this hypothesis is accepted, this may
open research avenues to assess whether one or more sub-populations may

ultimately be responsible for progression to grade IV gliomas.

5.3 Materials and methods

5.3.1 Tissue specimens

Glioma tissue samples were collected from five patients with confirmed astrocytoma
IDH-1 mutant grade Il cancer, treated at the Queen’s Medical Centre (QMC) within
the UK NHS Trust centre. After surgery, the tissue was snap frozen and stored at —
80°C within 10 min. The use of fresh frozen human tissue was approved by the
National Research Ethics Service Committee in East Midlands, UK (ethics approval
reference 11/EM/0076). Five replicate samples from different locations of the
tumour specimens were resected and named A to E. Clinical and pathological

characteristics of patients are described in Table 5.1.
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Table 5.1: Clinical and Pathological Data from five patients diagnosed with confirmed astrocytoma
IDH-1 mutant grade 2 cancer.

Al ical | |
Patient code Sex Age Ethnicity naftomlca Samr?e Sample
brain lobes location code
Superficial 2.1
. . . . Central core 2.2
Patient one (LGG 2) Male 25 White British Parietal lobe .
Superior 2.3
Posterior 2.4
Superficial 5.1
Left frontal Anterior >:2
Patient two (LGG 5) Female 37 White British lobe Posterior 5.3
Centralcore 5.4
Inferior 5.5
Superficial 7.1
Rieht frontal Central core 7.2
Patient three (LGG 7) Female 27 Asian British g Posterior 7.3
lobe .
Anterior 7.4
Medial 7.5
Rim 11.1
Central core  11.2
Left f | Inferi 11.
Patient four (LGG 11) Female 19  White British 0 'rontal Inferior 3
lobe Lateral 11.4
Invas!ve 115
margin
Superficial 121
Left  frontal Anterior 12.2
Patient five (LGG 12) Male 32 White British Posterior 12.3
lobe
Centralcore 124
Deep 12.5

5.3.2 Histology

Primary tumour tissue was fixed in 4% paraformaldehyde and 5 um thickness tissue

sections were obtained using a microtome. The tissues were mounted on slides and

incubated at 37°C overnight, deparaffinised in xylene and hydrated through

decreasing concentrations of ethanol. Then, tissue sections were counter-stained

with Harris hematoxylin and Eosin (Surgipath, UK), dehydrated and mounted for

microscopic analyses. Histological tests were done only for spatially resolved samples

from tumour resected from patients # 1, 2 and 3.
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5.3.3 Sample extraction

Samples were extracted for different projects according to Bley and Dyer method
(99). Samples were allowed to precool at 4°C, then per 10 mg of tissue, 100 uL of pre-
cooled HPLC grade methanol at -20 °C was added, and the tissues were disrupted
using a hand-held homogeniser (Bibby Scientific Stuart, SHM1) for 30 s. Then, 300 pL
of pre-cooled HPLC grade chloroform at -20 °C was added, and the samples were
vortexed for 30 s, followed by administration of 100 uL of pre-cooled deionised water
and further vortexed for 30 s. Samples were then centrifuged for 10 min at 13000 x
g at 4°Cto help separate the two phases (upper polar layer and lower nonpolar layer).
The polar layer was collected and analysed for a different project and the lower layer
(lipid rich layer) was used in this project. 200 puL of the lower layer was mixed with
100 pL of the optimised 3C-IS mixture obtained by an in vivo labelling strategy using
P. pastoris. Then, the samples were dried under vacuum at room temperature and
the dried samples were reconstituted using 100 pL of LC-MS grade isopropanol and
stored at 80°C until analysis. Another 200 uL of the lower layer of each sample was
dried and reconstituted using 100 pL of LC-MS grade isopropanol to investigate if the
13C-IS mixture was able to correct for any analytical variations. The homogeniser was
cleaned between two samples using 70% IMS and Chemgene disinfectant solutions.

QC samples were prepared by pooling 5 uL from each sample extract.

5.3.4 LC-MS analysis
The LC-MS analysis was carried out as previously described in section 2.3. Five
injections of QC sample were analysed at the beginning of the run to condition the

column before the analysis, then the samples were analysed in a random order. QC
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sample was injected after each ten randomised samples to monitor the repeatability

of the LC-MS system.

5.3.5 Lipid identification

Lipid ions were putatively identified based on their fragmentation pattern by
LipidSearch™ based on parameters listed in section 2.4.1. The main question was
whether the addition of '3C-IS mixture would affect lipid ions identification in the
samples of interest, and the aim was to merge the quantification with lipid profiling.
Therefore, the number of identified ions of glioma samples extracted from patient #

2 with and without *3C-IS mixture were compared.

5.3.6 Data processing and statistical analysis

Data processing and normalisation was performed as detailed in section 2.4.3.
Although a high mass shift is expected to be introduced by *3C-labelling, to ensure
that there are no spectral overlays between the selected indigenous unlabelled ions
identified in glioma samples and the '3C-IS the following criteria were used:
unlabelled ions selection criteria; ions detected in 250% of QC samples, average
response of unlabelled ion mass in QC samples over its response in blank samples
(based on the response of peaks detected at that specific m/z at defined RT) >10 and
average response of unlabelled ion mass in QC samples over its response in 3C-IS
extract >10. For 3C-IS selection; ions detected in all QC samples and their average
response in QC samples over their response in blank samples (based on the response
of peaks detected at that specific m/z at defined RT) >10. Lipid ions detected in QC
samples with CV% more than 30 after normalisation were removed from any

statistical analysis.
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5.4 Results and discussion

5.4.1 Analytical performance and lipidomic data quality

The assessment of QC samples indicates a stable column and instrumental response
during data acquisition since the calculated CV% of 77% of the detected features
among the QC samples were less than 30, which indicate good instrumental
reproducibility (155). This can be further confirmed by the clustering of QC samples
closely together in the middle of a PCA scores plot of all samples analysed in this study

as shown in Figure 5.2.
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Figure 5.2: PCA plot of all samples analysed in this study where the QC samples are clustered in the
middle of the plot. The shaded areas represent “The Hotelling's T ellipse or 95% confidence region”
for each group.
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5.4.2 Comparison of detected lipids between samples analysed with and without 3C-

IS mixture

Figure 5.3 represents the number of identified lipid ions in samples extracted from
patient # 1 analysed with and without *3C-IS mixture. On average, 317 lipid ions were
putatively identified in samples analysed without *3C-IS mixture in both positive and
negative mode while 211 ions were identified in samples analysed with *3C-IS mixture
(The number of identified lipid species per sample extracted with and without IS
mixture can be seen in Appendix Table A:4) (~33% reduction in number of identified
lipid ions). Recent work by Rampler et al. has shown similar results, where they
observed approximately ~10% decrease in the number of identified lipids in human
plasma analysed with *3C-IS mixture from P. pastoris (152). This could be attributed
to ion suppression due to matrix effects as denser and more complex samples are
obtained when 3C-IS mixture is added to the samples as shown in total ion
chromatogram and the spectrum of sample 2.1A analysed with and without 3C-IS
mixture presented in Figure 5.4. The co-eluted labelled 3C-IS mixture or the
unlabelled lipid ions appears to affect the number of unlabelled indigenous lipid ions
from glioma samples as the method applied is to perform data-dependent acquisition
mode where the most intense five ions per scan are selected and analysed by tandem
mass spectrometry and if at certain scans the intensity of labelled *3C-IS was higher
than the indigenous ions or the indigenous ions suffered ion suppression, the
previously identified ions in samples analysed without 3C-IS will no longer be
identified by LipidSearch™ in samples analysed by '3C-IS. Therefore, an additional set
of samples analysed without '3C-IS were studied to obtain the highest possible

number of identified lipid ions by LipidSearch™ in order to get as much as possible
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of information

samples.

that could effectively reveal intra-tumour heterogeneity in glioma
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Figure 5.3: Number of identified lipid ions by LipidSearch™ in samples extracted from patient # 1
analysed with and without *3C-IS mixture. The blue dots represent the samples whereas the red dash
line repersents the unit line with slope of 1.
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Figure 5.4: Total ion chromatogram and the spectrum of glioma sample extracted from patient # 2
(sample ID 2.1A) analysed without (A) and with (B) 3C-IS mixture.

5.4.3 Normalisation by '3C-IS mixture

As presented in Chapter 4, analysis of large batches of samples is subject to variation
in instrumental response due to analytical drift. The addition of *3C-IS mixture was
proven to be valuable in correcting or minimising these variations. Since a large set

of samples were included in this study (in total, 120 samples from five patients),
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compound-specific normalisations were conducted for lipid ions where their
respective fully labelled 3C isotopes were detected in all samples. All other identified
ions were normalised by one of the selected 3C-IS detected in all samples based on
RT. 603 unlabelled ions were detected in 50% or more of the samples. Among these
detected ions, the labelled form of 59 ions were detected in all samples that can be
used for compound-specific normalisation or to normalise other ions based on RT.
The normalisation method was applied to the studied samples and used to

investigate Intratumor heterogeneity in glioma biopsy samples in five patents.

5.4.4 Metabolic cluster in glioma samples

This experiment lacks suitable control samples, that is because it is impractical and
unethical to take healthy brain tissues from the treated patients due to the location
of the studied tumour. As a result, the lipidomic profile in different tumour regions
cannot be correlated with the natural healthy state of tissue in normal brain.
Therefore, no conclusion can be made on which region can represent more advanced
stage of the disease or which region possess similar lipidomic pattern to healthy
tissue that could guide the surgeon to define the margin of the tumour more

accurately.

Based on the lipidomics data, the lipidome patterns of 120 tumour tissues were
separated into two major clusters, Cluster # 1 (C1) and Cluster # 2 (C2) (see Figure
5.5). As shown in Figure 5.4A, Cluster # 2 can be further subdivided into two very
closely related sub-clusters C2A and C2B. Relatively high R2 (0.554) and Q2 (0.539)
scores were obtained in the proposed OPLS-DA model that indicates a good model

and this was used to predict the clusters in the acquired samples. Cluster # 1 (C1) was
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characterised by significantly elevated levels of DG, CL and MG while Cluster # 2 (C2)
was characterised by significantly elevated levels of LPE, Cer, LPC, OAHFA, SM,
dMePE, PE, PG, PC and PS. Table 5.2 represents lipids classes that are statistically
different between the two clusters. As a part of anabolic metabolism of cancer cells,
the increased cancer cell proliferation induces lipid biosynthesis in order to generate
biological membranes. Also, these lipids could provide cancer cells with energy during
nutrition and energy deficits, and they might play a more active role in cell
transformation and cancer development (269). Since the intensity of identified lipid
ions were not compared with the intensity of ions in normal tissue, it is therefore not
possible to determine which cluster resembles the normal tissue or which cluster had

more predominant changes in its lipid metabolism.

Table 5.2: List of statistically significant lipid classes between Cluster # 1 and 2 observed between
spatially separated samples in five patients.

Lipid class Fold change* p-value FDR
Lysophosphatidylethanolamine 5.01 1.06E-10 2.99E-10
Ceramide 3.25 2.02E-22 3.43E-21
Lysophosphatidylcholine 2.78 1.94E-9 4.70E-9
(O-acyl)-1-hydroxy fatty acid 2.19 1.0438E-2 1.365E-2
Sphingomyelin 1.78 3.30E-18 1.53E-17
Dimethylphosphatidylethanolamine 1.55 1.4895E-3 2.302E-3
Phosphatidylethanolamine 1.48 1.38E-20 1.18E-19
Phosphatidylglycerol 1.43 2.95E-5 6.27E-5
Phosphatidylcholine 134 3.60E-18 1.53E-17
Phosphatidylserine 1.27 8.12E-12 2.76E-11
Diacylglycerol 0.60 1.0079E-3 1.7134E-3
Cardiolipin 0.58 3.3773E-3 4.7845E-3
Monoacylglycerol 0.47 6.7121E-4 1.2678E-3

* Fold change = average response in Cluster # 2/ average response in Cluster # 1.
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Figure 5.5: Intratumor heterogeneity in glioma samples revealed by lipidomics analysis A)
Dendrogram resulting from unsupervised cluster analysis of the studied samples (see previous page),
B) OPLS-DA scores plot of the two clusters revealed by hierarchical clustering and C) Heat map of
lipidome of the two clusters.
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5.4.5 Intra-tumour heterogeneity in glioma samples as revealed by lipidomic
analysis

Lipidomic patterns at different tumour sites from five patients were classified into
different metabolic clusters, which confirms intra-tumour metabolic heterogeneity.
To illustrate the variability of lipid ions levels within each tumour region, the observed
intensity was plotted for the separate tissues sampled from each tumour and CV%
was calculated for each ion and the total CV% values were plotted as a whisker plot
in Figure 5.6. As shown in Figure 5.6A, huge variability was observed within the same
tumour as indicated by the high CV% per each patient. Also, the mean of the
calculated CV% within each patient were as follows: 63, 80, 66, 79 and 59,
respectively for patient # 1 to patient # 5. These results are supported by the PCA plot
of identified lipid ions across different spatially resolved tumour samples within the
same tumour from five different patients presented in Figure 5.6B where spatially
resolved samples from patient # 2 and #4 were more scattered while samples from

patient # 1, 3 and 5 are clustered together.
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Figure 5.6: Inter and intra-tumour heterogeneity revealed by A) CV% distribution and B) PCA plot of identified lipid ions across different spatially resolved tumour samples

within the same tumour from five different patients.
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Stained cryosections from the first three patients indicated that histologically they
were different (see Figure 5.7). Spatially resolved samples from tumour resected
from patient # 1 contained relatively fewer cancerous cells compared to patient # 2
and 3. In addition, the density of these cells differed from one region to another
within the same tumour, which could support intra-tumour heterogeneity revealed

by the conducted lipidomic study.

Low grade glioma (grade | and Il) grow continuously and usually transform to higher
grades of glioma ultimately causing progressive disability and premature death (320).
A previous study conducted retrospectively on 216 patients diagnosed with LGG who
underwent initial resection surgery at University of California, San Francisco between
1989 and 2005, showed that 44% of the patients established an unequivocal increase
in tumour size, malignant progression and/or death. Also, they provide clear evidence
that greater extent of resection does extend the survival of patients compared with
a simple debulking procedure with incomplete resection (321). In addition, intra-
tumour heterogeneity in gene expression that controls biological processes such as
myelination, cell adhesion and lipid metabolic process was noticed in higher grades
of glioma and malignant glioblastoma, which supports our findings (322). Thus,
understanding the effect of intra-tumour heterogeneity of these kinds of cancer
implanted with a proper experimental design, could lead to a better decision about
the treatment plan and could guide the surgeon to what extent should they should
resect the tumour and its neighbouring tissue to increase the survival rate with less

impairment.
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Patient #2 Patient #1

Patient #3

Figure 5.7: Examples of the histology test of Hematoxylin and Eosin (H&E) -stained cryosection of spatially resolved tumour region from three different patients (at 100X
magnification) provided by Dr Ruman Rahman, assistant professor of molecular neuro-oncology, faculty of medicine & health sciences at Nottingham University.
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5.5 Conclusion

LC-MS analysis of glioma samples using the developed normalisation method was
used to study inter and intra-tumour heterogeneity in LGG tumour in five patients.
The experimental design of this experiment was not as desired, and some clinical
questions cannot be answered by the available set of samples. This was due to the
lack of proper control samples and the limited number of patients included in the
analysis. The ideal experimental design should include spatially resolved samples
from a larger number of patients diagnosed with grade Il glioma in order to address
the level of inter-tumoral variations which is challenging and difficult to achieve. In
addition, proper control samples should be included in the experiment in order to
properly correlate intra-tumoral variations in spatially resolved samples. The ideal
control samples would be biopsy from healthy region of patients brain however,
these kinds of controls are not feasible due to the nature of the samples and their
location. Other alternative would be from deceased subjects without previous known
conditions that could affect the lipid profile in their brain. Despite these limitations,
a clear difference in lipidomic pattern was observed between spatially resolved
regions of the tumour indicating intra-tumoral heterogeneity. Also, the degree of
intra-tumoral heterogeneity between patients was different that could affect
treatment output and therefore personalised tumour-specific strategies should be
considered to accommodate such variation to extend progression-free intervals.
Inter and intra-tumour heterogeneity suggests that profiling cancer cell phenotypes
from single biopsies to guide therapeutic decision making from heterogeneous
tumours may prove challenging, especially as heterogeneity could lead to therapeutic

resistance or relapse.
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Chapter Six

Lipidomic signatures of Type 2 diabetes
mellitus in human plasma
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6. Lipidomic signatures of Type 2 diabetes mellitus in human
plasma

6.1 Introduction

6.1.1 Diabetes mellitus: definition and prevalence

Diabetes mellitus (DM) is a heterogeneous complex metabolic disorder characterised
by a high level of blood glucose concentration, abnormalities in protein,
carbohydrates and fat metabolism with mineral and electrolyte disruption that are
overall collectively linked with an increased risk of different micro and macrovascular
diseases (323, 324). Diabetes is considered as an epidemic disorder affecting around
425 million people aged between 20 and 79 years worldwide in 2017 and it is
estimated that around 46.5% of diabetic adults are undiagnosed (the symptoms of
the syndrome may be subtle and thus may remain undiagnosed) (325). Figure 6.1
represents the number of people diagnosed with diabetes in the world up to 2017
and the expected increment by 2045 as claimed by the International Diabetes
Federation (IDF) (326). In the UK, The British Diabetic Association reported that there
are 3.8 million people currently diagnosed with diabetes within the UK in 2018 (327).
Patients diagnosed with DM can be classified into four groups: type 1 diabetes
mellitus (T1DM), type 2 diabetes mellitus (T2DM), gestational diabetes mellitus
(GDM) and other specific types of diabetes mellitus due to various known etiologies

(328, 329).
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Figure 6.1: Estimated total number of adults (20-79 years) living with DM and the estimated increment by 2045 in the world (326).
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6.1.2 Pathophysiology of hyperglycaemia

Upon an increase in glucose concentration in a healthy individual, glucose is taken
rapidly by pancreatic B-cells through a hexose transporter called glucose transporter
2 (GLUT2) where it gets phosphorylated by glucokinase. Upon glucose degradation
and formation of ATP, the sulfonylurea receptor 1 (SUR1) protein will be activated
and that will lead to the closure of the adjacent potassium channel and consequently,
calcium channels will open, this triggers the release of insulin (330). Figure 6.2

represents a schematic presentation of how insulin secretion is induced by glucose.

Calcium

channel

Mitochondria

Acetyl-CoA
------ ~

Figure 6.2: Schematic presentation of how glucose induce insulin secretion (330). Abbriveation:, ,
ATP: Adenosine triphosphate, DNA: Deoxyribonucleic acid, IAPP: Islet amyloid polypeptide, G-6-P:
Glucose-6-phosphate, GLUT2: Glucose transporter 2, SUR1: Sulfonylurea receptor 1, KIR 6.2: Inward-
rectifier potassium channels.

Insulin is the principal hormone for the regulation of glucose blood level where

normal glucose level is maintained by a balance between insulin action and insulin
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secretion by B-pancreatic cells (331). As a response to elevated blood glucose level,
insulin promotes glucose disappearance by facilitating its uptake into muscles and
adipose tissue via GLUT4. Whereas in the liver, insulin inhibits endogenous glucose
production by inhibiting glycogenolysis and gluconeogenesis and promote glycogen
synthesis in the liver (332). Hepatic and muscular resistant to insulin are associated

with hyperglycaemia in T2DM patients (333-336).

Insulin resistant and B-cells dysfunction are strongly associated with several diabetes
gene, obesity, inflammation, hyperglycaemia, free fatty acid (FFA) and others through
several mechanisms (330). An elevated level of FFA is commonly seen in diabetic
patients and in obese individuals, it is known to inhibit insulin stimulated peripheral
glucose uptake mechanisms and previously linked to skeletal muscle and liver insulin
resistant and considered as a risk factor for developing T2DM (337, 338). The exact
mechanism of how FFA mediate insulin resistance is unclear but several mechanisms
have been proposed. Firstly, in the hyperglycaemic condition, lipid toxicity (high level
of FFA) mediate the decrease in insulin production by opening K channels or by
reducing ATP production in B-cells (330, 339-341). Also, it could promote B-cell
apoptosis by increasing ceramide synthesis (342-344). Second, as proposed by Randle
et al. FFA can promote skeletal muscle insulin resistance by impairment of glucose
transport activity (GLUT4) (345, 346). Third, high carbon load on the muscle cells due
toanincreasein FFA drive an increase in fatty acid oxidation (FAO) rate that surpasses
that of the TCA cycle, resulting in the accumulation of intramuscular intermediary
metabolites, such as fatty acylcarnitine, which may affect insulin sensitivity (347,

348).
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6.1.3 Type 2 diabetes mellitus (T2DM)

T2DM accounts for at least 90% of all cases of diabetes and it is characterised by
peripheral insulin resistance and consequently, deficiency in insulin secretion due to
persistent high demand created by insulin insensitivity and low non-insulin mediated
glucose uptake (326, 349). Patients with T2DM exhibit impaired fasting glucose and
impaired glucose tolerance and most patients display abdominal obesity which is part
of the fat deposition pattern that is linked to insulin resistance (350-352). These
patients also experience what is called “insulin resistance syndrome”, which is a
cluster of different abnormalities such as hypertension, lipid abnormalities, vascular
endothelial dysfunction and atherosclerotic cardiovascular disease due to

hyperinsulinemia experienced at the early onset of the disease (353).

T2DM contributes to elevated blood pressure through general types of mechanisms
secondary to hyperinsulinemia such as Na* retention, increase intracellular Ca?*
accumulation, sympathetic nervous system overactivation and increase proliferation
of vascular smooth muscle cells via enhanced growth factor activity (353, 354).
Several studies showed abnormalities in plasma lipids were correlated to insulin
mediated glucose uptake in normal weight and obese healthy non-diabetic subjects
as well in patients with T2DM (355-362). These abnormalities include decreased HDL
level, increased VLDL level (Hypertriglyceridemia) and to a lesser extent increase in
LDL level (Hypercholesterolemia). However, it is not fully known whether the
dyslipidaemia is the cause or the result of insulin resistance. In addition, insulin has
been well recognised as a risk factor for development of atherosclerosis and coronary
artery disease (CAD) independent of plasma lipid levels or blood pressure. This might

take place through stimulation of growth factors and connective tissue synthesis,
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proliferation of smooth muscle cells, increased cholesterol synthesis and LDL-
receptor activity, increased formation decreased removal of atherosclerotic plaque
due to increased levels of plasminogen activator inhibitor type 1 (PAI-1) that inhibits
fibrinolysis (363, 364). These previous cardiovascular complications considered as the
principal cause of morbidity and mortality in addition to its association with kidney
complications in patients with diabetes mellitus (365). In summary, it seems that
overweight and obesity, sedentary lifestyle characterised as physical inactivity and
high dietary intake of carbohydrates, red meat and processed meat and sugar alone

or together can be associated with global epidemic widespread T2DM.

DM can be diagnosed either using the fasting plasma glucose (FPG) value where FPG
level 2126 mg/dL (7.0 mmol/L), the 2-h plasma glucose (2-h PG) value after 75-g oral
glucose tolerance test (OGTT) where 2-h PG level 2200 mg/dL (11.1 mmol/L) or by
A1C test where A1C level 26.5% (48 mmol/mol) (366, 367). The A1C test, also known
as haemoglobin A1C, HbA1C or glycated haemoglobin that measures the amount of
haemoglobin with attached glucose that is reflected on the average blood glucose

levels over the past three months.

6.1.4 Dysregulation of lipid metabolism and its association with T2DM

The association of dyslipidaemia (increased TG and decreased HDL-cholesterol levels)
with T2DM has been known for more than two decades (355-362). However, recently
researchers have started to globally inspect individual metabolite and lipid species
associated with T2DM or with prediabetic individuals. Strong association between
dysregulation of lipid metabolism and prediabeticindividuals and patients with T2DM

was confirmed by plasma profiling of 351 Australian subjects (170 healthy subjects,
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64 prediabetic and 117 diagnosed with T2DM using targeted lipidomics and validate
their finding on 1076 plasma samples from cohort study designed to explore the
genetics origin of cardiovascular disease and its risk factors in extended families of
Mexican Americans (368). The plasma lipid profile of individual recognised as
prediabetic was similar to the lipid profile for T2DM. However, their lipid profile was
different from healthy individuals where approximately 135 out of 259 measured
lipid species from different lipid classes such as dihydroceramide (dhCer), Cer,
alkylphosphatidylcholine (PC(O)), PE, PI, PG, ChE, DG and TG were significantly
associated with T2DM and with prediabetes compared to healthy subjects. In
addition, their lipid profile showed a negative association in dhCer and LPC levels
whereas dhCer, PE, PG, ChE, DG and TG levels showed a positive association with
fasting blood glucose level (FPG) and 2h-post load glucose (2h-PLG) compared to

healthy subjects.

6.1.5 Impact of L-carnitine supplementation on glucose metabolism
L-carnitine, 3-hydroxy-4-N,N,N-trimethylaminobutyric acid, is an amino acid
derivative. The structural formula of L-carnitine is shown in Figure 6.3. More than

90% of our body reservoir of L-carnitine is stored in muscle cells (369).

OH O

~

~ o

Figure 6.3: Structural formula of L-carnitine.
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Free or acyl carnitines play an essential role in the translocation of impermeable long
fatty acyl groups from the cytosol into the mitochondrial matrix for subsequent -
oxidation and in buffering excess acetyl groups from a high rate of pyruvate oxidation

that outweighs their removal by the tricarboxylic acid cycle as seen in Figure 6.4 (370,

371).
Glucose Fatty-acid CIRCULATION
pe Glycogen [—— Intramuscular lipid
Glycolysis
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Figure 6.4: The metabolic roles of carnitine in skeletal muscle. The role of carnitine as a shuttle to
translocate long-chain fatty acid into the mitochondria is highlighted in red while its role as a buffer
for excess production of acetyl-CoA in the mitochondria is highlighted in blue. Abbreviations: PDC,
pyruvate dehydrogenase complex; TCA, tricarboxylic acid cycle; CAT, carnitine acetyltransferase;
CACT, carnitine acylcarnitine translocase; CPT, carnitine palmitoyl transferase; CD36, fatty acid
translocase (370).

Carnitine palmitoyl transferase 1 (CPT1), located in the outer membrane of the
mitochondria, helps in the formation of acylcarnitine by esterification of carnitine and
acyl-CoA (372). Then, a fatty acid translocase called CD36 located in the outer
mitochondrial membrane, translocate acylcarnitine from CPT1 to the carnitine

acylcarnitine translocase (CACT) located into the mitochondrial inner membrane
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(373, 374). That is where simultaneous 1: 1 exchange of acylcarnitine with free intra-
mitochondria carnitine is happening. Once inside the mitochondrial matrix,
acylcarnitine is trans-esterified back to free carnitine and acyl-CoA via carnitine
palmitoyl transferase 2 (CPT2) (375). The intramitochondrial acyl-CoA is then oxidised
and cleaved by the B-oxidation pathway to form acetyl-CoA that is a substrate for the
TCA cycle (370). The TCA cycle is a series of chemical reactions to release stored
energy through the oxidation of acetyl-CoA into ATP and carbon dioxide (376). The
other role of carnitine is to buffer excess acetyl groups from the high rate of pyruvate
oxidation catalysed by the pyruvate dehydrogenase complex (PDC) and B-oxidation
of acyl-CoA that outweighs their removal by the TCA cycle by carnitine

acetyltransferase (CAT) (370, 377).

Various studies demonstrated that accumulation of acylcarnitine or low plasma
concentration of L-carnitine are associated with insulin resistance and have been
related to insulin resistance in diabetic animals and humans (371, 373-375, 378).
These findings suggest impairment of entry of fatty acids into mitochondria in
diabetic subjects which means that these subjects suffer from a complex oxidation
defect (378). Therefore, researchers studied the effect of carnitine supplementation
on glucose disposal (379-381). Increased intra muscular free carnitine concentration
can decrease intramitochondrial acetyl-CoA/CoA ratio and that increases the activity
of pyruvate dehydrogenase complex (PDC) which results in a decrease in glucose
plasma concentration (379, 380). Furthermore, it can promote the reduction of
cytosolic acetyl-CoA levels by translocation of fatty acyl groups into the mitochondrial
matrix for subsequent B-oxidation and that activate the glycolytic pathway and

reduces fatty acid availability for lipid synthesis (379). Mixed results were shown in
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the literature regards the effect of L-carnitine on plasma lipid profile. For example,
Rodrigues et al. studied the effect of oral supplement of L-carnitine on lipid
metabolism in chronically diabetic rats and he found that short term administration
of various amount of L-carnitine (50-200 mg/kg/day) for 1, 3 weeks or (200
mg/kg/day) for 6 weeks showed a decrease in plasma TG level with no effect on
plasma cholesterol (382). While Rahbar et al. found that after administration of 3 g/
day of L-carnitine to T2DM patients for 12 weeks, a significant reduction in plasma
glucose level was observed whereas the TG level was increased (383). He proposed
that in diabetic patients, the level of cytoplasmic acetyl-CoA increased due to over-
activation of pyruvate dehydrogenase, which is the substrate for the synthesis of
malonyl-CoA. Malonyl-CoA is a potent inhibitor of carnitine palmitoyl transferase |
(CPT 1) that inhibits the effect of L-carnitine in fatty acids translocation into the
intramitochondrial and promote TG synthesis (384). Whereas Derosa et al. was
unable to find any difference in TG, LDL or HDL level in T2DM patients treated by L-

carnitine (2g/day) for 6 weeks (385).

6.2 Objectives

In this chapter, global lipidomic analysis of 31 subjects, including nine healthy non-
diabetic subject and 22 T2DM patients will be conducted using the developed
normalisation method based on LC-MS analysis as described in section 2.4.3. The

following aims and objectives were set up for this chapter:

e To confirm the lipidomic difference between healthy nondiabetic subjects and
patients diagnosed with T2DM before and after OGTT as shown previously in

published research studies.
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e To test if the age difference in newly diagnosed T2DM patients influences the
patient’s plasma lipid profile before and after OGTT.
e To explore the effect of carnitine supplement for six months on T2DM patients

based on their plasma lipid profile before and after OGTT.

6.3 Methods

6.3.1 Participant recruitment and grouping

31 subjects including nine healthy individuals and 22 T2DM patients treated at the
Queen’s Medical Centre within the UK NHS Trust centre submitted written consent
forms and were enrolled in the study. The study was approved by the National
Research Ethics Service Committee in East Midlands, UK. Initially, all participants
were subjected to physical examinations then all participants were given a 2-hour 75
g oral glucose tolerance test. Blood samples were taken at fasting baseline (before
OGTT) and after the OGTT. 2 mL of the blood were collected into lithium-heparin
containers, and after centrifugation, the isolated plasma samples from all
participants before and after the OGTT were collected and stored at —80°C until
extraction and further analysis. Clinical and pathological characteristics of patients

are described in Table 6.1.

Table 6.1: Baseline characteristics of healthy and T2DM patients enrolled in this study.

parameters Healthy subjects T2DM patients
Number 9 22
Gender (male %) 100% 100%

Age in years (average+SD) 46.1+8.7 54.548.1
BMI, Kg/m? 31.1+4.1 29.443.8
FPG, mmol/I 4.4+0.4 6.2+1.3
2h-PG, mmol/| 6.6+1.5 11.54+2.7
HbA1lc, % 35.9+2.6 48.9+5.4
TG, mmol/I 1.2+0.5 1.5+0.9
Total cholesterol, mmol/I 5.3%1.5 4.5+1.3
LDL, mmol/I 3.5+1.4 2.440.9
HDL, mmol/I 1.2+0.3 1.310.3
Medication - metformin
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After that, the diabetic patients were randomised into two groups. One group
supplemented with L-carnitine supplements (3 g/day divided into three doses) plus
Ensure plus drink for 24 weeks and the other group received a placebo for 24 weeks.
It is proved that 1.V infusion of L-carnitine accompanied by elevated serum insulin
concentration in the presence of hypercarnitinaemia (550-600 umol/L) or by
ingestion of carbohydrate (CHO) and L-carnitine (94 g and 3 g, respectively) up to 24
weeks in healthy volunteers, could increase intramuscular carnitine content by ~15%
and that affects muscle fuel metabolism by increasing fatty acid oxidation and delay
muscle glycogen depletion (386, 387). Therefore, in this study, the CHO was replaced
by Ensure plus drink; a healthier protein concentrate as a substitute for patients with
T2DM that could increase intramuscular carnitine level when accompanied by oral
supplements of L-carnitine (3 g/day) for 24 weeks. Clinical and pathological

characteristics of the two groups (treatment and placebo) are described in Table 6.2.

Table 6.2: Baseline characteristics of treatment and placebo groups to study the effect of L-carnitine
supplement on plasma lipid profile on T2DM patients.

Parameters Treatment group Placebo group
Number 11 11
Gender (male %) 100% 100%
Age in years (average+SD) 53.918.9 55.1+7.6
BMI 29.844.3 28.9+3.2
Medication metformin metformin

Day 0 After 24 weeks Day 0 After 24 weeks
FPG, mmol/I 6.3t1.3  6.3%0.5 5.910.8 6.2+1.2
2h-PG, mmol/I 10.8+2.2 11.6+£3.0 11.2+2.8 12.2+3.7
HbA1lc, % 48.8t4.6 49.715.3 49.0t6.3 51.949.1
TG, mmol/I 1.5+1.1  1.5%0.7 1.4+0.7 1.1+0.6
Total cholesterol, mmol/I 49+1.5 4.3tl16 4.1+1.0 3.740.8
LDL, mmol/I 2.5+1.1  2.3#1.3 2.3+0.8 2.0£0.6
HDL, mmol/I 1.5+0.3  1.3#0.3 1.1+0.3 1.1+0.2
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6.3.2 Sample extraction analysis

Extraction was performed according to a modified method of Bligh and Dyer as
detailed in section 4.3.1 (99). The LC-MS analysis was carried out as previously
described in section 2.3. Pooled QC plasma samples were prepared by combining 10
pL of each sample. QC sample was injected to condition the column and after each
ten randomised samples to monitor the repeatability of the LC-MS system. Lipid ions
were putatively identified based on their fragmentation pattern by LipidSearch™
based on parameters listed in section 2.4.1. Data processing and normalisation were
performed as detailed in section 2.4.3. Although a high mass shift is expected to be
introduced by 3C-labelling, to ensure that there were no spectral overlays between
the selected indigenous unlabelled ions identified in plasma samples and the 3C-IS,
ions were selected based on the listed criteria in section 5.3.6, lipid ions with CV%

more than 30 across the data set were removed from any further statistical analysis.

6.3.3 Statistical analysis

For lipidomics data analysis, normalised data were subjected to multivariate analysis
(OPLS-DA) and univariate analyses (multiple t-test) were performed to extract the
lipids demonstrating a significant difference between the studied groups. The p-
values of the Student’s t-test were adjusted using the false discovery rate (FDR) for

multiple testing problems (388).

6.4 Results and discussion

6.4.1 Analytical performance and lipidomic data quality
The assessment of QC samples indicates a stable column and instrumental response

during data acquisition since the calculated CV% of 76.4% of the detected features
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among the QC samples were less than 30%, which indicated a good instrumental
reproducibility (155). This was further confirmed by the clustering of QC samples as
shown in Figure 6.5. However, during the analysis, the run was interrupted and that
can be seen by a closer look at the QC cluster in Figure 6.5, but the assessment of the
QC samples indicates a consistent valid response for this batch. In addition, the used
13C-IS mixture is expected to correct these variations as discussed and established

before in Chapter 4.

A B control
Il Dizbetic group A

60,000
[l Dizbetic group B

40,000

20,000 4

t[2]

0
-20,000
40,000

60,000

-80,000 , ! : . -
-1e+005 60,000 -20,000 20,000 60,000
t1)

Figure 6.5: PCA plot of all samples analysed in this study where the QC samples are clustered in the
middle of the plot.

6.4.2 Lipid ions identification

Figure 6.6 represents the number of identified lipid ions from plasma samples of
control group pre and post OGTT extracted with and without '3C-IS mixture. On
average, 275 lipid ions were identified in the samples analysed without *3C-IS mixture
in both positive and negative mode while 187 ions were identified in samples
analysed with 3C-IS mixture (The number of identified lipid species per sample

extracted with and without IS mixture can be seen in Appendix Table A.5) (~33%
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reduction in the number of identified lipid ions). As presented before in section 5.4.2

and in agreement with Rampler et al. findings (217), a significant decrease in the

number of identified lipids in human plasma analysed with 3C-IS mixture from P.

pastoris compared to samples extracted without 3C-IS mixture. This could be

attributed to ion suppression due to matrix effects as denser and more complex lipid

mixtures would be obtained when 3C-IS mixture is added to the samples as is shown

in Figure 6.7.
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Figure 6.6: Number of identified lipid ions by LipidSearch™ in control plasma samples (nine healthy
subjects before and after OGTT) extracted and analysed with and without *3C-IS mixture. The blue
dots represent the samples whereas the red dash line repersents the unit line with slope of 1.
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Figure 6.7: Example total ion chromatograms and the spectra of diabetic samples extracted from
patient RA2D43 Pre OGTT analysed without (A) and with (B) *3C-IS mixture.

6.4.3 Plasma lipidomic changes in healthy nondiabetic subjects and patients
diagnosed with T2DM before and after OGTT

Statistical analysis showed that there was no difference between identified lipid ions

between nondiabetic and diabetic subjects based on their pre OGTT lipid profile (nine
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non diabetic vs 22 diabetic patients, 357 lipid ions were included in the analysis) or
based on their lipid ions fold change after OGTT (nine non diabetic vs 20 diabetic
patients, 359 lipid ions were included in the analysis). Both comparisons showed that
there was no difference between the two groups as seen in OPLS-DA models in Figure
6.8 A and B respectively. That the Q? value shown in Figure 6.8 which describe the
goodness of fit of the model is below the normally accepted value of 0.4 and hence
the model produced is low quality despite the apparent differences seen in the plot.
This was in agreement with the untargeted analysis of all features as well where zero
and six features out of 15291 features were statistically different between the two
groups based on pre and post OGTT respectively (for OPLS-DA models and scores see
Appendix, Figure A.3). However, previous studies had shown that there is a clear
association between plasma level profile in patients diagnosed with DM including
T2DM patients and in prediabetic individuals (368, 389-392). In addition, Wong et al.
suggest that inclusion of few plasma lipid markers in classification of individuals at
risk of T2DM in addition to conventional classification criteria such as glucose level,
BMI, HbAlc and TG level could improve their classification that because these lipid
species can capture unobvious smaller signatures of diabetes risk (393). Most of
these studies were done on a large scale while in this study fewer samples were
included where small changes might be present but not significant and according to
the power analysis results seen in Figure 6.9 suggests that any statistical judgment
from these samples could be inaccurate and unreliable due to small size per group in

this study.
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Figure 6.8: OPLS-DA score plots of identified lipid ions extracted from MetaboAnalyst in study of
control vs patients diagnosed with T2DM based on A) fasting pre OGTT samples (nine non diabetic vs
22 diabetic patients, 357 lipid ions were included in the analysis, R>X= 0.106, RY=0.399 and
Q?=0.128) and B) fold change measurement of after OGTT over before OGTT ((nine non diabetic vs
20 diabetic patients, 359 lipid ions were included in the analysis, R?X= 0.067, RY=0.189 and
Q?=0.101).
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Figure 6.9: Power analysis vs samples size per group with FDR <0.05 extracted from MetaboAnalyst
in study of control vs patients diagnosed with T2DM based on A) fasting pre OGTT samples (nine non
diabetic vs 22 diabetic patients, 357 lipid ions were included in the analysis) and B) fold change
measurement of after OGTT over before OGTT ((nine non diabetic vs 20 diabetic patients, 359 lipid
ions were included in the analysis)).
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6.4.4 Plasma lipidomic changes in young and old patients diagnosed with T2DM
before and after OGTT.

Multiple t. test showed that there was no statistical difference in lipid ions level in
identified ions between young (<50 years) and old (>70 years) T2DM patients based
on their pre OGTT lipid profile or fold change (after OGTT over before OGTT). In
addition, poor OPLS-DA models were obtained as seen in Figure 6.10 A and B. This
was in agreement with untargeted analysis of all features as well where no features
out of 17342 detected features were statistically different between the two groups
and poor model was obtained by multivariate analysis as indicated by the model

scores (see Appendix, Figure A.4).

A previous study showed that conventional lipidomic profiles for young (60-75 years,
n=555) and older T2DM patients (>75 years, n=326) were significantly different and
in general higher lipids profiles were related to increased cardiovascular mortality in
T2DM yet this was not related to the patients age nevertheless the duration of the
disease have more pronounced effect (394). Also, another study on patients with
T2DM revealed that conventional lipidomic profiles and cardiovascular risk for young
(<40 years, n=2756 (0.5%)) and older patients (>40 years, n=47 163 (99.5%)) were
similar. However, in that study, huge differences between group sizes was seen and
this could hamper their conclusion (395). These studies could imply that the duration
of the disease rather than the patient's age could have more association in relation
to a dysregulated lipid profile. Unfortunately, most of the participant in this study
were newly diagnosed with T2DM (< 5 years) and therefore, the effect of disease

duration cannot be evaluated.
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Figure 6.10: OPLS-DA score plots of identified lipid ions extracted from MetaboAnalyst in study of
young vs old T2DM patients based on A) fasting pre OGTT samples (seven young vs seven old T2DM
patients, 357 lipid ions were included in the analysis, R2X= 0.079, R?Y=0.396 and Q?=0.025) and B)
fold change measurement of after OGTT over before OGTT (six young vs seven old T2DM patients,
359 lipid ions were included in the analysis, R2X= 0.075, R?Y=0.244 and Q?=-0.567).
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6.4.5 Plasma lipidomic changes in patients diagnosed with T2DM before and after
OGTT after carnitine supplement for 24 weeks.

The lipidomic profile of T2DM patients treated with L-carnitine supplement for 24
weeks showed no significant difference in identified lipid ions compared to the
placebo group where 377 lipid ions were identified and monitored between the two
groups. This was in agreement with supervised (OPLS-DA) statistical analysis of all
detected features in untargeted analysis where poor models were obtained when the
two groups where analysed simultaneously as seen in Figure 6.11 which represents
the OPLS-DA score plot of untargeted analysis models between treated and placebo
T2DM patients based on pre OGTT (A) and after OGTT (B), respectively. The OPLS-DA
score of the two models indicate that the obtained model was poor, and no clear
separation was achieved between the two groups based on their plasma lipidomic
profile. This suggests that L-carnitine supplement had no pronounced effect on the
plasma lipid profile in the treatment group or the intra-muscular carnitine level was
not increased significantly as it was expected. Previous study conducted to study the
effect of L-carnitine supplements (1g/day, for 12 weeks) on patients with coronary
artery disease stated that there was significant reduction in TG level with no changes
in other plasma lipid and they attributed these findings to carnitine antioxidant
activity rather than to its ability for lipid lowering effect by translocation of fatty acids
into mitochondria and thereby reduces fatty acid available for lipid synthesis (396).
In reported literature, L-carnitine supplements had a mixed effect on plasma lipid
profiles where it was reported that a lipid-lowering effect of these supplements was
observed yet others failed to do so (385, 397-401). Thus, the effect of these

supplements on the plasma lipid profile remains unclear. Also, different factors could
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play an important role in controlling the effect of these supplements such as the diet

and the lifestyle of the enrolled patients that could affect their lipid profile through

the study. Unfortunately, intra-muscular carnitine concentration was not measured

at the beginning and throughout this study and therefore the exact reason for such

effect cannot be explored or investigated. The measurement of L-carnitine

concentration in two groups before and after the supplements would make this

study more valid and more informative.
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Figure 6.11: OPLS-DA score plots of unidentified features extracted from SIMCA to study the effect of
L-carnitine supplement on T2DM patients based on A) fasting pre OGTT samples (R2X= 0.188,
R?Y=0.923 and Q?=-0.416) and B) post OGTT plasma samples (R2X= 0.277, R?Y=0.887 and Q?=0.24).
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6.5 Conclusion

The LC-MS analysis of T2DM samples using the developed normalisation method was
used to investigate the possible lipidomic differences between healthy and T2DM
patients, the lipidomic difference between young and old patients recently diagnosed
with T2DM and to study the effect of L-carnitine supplement on plasma lipidomic
profile of T2DM patients. There was no clear significant separation between the
studied groups despite the fact that there is a well-established association between
plasma lipid profile and T2DM. This was attributed to either low sample size or small
changes that did not pass the statistical threshold. Therefore, larger sample sizes are
needed to be able to distinguish the relatively small changes in plasma lipid profiles
between the different groups. Also, the lipidomic profile revealed that there is no
difference in plasma lipid profile between young and old T2DM patients and this
might agree with previous studies that the duration of the disease had a more
pronounced effect on the plasma lipid profile of these patients rather than their age.
Regards the effect of L-carnitine supplements on T2DM patients no rigid conclusion
can be withdrawn, however, it would have been better if the intra-muscular carnitine
level was measured at the beginning and throughout the study to truly understand
the true effect of oral L-carnitine supplement on T2DM patients. In addition, to obtain
better results, it would have been better to analyse tissue samples directly from the
skeletal muscle. That would help in understanding the direct effect of these

supplement on human skeletal muscles lipidome and fuel selection.
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Chapter Seven

Conclusions and future work
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7. Conclusions and future work

7.1 Conclusions

7.1.1 Generation of uniformly labelled 3C lipid standards in yeast and bacteria
species

In this project, an LC-MS based approach that allows semi-quantification of lipids in
complex samples using fully stable isotope-labelled lipid standards was developed.
Although the cost and availability of authentic synthesised standards limits the
practical usefulness of this approach, an alternative in vivo isotopic labelling strategy
was evaluated. Multiple optimisation and evaluation steps were conducted to
effectively select a microorganism-based source of these labelled standards that
could cover the majority of the lipidome in higher eukaryotic species leading the way
to comprehensive compound-specific normalisation in quantitative mass
spectrometry analysis. First, the lipidome profiles of five different species reported in
the literature were investigated and compared including E. coli MG1655, spirulina, S.
cerevisiae CEN.PK 1137D, S. cerevisiae BY4741, and P. pastoris NCYC 175. Comparison
of the lipid profiles of selected organisms shows that there were marked differences
in lipid class identified and in the number and the relative amount of the identified
lipid species in each class where individual or combinations of species could provide
a wide range of standards that cover most of the lipidome of higher eukaryotic
samples. Second, an in vivo labelling strategy was investigated for each species where
a3C-labelled carbon source was used to produce a wide range of labelled lipid
standards with the ultimate aim of providing a comprehensive set of 3C-labelled
lipids to be used for data correction and quantification in lipidomics analysis. Third,

the labelling pattern of these labelled standards was assessed and the efficacy of the
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labelling strategy in each species was evaluated. From the outline above, the selected
yeast P. pastoris grown in controlled meid with one main *3C-labelled carbon source
(1%) for 24 h, proved to be the optimum source of isotopically labelled standards that
will dilever more common lipids with complex systems such as plasma with high
labelling percentage leading the way to comprehensive compound-specific
standardisation in quantitative mass spectrometry assays in complex biological

samples.

7.1.2 Methods development and validation

The use of a well-established normalisation method for targeted studies based on
13C-labelled internal standards produced by in vivo labelling strategy was developed
and validated for untargeted lipidomics studies on plasma samples and applied in two
clinical untargeted lipidomics studies. First, an extraction protocol was optimised to
ensure maximum recovery of lipid species and sufficient sensitivity to facilitate the
identification of a wider range of lipids from different classes in a reproducible
manner. Second, the optimum amount of *3C-IS mixture was assessed to ensure that
the lowest amount of 13C-IS mixture was used, essential to maximise detection of the
highest number of ions with minimal or no ion suppression. Following from this initial
work, the 13C-IS mixture was used as internal standard introduced at initial stages of
plasma samples preparation to evaluate the ability of the optimised 3C-IS mixture in
correcting various instrumental variations that could arise in untargeted lipidomics
studies (28, 124, 402, 403). Plasma was selected as a model sample matrix because it
is usually used as an alternative for blood which is one of the most used biofluids in

metabolomics and lipidomics studies (404).
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Metabolites and lipids in LC-MS based metabolomics studies are subjected to
different sources of variations at multiple stages that could affect the quality of the
results and it is very important to correct the effect of these variations. The validated
normalisation method was shown to be an effective method in reducing technical
and analytical variations introduced during samples preparation and analysis. In
addition, this method was able to reduce variations introduced in typical lipidomics
large batch analysis (over several days) where the MS response may change from day
to day and hence compromise the results. The '3C-IS mixture enables a direct
normalisation approach by compound-specific normalisation or an indirect approach
based on RT with or without considering chemical similarity (class similarity) that
ultimately can used to obtain a more accurate estimate of hundreds of lipid ions
identified in samples analysed based on untargeted LC-MS-based lipidomic analysis.
Although new interest has risen in evaluating the potential use of these 3C-IS in
untargeted lipidomics study, it is the first time that these standards produced by in
vivo labelling strategy were used comprehensively for normalisation of diverse set of
lipids on multiple sets of biological samples. This approach is considered as an
efficient alternative for chemically synthesised standards which are limited and
expensive or to other normalisations methods that lack the true power for correcting

the different source of variations at various stages throughout the study.

Significant challenges had to be overcome during method development and
validation. First, an unexpected result demonstrated that the '3C-IS mixture had a
little or no effect on correcting analytical variations in short analysis run time (a few
hours). This was concluded to be due to the high stability of a short LC-MS run where

care was taken in the analytical technique during sample preparation, and stable
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chromatography was established with a consistent response of the LC-MS system.
Second, the reliability of the whole method was based on the need to correctly
identify hundreds of lipid ions, where this was impractical to do manually. Hence the
use of LipidSearch™ software was developed to provide a high level of confidence in
lipid identity by the use of MS-MS analysis and reference to lipid fragmentation
databases. Third, the whole process is manual due to the lack of software that could
detect, identify and quantify both unlabelled sample lipids and 3C-labelled lipids in
the internal standard mixture when added to the samples. Therefore, due to inability
to annotate !3C-labelled lipids, manual curation of 3C datasets was ultimately

required to ensure correct annotation.

7.1.3 Clinical applications using the developed and validated normalisation method
The developed normalisation method was used on two clinical lipidomic studies to
provide an accurate estimate of the detected and identified lipid ions in those studies.
In both studies, the applied normalisation method was expected to decrease
systematic and random errors that can be introduced accidentally and unavoidably
during the study that could affect the quality of the data.

In chapter five, the developed novel lipidomics method was employed to study intra-
tumour heterogeneity in low grade glioma tumour in five patients. The experimental
design of this experiment was not ideal because no control samples were available
(not possible to take healthy brain tissue) and the number of patients were limited.
Despite these limitations, a distinct lipidomic profile was observed between spatially
resolved regions of the tumour indicating intra-tumoral heterogeneity that could
affect patient stratification, diagnosis and treatment. Also, the degree of intra-

tumoral heterogeneity between patients was different. Both observations were
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expected to affect treatment output, survival and patient’s quality of life before and
after treatment and therefore personalised tumour-specific strategies should be
considered to accommodate such variations to extend progression-free intervals. In
addition, inter and intra-tumour heterogeneity suggests that profiling cancer cell
phenotypes from single biopsies to guide therapeutic decision making from
heterogeneous tumours may prove challenging especially as heterogeneity could
lead to therapeutic resistance or relapse.

In chapter six, the developed novel lipidomics method was employed to study the
lipidomic difference between healthy and T2DM patients, the effect of age on the
lipidomic profile in patients recently diagnosed with T2DM and to study the effect of
L-carnitine supplement on plasma lipidomic profile of T2DM patients. There was no
clear significant separation between the studied groups despite the fact that there is
a well-established association between plasma lipid profile and T2DM in the scientific
literature. This unexpected result can be attributed to either low sample size or to
the fact that the changes were small and did not pass the statistical significance
threshold. Also, the lipidomic profile revealed that there was no difference in plasma
lipid profile between young and old T2DM patients which agrees with previous
studies, the duration of the disease had a more pronounced effect on the plasma lipid
profile of these patients rather than their age. In addition, oral L-carnitine
supplements had no effect on the lipidome profile of T2DM patients. The main
limitations on the current study design was the small number of patients who were
only males and the poor control over many important factors such as patients’ diet

and physical activity. A better experimental design can be performed by including
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more volunteers of both sexes and more control over their diet and lifestyle

throughout the study.
7.2 Future work

In this thesis, lipids were putatively identified by LipidSearch™ based on their
fragmentation pattern score which can result in errors due to huge number of lipid
isomers. In future work this could be overcome by matching m/z, RT and
fragmentation pattern with reference to pure authentic standards to confirm the
LipiSearch™ identity and to increase the confidence of the obtained results. This
improved identification method would also be relevant to the *3C-labelled standards
that could be identified in the studied samples and might improve the qualitative and
quantitative information discussed in this thesis. In addition, the novel method was
used in untargeted analysis but only putatively identified ions were addressed and
normalised, it would be advantageous if the effect of untargeted normalisation is
done based on selected '3C-ISs identified previously, this will enrich the studies as
more ions would be included in the analysis. Furthermore, it would be interesting if
we could highlight the main different lipid ions between different regions in each
patient included in analysis in chapter five and compare these lipids with other
patients and link these ions with other studies in our group regards glioma grade IV
(glioblastoma: highly malignant and invasive grade of glioma) in order to expect
which ions could be linked to higher grade of the disease or to predict which lipid

profile could promote progression to higher grade of the disease.

Also, it would be interesting to compare the hydrophilic metabolites profiles in the

selected species and compare between them to investigate which species would be
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more beneficial as a source of labelled standards in metabolomics studies as well.
Furthermore, to validate and apply that optimum extract in clinical metabolomics

studies.

Furthermore, this approach have proven its ability to improve the quality and
reproducibility of lipidomics data and have a positive effect on the the qualitative and
guantitative description of lipid biomarkers . In addition, the presented approach is
a cost efficient alternative to chemical synthesis of labelled lipid standards that can
be used in different biological matrices. for clinical and nonclinical use- for example
in plant-based lipids or in insects or indeed in microorganisms themselves.
Additionally, the studied species can be used as microbial factories to produce
valuable labelled chemical intermediates that can be used as standards in targeted

or untargetd studies to understand lipid metabolism in different applications.
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Appendix

Table A.1:Lipid ions identified in P. pastoris and their 3C-enrichment based on their labelling pattern
labelled isotopologues.

and the labelling percentage of the full

Expected
13c_
Number Labelling labelling
of percentage degree
Number Lipid ion ID Class carbon | Polarity of fully based on
atomin labelled the fully
the ion ions labelling
percentage
obtained
1 Cer(d17:0/16:0)+H Cer 33 + 0.00 0.00
2 Cer(d17:0/18:0)+H Cer 35 + 0.00 0.00
3 Cer(d18:0/18:0)+H Cer 36 + 68.99 98.97
4 Cer(d18:0/18:0)-H Cer 36 - 74.95 99.20
5 Cer(d18:1/16:0)+H Cer 34 + 72.16 99.04
6 Cer(d18:1/18:0)+H Cer 36 + 67.49 98.91
7 Cer(d18:1/28:5)+H Cer 46 + 59.71 98.89
8 Cer(d18:2/16:0)+H Cer 34 + 68.10 98.88
9 Cer(d18:2/16:0+0)+H Cer 34 + 73.76 99.11
10 Cer(d18:2/16:0+0)-H Cer 34 - 56.83 98.35
11 Cer(d18:2/18:0)+H Cer 36 + 66.00 98.85
12 Cer(d18:2/18:0+0)+H Cer 36 + 61.05 98.64
13 Cer(d18:2/18:0+0)-H Cer 36 - 60.28 98.60
14 Cer(d24:0/18:0+0)+H Cer 42 + 53.92 98.54
15 Cer(d24:1)-H Cer 24 - 0.00 0.00
16 CerG1(d18:2/16:0+0)+H | CerGl | 40 + 63.71 98.88
17 CerG1(d18:2/18:0+0)+H CerG1 42 + 59.28 98.76
18 CerG1(d18:2/18:1)+H CerGl | 42 + 63.43 98.92
19 DG(15:0/18:2)+NHa4 DG 36 + 68.15 98.94
20 DG(16:0/14:0)+NHa4 DG 33 + 0.19 82.71
21 DG(16:0/16:0)+H DG 35 + 0.00 0.00
22 DG(16:0/16:0)+NHa4 DG 35 + 0.05 80.26
23 DG(16:0/17:0)+NHa4 DG 36 + 0.00 0.00
24 DG(16:0/18:1)+NHa4 DG 37 + 66.08 98.89
25 DG(16:1/16:1)+NHa4 DG 35 + 69.35 98.96
26 DG(16:1/18:1)+NHa4 DG 37 + 65.74 98.87
27 DG(16:1/18:2)+NHa4 DG 37 + 66.28 98.89
28 DG(16:1/18:3)+NHa4 DG 37 + 66.51 98.90
29 DG(17:0/18:1)+NHa4 DG 38 + 65.99 98.91
30 DG(17:1/18:1)+NHa4 DG 38 + 65.86 98.91
31 DG(17:1/18:2)+NHa DG 38 + 64.67 98.86
32 DG(17:1/18:3)+NHa4 DG 38 + 60.47 98.69
33 DG(18:0/16:0)+H DG 37 + 0.00 0.00
34 DG(18:0/16:0)+NHa4 DG 37 + 0.03 80.16
35 DG(18:0/16:0)+NHa4 DG 37 + 0.00 0.00
36 DG(18:0/17:0)+NHa4 DG 38 + 0.31 85.87
37 DG(18:0/18:0)+H DG 39 + 0.00 0.00
38 DG(18:0/18:1)+NHa4 DG 39 + 61.15 98.75
39 DG(18:0/20:0)+NHa4 DG 41 + 0.12 84.84
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40 DG(18:1/14:0)+NHa DG 35 + 69.65 98.97
41 DG(18:1/18:1)+H DG 39 + 62.23 98.79
42 DG(18:1/18:1)+NHa DG 39 + 65.19 98.91
43 DG(18:1/18:2)+NHa DG 39 + 64.55 98.88
44 DG(18:1/19:4)+H DG 40 + 0.00 0.00
45 DG(18:1/24:0)+NHa DG 45 + 56.02 98.72
46 DG(18:2/17:3)+NHa DG 38 + 65.96 98.91
47 DG(18:2/18:2)+NHa DG 39 + 63.39 98.84
48 DG(18:3/18:2)+H DG 39 + 0.22 85.51
49 DG(18:3/18:2)+NHa DG 39 + 63.43 98.84
50 DG(18:3/18:3)+H DG 39 + 0.00 0.00
51 DG(18:3/18:3)+NHa DG 39 + 61.35 98.76
52 DG(20:1/18:2)+NHa DG 41 + 4230 97.92
53 DG(20:1/18:3)+NHa DG 41 + 58.38 98.70
54 DG(37:4)+H DG 40 + 0.00 0.00
55 dMePE(16:0/18:1)-H dMePE | 41 - 67.25 99.04
56 dMePE(16:0/18:2)-H dMePE | 41 66.30 99.00
57 dMePE(16:2/18:2)-H dMePE | 41 - 61.74 98.83
58 dMePE(18:1/18:1)-H dMePE | 43 - 57.62 98.73
59 dMePE(18:1/18:2)-H dMePE | 43 - 59.13 98.79
60 dMePE(18:1/18:3)-H dMePE | 43 - 42.32 98.02
61 dMePE(18:3/18:2)-H dMePE | 43 - 62.63 98.92
62 dMePE(33:2)-H dMePE | 40 - 62.38 98.83
63 dMePE(35:2)-H dMePE | 42 - 27.78 97.00
64 FA(18:2)-H FA 18 81.27 98.85
65 LPC(16:0)+CH3CO0 LPC 24 - 70.67 98.56
66 LPC(16:0)+H LPC 24 + 75.42 98.83
67 LPC(16:1)+H LPC 24 + 73.20 98.71
68 LPC(17:1)+H LPC 25 + 70.65 98.62
69 LPC(18:0)+H LPC 26 + 75.68 98.93
70 LPC(18:1)+H LPC 26 + 71.68 98.73
71 LPC(18:2)+H LPC 26 + 74.85 98.89
72 LPC(18:3)+H LPC 26 + 71.73 98.73
73 LPC(20:5)+H LPC 28 + 0.00 0.00
74 LPC(37:6)+H LPC 45 + 0.00 0.00
75 LPE(16:0)-H LPE 21 - 77.04 98.77
76 LPE(18:1)-H LPE 23 74.95 98.75
77 LPE(18:2)+H LPE 23 + 0.00 0.00
78 LPE(18:2)-H LPE 23 - 73.84 98.69
79 LPE(18:3)+H LPE 23 + 81.58 99.12
80 LPE(18:3)-H LPE 23 - 75.42 98.78
81 MG(14:0)+H MG 17 + 0.00 0.00
82 MG(14:0)+NHa MG 17 + 0.00 0.00
83 MG(16:0)+H MG 19 + 0.00 0.00
84 MG(16:0)+NHa MG 19 + 0.00 0.00
85 MG(16:0)+NHa MG 19 + 0.00 0.00
86 MG(18:0)+H MG 21 + 0.00 0.00
87 MG(18:0)+H MG 21 + 0.00 0.00
88 MG(18:0)+NHa MG 21 + 0.00 0.00
89 MG(18:0)+NHa MG 21 + 0.00 0.00
90 MG(18:0)+NHa MG 21 + 0.00 0.00
91 OAHFA(32:1)-H OAHFA | 32 - 65.32 98.68
92 OAHFA(36:1)-H OAHFA | 36 62.48 98.70
93 OAHFA(36:3)-H OAHFA | 36 - 66.16 98.86
94 OAHFA(38:6)-H OAHFA | 38 - 0.00 0.00
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95 PA(16:0/18:1)-H PA 37 - 61.20 98.68
96 PA(16:0/18:2)-H PA 37 - 71.50 99.10
97 PA(16:0/18:2)-H PA 37 - 66.79 98.91
98 PA(18:1/18:1)-H PA 39 - 68.40 99.03
99 PA(18:1/18:2)-H PA 39 68.01 99.02
100 PA(18:3/18:2)-H PA 39 - 68.09 99.02
101 PC(15:2/18:2)+H PC 41 + 64.95 98.95
102 PC(16:0/18:1)+H PC 42 + 59.86 98.79
103 PC(18:1/19:2)+H PC 45 + 58.22 98.80
104 PC(30:1)+H PC 38 + 64.31 98.84
105 PC(32:0)+H PC 40 + 68.47 99.06
106 PC(32:1)+H PC 40 + 64.98 98.93
107 PC(32:2)+H PC 40 + 62.62 98.84
108 PC(32:3)+H PC 40 + 60.84 98.77
109 PC(32:4)+H PC 40 + 62.52 98.83
110 PC(33:1)+H PC 41 + 65.17 98.96
111 PC(33:3)+H PC 41 + 59.94 98.76
112 PC(33:4)+H PC 41 + 58.93 98.72
113 PC(33:5)+H PC 41 + 65.64 98.98
114 PC(34:2)+H PC 42 + 59.62 98.78
115 PC(34:3)+H PC 42 + 59.50 98.77
116 PC(34:4)+H PC 42 + 58.66 98.74
117 PC(34:5)+H PC 42 + 59.42 98.77
118 PC(34:6)+H PC 42 + 60.85 98.82
119 PC(35:1)+H PC 43 + 63.66 98.96
120 PC(35:3)+H PC 43 + 0.00 0.00

121 PC(35:4)+H PC 43 + 57.08 98.70
122 PC(35:5)+H PC 43 + 57.43 98.72
123 PC(35:6)+H PC 43 + 56.04 98.66
124 PC(36:1)+H PC 44 + 56.15 98.70
125 PC(36:2)+H PC 44 + 57.38 98.75
126 PC(36:3)+H PC 44 + 58.42 98.79
127 PC(36:3)+H PC 44 + 62.65 98.94
128 PC(36:4)+H PC 44 + 57.91 98.77
129 PC(36:5)+H PC 44 + 56.81 98.72
130 PC(36:6)+H PC 44 + 56.12 98.70
131 PC(36:7)+H PC 44 + 0.00 0.00

132 PC(37:2)+H PC 45 + 44.07 98.20
133 PC(37:4)+H PC 45 + 54.74 98.67
134 PC(38:2)+H PC 46 + 57.23 98.79
135 PC(38:3)+H PC 46 + 57.06 98.79
136 PC(38:4)+H PC 46 + 55.96 98.75
137 PC(38:5)+H PC 46 + 50.57 98.53
138 PC(38:6)+H PC 46 + 47.08 98.38
139 PE(16:0/16:0)+H PE 37 + 71.28 99.09
140 PE(16:0/16:1)+H PE 37 + 64.89 98.84
141 PE(16:0/18:1)+H PE 39 + 65.37 98.92
142 PE(16:0/18:1)-H PE 39 - 63.79 98.85
143 PE(16:0/18:3)+H PE 39 + 65.32 98.91
144 PE(16:0/18:3)-H PE 39 - 64.04 98.86
145 PE(16:0e)+H PE 21 + 81.76 99.05
146 PE(16:1/16:1)+H PE 37 + 64.72 98.83
147 PE(16:1/16:1)-H PE 37 - 61.63 98.70
148 PE(16:1/18:1)-H PE 39 63.60 98.85
149 PE(16:1/18:3)+H PE 39 + 64.17 98.87
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150 PE(16:1/18:3)-H PE 39 - 63.03 98.82
151 PE(16:2/18:3)+H PE 39 + 65.42 98.92
152 PE(17:0/18:1)+H PE 40 + 58.21 98.66
153 PE(17:1/16:0)-H PE 38 - 68.55 99.01
154 PE(17:1/18:1)+H PE 40 + 62.77 98.84
155 PE(17:1/18:1)-H PE 40 - 62.38 98.83
156 PE(17:1/18:2)+H PE 40 + 63.00 98.85
157 PE(18:0/18:1)+H PE 41 + 66.80 99.02
158 PE(18:0/18:1)-H PE 41 - 66.74 99.02
159 PE(18:0p)+H PE 23 + 94.42 99.75
160 PE(18:1/18:1)+H PE 41 + 64.53 98.94
161 PE(18:1/18:1)-H PE 41 - 63.07 98.88
162 PE(18:1/18:2)+H PE 41 + 65.17 98.96
163 PE(18:1/18:2)-H PE 41 - 62.13 98.85
164 PE(18:2/17:2)-H PE 40 - 61.25 98.78
165 PE(18:2/17:3)+H PE 40 + 61.95 98.81
166 PE(18:2/17:3)-H PE 40 - 60.45 98.75
167 PE(18:2/18:2)+H PE 41 + 64.95 98.95
168 PE(18:2/18:2)-H PE 41 - 61.74 98.83
169 PE(18:3/18:2)+H PE 41 + 63.60 98.90
170 PE(18:3/18:2)-H PE 41 - 59.06 98.72
171 PE(18:3/18:3)+H PE 41 + 60.89 98.80
172 PE(18:3/18:3)-H PE 41 - 58.57 98.70
173 PE(32:1e)+H PE 37 + 91.11 99.75
174 PE(34:0e)+H PE 39 + 0.00 0.00

175 PE(35:4)+H PE 40 + 66.58 98.99
176 PE(37:0p)+H PE 42 + 50.96 98.41
177 PE(37:1p)+H PE 42 + 62.33 98.88
178 PE(37:2)-H PE 42 - 27.78 97.00
179 PE(37:5)-H PE 42 - 25.88 96.83
180 PE(42:2p)+H PE 47 + 53.74 98.69
181 PE(43:10)+H PE 48 + 0.00 0.00

182 PE(45:11)+H PE 50 + 0.00 0.00

183 PE(45:12)+H PE 50 + 0.00 0.00

184 PE(45:13)+H PE 50 + 0.00 0.00

185 PE(47:10)+H PE 52 + 0.00 0.00

186 PE(47:12)+H PE 52 + 0.00 0.00

187 PE(47:13)+H PE 52 + 0.00 0.00

188 PG(16:0/18:1)+NHa PG 40 + 66.22 98.97
189 PG(16:0/18:1)-H PG 40 - 69.19 99.08
190 PG(16:0/18:2)+NHa PG 40 + 66.72 98.99
191 PG(16:0/18:2)-H PG 40 - 63.59 98.87
192 PG(16:0/18:3)-H PG 40 - 65.63 98.95
193 PG(18:1/18:2)-H PG 42 - 62.58 98.89
194 PG(18:1/18:3)-H PG 42 62.48 98.89
195 PG(18:3/18:2)-H PG 42 - 62.12 98.87
196 PG(28:0/16:0)+H PG 50 + 0.00 0.00

197 PG(28:0/18:1)+H PG 52 + 0.00 0.00

198 PG(28:0/18:2)+H PG 52 + 0.00 0.00

199 PI(16:0/16:1)+NHa PI 41 + 66.56 99.01
200 PI(16:0/16:1)-H PI 41 - 63.51 98.90
201 PI(16:0/18:1)+H PI 43 + 61.05 98.86
202 PI(16:0/18:2)+H PI 43 + 63.66 98.96
203 PI(16:0/18:2)+NHa PI 43 + 63.75 98.96
204 PI(16:0/18:2)-H PI 43 - 60.84 98.85
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205 P1(16:0/18:3)+NHa4 Pl 43 + 63.54 98.95
206 PI1(16:0/18:3)-H Pl 43 - 60.81 98.85
207 PI1(16:1/18:3)-H Pl 43 - 59.03 98.78
208 PI(17:0/18:1)-H Pl 44 - 59.21 98.82
209 PI(17:1/16:0)-H Pl 42 - 61.97 98.87
210 PI(17:1/18:1)-H Pl 44 - 59.49 98.83
211 P1(18:0/18:1)+NH4 Pl 45 + 64.18 99.02
212 PI1(18:0/18:1)-H Pl 45 - 58.55 98.82
213 PI1(18:1/18:1)-H Pl 45 - 59.66 98.86
214 P1(18:1/18:2)-H Pl 45 - 58.60 98.82
215 P1(18:2/18:2)+NH4 Pl 45 + 59.15 98.84
216 P1(18:2/18:2)-H Pl 45 - 58.05 98.80
217 P1(18:3/18:3)+NHa4 Pl 45 + 64.73 99.04
218 P1(18:3/18:3)-H Pl 45 - 59.31 98.85
219 P1(36:3)+NH4 Pl 45 + 59.70 98.86
220 PS(16:0/16:1)-H PS 38 - 48.72 98.13
221 PS(16:0/18:1)+H PS 40 + 68.79 99.07
222 PS(16:0/18:1)-H PS 40 - 69.38 99.09
223 PS(16:0/18:2)-H PS 40 - 62.82 98.84
224 PS(16:0/18:3)-H PS 40 - 63.38 98.87
225 PS(18:1/18:1)-H PS 42 - 64.63 98.97
226 PS(18:1/18:2)-H PS 42 - 70.00 99.15
227 PS(36:1)-H PS 42 - 1.38 90.31
228 PS(36:4)-H PS 42 - 0.00 0.00

229 PS(36:4)-H PS 42 - 0.00 0.00

230 PS(37:3)-H PS 43 - 0.00 0.00

231 PS(37:4)-H PS 43 - 0.00 0.00

232 PS(38:1p)-H PS 44 - 68.99 99.16
233 PS(39:4)-H PS 45 - 0.00 0.00

234 PS(39:6)-H PS 45 - 6.45 94.09
235 PS(40:1)-H PS 46 - 1.05 90.56
236 PS(40:4)-H PS 46 - 1.11 90.68
237 PS(40:5)-H PS 46 1.06 90.59
238 PS(42:1)-H PS 48 - 0.00 0.00

239 SM(d41:5)+H SM 46 + 0.00 0.00

240 So(d17:1)+H So 17 + 0.00 0.00

241 So(d18:0)+H So 18 + 84.08 99.04
242 So(d18:1)+H So 18 + 79.99 98.77
243 So(d20:0)+H So 20 + 73.85 98.50
244 So(d20:1)+H So 20 + 78.68 98.81
245 TG(12:0/18:2/18:2)+NHs | TG 51 + 53.47 98.78
246 TG(12:0/18:2/20:5)+H TG 53 + 0.00 0.00

247 TG(14:0/18:3/20:4)+H TG 55 + 0.00 0.00

248 TG(15:0/16:0/18:1)+NHs | TG 52 + 54.34 98.83
249 TG(15:0/16:0/18:2)+NHs | TG 52 + 55.17 98.86
250 TG(15:0/16:1/18:3)+NHs | TG 52 + 50.97 98.71
251 TG(16:0/14:0/16:0)+NHs | TG 49 + 5.48 94.24
252 TG(16:0/14:0/18:1)+NHs | TG 51 + 57.73 98.93
253 TG(16:0/14:0/20:4)+H TG 53 + 0.00 0.00

254 TG(16:0/16:0/16:0)+NHs | TG 51 + 1.41 91.99
255 TG(16:0/16:0/18:1)+NHs | TG 53 + 56.21 98.92
256 TG(16:0/16:0/18:3)+H TG 53 + 0.00 0.00

257 TG(16:0/16:1/18:1)+NHs | TG 53 + 55.08 98.88
258 TG(16:0/16:1/18:2)+NHs | TG 53 + 54.90 98.88
259 TG(16:0/17:0/18:1)+NHs | TG 54 + 54.35 98.88
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260 TG(16:0/17:1/18:1)+NHa | TG 54 + 54.71 98.89
261 TG(16:0/17:1/20:4)+H TG 56 + 1.02 92.14
262 TG(16:0/18:1/18:1)+NHa | TG 55 + 54.06 98.89
263 TG(16:0/18:1/20:4)+H TG 57 + 0.00 0.00

264 TG(16:0/18:2/18:3)+NHs | TG 55 + 50.82 98.78
265 TG(16:0/20:5/20:5)+H TG 59 + 0.10 88.96
266 TG(16:1/12:0/18:1)+NHs | TG 49 + 59.05 98.93
267 TG(16:1/14:0/17:1)+NHa | TG 50 + 56.16 98.85
268 TG(16:1/14:0/18:1)+NHs | TG 51 + 57.83 98.93
269 TG(16:1/16:1/16:1)+NHa | TG 51 + 55.54 98.85
270 TG(16:1/16:1/17:1)+NHa | TG 52 + 53.89 98.82
271 TG(16:1/16:1/18:2)+NHa | TG 53 + 54.04 98.85
272 TG(16:1/16:1/18:3)+NHa | TG 53 + 52.65 98.80
273 TG(16:1/16:2/18:3)+NHa | TG 53 + 47.29 98.60
274 TG(16:1/17:1/18:1)+NHa | TG 54 + 54.40 98.88
275 TG(16:1/17:1/18:2)+NHa | TG 54 + 52.89 98.83
276 TG(16:1/17:3/18:2)+NHa | TG 54 + 48.34 98.66
277 TG(16:1/17:3/18:3)+NHa | TG 54 + 46.18 98.58
278 TG(16:1/18:1/18:1)+NHa | TG 55 + 53.47 98.87
279 TG(16:1/18:1/18:2)+NHa | TG 55 + 52.73 98.84
280 TG(16:1/18:1/18:3)+H TG 55 + 0.00 0.00

281 TG(16:1/18:2/18:3)+NHs | TG 55 + 50.32 98.76
282 TG(16:1/18:2/20:5)+H TG 57 + 0.00 0.00

283 TG(16:1/18:3/18:3)+NHs | TG 55 + 48.32 98.69
284 TG(16:2/18:3/18:3)+NHs | TG 55 + 49.27 98.72
285 TG(17:0/18:1/18:1)+NHs | TG 56 + 53.25 98.88
286 TG(17:1/17:2/17:2)+NHa | TG 54 + 50.02 98.73
287 TG(17:4/18:3/21:5)+H TG 59 + 0.00 0.00

283 TG(18:0/16:0/16:0)+NHa | TG 53 + 0.33 89.78
289 TG(18:0/16:0/18:0)+NHa | TG 55 + 0.06 87.50
290 TG(18:0/16:0/18:1)+NHa | TG 55 + 55.30 98.93
291 TG(18:0/16:1/18:1)+NHa | TG 55 + 54.06 98.89
292 TG(18:0/18:0/18:0)+NHa | TG 57 + 0.00 0.00

293 TG(18:0/18:0/18:1)+NHa | TG 57 + 51.06 98.83
294 TG(18:0/18:1/18:1)+NHa | TG 57 + 53.09 98.90
295 TG(18:0/18:1/18:2)+NHa | TG 57 + 52.89 98.89
296 TG(18:0/18:1/20:4)+H TG 59 + 0.00 0.00

297 TG(18:1/14:0/14:0)+NHa | TG 49 + 65.05 99.13
298 TG(18:1/17:1/18:1)+NHa | TG 56 + 52.89 98.87
299 TG(18:1/17:1/18:2)+NHa | TG 56 + 52.67 98.86
300 TG(18:1/17:1/20:5)+H TG 58 + 0.81 92.04
301 TG(18:1/18:1/18:2)+NHs | TG 57 + 52.43 98.87
302 TG(18:1/18:1/19:2)+NHs | TG 58 + 50.74 98.84
303 TG(18:1/18:1/19:3)+H TG 58 + 0.00 0.00

304 TG(18:1/18:1/19:5)+NHa | TG 58 + 0.64 91.66
305 TG(18:1/18:2/18:2)+NHs | TG 57 + 50.10 98.79
306 TG(18:1/18:2/18:3)+H TG 57 + 0.00 0.00

307 TG(18:1/18:2/18:3)+NHa | TG 57 + 49.27 98.77
308 TG(18:1/18:2/20:3)+NHa | TG 59 + 48.49 98.78
309 TG(18:1/18:2/22:0)+NHa | TG 61 + 50.57 98.89
310 TG(18:1/18:3/18:3)+H TG 57 + 0.00 0.00

311 TG(18:1/18:3/19:5)+NHa | TG 58 + 0.00 0.00

312 TG(18:1/18:3/22:0)+NHa | TG 61 + 47.34 98.78
313 TG(18:1/18:3/24:0)+NHa | TG 63 + 45.07 98.74
314 TG(18:1/20:4/22:0)+H TG 63 + 0.00 0.00
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315 TG(18:1/20:4/22:1)+H TG 63 + 0.00 0.00
316 TG(18:2/17:1/18:2)+NHa | TG 56 + 50.67 98.79
317 TG(18:2/17:3/17:3)+NHa | TG 55 + 0.00 0.00
318 TG(18:3/17:1/18:2)+NHa | TG 56 + 50.09 98.77
319 TG(18:3/17:2/18:2)+NHa | TG 56 + 47.53 98.68
320 TG(18:3/17:3/17:3)+NHa | TG 55 + 2.95 93.79
321 TG(18:3/17:3/18:2)+NHa | TG 56 + 45.19 98.59
322 TG(18:3/17:3/18:3)+NHa | TG 56 + 42.22 98.47
323 TG(18:3/17:3/20:5)+H TG 58 + 0.00 0.00
324 TG(18:3/18:2/18:2)+NHs | TG 57 + 47.59 98.71
325 TG(18:3/18:2/18:2)+NHa | TG 57 + 1.45 92.84
326 TG(18:3/18:2/18:3)+NHa | TG 57 + 47.07 98.69
327 TG(18:3/18:3/18:3)+H TG 57 + 0.00 0.00
328 TG(18:3/18:3/18:3)+NHa | TG 57 + 45.90 98.64
329 TG(18:3/18:3/20:5)+H TG 59 + 0.05 87.89
330 TG(18:4/16:1/16:1)+H TG 53 + 0.00 0.00
331 TG(18:4/16:1/18:3)+H TG 55 + 0.00 0.00
332 TG(18:4/16:2/18:3)+H TG 55 + 0.00 0.00
333 TG(18:4/17:1/18:1)+H TG 56 + 0.13 88.81
334 TG(18:4/17:2/18:3)+H TG 56 + 0.00 0.00
335 TG(18:4/18:2/18:3)+NHa | TG 57 + 0.00 0.00
336 TG(18:4/18:3/18:3)+H TG 57 + 0.00 0.00
337 TG(18:4/18:3/18:3)+NHs | TG 57 + 0.00 0.00
338 TG(19:0/18:1/18:1)+NHs | TG 58 + 43.47 98.57
339 TG(19:1/16:0/18:3)+H TG 56 + 0.00 0.00
340 TG(19:1/18:1/18:1)+NHs | TG 58 + 46.29 98.68
341 TG(19:1/18:1/18:2)+NHs | TG 58 + 41.30 98.49
342 TG(19:1/18:1/18:3)+NHs | TG 58 + 51.67 98.87
343 TG(19:3/18:2/18:3)+NHs | TG 58 + 0.80 92.02
344 TG(19:4/18:2/18:3)+H TG 58 + 0.00 0.00
345 TG(19:4/18:3/18:3)+NHa | TG 58 + 0.00 0.00
346 TG(19:5/18:2/18:3)+H TG 58 + 0.00 0.00
347 TG(20:0/18:1/18:1)+NHa | TG 59 + 41.18 98.51
348 TG(20:0/18:1/18:3)+NHa | TG 59 + 37.58 98.35
349 TG(20:1/18:1/18:1)+NHa | TG 59 + 0.00 0.00
350 TG(20:1/18:2/18:2)+NHa | TG 59 + 46.05 98.69
351 TG(20:3/18:2/18:2)+NHa | TG 59 + 41.89 98.54
352 TG(20:5/17:1/18:2)+H TG 58 + 0.00 0.00
353 TG(24:3/18:1/18:3)+H TG 63 + 0.00 0.00
354 TG(24:4/16:0/16:0)+NHa | TG 59 + 0.00 0.00
355 TG(54:11)+NHa TG 57 + 0.00 0.00
356 TG(55:10p)+H TG 58 + 0.00 0.00
357 TG(55:11)+NHa TG 58 + 0.44 91.07
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Table A.2: Lipid ions identified by LipidSearch™ in Plasma extract when chloroform was not dried

(n=3).
# Lipid ion ID Class lon formula CalcMz RT Peak area +STD
1 MG(15:2)+NHa MG CisH3604N 330.2639 1.12 5.41E+07+3.22E+06
2 LPC(20:5)+H LPC CasH1907NP 542.3241 1.14 4.06E+07+3.04E+06
3 LPC(14:0)+H LPC C22H4707NP 468.3085 1.14 3.77E+07+4.04E+06
4 LPC(22:6)+H LPC CsoHs107NP 568.3398 1.14 3.34E+07+4.36E+06
5 LPC(17:0)+H LPC CasHs307NP 510.3554 1.14 2.28E+07+1.96E+07
6 LPC(16:1)+H LPC Ca4H1907NP 494.3241 1.14 6.71E+07+8.01E+06
7 LPC(18:3)+H LPC CasHa907NP 518.3241 1.14 1.19E+08+2.02E+07
8 LPC(20:4)+H LPC CasHs107NP 544.3398 1.15 1.82E+08+3.47E+07
9 LPC(15:0)+H LPC Ca3H1907NP 482.3241 1.15 2.78E+07+9.05E+06
10 LPC(18:2)+H LPC Ca6Hs10/NP 520.3398 1.15 6.17E+08+8.29E+07
11 LPC(16:0)+H LPC Ca4Hs107NP 496.3398 1.15 2.74E+09+8.09E+08
12 LPC(16:0)+CHsCOO LPC Ca6Hs30sNP 554.3463 1.16 4.57E+08+1.67E+08
13 LPC(18:1)+H LPC CasHs307NP 522.3554 1.17 3.13E+08+2.40E+08
14 LPC(18:0)+H LPC C26Hss07NP 524.3711 1.17 6.30E+08+5.45E+08
15 LPC(18:1)+H LPC C26Hs307NP 522.3554 3.56 5.61E+07+9.71E+07
16 LPC(16:1)+H LPC CasH4907NP 494.3241 4.25 9.57E+06+1.90E+06
17 LPC(22:6)+H LPC CsoHs107NP 568.3398 4.53 4.82E+06+1.10E+06
18 LPC(18:2)+H LPC C26Hs107NP 520.3398 4.67 4.49E+0712.94E+07
19 LPC(20:4)+H LPC C2sHs107NP 544.3398 4.67 3.03E+07+5.85E+06
20 LPC(18:2)+H LPC Ca6Hs107NP 520.3398 4.77 1.05E+08+3.45E+07
21 FA(16:1)-H FA O2H29C16 253.2173 5.10 4.55E+0816.26E+07
22 FA(16:1)-H FA O2H29C16 253.2173 5.11 4.46E+0816.18E+07
23 LPC(20:3)+H LPC C2sHs307NP 546.3554 5.23 1.65E+07+7.34E+06
24 LPC(16:0)+H LPC C24Hs107NP 496.3398 5.38 7.53E+08+2.15E+08
25 LPC(18:3)+H LPC CasH4907NP 518.3241 5.39 8.75E+07+3.79E+07
26 FA(20:4)-H FA O2H31C20 303.2330 5.44 3.41E+08+7.90E+07
27 OAHFA(36:3)-H OAHFA C36He304 559.4732 5.54 8.59E+06+5.01E+06
28 FA(18:2)-H FA O2H31Cig 279.2330 5.55 2.52E+09+5.42E+08
29 OAHFA(36:4)-H OAHFA C36H6104 557.4575 5.57 5.14E+06+2.48E+06
30 OAHFA(34:1)-H OAHFA C34He304 535.4732 5.57 2.58E+07+1.15E+07
31 LPC(18:1)+H LPC CasHs307NP 522.3554 5.61 1.36E+08+5.65E+07
32 LPC(20:4)+H LPC CagHs107NP 544.3398 5.61 1.42E+07+5.00E+06
33 FA(22:5)-H FA O2H33C2 329.2486 5.75 4.39E+07+1.09E+07
34 OAHFA(34:2)-H OAHFA C34H6104 533.4575 6.08 1.28E+07+1.67E+06
35 OAHFA(36:3)-H OAHFA C36Hs304 559.4732 6.12 2.52E+07+1.94E+06
36 OAHFA(34:0)-H OAHFA C34Hes04 537.4888 6.18 1.03E+08+2.27E+07
37 LPC(18:0)+H LPC Ca6Hss07NP 524.3711 6.23 4.10E+08+7.58E+07
38 OAHFA(38:4)-H OAHFA C3gHesOs 585.4888 6.31 7.22E+06+3.24E+06
39 OAHFA(36:1)-H OAHFA C36He704 563.5045 6.31 3.31E+07+1.41E+07
40 FA(22:4)-H FA O2H35C22 331.2643 6.32 2.13E+07+6.39E+06
41 LPC(20:3)+H LPC CasHs307NP 546.3554 6.38 9.50E+07+8.36E+07
42 LPC(18:0)+H LPC Ca6Hss07NP 524.3711 6.40 5.10E+08+1.86E+08
43 TG(6:0/10:0/17:0)+NHa TG Cs6H7206N 614.5354 6.54 3.87E+07+8.74E+06
44 MG(16:1p)+H MG Ci19H3703 313.2737 6.64 5.38E+07+6.88E+06
45 MG(16:1p)+NHa MG Ci9H4003N 330.3003 6.65 5.46E+07+9.00E+06
46 OAHFA(36:2)-H OAHFA C36Hes0a 561.4888 6.74 4.28E+06+3.07E+06
47 OAHFA(38:2)-H OAHFA C3HesOs 589.5201 6.84 8.95E+06+1.92E+06
48 OAHFA(38:2)-H OAHFA C3sHes04 589.5201 7.09 6.64E+07+2.18E+07
49 OAHFA(36:2)-H OAHFA C36Hes0a 561.4888 7.10 2.87E+07+3.58E+06
50 OAHFA(40:3)-H OAHFA CaoH7104 615.5358 7.12 1.18E+07+4.70E+05
51 MG(18:0)+H MG Ca1Ha304 359.3156 7.43 8.12E+06+1.25E+06
52 MG(18:0)+NH4 MG Ca1Ha60sN 376.3421 7.45 9.17E+06+1.26E+06
53 Cer(d24:1)-H Cer CasHa603N 396.3483 8.01 2.00E+07+2.91E+06
54 TG(8:0/8:0/8:0)+NH4 TG Ca7Hs406N 488.3946 8.22 8.73E+06+3.08E+06
55 SM(d32:1)+H SM C37H7606N2P 675.5436 8.23 1.66E+08+6.20E+07
56 SM(d34:4)+H SM C39H7406N2P 697.5279 8.23 2.63E+07+9.04E+06
57 SM(d32:1)+CHsCO0 SM C39H7808N2P 733.5501 8.23 4.91E+07+1.56E+07
58 SM(d36:5)+H SM Ca1H7606N2P 723.5436 8.33 4.24E+07+1.37E+07
59 SM(d34:2)+H SM C39H7806N2P 701.5592 8.33 2.88E+08+1.27E+08
60 SM(d34:2)+CHsCO0 SM Ca1Hgo0sN2P 759.5658 8.34 8.00E+07+3.07E+07
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61 TG(9:0/9:0/9:0)+NH4 TG C30HeoO6N 530.4415 8.37 2.18E+07+1.86E+06
62 PS(38:3)-H PS Cs4H75010NP 812.5447 8.47 1.09E+07+2.05E+06
63 PC(34:4)+H PC Ca2H770sNP 754.5381 8.47 5.29E+07+1.16E+07
64 PS(36:1)-H PS C42H75010NP 788.5447 8.51 2.71E+07+4.18E+06
65 PC(34:5)+H PC Ca2H7508NP 752.5225 8.51 2.24E+07+6.14E+06
66 PC(32:2)+H PC CaoH7708NP 730.5381 8.51 1.55E+08+3.31E+07
67 SM(d33:1)+CH3CO0 SM CaoHgo0sN2P 747.5658 8.53 3.35E+07+5.04E+06
68 SM(d33:1)+H SM C3sH7s06N2P 689.5592 8.53 9.85E+07+2.01E+07
69 PS(39:6)-H PS Ca5H75010NP 820.5134 8.56 2.44E+07+5.37E+06
70 PC(40:8)+H PC CagHs10sNP 830.5694 8.57 3.56E+07+1.12E+07
71 PC(38:7)+H PC CasH790sNP 804.5538 8.60 6.34E+07+4.02E+07
72 PS(37:4)-H PS Ca3H75010NP 796.5134 8.62 2.29E+07+6.59E+06
73 PC(38:8)+H PC CasH770sNP 802.5381 8.62 9.36E+07+7.35E+06
74 PC(36:5)+H PC CasH790sNP 780.5538 8.63 7.28E+08+1.69E+08
75 PS(40:4)-H PS Ca6H31010NP 838.5604 8.63 1.31E+08+2.77E+07
76 PC(36:6)+H PC CasH770sNP 778.5381 8.63 7.02E+07+1.15E+07
77 PC(37:6)+H PC CasH790sNP 792.5538 8.63 2.56E+07+5.80E+06
78 PS(35:2)-H PS C41H75010NP 772.5134 8.64 2.46E+07+5.66E+06
79 TG(8:0/8:0/10:0)+NHa4 TG Ca9Hss06N 516.4259 8.65 8.04E+06+1.69E+06
80 SM(d36:4)+H SM Ca1H7506N2P 725.5592 8.66 2.14E+08+2.90E+07
81 PS(38:2)-H PS CasHs1010NP 814.5604 8.66 9.72E+07+1.53E+07
82 PC(34:3)+H PC Ca2H750sNP 756.5538 8.66 5.72E+08+1.05E+08
83 PC(35:4)+H PC Ca3H790sNP 768.5538 8.67 3.90E+07+4.73E+06
84 PS(39:3)-H PS Cs5Hg1010NP 826.5604 8.67 1.01E+07+3.46E+06
85 PE(17:1/20:4)-H PE Ca2H730sNP 750.5079 8.71 6.41E+06+1.75E+06
86 PS(37:3)-H PS C43H77010NP 798.5291 8.71 1.83E+07+1.98E+06
87 PS(16:0p/23:6)-H PS CasH7s0sNP 804.5185 8.73 2.27E+07+4.30E+06
88 SM(d18:1/16:0)+CH3COO SM Ca1Hs20sN2P 761.5814 8.73 5.97E+0819.44E+07
89 SM(d34:1)+H SM C39Hs006N2P 703.5749 8.73 2.35E+09+4.78E+08
90 PC(34:4)+H PC Ca2H770sNP 754.5381 8.74 3.43E+07+4.86E+06
91 PE(39:6)-H PE Ca4H750sNP 776.5236 8.75 1.19E+07+5.22E+06
92 PC(40:9)+H PC CagH790sNP 828.5538 8.76 1.05E+08+1.78E+07
93 PS(18:1p/23:6)-H PS Ca7H770NP 830.5341 8.76 6.91E+06+1.96E+06
94 PC(38:6)+H PC CasHa10sNP 806.5694 8.77 1.95E+09+2.28E+08
95 PC(32:1)+H PC CaoH790sNP 732.5538 8.78 5.13E+08+7.19E+07
96 PS(42:5)-H PS CagHs3010NP 864.5760 8.78 3.24E+08+4.41E+07
97 PS(36:0)-H PS Cs2Hs1010NP 790.5604 8.78 9.33E+07+1.61E+07
98 PS(37:1)-H PS Cu3Hs1010NP 802.5604 8.78 2.36E+07+1.07E+07
99 P1(18:0/20:4)-H Pl C47Hs2013NoP 885.5499 8.79 8.87E+06+2.01E+06
100 SM(d18:0/18:2)+CHsCOO SM Ca3Hss0sN2P 787.5971 8.79 3.76E+07+8.54E+06
101 PC(38:7)+H PC CagH790sNP 804.5538 8.79 2.37E+08+5.72E+07
102 SM(d36:2)+H SM Ca1Hs206N2P 729.5905 8.79 1.71E+08+2.80E+07
103 PC(40:7)+H PC CagHa3OsNP 832.5851 8.80 7.99E+07+1.26E+07
104 PC(36:4)+H PC CasHa10sNP 782.5694 8.84 5.37E+09+6.67E+08
105 PS(40:3)-H PS CaeHs3010NP 840.5760 8.84 9.49E+08+2.47E+08
106 PC(35:6)+H PC Ca3H750sNP 764.5225 8.84 3.90E+07+1.08E+07
107 PC(35:3)+H PC Ca3Ha10sNP 770.5694 8.84 6.65E+07+1.55E+06
108 PC(34:2)+H PC Ca2Ha10sNP 758.5694 8.88 1.06E+10+1.47E+09
109 PS(38:1)-H PS CasHs3010NP 816.5760 8.89 2.15E+09+43.35E+08
110 PS(38:4p)-H PS CasH7709NP 794.5341 8.89 5.81E+07+1.25E+07
111 PA(27:4/18:2)-H PA CagHs205NoP 817.5753 8.90 1.08E+09+1.68E+08
112 PS(41:6)-H PS C47H75010NP 848.5447 8.91 4.83E+074+9.45E+06
113 PC(16:0/20:5)+H PC CagH790sNP 780.5538 8.91 4.60E+08+3.68E+07
114 PS(36:2p)-H PS Ca2H770NP 770.5341 8.91 4.19E+07+8.62E+06
115 PC(17:4/16:0)+H PC Ca1H750sNP 740.5225 8.92 3.33E+07+6.66E+06
116 PE(16:0/20:4)+H PE Ca1H750sNP 740.5225 8.92 3.31E+07+6.93E+06
117 PE(16:0/20:4)-H PE Ca1H730sNP 738.5079 8.92 1.04E+08+3.90E+07
118 SM(d18:1/17:0)+H SM CaoHs206N2P 717.5905 8.92 3.06E+07+6.61E+06
119 PS(42:4)-H PS CagHss010NP 866.5917 8.92 3.21E+08+4.89E+07
120 PS(39:4)-H PS CasH79010NP 824.5447 8.93 1.59E+08+4.15E+07
121 PC(38:5)+H PC CasHa30sNP 808.5851 8.93 1.44E+09+2.28E+08
122 PE(16:0/18:2)-H PE C39H730sNP 714.5079 8.94 9.94E+07+3.20E+07
123 PE(18:1/20:4)-H PE Ca3H750sNP 764.5236 8.94 7.62E+07+2.63E+07
124 PC(31:2)+H PC C3sH750sNP 716.5225 8.95 3.96E+07+1.06E+07
125 PS(37:2)-H PS Ca3H75010NP 800.5447 8.95 1.34E+08+2.89E+07
126 PC(33:1)+H PC Ca1Ha10sNP 746.5694 8.96 6.20E+07+7.54E+06
127 PC(18:2/22:6)+H PC CagHs10sNP 830.5694 8.97 4.96E+07+5.41E+06
128 PE(18:1/18:2)-H PE Ca1H750sNP 740.5236 8.98 5.19E+07+2.05E+07
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129 PC(36:3)+H PC CasHs30sNP 784.5851 8.99 4.45E+0946.36E+08
130 PS(40:2)-H PS CaHgs010NP 842.5917 8.99 9.95E+08+1.47E+08
131 PE(16:0p/22:6)-H PE Ca3H7307NP 746.5130 9.00 6.54E+07+2.90E+07
132 PC(37:4)+H PC CasHa3OsNP 796.5851 9.01 9.48E+07+2.08E+07
133 PS(40:4e)-H PS CasHs3sOgNP 824.5811 9.02 4.13E+07+8.19E+06
134 PC(36:4p)+H PC CasHs10/NP 766.5745 9.02 2.04E+08+1.91E+07
135 PC(35:6p)+H PC Ca3H7s07NP 748.5276 9.03 2.47E+07+6.88E+06
136 PC(16:1p/22:4)+H PC CasHasO7NP 792.5902 9.04 8.72E+07+1.09E+07
137 PC(38:6e)+H PC CasHs307NP 792.5902 9.04 8.81E+07+1.18E+07
138 PS(39:1)-H PS Ca5Hgs010NP 830.5917 9.04 3.54E+07+7.37E+06
139 PC(35:2)+H PC Ca3Ha3OsNP 772.5851 9.05 1.82E+08+3.55E+07
140 PC(18:2p/16:0)+H PC Ca2Ha107NP 742.5745 9.06 1.04E+08+1.82E+07
141 PS(38:2e)-H PS CasHasOsNP 800.5811 9.06 1.96E+07+2.02E+06
142 PC(34:3)+H PC Ca2H790sNP 756.5538 9.06 2.13E+07+7.89E+05
143 PS(40:3e)-H PS CagHgsOsNP 826.5967 9.07 6.07E+07+8.59E+06
144 PC(36:4e)+H PC CasHasO7NP 768.5902 9.07 3.23E+08+4.42E+07
145 PC(32:0)+H PC CaoHa10sNP 734.5694 9.08 3.91E+08+5.77E+07
146 PE(16:0p/20:4)+H PE Ca1H7507NP 724.5276 9.08 2.90E+07+6.36E+06
147 SM(d36:1)+H SM Ca1Hs406N2P 731.6062 9.09 3.59E+08+4.17E+07
148 SM(d18:1/18:0)+CH3COO SM Ca3Hss0sN2P 789.6127 9.09 9.45E+07+1.51E+07
149 PE(16:0p/20:4)-H PE Ca1H7307NP 722.5130 9.09 6.10E+07+2.16E+07
150 PC(38:4p)+H PC CagHssO7NP 794.6058 9.10 1.96E+08+2.55E+07
151 PC(34:2e)+H PC Ca2Hs307NP 744.5902 9.10 5.99E+07+5.86E+06
152 PE(18:1p/20:4)+H PE Ca3H7707NP 750.5432 9.12 3.47E+0748.72E+06
153 PA(27:4/18:1)-H PA CagHs40sNoP 819.5909 9.12 5.88E+08+1.14E+08
154 PS(44:5)-H PS CsoHs7010NP 892.6073 9.12 1.28E+08+1.95E+07
155 PC(34:1)+H PC Ca2Hg30sNP 760.5851 9.12 5.27E+09+6.47E+08
156 PS(38:0)-H PS Ca4Hgs010NP 818.5917 9.12 1.15E+09+1.60E+08
157 PC(40:6)+H PC CagHasOsNP 834.6007 9.12 7.83E+08+8.29E+07
158 PC(42:9)+H PC CsoHs3OsNP 856.5851 9.12 2.25E+07+3.78E+06
159 PE(18:1p/20:4)-H PE Ca3H75s07NP 748.5287 9.12 7.43E+07+3.11E+07
160 PE(16:0p/18:2)-H PE C39H7307NP 698.5130 9.13 2.21E+0746.89E+06
161 SM(d20:0/18:2)+CHsCOO SM CasHssOsN2P 815.6284 9.15 2.36E+07+4.32E+06
162 SM(d38:2)+H SM Ca3Hss0sN2P 757.6218 9.16 1.05E+08+1.59E+07
163 PE(16:0/18:1)+H PE C3sH770sNP 718.5381 9.17 1.90E+07+4.03E+06
164 PS(42:3)-H PS CagHg7010NP 868.6073 9.18 6.90E+08+9.97E+07
165 PC(38:4)+H PC CasHesOsNP 810.6007 9.18 3.42E+09+4.28E+08
166 PC(20:3/20:4)+H PC CagHa3OsNP 832.5851 9.18 1.13E+08+1.04E+07
167 PC(40:5)+H PC CagHa70sNP 836.6164 9.22 4.74E+0846.69E+07
168 PC(36:2)+H PC CasHesOsNP 786.6007 9.22 6.26E+09+1.12E+09
169 PE(18:0/20:4)-H PE Ca3H770sNP 766.5392 9.22 1.53E+08+5.10E+07
170 PA(29:4/18:2)-H PA CsoHss0sNoP 845.6066 9.22 6.77E+08+1.25E+08
171 PS(40:1)-H PS CasHs7010NP 844.6073 9.22 1.45E+09+3.29E+08
172 Cer(d18:1/18:0+20)-H Cer C36H7005N 596.5259 9.23 5.72E+07+1.22E+07
173 PC(17:4/18:0)+H PC Ca3H790sNP 768.5538 9.23 1.16E+08+3.23E+07
174 PC(18:0/20:5)+H PC CasHe3OsNP 808.5851 9.24 4.00E+08+2.47E+07
175 PE(18:0/18:2)-H PE Ca1H770sNP 742.5392 9.25 1.37E+08+4.91E+07
176 PC(33:2)+H PC Ca1H790sNP 744.5538 9.26 1.25E+08+2.63E+07
177 PE(18:0/22:5)-H PE CasH790sNP 792.5549 9.27 1.81E+07+5.30E+06
178 PC(32:1e)+H PC CaoHz107NP 718.5745 9.27 4.45E+07+6.44E+06
179 PC(35:1)+H PC Ca3HasOsNP 774.6007 9.29 7.34E+07+1.00E+07
180 DG(14:0/18:2)+NH4 DG C3sHesOsN 582.5092 9.30 3.06E+07+3.64E+06
181 PC(32:0e)+H PC CaoHa3O7NP 720.5902 9.31 7.56E+07+2.06E+07
182 PC(38:3)+H PC CasHa7OsNP 812.6164 9.31 2.49E+09+4.41E+08
183 PS(42:2)-H PS CagHss010NP 870.6230 9.31 5.52E+08+8.71E+07
184 PE(18:0p/22:6)-H PE CasH7707,NP 774.5443 9.33 1.59E+07+4.91E+06
185 PC(34:1e)+H PC Ca2HasO7NP 746.6058 9.34 1.10E+08+2.15E+07
186 DG(18:1/20:5)+NH4 DG Cs1H7205N 658.5405 9.38 4.12E+07+8.27E+06
187 PE(18:0p/20:4)+H PE Ca3H7907NP 752.5589 9.39 4.61E+07+1.27E+07
188 DG(16:1/18:2)+NH4 DG C37H7005N 608.5249 9.39 7.96E+07+1.39E+07
189 PE(18:0p/20:4)-H PE Ca3H7707NP 750.5443 9.39 4.49E+07+1.47E+07
190 PC(38:4e)+H PC CasHa7O7NP 796.6215 9.39 1.77E+08+4.71E+07
191 PC(40:5e)+H PC CagHaoO7NP 822.6371 9.40 4.08E+07+1.11E+07
192 PC(40:4)+H PC CagHaoOsNP 838.6320 9.41 2.26E+08+4.84E+07
193 PS(44:3)-H PS CsoHs1010NP 896.6386 9.41 4.36E+07+1.30E+07
194 PE(18:0p/18:2)-H PE Ca1H7707;NP 726.5443 9.43 2.32E+07+6.57E+06
195 DG(18:2/18:2)+NH4 DG C39H720sN 634.5405 9.43 1.84E+08+3.15E+07
196 SM(d38:1)+H SM Ca3HssOgN2P 759.6375 9.43 4.77E+08+1.52E+08
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197 SM(d22:1/16:0)+CHsCOO SM CasHso0sN2P 817.6440 9.44 1.26E+08+2.43E+07
198 SM(d18:2/22:2)+H SM CasHssOsN2P 781.6218 9.44 4.60E+07+8.58E+06
199 PS(40:0)-H PS CaeHgs010NP 846.6230 9.45 3.32E+08+6.59E+07
200 PC(15:1/18:0)+H PC Ca1Ha10sNP 746.5694 9.47 2.62E+07+6.63E+06
201 PE(18:0/18:1)-H PE Ca1H790sNP 744.5549 9.47 2.08E+07+6.34E+06
202 SM(d18:1/22:1)+H SM CasHg00sN2P 785.6531 9.49 5.96E+08+1.59E+08
203 SM(d42:3)+H SM C47Hs206N2P 811.6688 9.49 5.52E+08+1.49E+08
204 SM(d22:0/20:3)+CHsCO0 SM CaoHs40sN2P 869.6753 9.49 1.73E+08+3.82E+07
205 SM(d40:2)+CHsCO0 SM Ca7H9208N2P 843.6597 9.49 1.75E+08+3.49E+07
206 DG(16:0/14:0)+NHa4 DG C33HesOsN 558.5092 9.50 1.83E+07+4.12E+06
207 SM(d18:2/24:3)+H SM Ca7Hss06N2P 807.6375 9.50 7.05E+07+2.11E+07
208 SM(d44:6)+H SM Ca9Hs006N2P 833.6531 9.50 6.74E+07+1.91E+07
209 DG(18:1/14:0)+NHa4 DG C3sH700sN 584.5249 9.54 8.58E+07+1.29E+07
210 DG(16:1/18:3)+H DG C37Hes0s 589.4827 9.56 2.51E+07+3.28E+05
211 DG(18:1/20:4)+NHa4 DG Ca1H7405N 660.5562 9.61 5.83E+07+9.12E+06
212 SM(d39:1)+CH3CO0 SM CaeHs20sN2P 831.6597 9.61 5.16E+07+1.04E+07
213 DG(16:0/18:2)+NHa4 DG C37H720s5N 610.5405 9.61 3.72E+08+5.43E+07
214 SM(d39:1)+H SM Ca4H9006N2P 773.6531 9.62 1.23E+08+2.21E+07
215 DG(18:3/18:2)+H DG C39H6705 615.4983 9.62 1.09E+08+2.25E+06
216 DG(34:3p)+H DG C37He704 575.5034 9.62 1.80E+07+3.08E+06
217 DG(18:1/20:5)+H DG Ca1Hes0s 641.5140 9.65 1.15E+08+2.73E+06
218 SM(d41:2)+H SM CasHs206N2P 799.6688 9.65 2.11E+08+4.83E+07
219 SM(d18:1/25:4)+H SM CagHg006N2P 821.6531 9.65 3.29E+0745.24E+06
220 DG(18:1/18:2)+NH4 DG C39H7405N 636.5562 9.66 3.65E+08+5.87E+07
221 SM(d41:2)+CH3COO SM CagHs40sN2P 857.6753 9.66 8.57E+07+1.83E+07
222 PC(42:4p)+H PC CsoHe3O7NP 850.6684 9.72 3.00E+07+9.67E+06
223 SM(d44:5)+H SM CaoHg206N2P 835.6688 9.75 2.20E+08+4.71E+07
224 SM(d42:2)+CH3CO0 SM CaoHg60sN2P 871.6910 9.76 4.58E+08+1.17E+08
225 SM(d22:1/18:0)+CH3COO SM Ca7Hs408N2P 845.6753 9.76 3.10E+08+8.44E+07
226 SM(d40:1)+H SM CasHs206N2P 787.6688 9.76 8.57E+08+1.76E+08
227 SM(d18:1/24:1)+H SM Ca7Hs406N2P 813.6844 9.77 1.20E+09+2.55E+08
228 SM(d18:1/24:3)+H SM Ca7Hg006N2P 809.6531 9.77 1.47E+08+2.19E+07
229 CerG1(d40:1)+H CerG1 CasHo0OsN 784.6661 9.78 3.01E+07+5.75E+06
230 PC(44:6e)+H PC Cs2HesO7NP 876.6841 9.78 3.74E+07+8.04E+06
231 DG(16:0/18:3)+H DG C37H670s 591.4983 9.83 3.53E+07+3.85E+06
232 DG(16:0/20:4)+H DG C39Hg90s 617.5140 9.86 1.46E+08+1.56E+07
233 DG(16:0/18:1)+NH4 DG Cs7H7405N 612.5562 9.87 3.88E+08+6.95E+07
234 DG(34:2p)+H DG Cs7He004 577.5190 9.87 3.41E+07+7.10E+06
235 SM(d43:2)+H SM CagHss06N2P 827.7001 9.88 3.48E+07+9.93E+06
236 MG(18:2p)+H MG Ca1H3903 339.2894 9.88 2.12E+07+3.88E+06
237 DG(18:1/20:4)+H DG Cs41H7:0s5 643.5296 9.89 1.25E+08+1.53E+07
238 DG(18:1/18:1)+NH4 DG C3sH760sN 638.5718 9.90 3.36E+08+6.52E+07
239 DG(36:3p)+H DG C3oH7104 603.5347 9.91 1.65E+07+3.08E+06
240 SM(d18:1/25:3)+H SM CagHs206N2P 823.6688 9.93 5.65E+07+1.20E+07
241 SM(d41:1)+H SM CagHs406N2P 801.6844 9.94 2.49E+08+6.62E+07
242 SM(d41:1)+CHsCO0 SM CagHs60sN2P 859.6910 9.95 1.07E+08+2.57E+07
243 PC(42:3p)+H PC CsoHesO7NP 852.6841 10.07 1.09E+07+1.63E+06
244 CerG1(d42:1)+H CerG1 CagHoaOsN 812.6974 10.11 3.61E+07+7.27E+06
245 SM(d42:1)+H SM Ca7Hs606N2P 815.7001 10.12 4.71E+08+8.76E+07
246 SM(d44:4)+H SM CaoHs406N2P 837.6844 10.13 9.27E+07+1.42E+07
247 SM(d42:1)+CHsCO0 SM CaoHss0sN2P 873.7066 10.13 2.03E+08+3.81E+07
248 DG(16:0/20:3)+H DG C39H710s 619.5296 10.19 3.86E+07+1.31E+06
249 DG(18:0/18:1)+NH4 DG C39H750sN 640.5875 10.21 4.91E+07+1.22E+07
250 Cer(d18:1/22:0)-H Cer CaoH7803N 620.5987 10.22 9.76E+06+2.33E+06
251 Cer(d18:1/22:0)+H Cer CaoHeoOsN 622.6133 10.22 5.59E+07+1.24E+07
252 Cer(d18:2/24:0)+H Cer C42Ha203N 648.6289 10.27 7.94E+07+1.75E+07
253 Cer(d18:2/24:0)-H Cer C42Hg00sN 646.6144 10.27 1.27E+07+1.91E+06
254 SM(d43:1)+H SM CagHgsOsN2P 829.7157 10.30 1.74E+07+4.96E+06
255 Cer(d17:1/24:0)+H Cer Ca1Hs203N 636.6289 10.41 4.63E+07+9.75E+06
256 TG(6:0/14:0/16:0)+NHa TG C3sH7806N 656.5824 10.45 1.23E+07+2.01E+06
257 TG(4:0/16:0/18:1)+NH4 TG Ca1Hz006N 682.5980 10.52 2.06E+07+5.45E+06
258 ChE(20:5)+NH. ChE Ca7H750:2N 688.6027 10.61 1.09E+07+1.68E+06
259 Cer(d18:1/24:0)-H Cer Ca2Hs203N 648.6300 10.62 2.98E+07+6.29E+06
260 Cer(d18:1/24:0)+H Cer C42Hg4OsN 650.6446 10.62 1.78E+08+3.32E+07
261 TG(16:0/10:0/12:0)+NHa4 TG Ca1Ha206N 684.6137 10.82 1.99E+07+2.70E+06
262 TG(8:0/14:0/20:4)+H TG CasH7906 715.5871 10.90 1.38E+07+1.85E+06
263 TG(10:0/12:0/18:1)+NH4 TG Ca3HeaO6N 710.6293 10.90 3.17E+07+6.50E+06
264 TG(16:0/8:0/20:5)+H TG C47Hs106 741.6028 10.95 1.65E+07+2.21E+06
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265 TG(10:0/14:0/18:2)+NH,4 TG CasHzs06N 736.6450 10.96 3.60E+07+9.66E+06
266 TG(8:0/18:1/18:2)+NHa4 TG Ca7HssO6N 762.6606 11.09 3.36E+07+8.23E+06
267 TG(10:0/18:2/18:2)+NH4 TG CasHooO6N 788.6763 11.15 3.16E+07+7.99E+06
268 TG(10:0/14:0/18:3)+H TG CasHs106 717.6028 11.26 1.73E+07+3.64E+06
269 TG(12:0/14:0/14:0)+NHa TG CasHssOsN 712.6450 11.26 3.88E+07+8.18E+06
270 TG(12:0/18:2/18:3)+NH4 TG Cs1Hg206N 814.6919 11.31 3.67E+07+8.40E+06
271 TG(10:0/14:0/20:4)+H TG Ca7Hs306 743.6184 11.34 3.09E+07+6.71E+06
272 TG(10:0/14:0/18:1)+NH4 TG CasHasO6N 738.6606 11.34 6.97E+07+1.68E+07
273 TG(12:0/14:0/20:5)+H TG CagHss06 769.6341 11.43 4.47E+07+9.51E+06
274 TG(16:0/10:0/18:2)+NHa4 TG Ca7Hg006N 764.6763 11.43 1.10E+08+1.69E+07
275 TG(14:0/18:3/18:3)+NH4 TG Cs3HoaO6N 840.7076 11.48 4.22E+07+9.83E+06
276 TG(16:1/12:0/18:2)+NH4 TG CasHo206N 790.6919 11.50 1.30E+08+3.17E+07
277 TG(10:0/18:2/20:4)+H TG Cs1Hs706 795.6497 11.53 5.30E+07+9.23E+06
278 TG(12:0/18:2/18:2)+NHa4 TG Cs1Hg406N 816.7076 11.66 1.96E+08+4.78E+07
279 TG(12:0/18:2/20:5)+H TG Cs3Hs906 821.6654 11.66 6.88E+07+1.42E+07
280 TG(16:2/18:2/18:3)+NH4 TG Cs5Hos06N 866.7232 11.68 5.02E+07+1.21E+07
281 TG(12:0/14:0/18:3)+H TG Ca7Hss06 745.6341 11.80 3.60E+07+6.27E+06
282 TG(16:0/12:0/14:0)+NHa TG CasHgoO6N 740.6763 11.81 1.03E+08+2.70E+07
283 TG(18:4/16:1/18:3)+H TG CssH9106 847.6810 11.84 8.76E+07+1.53E+07
284 TG(12:0/14:0/20:4)+H TG CaoHs706 771.6497 11.86 7.80E+07+1.51E+07
285 TG(18:1/12:0/14:0)+NH4 TG Ca7H9206N 766.6919 11.87 2.50E+08+6.05E+07
286 TG(14:0/18:2/18:3)+NHa TG Cs3Hos06N 842.7232 11.88 2.73E+08+6.68E+07
287 TG(18:3/18:2/20:5)+H TG Cs9Hos06 899.7123 11.89 8.93E+06+4.83E+06
288 TG(18:3/18:2/20:4)+NH4 TG Cs9H10006N 918.7545 11.89 7.41E+07+1.93E+07
289 TG(18:3/18:2/18:3)+NH4 TG Cs7H9s06N 892.7389 11.90 6.98E+07+1.62E+07
290 TG(18:4/14:0/16:1)+H TG Cs1Hs906 797.6654 11.98 1.30E+08+2.29E+07
291 TG(16:1/12:0/18:1)+NHa TG Ca9H9406N 792.7076 11.99 4.57E+0849.03E+07
292 TG(18:2/18:2/20:4)+NH,4 TG Cs9H10206N 920.7702 12.03 1.59E+07+6.52E+06
293 TG(16:1/18:2/18:3)+NHa4 TG CssHosO6N 868.7389 12.04 4.15E+0849.95E+07
294 TG(16:0/14:0/18:3)+NH4 TG Cs1Hos06N 818.7232 12.07 8.12E+08+1.95E+08
295 TG(18:3/18:3/18:3)+H TG Cs7H9306 873.6967 12.07 1.07E+08+1.72E+07
296 TG(16:1/14:0/20:5)+H TG Cs3H9106 823.6810 12.08 2.09E+08+2.92E+07
297 Co(Q10)+NH4 Co CssHoaO4N 880.7177 12.09 5.22E+07+1.45E+07
298 TG(15:0/18:2/18:3)+NHa4 TG Cs4Hos06N 856.7389 12.17 3.45E+07+7.56E+06
299 TG(18:2/18:2/22:6)+NHa4 TG Ce1H10206N 944.7702 12.17 4.14E+07+1.46E+07
300 TG(15:0/12:0/18:1)+NHa TG CagHs406N 780.7076 12.18 3.61E+07+8.87E+06
301 TG(18:4/16:1/18:2)+H TG CssHo306 849.6967 12.23 2.91E+08+3.16E+07
302 TG(16:1/16:1/18:2)+NHa4 TG Cs3HosO6N 844.7389 12.25 1.36E+09+3.22E+08
303 TG(15:0/16:1/16:1)+NHa TG Cs0Hos06N 806.7232 12.30 6.62E+07+1.61E+07
304 TG(18:3/18:2/18:2)+NHa TG Cs7H10006N 894.7545 12.32 4.58E+08+1.59E+08
305 TG(15:0/16:1/18:2)+NHa4 TG Cs2HssOgN 832.7389 12.37 9.96E+07+1.96E+07
306 TG(16:0/12:0/18:3)+H TG CaoHs906 773.6654 12.44 5.23E+07+6.61E+06
307 TG(16:0/14:0/14:0)+NH,4 TG Ca7H9406N 768.7076 12.45 2.59E+08+5.55E+07
308 TG(16:1/18:2/20:5)+H TG Cs7Hss06 875.7123 12.47 3.73E+08+4.01E+07
309 TG(16:1/18:2/18:2)+NHa4 TG CssH10006N 870.7545 12.48 2.11E+09+4.39E+08
310 TG(18:2/18:2/20:4)+NHa TG CsoH10206N 920.7702 12.48 2.82E+08+1.85E+08
311 TG(51:9p)+H TG Cs4Hs70s 815.6548 12.50 3.22E+07+3.01E+06
312 TG(16:0/14:0/16:1)+NHa4 TG CasHos06N 794.7232 12.51 9.15E+08+1.99E+08
313 TG(18:4/14:0/16:0)+H TG Cs1H9106 799.6810 12.51 1.64E+08+1.39E+07
314 TG(15:0/18:2/18:2)+NHa TG Cs4H10006N 858.7545 12.57 1.38E+08+2.82E+07
315 TG(18:4/16:0/16:1)+H TG Cs3Hs306 825.6967 12.62 3.39E+08+2.67E+07
316 TG(16:1/14:0/18:1)+NH4 TG Cs1H9s06N 820.7389 12.65 2.39E+09+4.43E+08
317 TG(18:1/18:2/22:6)+NHa TG Ce1H10406N 946.7858 12.66 9.46E+07+1.96E+07
318 TG(18:1/17:1/18:3)+NH4 TG Cs6H10206N 884.7702 12.70 7.89E+07+2.91E+07
319 TG(16:0/16:1/18:2)+NHa4 TG Cs3H10006N 846.7545 12.74 4.19E+09+7.62E+08
320 TG(18:2/18:2/18:2)+NH4 TG Cs7H10206N 896.7702 12.77 1.08E+09+2.02E+08
321 TG(15:0/14:0/16:0)+NH,4 TG CagHosO6N 782.7232 12.80 4.19E+0746.82E+06
322 TG(18:1/18:2/20:4)+NHa4 TG CsoH10406N 922.7858 12.85 4.01E+08+9.12E+07
323 ChE(20:5)+NH, ChE Ca7H750:2N 688.6027 12.86 1.53E+08+2.08E+07
324 TG(15:0/14:0/18:1)+NH,4 TG CsoHosO6N 808.7389 12.87 1.15E+08+2.20E+07
325 TG(16:0/18:2/18:2)+NH4 TG Cs5H10206N 872.7702 12.94 6.86E+09+1.24E+09
326 TG(57:12p)+H TG CeoHa30s 893.7018 12.94 1.94E+08+1.10E+07
327 TG(18:1/18:2/18:2)+NH4 TG Cs7H10406N 898.7858 13.02 1.83E+09+4.41E+08
328 TG(15:0/16:1/18:1)+NHa4 TG Cs2H10006N 834.7545 13.05 2.81E+08+4.97E+07
329 TG(15:0/18:1/18:2)+NH4 TG Cs4H10206N 860.7702 13.14 3.23E+08+5.65E+07
330 TG(16:0/18:1/22:6)+NHa4 TG CssH10406N 922.7858 13.16 3.08E+08+6.58E+07
331 ChE(18:3)+NH, ChE CasH7s0:2N 664.6027 13.16 1.18E+08+2.12E+07
332 TG(16:0/14:0/18:3)+H TG Cs1Hs306 801.6967 13.20 8.22E+07+5.75E+06
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333 | ChE(22:6)+NH4 ChE CasHg002N 714.6184 13.21 1.30E-+08+1.86E+07
334 | TG(16:0/14:0/16:0)+NH, TG CasHss06N 796.7389 13.21 | 6.79E+08+1.31E+08
335 | TG(18:1/18:1/22:6)+NH, TG Ce1H10s06N 948.8015 13.22 | 9.38E+07+2.84E+07
336 | TG(18:1/17:1/18:2)+NH, TG CsH10406N 886.7858 13.26 1.24E+08+2.66E+07
337 | TG(53:9p)+H TG Cs6Ho10s 843.6861 13.28 | 6.32E+07+4.01E+06
338 | TG(16:0/14:0/18:1)+NH4 TG Cs1H10006N 822.7545 13.28 | 2.86E+09+5.23E+08
339 | DG(32:2p)+H DG CasHes04 549.4877 13.33 2.14E+07+2.64E+06
340 | TG(55:11e)+H TG CssHosOs 869.7018 13.36 1.19E+08+3.94E+06
341 | TG(55:10p)+H TG CssHosOs 869.7018 13.36 1.20E+08+4.31E+06
342 | TG(16:0/18:1/20:4)+NH, TG Cs7H10406N 898.7858 13.37 1.16E+09+1.83E+08
343 | TG(16:0/16:0/18:2)+NH, TG Cs3H10206N 848.7702 13.43 6.76E+09+1.04E+09
344 | ChE(20:4)+NH, ChE Ca7Hs002N 690.6184 13.44 | 4.68E+086.47E+07
345 | TG(18:1/18:1/20:4)+NH, TG CsoH10606N 924.8015 13.45 5.16E+08+7.18E+07
346 | TG(15:0/16:0/16:0)+NHa TG CsoH10006N 810.7545 13.51 | 4.28E+07+3.25E+07
347 | DG(34:3p)+H DG C37He:04 575.5034 13.52 2.94E+07+8.12E+06
348 | TG(16:0/18:1/18:2)+NH, TG CssH10406N 874.7858 13.56 1.01E+10+1.38E+09
349 | DG(36:4p)+H DG Ca9Hs904 601.5190 13.60 1.67E+07+3.80E+06
350 | TG(18:1/18:1/18:2)+NH4 TG Cs7H10s06N 900.8015 13.66 1.77E+09+2.37E+08
351 | TG(18:1/18:1/22:5)+NHa TG Ce1H10s06N 950.8171 13.67 | 5.60E+07+1.88E+07
352 | TG(15:0/16:0/18:1)+NH, TG Cs2H10206N 836.7702 13.70 | 2.62E+08+3.46E+07
353 | TG(16:0/17:1/18:1)+NH, TG CsaH10406N 862.7858 13.79 | 3.26E+08:4.97E+07
354 | ChE(18:2)+NHa ChE CasHgo02N 666.6184 13.87 1.10E+09+1.80E+08
355 | ChE(20:5)+H ChE Ca7H750, 671.5762 13.89 | 6.91E+07+3.22E+06
356 | TG(17:0/18:1/18:2)+NHa TG Cs6H10s06N 888.8015 14.03 1.76E+08+3.31E+07
357 | ChE(20:3)+NH, ChE Ca7Hs202N 692.6340 14.04 | 7.30E+07:9.23E+06
358 | TG(53:8p)+H TG CssHo30s 845.7018 14.07 | 2.05E+07+3.39E+06
359 | TG(16:0/16:0/16:0)+NHa TG Cs:1H10206N 824.7702 14.10 1.22E+09+2.42E+08
360 | TG(55:9p)+H TG CssHos0s 871.7174 14.15 1.13E+08+2.42E+06
361 | TG(18:1/18:1/20:3)+NH, TG CsoH10806N 926.8171 14.16 | 3.28E+08+1.09E+08
362 | DG(32:1p)+H DG CasHe704 551.5034 14.16 | 2.92E+07+4.51E+06
363 | TG(16:0/16:0/18:1)+NHa TG Cs3H10106N 850.7858 14.19 | 6.05E+09+9.81E+08
364 | DG(34:2p)+H DG C37He904 577.5190 14.25 6.44E+07+1.01E+07
365 | DG(36:3p)+H DG Ca9H7104 603.5347 1430 | 2.49E+07+4.18E+06
366 | TG(16:0/18:1/18:1)+NH, TG CssH10s06N 876.8015 1430 | 9.93E+09+1.53E+09
367 | TG(18:1/18:1/18:3)+H TG Cs7H10106 881.7593 1431 | 8.62E+08+4.05E+07
368 | TG(57:10p)+H TG CooHe70s 897.7331 14.32 1.87E+08+5.58E+06
369 | TG(18:1/18:1/22:4)+NHa TG Ce1H11006N 952.8328 1433 | 4.39E+07+7.69E+06
370 | TG(18:0/18:1/18:2)+NH, TG Cs7H10:06N 902.8171 14.45 2.01E+09+3.57E+08
371 | TG(16:0/16:0/17:0)+NH, TG Cs2H10406N 838.7858 1458 | 7.52E+07+1.73E+07
372 | ChE(16:0)+NHa ChE Ca3Hg002N 642.6184 14.62 | 2.27E+07+5.03E+06
373 | TG(20:1/18:1/18:2)+NHa TG CsoH11006N 928.8328 14.65 1.49E+08+3.72E+07
374 | ChE(18:1)+NH, ChE CasHs202N 668.6340 14.68 1.71E+08+3.50E+07
375 | TG(16:0/17:0/18:1)+NH, TG CsaH10s06N 864.8015 14.70 | 2.22E+084.65E+07
376 | TG(17:0/18:1/18:1)+NH, TG CseH10s06N 890.8171 14.81 1.65E-+08+3.29E+07
377 | TG(55:8p)+H TG CssHe70s 873.7331 15.15 3.92E+07+6.00E+06
378 | TG(18:0/16:0/18:3)+H TG CssH10106 857.7593 15.16 1.78E+08+3.34E+07
379 | TG(18:0/16:0/16:0)+NH, TG Cs3H10s06N 852.8015 15.18 | 6.15E+08+1.61E+08
380 | TG(57:9p)+H TG CooHogOs 899.7487 15.27 1.10E+08+1.39E+07
381 | TG(18:0/16:0/20:4)+H TG Cs7H10:06 883.7749 15.27 | 4.61E+08+7.63E+07
382 | TG(18:0/16:0/18:1)+NHa TG CssH10s06N 878.8171 15.29 1.78E+09+4.37E+08
383 | TG(18:0/18:1/18:1)+NH, TG Cs7H11006N 904.8328 15.37 | 8.41E+08+2.10E+08
384 | TG(18:0/18:1/20:4)+H TG CsoH10506 909.7906 15.40 | 2.41E+08+3.94E+07
385 | TG(20:1/18:1/18:1)+NH, TG CsoH11206N 930.8484 15.46 | 6.36E+07+1.46E+07
386 | TG(18:0/17:0/18:1)+NH, TG Cs6H11006N 892.8328 15.85 2.82E+07+5.38E+06
387 | TG(18:0/16:0/20:3)+H TG Cs7H1050s 885.7906 16.43 3.80E+07+8.35E+06
388 | TG(18:0/16:0/18:0)+NH, TG CssH11006N 880.8328 16.43 7.61E+07+1.82E+07
389 | TG(18:0/18:0/18:1)+NH, TG Cs7H11206N 906.8484 16.51 1.01E-+08+2.26E+07
390 | TG(18:0/18:1/20:3)+H TG Cs9H1070s 911.8062 16.51 | 4.84E+07+1.04E+07
391 | TG(18:0/18:1/20:1)+NH, TG CsoH11406N 932.8641 16.61 | 2.82E+07+6.38E+06
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Table A.3: Peak area and RT exported by Trace Finder of 48 different adducts of deuterated
compounds present in SPLASH".

SPLASH SPLASH Extracted- Extracted-
SPLASH SPLASH
(1:10) (1:5)
Precursor (10 pL) (20 pL)
Adduct Mass
Peak RT Peak RT Peak RT Peak RT
Area (min) Area (min) Area (min) Area (min)
18:1(d7) Chol Ester (CasH71D702)
M-+3H 220.2217 - - - - - - - -
M+2H+Na 227.5490 - - - - 6.91E+04 | 9.96 | - -
M+H+2Na 234.9806 - - - - - - - -
M+3Na 242.2037 - - - - - - - -
M+2H 329.8290 - - - - - - - -
M-+H+NHa 338.3422 427E+08 | 8.01 | 6.28E+08 8 3.78E+08 | 8.01 | 6.40E+08 | 8.01
M+H+Na 340.8199 - - - - - - -
M+H+K 348.8069 - - - - - - - -
M+ACN+2H 350.3422 - - 3.42E+04 7.93 | 3.186+04 | 858 | - -
M-+2Na 351.8109 3.97E+04 | 11.69 | - - - - 1.66E+04 | 16.12
M+2ACN+2H 370.8555 - - - - - - - -
M+3ACN+2H 391.3688 - - - - - - - -
M-H,0+H 640.6401 - - - - - - - -
M+H 658.6507 4.30E+05 | 14.56 | 1.53E+06 14.59 | 1.10E+05 | 14.55 | 1.98E+05 | 14.56
M+NH4 675.6772 1.20E+08 | 14.58 | 3.01E+08 14.55 | 4.03E+07 | 14.55 | 6.70E+07 | 14.6
M+Na 680.6326 2.41E+07 | 14.56 | 3.81E+07 14.53 | 1.12E+07 | 14.55 | 1.58E+07 | 14.58
M+CH3OH+H 690.6769 - - - - - - - -
M+K 696.6065 9.94E+06 | 14.56 | 1.68E+07 14.53 | 5.80E+06 | 14.57 | 7.20E+06 | 14.6
M+ACN+H 699.6772 - - - - - - - -
M-+2Na-H 702.6145 - - 3.06E+05 757 | - - 4.12E+04 | 7.59
M-+IsoProp+H 718.7087 4.04E+05 | 14.6 | 1.28E+06 14.55 | - - 2.89E+05 | 14.61
M+ACN+Na 721.6591 - - - - - - - -
M+2K+H 734.5624 - - - - - - 8.07E+04 | 8.78
M+DMSO+H 736.6646 - - - - - - - -
M-+2ACN+H 740.7037 - - - - - - - -
M+IsoProp+Na+H | 741.6985 - - - - - - - -
2M+H 1316.2940 | 8.93E+06 | 9.56 | 8.51E+06 9.57 | 7.44E+05 | 14.57 | 1.11E+06 | 9.55
2M+NHq 1333.3206 | 8.89E+07 | 14.58 | 2.42E+08 14.55 | 2.40E+07 | 14.53 | 4.42E+07 | 14.58
2M+Na 1338.2760 | 5.20E+07 | 14.56 | 8.32E+07 14.53 | 2.38E+07 | 14.57 | 3.39E+07 | 14.58
2M+3H,0+2H 1343.3099 | 4.23E+04 | 11.63 | 4.78E+04 11.63 | 9.74E+03 | 4.06 | 7.75E+03 | 19.43
2M+K 1354.2499 6.48E+06 | 14.56 | 1.18E+07 14.51 | 3.08E+06 | 14.53 | 4.20E+06 | 14.58
2M+ACN+H 1357.3206 | 7.95E+06 | 11.73 | 2.59E+07 11.65 | 7.57E+06 | 11.64 | 2.62E+06 | 11.74
2M+ACN+Na 1379.3025 9.23E+04 | 11.65 | 2.03E+05 11.66 | - - 2.84E+04 | 11.73
M-3H 218.2072 - - - - - - - -
M-2H 327.8144 - - - - - - - -
M-H,0-H 638.6250 - - - - - - - -
M-H 656.6361 - - - - - - - -
M+Na-2H 678.6180 - - 6.97E+03 19.93 | 2.43E+04 | 6.47 | - -
M-+Cl 692.6128 - - - - - - - -
M+K-2H 694.5920 - - - - - - - -
M-+FA-H 702.6416 - - - - - - - -
M-+Hac-H 716.6572 - - - - - - - -
M-+Br 736.5623 2.78E+05 | 9.04 | 1.34E+05 9.03 | 4.03E+04 | 10 1.92E+05 | 8.96
M+TFA-H 770.6290 - - - - - - - -
2M-H 1314.2795 5.04E+04 | 8.06 | 1.43E+04 336 | - - - -
2M+FA-H 1360.2850 | - - - - - - - -
2M+Hac-H 1374.3006 | - - - - - - - -
3M-H 1973.9374 | - - - - - - - -
Cholesterol (d7) (C27H39D70)
M-+3H 132.1400 - - - - - - - -
M+2H+Na 139.4673 - - - - - - - -
M+H+2Na 146.8989 - - - - - - - -
M+3Na 154.1219 1.43E+07 | 0.63 | 1.77E+06 0.67 | 1.51E+06 | 0.63 | 9.89E+05 | 0.61
M-+2H 197.7063 - - - - - - - -
M-+H+NHa 206.2196 - - - - - - - -
M+H+Na 208.6973 - - - - - - - -
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M+H+K 216.6843 - - - - - - - -
M+ACN+2H 218.2196 - - - - - - - -
M+2Na 219.6883 - - - - - - - -
M+2ACN+2H 238.7329 - - - - - - - -
M+3ACN+2H 259.2461 3.30E+04 11.16 | 2.15E+04 15.92 | 2.00E+04 | 13.63 | 4.33E+04 | 8.46
M-H20+H 376.3948 1.01E+06 8.94 1.79E+06 8.93 - - 6.73E+05 | 8.93
M+H 394.4054 - - - - - - - -
M+NH4 411.4319 - - - - - - - -
M+Na 416.3873 - - 1.91E+04 15.18 | 2.28E+04 | 8.14 - -
M+CH30H+H 426.4316 2.23E+05 10.58 | 6.46E+05 7.41 1.10E+06 | 7.78 6.71E+05 | 7.78
M+K 432.3612 - - - - - - - -
M+ACN+H 435.4319 - - 8.56E+04 8.4 - - - -
M+2Na-H 438.3692 - - - - - - - -
M-+IsoProp+H 454.4634 7.24E+06 7.88 1.30E+07 7.87 1.16E+07 | 7.86 1.11E+07 | 7.87
M+ACN+Na 457.4138 1.13E+05 5.52 4.20E+05 5.48 2.60E+04 | 5.33 5.59E+05 | 5.65
M+2K+H 470.3171 2.27E+04 8.5 2.59E+04 15.54 | 2.48E+04 | 14.97 | 2.02E+04 | 15.72
M+DMSO+H 472.4193 6.77E+05 7.35 5.93E+05 7.34 8.50E+05 | 7.34 9.01E+05 | 7.36
M+2ACN+H 476.4584 - - - - - - - -
M+lIsoProp+Na+H | 477.4532 - - - - - - - -
2M+H 787.8034 - - 3.90E+04 1.74 - - - -
2M+NH4 804.8300 - - - - - - - -
2M+Na 809.7854 - - - - 9.66E+03 | 4.47 - -
2M+3H,0+2H 814.8193 - - - - - - - -
2M+K 825.7593 1.41E+05 12.74 | 3.81E+04 12.73 | 2.77E+04 | 12.7 2.07E+05 | 11.29
2M+ACN+H 828.8300 - - - - - - - -
2M+ACN+Na 850.8119 - - - - - - - -
M-3H 130.1254 6.27E+04 8.68 - - - - - -
M-2H 195.6918 - - - - - - - -
M-H,0-H 374.3797 - - - - - - - -
M-H 392.3908 - - - - - - - -
M+Na-2H 414.3727 - - - - - - - -
M+Cl 428.3675 - - - - - - - -
M+K-2H 430.3467 - - - - - - - -
M+FA-H 438.3963 - - - - - - - -
M+Hac-H 452.4119 - - - - - - - -
M+Br 472.3170 - - - - - - - -
M+TFA-H 506.3837 - - - - - - 8.61E+04 | 8.17
2M-H 785.7889 - - - - 9.13E+03 | 2.4 9.32E+03 | 1.85
2M+FA-H 831.7943 - - 5.12E+04 16.27 | - - - -
2M+Hac-H 845.8100 - - - - - - - -
3M-H 1181.2015 - - - - 7.69E+03 | 2.92 8.98E+03 | 4.04
15:0-18:1(d7) DG (C3sHe1D705)

M+3H 196.8572 - - - - - - - -
M+2H+Na 204.1845 8.86E+03 4.4 6.64E+03 19.29 | - - 1.44E+04 | 7.53
M+H+2Na 211.6161 - - - - - - - -
M+3Na 218.8392 - - - - - - - -
M+2H 294.7822 - - - - - - - -
M+H+NH4 303.2955 - - - - - - - -
M+H+Na 305.7732 - - - - - - - -
M+H+K 313.7602 - - - - - - - -
M+ACN+2H 315.2955 - - 8.94E+03 2.24 - - - -
M+2Na 316.7642 - - - - - - - -
M+2ACN+2H 335.8088 - - - - - - - -
M+3ACN+2H 356.3220 - - - - 1.53E+04 | 19.49 | - -
M-H,0+H 570.5466 2.95E+08 8.67 3.98E+08 8.67 1.14E+08 | 8.65 2.64E+08 | 8.67
M+H 588.5572 1.27E+07 9.71 2.10E+07 9.7 5.08E+06 | 9.67 1.17E+07 | 9.72
M+NH4 605.5837 1.08E+09 9.71 1.63E+09 9.7 5.33E+08 | 9.69 1.00E+09 | 9.71
M+Na 610.5391 2.97E+08 9.71 4.36E+08 9.7 1.84E+08 | 9.69 2.84E+08 | 9.71
M+CH30H+H 620.5834 - - - - 1.72E+05 | 9.33 1.42E+05 | 9.37
M+K 626.5130 3.05E+07 9.71 5.09E+07 9.72 2.27E+07 | 9.69 3.17E+07 | 9.71
M+ACN+H 629.5837 - - - - - - - -
M+2Na-H 632.5210 7.89E+05 7.86 - - - - - -
M-+IsoProp+H 648.6152 7.31E+04 9.79 7.43E+05 9.76 1.06E+05 | 9.73 2.28E+05 | 9.74
M+ACN+Na 651.5656 4.41E+04 8.09 - - 7.62E+04 | 8.9 1.33E+05 | 8.91
M+2K+H 664.4689 - - - - - - - -
M+DMSO+H 666.5711 - - - - - - - -
M+2ACN+H 670.6102 - - 8.42E+03 4.75 - - - -
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M+IsoProp+Na+H | 671.6050 - - - - - - - -
2M+H 1176.1070 1.42E+04 0.67 6.05E+04 9.79 - - - -
2M+NH4 1193.1336 - - 5.70E+05 9.7 1.47E+04 | 1.39 - -
2M+Na 1198.0890 1.13E+07 9.71 2.52E+07 9.7 3.85E+06 | 9.69 9.60E+06 | 9.69
2M+3H,0+2H 1203.1229 2.34E+04 5.06 2.38E+04 14.83 | - - - -
2M+K 1214.0629 - - 1.16E+04 1.62 - - - -
2M+ACN+H 1217.1336 3.84E+04 12 4.31E+04 10.68 | 7.48E+03 | 4.38 - -
2M+ACN+Na 1239.1155 - - - - 9.15E+03 | 4.12 2.36E+04 | 0.61
M-3H 194.8427 - - - - - - - -
M-2H 292.7677 - - - - - - - -
M-H,0-H 568.5315 - - - - - - - -
M-H 586.5426 - - - - - - - -
M+Na-2H 608.5245 - - - - - - - -
M+Cl 622.5193 4.82E+07 9.7 8.34E+07 9.69 2.83E+07 | 9.7 4.90E+07 | 9.7
M+K-2H 624.4985 - - - - - - 4.75E+04 | 9.28
M+FA-H 632.5481 1.29E+06 9.72 2.78E+06 9.69 1.03E+06 | 9.7 2.04E+06 | 9.7
M+Hac-H 646.5637 2.85E+08 9.7 4.60E+08 9.69 1.50E+08 | 9.7 2.74E+08 | 9.7
M+Br 666.4688 - - 1.12E+05 17.7 - - - -
M+TFA-H 700.5355 - - - - 5.40E+04 | 9.15 - -
2M-H 1174.0925 - - - - 8.81E+03 | 1.62 - -
2M+FA-H 1220.0980 - - - - - - - -
2M+Hac-H 1234.1136 - - 1.66E+04 5.26 - - 5.17E+04 | 17.94
3M-H 1763.6569 - - - - - - - -
18:1(d7) LPC (C26HasD7NO7P)

M+3H 177.1377 3.25E+04 5.44 2.60E+04 16.98 | 3.35E+04 | 11.03 | 3.54E+04 | 12.73
M+2H+Na 184.4650 - - - - - - - -
M+H+2Na 191.8966 - - - - - - - -
M+3Na 199.1197 - - - - 1.85E+04 | 13.81 | 1.58E+04 | 14.08
M+2H 265.2030 - - 2.44E+04 16.49 | 5.19E+05 | 0.88 7.73E+05 | 0.88
M+H+NH4 273.7162 - - - - - - - -
M+H+Na 276.1939 3.76E+06 1.56 1.45E+06 11.82 | 6.81E+05 | 10.69 | 5.20E+05 | 11.14
M+H+K 284.1809 - - - - - - - -
M+ACN+2H 285.7162 - - - - - - - -
M+2Na 287.1849 2.27E+06 7.44 1.59E+06 8.4 6.31E+05 | 10.69 | 1.70E+06 | 7.44
M+2ACN+2H 306.2295 1.74E+05 16.6 1.66E+05 14.78 | 1.76E+05 | 6.17 1.18E+05 | 17.7
M+3ACN+2H 326.7428 - - - - - - - -
M-H,O+H 511.3880 3.38E+06 5.61 4.45E+06 5.6 1.32E+06 | 5.6 3.10E+06 | 5.62
M+H 529.3986 5.43E+09 5.61 8.40E+09 5.6 1.88E+09 | 5.61 4.53E+09 | 5.62
M+NH4 546.4252 - - 9.09E+03 2.86 8.01E+04 | 9.54 - -
M+Na 551.3806 3.78E+08 5.61 5.84E+08 5.6 1.33E+08 | 5.61 3.30E+08 | 5.62
M+CH3OH+H 561.4248 - - 7.57E+04 7.83 5.50E+04 | 9.81 - -
M+K 567.3545 4.57E+07 5.61 8.07E+07 5.6 1.36E+07 | 5.6 4.05E+07 | 5.62
M+ACN+H 570.4252 2.33E+04 6.01 2.23E+04 12.61 | 3.64E+04 | 11.89 | 2.93E+04 | 11.42
M+2Na-H 573.3625 2.14E+04 12.72 | 2.70E+04 15.08 | 2.91E+04 | 12.15 | 2.25E+04 | 16.21
M-+IsoProp+H 589.4567 1.18E+07 5.61 5.26E+07 5.6 4.41E+06 | 5.61 2.26E+07 | 5.62
M+ACN+Na 592.4071 3.82E+04 1141 | - - 1.88E+06 | 5.75 1.75E+06 | 5.75
M+2K+H 605.3104 - - - - - - - -
M+DMSO+H 607.4126 5.17E+04 13.95 | 8.92E+04 16.56 | 9.23E+04 | 13.2 6.17E+04 | 17.09
M+2ACN+H 611.4517 - - - - 1.27E+04 | 5.92 - -
M+lIsoProp+Na+H | 612.4465 - - - - - - - -
2M+H 1057.7900 2.37E+07 5.61 8.20E+07 5.6 1.41E+06 | 5.61 1.43E+07 | 5.62
2M+NH4 1074.8165 - - - - - - - -
2M+Na 1079.7719 4.65E+06 5.61 2.07E+07 5.6 6.55E+04 | 5.6 3.06E+06 | 5.62
2M+3H,0+2H 1084.8058 8.52E+03 1.91 - - - - 3.23E+04 | 11.14
2M+K 1095.7459 3.75E+04 18.63 | 1.54E+06 5.62 - - 5.07E+04 | 5.62
2M+ACN+H 1098.8165 - - - - - - - -
2M+ACN+Na 1120.7985 - - - - - - 7.12E+03 | 0.32
M-3H 175.1232 - - - - - - - -
M-2H 263.1884 3.48E+05 12.99 | 1.46E+05 12.01 | 3.07E+05 | 12.01 | 5.64E+05 | 15.33
M-H20-H 509.3730 - - - - - - - -
M-H 527.3841 - - - - - - - -
M+Na-2H 549.3660 - - 2.61E+05 13.15 | 3.91E+05 | 14.84 | - -
M+Cl 563.3608 1.90E+07 5.6 2.60E+07 5.61 7.76E+06 | 5.6 1.50E+07 | 5.61
M+K-2H 565.3400 1.26E+05 16.68 | 6.11E+04 10.52 | - - 5.91E+04 | 15.79
M+FA-H 573.3896 9.41E+06 5.6 1.29E+07 5.61 3.43E+06 | 5.6 7.62E+06 | 5.61
M+Hac-H 587.4052 1.23E+09 5.6 1.81E+09 5.61 4.69E+08 | 5.6 1.06E+09 | 5.61
M+Br 607.3102 - - - - 5.61E+04 | 16.35 | 1.26E+04 | 5.05
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M+TFA-H 641.3769 6.91E+03 19.95 | 5.63E+04 14.77 | 5.19E+04 | 17.6 - -
2M-H 1055.7754 8.11E+03 0.72 - - - - - -
2M+FA-H 1101.7809 - - 2.49E+04 5.55 - - 6.71E+04 | 17.77
2M+Hac-H 1115.7965 1.33E+07 5.6 2.71E+07 5.61 2.28E+06 | 5.6 1.02E+07 | 5.61
3M-H 1586.1813 - - - - - - - -
18:1(d7) LPE (C23H39D7NO7P)

M+3H 163.1221 1.13E+06 0.76 1.24E+06 0.74 5.03E+05 | 0.75 3.01E+05 | 0.71
M+2H+Na 170.4494 - - - - - - - -
M+H+2Na 177.8810 - - - - - - - -
M+3Na 185.1040 - - - - - - - -
M+2H 244.1795 - - - - - - - -
M+H+NH4 252.6928 - - - - - - - -
M+H+Na 255.1704 4.65E+05 0.61 2.65E+05 0.63 4.27E+05 | 0.65 6.71E+05 | 0.67
M+H+K 263.1574 1.45E+05 8.94 2.46E+04 18.2 - - - -
M+ACN+2H 264.6928 - - 6.45E+03 19.82 | - - - -
M+2Na 266.1614 3.96E+05 12,95 | - - - - 4.12E+05 | 0.63
M+2ACN+2H 285.2060 1.80E+06 8.09 9.65E+05 9.79 1.41E+06 | 8.86 5.08E+05 | 9.35
M+3ACN+2H 305.7193 - - - - - - - -
M-H,0+H 469.3411 1.63E+06 5.73 2.83E+06 5.73 5.16E+05 | 5.73 1.10E+06 | 5.73
M+H 487.3517 7.07E+08 5.73 1.10E+09 5.73 2.60E+08 | 5.75 5.98E+08 | 5.73
M+NH4 504.3782 1.39E+04 4.69 1.23E+04 4.58 1.88E+05 | 4.96 2.33E+05 | 5.04
M+Na 509.3336 3.38E+07 5.73 4,97E+07 5.73 1.30E+07 | 5.75 2.94E+07 | 5.73
M+CH3OH+H 519.3779 4.96E+04 6.74 2.55E+05 6.86 2.67E+05 | 6.84 1.25E+06 | 6.82
M+K 525.3076 1.02E+05 13.82 | 1.62E+05 5.65 7.43E+04 | 14.64 | 5.46E+04 | 5.87
M+ACN+H 528.3782 - - - - - - - -
M+2Na-H 531.3156 2.04E+06 5.75 3.03E+06 5.75 9.18E+05 | 5.77 1.90E+06 | 5.75
M+IsoProp+H 547.4097 3.33E+05 6.34 1.24E+05 5.73 7.78E+04 | 8.22 - -
M+ACN+Na 550.3602 3.25E+04 16.12 | 3.14E+04 10.7 3.51E+04 | 8.01 - -
M+2K+H 563.2634 - - - - 1.68E+06 | 3.25 1.98E+06 | 3.25
M+DMSO+H 565.3656 4.89E+05 14.47 | 5.83E+05 1495 | - - 2.92E+05 | 14.65
M+2ACN+H 569.4048 1.76E+04 6.97 4.88E+04 6.8 3.75E+04 | 6.96 7.44E+04 | 6.84
M-+lsoProp+Na+H | 570.3995 2.78E+04 16.96 | 6.12E+04 10.06 | 5.27E+04 | 13.2 1.99E+04 | 6.92
2M+H 973.6961 3.26E+06 5.73 9.02E+06 5.73 3.03E+05 | 5.75 2.49E+06 | 5.73
2M+NH4 990.7226 - - - - 3.04E+04 | 11.15 | 6.94E+03 | 2.47
2M+Na 995.6780 4.79E+05 5.75 1.27E+06 5.75 3.88E+04 | 5.77 4.49E+05 | 5.75
2M+3H,0+2H 1000.7119 - - - - - - - -
2M+K 1011.6520 - - - - - - 8.55E+03 | 4.52
2M+ACN+H 1014.7226 2.37E+05 9.71 - - - - 9.65E+03 | 19.65
2M+ACN+Na 1036.7046 - - - - - - - -
M-3H 161.1075 5.77E+03 1.96 - - 1.03E+04 | 4.7 - -
M-2H 242.1649 - - - - - - - -
M-H20-H 467.3260 - - - - - - - -
M-H 485.3371 4.03E+08 5.74 6.52E+08 5.74 1.50E+08 | 5.74 3.42E+08 | 5.74
M+Na-2H 507.3191 6.15E+05 13.26 | 4.95E+05 14.69 | 5.67E+05 | 13.17 | - -
M+Cl 521.3138 5.13E+04 16.55 | 5.23E+04 15.13 | 4.80E+04 | 13.38 | 5.51E+04 | 16.61
M+K-2H 523.2930 - - 1.67E+05 14.22 | 2.00E+05 | 14.01 | 1.45E+05 | 16.74
M+FA-H 531.3426 - - - - 8.17E+03 | 1.71 - -
M+Hac-H 545.3583 - - - - - - - -
M+Br 565.2633 5.28E+04 15.35 | 6.64E+04 9.13 6.60E+04 | 12.05 | 4.77E+04 | 9.15
M+TFA-H 599.3300 1.23E+04 4.49 - - - - - -
2M-H 971.6815 1.42E+06 5.74 3.35E+06 5.74 7.78E+04 | 5.74 9.48E+05 | 5.74
2M+FA-H 1017.6870 7.79E+03 2.86 - - 8.64E+03 | 4.46 - -
2M+Hac-H 1031.7027 - - - - - - - -
3M-H 1460.0405 - - 1.57E+04 2.76 3.16E+04 | 8.04 - -
18:1(d7) MG (C21H33D704)

M+3H 1221192 | - - - - - - - -
M+2H+Na 129.4465 | - - - - - - - -
M+H+2Na 136.8781 | - - - - - - - -
M+3Na 144.1012 2.37E+06 5.73 3.81E+06 10.44 | 1.79E+06 | 8.82 1.41E+06 | 11.12
M+2H 182.6752 - - - - - - - -
M+H+NHa4 191.1885 - - - - - - - -
M+H+Na 193.6662 - - - - - - - -
M+H+K 201.6532 - - - - - - - -
M+ACN+2H 203.1885 - - - - 6.79E+03 | 1.27 - -
M+2Na 204.6572 - - - - - - - -
M+2ACN+2H 223.7018 - - 1.77E+04 17.53 | - - - -
M+3ACN+2H 244.2150 7.79E+04 14.64 | 2.49E+05 14.57 | - - - -
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M-H20+H 346.3326 3.17E+07 9.69 4.62E+07 9.7 1.66E+07 | 9.69 2.90E+07 | 9.71
M+H 364.3431 3.05E+07 6.83 2.93E+07 6.82 2.08E+07 | 6.8 2.70E+07 | 6.82
M+NH4 381.3697 1.56E+07 6.83 2.45E+07 6.82 6.99E+06 | 6.82 1.58E+07 | 6.84
M+Na 386.3251 1.62E+07 6.83 2.16E+07 6.82 6.43E+06 | 6.82 1.41E+07 | 6.82
M+CH3OH+H 396.3694 - - - - - - - -
M+K 402.2990 1.02E+06 6.83 2.13E+06 6.82 5.75E+05 | 6.82 1.36E+06 | 6.82
M+ACN+H 405.3697 1.31E+06 6.55 7.89E+06 6.63 7.87E+06 | 6.65 8.38E+06 | 6.69
M+2Na-H 408.3070 5.70E+07 6.91 2.61E+07 6.9 2.81E+07 | 7.09 3.07E+07 | 7.11
M-+IsoProp+H 424.4012 2.07E+04 | 4.91 1.36E+04 18.75 | - - - -
M+ACN+Na 427.3516 5.91E+05 16.94 | 1.78E+06 5.96 4.70E+05 | 17.17 | 9.00E+05 | 5.87
M+2K+H 440.2549 - - - - - - - -
M+DMSO+H 442.3571 - - - - 2.36E+04 | 14.24 | 1.88E+04 | 7.28
M+2ACN+H 446.3962 1.30E+06 6.34 - - - - - -
M+IsoProp+Na+H | 447.3910 3.03E+05 6.93 1.62E+05 6.92 2.82E+05 | 7.07 6.55E+05 | 6.9
2M+H 727.6790 - - - - - - - -
2M+NH4 744.7056 - - - - - - - -
2M+Na 749.6610 - - 2.75E+05 6.82 - - 1.80E+04 | 6.86
2M+3H,0+2H 754.6949 8.84E+05 11.9 4.92E+05 12.08 | 1.03E+06 | 11.94 | - -
2M+K 765.6349 - - - - 1.84E+04 | 18.09 | 1.97E+04 | 14.94
2M+ACN+H 768.7056 2.64E+06 12.39 | 2.41E+06 12.4 3.75E+06 | 12.38 | 3.70E+06 | 12.39
2M+ACN+Na 790.6875 5.28E+04 11.63 | 3.13E+04 11.55 | 2.96E+04 | 11.53 | - -
M-3H 120.1047 - - - - 6.64E+03 | 4.44 - -
M-2H 180.6607 - - - - 4.21E+04 | 14.65 | - -
M-H,0-H 344.3175 - - - - - - - -
M-H 362.3286 - - - - - - - -
M+Na-2H 384.3105 3.22E+06 | 4.92 3.08E+04 4.88 - - 1.31E+04 | 4.93
M+Cl 398.3053 7.63E+07 6.82 1.06E+08 6.83 2.98E+07 | 6.81 6.41E+07 | 6.83
M+K-2H 400.2845 - - - - - - - -
M+FA-H 408.3341 6.59E+06 6.84 1.14E+07 6.83 2.85E+06 | 6.81 6.43E+06 | 6.81
M+Hac-H 422.3497 3.54E+08 6.82 4.98E+08 6.83 1.37E+08 | 6.81 3.02E+08 | 6.83
M+Br 442.2548 6.79E+06 7.26 7.33E+06 7.19 1.65E+07 | 7.12 1.97E+07 | 7.14
M+TFA-H 476.3215 5.03E+04 16.76 | 6.97E+04 6.79 2.94E+04 | 7.92 5.14E+04 | 13.12
2M-H 725.6645 - - 4.93E+04 13.1 - - 9.47E+04 | 7.88
2M+FA-H 771.6699 6.82E+03 | 0.09 - - - - - -
2M+Hac-H 785.6856 - - - - - - - -
3M-H 1091.0149 - - - - 9.12E+03 | 2.4 - -
15:0-18:1(d7) PA (Na Salt) (C36Hs1D7NaOsP)

M+3H 223.5127 - - - - - - - -
M+2H+Na 230.8400 - - - - - - - -
M+H+2Na 238.2716 - - - - - - - -
M+3Na 245.4946 - - - - - - - -
M+2H 334.7654 - - - - - - - -
M+H+NH4 343.2787 8.32E+04 1.93 - - - - - -
M+H+Na 345.7564 - - - - - - - -
M+H+K 353.7433 - - - - - - - -
M+ACN+2H 355.2787 - - - - - - - -
M+2Na 356.7473 - - - - - - - -
M+2ACN+2H 375.7919 - - - - - - - -
M+3ACN+2H 396.3052 7.31E+04 | 9.41 1.82E+05 9.36 1.12E+05 | 8.92 - -
M-H,O+H 650.5129 - - 3.48E+04 7.87 - - 2.47E+04 | 7.8
M+H 668.5235 4.62E+05 9.09 1.15E+06 9.17 7.00E+04 | 9.13 1.33E+06 | 9.14
M+NH4 685.5500 3.67E+07 9.13 1.31E+08 9.14 4.09E+07 | 9.07 1.32E+08 | 9.12
M+Na 690.5054 1.68E+06 9.15 2.77E+07 9.19 6.20E+06 | 9.37 1.35E+07 | 9.31
M+CH3OH+H 700.5497 1.25E+05 7.12 1.03E+05 7.15 2.16E+04 | 16.07 | 8.72E+04 | 8.69
M+K 706.4794 - - 1.74E+05 9.53 - - 9.69E+04 | 8.91
M+ACN+H 709.5500 - - 2.16E+05 9.06 3.65E+05 | 8.99 1.23E+05 | 8.82
M+2Na-H 712.4874 - - 2.12E+06 9.57 5.22E+05 | 7.05 4.25E+05 | 9.59
M+IsoProp+H 728.5815 7.77E+04 8.69 4.93E+04 8.72 5.63E+04 | 15.31 | 1.34E+05 | 8.69
M+ACN+Na 731.5320 - - - - - - 1.57E+04 | 6.02
M+2K+H 744.4352 2.30E+04 16.25 | 2.16E+04 5.98 5.29E+04 | 4.76 - -
M+DMSO+H 746.5374 - - 8.01E+03 3.84 - - - -
M+2ACN+H 750.5766 - - - - - - - -
M-+lsoProp+Na+H | 751.5713 1.61E+05 7.27 2.25E+05 7.28 5.57E+04 | 7.26 1.51E+05 | 7.28
2M+H 1336.0397 1.61E+04 1.78 - - - - 1.51E+04 | 18.56
2M+NH4 1353.0662 - - - - 8.10E+03 | 19.71 | 9.61E+03 | 6.21
2M+Na 1358.0216 - - - - - - 1.53E+04 | 4.79
2M+3H,0+2H 1363.0555 - - 2.44E+04 18.6 - - - -
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2M+K 1373.9956 3.70E+04 6.76 - - 9.69E+03 | 1.27 - -
2M+ACN+H 1377.0662 8.20E+03 19.56 | 1.82E+04 18.28 | - - - -
2M+ACN+Na 1399.0482 3.81E+04 5.31 8.92E+03 2.71 1.73E+04 | 7.86 - -
M-3H 221.4981 - - - - - - - -
M-2H 332.7508 - - - - - - - -
M-H,0-H 648.4978 3.73E+04 8.55 - - - - - -
M-H 666.5089 2.98E+07 9.25 9.79E+07 9.18 2.79E+07 | 9.1 7.11E+07 | 9.09
M+Na-2H 688.4909 - - - - - - - -
M+Cl 702.4856 6.70E+04 14.74 | 1.27E+06 9.3 4.64E+04 | 9.29 7.95E+05 | 9.28
M+K-2H 704.4648 - - - - - - - -
M+FA-H 712.5144 8.98E+04 8.31 8.18E+04 8.3 4.60E+04 | 7.25 - -
M-+Hac-H 726.5301 1.79E+06 8.51 3.40E+06 8.5 5.99E+05 | 8.49 1.63E+06 | 8.51
M+Br 746.4351 - - - - - - 7.59E+03 | 3.75
M+TFA-H 780.5018 - - - - - - - -
2M-H 1334.0251 - - - - 8.91E+03 | 0.89 - -
2M+FA-H 1380.0306 - - - - - - - -
2M+Hac-H 1394.0463 - - - - - - - -
3M-H 2003.5559 - - - - - - - -
15:0-18:1(d7) PC (Ca1H73D7NOsP)

M+3H 251.8757 - - - - - - - -
M+2H+Na 259.2030 9.00E+05 13.61 | 1.69E+06 13.69 | 9.53E+05 | 12.49 | 7.77E+05 | 13.66
M+H+2Na 266.6346 - - - - - - - -
M+3Na 273.8577 - - - - 1.21E+05 | 8.99 - -
M+2H 377.3100 - - - - 1.60E+06 | 2.47 2.82E+04 | 2.51
M+H+NH4 385.8232 - - - - - - - -
M+H+Na 388.3009 - - - - - - - -
M+H+K 396.2879 1.22E+05 8.81 - - - - - -
M+ACN+2H 397.8232 - - - - - - - -
M+2Na 399.2919 1.45E+04 1.41 6.05E+04 8.89 - - - -
M+2ACN+2H 418.3365 2.44E+06 5.31 2.63E+04 5.48 8.28E+05 | 2.49 9.27E+04 | 6.11
M+3ACN+2H 438.8498 - - - - - - - -
M-H,O+H 735.6021 - - - - - - - -
M+H 753.6126 1.90E+10 8.99 2.40E+10 8.99 9.82E+09 | 8.98 1.77E+10 | 8.99
M+NH4 770.6392 - - 1.19E+05 9.15 - - 9.84E+04 | 7.63
M+Na 775.5946 1.06E+09 8.98 1.17E+09 9.06 7.95E+08 | 8.99 1.06E+09 | 8.99
M+CH30H+H 785.6388 - - - - - - - -
M+K 791.5685 1.20E+08 9.05 1.41E+08 9.02 8.51E+07 | 8.99 1.19E+08 | 8.99
M+ACN+H 794.6392 - - - - - - - -
M+2Na-H 797.5765 - - - - 4.70E+04 | 0.53 - -
M-+IsoProp+H 813.6707 2.07E+08 8.98 2.52E+08 8.95 1.42E+08 | 8.98 1.98E+08 | 8.97
M+ACN+Na 816.6211 - - - - - - - -
M+2K+H 829.5244 - - 2.89E+05 9.14 1.85E+05 | 9.01 1.04E+04 | 4.03
M+DMSO+H 831.6266 - - - - - - - -
M+2ACN+H 835.6657 - - - - - - - -
M+IsoProp+Na+H | 836.6605 - - - - - - - -
2M+H 1506.2180 - - - - - - - -
2M+NH4 1523.2445 - - - - - - - -
2M+Na 1528.1999 - - - - - - - -
2M+3H,0+2H 1533.2338 - - - - - - - -
2M+K 1544.1739 - - - - - - - -
2M+ACN+H 1547.2445 - - - - - - - -
2M+ACN+Na 1569.2265 - - - - - - - -
M-3H 249.8612 - - - - - - 2.64E+04 | 5.95
M-2H 375.2954 8.65E+05 2.49 - - - - 8.67E+05 | 4.91
M-H,0-H 733.5870 - - - - - - 7.00E+03 | 3.65
M-H 751.5981 - - - - 4.94E+04 | 11.14 | 2.45E+05 | 8.92
M+Na-2H 773.5800 4.30E+04 13.31 | 3.51E+05 8.94 - - - -
M+Cl 787.5748 1.46E+08 9 1.66E+08 9.01 9.90E+07 | 8.99 1.34E+08 | 8.98
M+K-2H 789.5540 - - - - - - - -
M+FA-H 797.6036 3.90E+07 9 4.74E+07 8.99 2.18E+07 | 8.99 3.52E+07 | 8.98
M+Hac-H 811.6192 3.59E+09 8.99 4.48E+09 8.98 1.87E+09 | 8.99 3.28E+09 | 8.98
M+Br 831.5242 - - 7.81E+04 9.26 - - 7.28E+04 | 9.22
M+TFA-H 865.5909 2.81E+04 6.4 - - - - - -
2M-H 1504.2034 - - - - - - - -
2M+FA-H 1550.2089 - - - - - - - -
2M+Hac-H 1564.2246 - - - - - - - -
3M-H 2258.8233 - - - - - - - -
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15:0-18:1(d7) PE (C3sHs7D7NOsP)

M+3H 237.8601 - - - - - - - -
M+2H+Na 245.1874 1.80E+07 15.95 | 6.06E+06 13.68 | 1.78E+07 | 14.93 | 4.88E+06 | 14.06
M+H+2Na 252.6190 - - - - - - - -
M+3Na 259.8420 - - - - - - - -
M+2H 356.2865 4.71E+06 6.11 7.39E+06 5.82 6.79E+06 | 6.06 5.77E+06 | 6.06
M+H+NH4 364.7998 - - - - 1.52E+04 | 16.58 | - -
M+H+Na 367.2774 - - - - - - - -
M+H+K 375.2644 - - - - - - - -
M+ACN+2H 376.7998 - - - - - - - -
M+2Na 378.2684 6.54E+05 13.12 | 1.51E+06 13.5 9.71E+05 | 14.95 | 3.60E+05 | 16.77
M+2ACN+2H 397.3130 - - 7.19E+04 8.74 - - 8.55E+04 | 9.59
M+3ACN+2H 417.8263 - - - - - - - -
M-H20+H 693.5551 - - - - - - - -
M+H 711.5657 4.85E+08 9.05 6.49E+08 9.04 2.62E+08 | 9.03 4.63E+08 | 9.05
M+NH4 728.5922 3.65E+05 7.67 1.79E+05 8.12 4.19E+05 | 7.78 4.22E+05 | 7.8
M+Na 733.5476 3.58E+07 9.05 4.59E+07 9.06 2.51E+07 | 9.05 3.71E+07 | 9.06
M+CH30H+H 743.5919 - - - - - - - -
M+K 749.5216 7.76E+05 9.11 9.07E+05 9.08 7.07E+05 | 9.05 1.20E+06 | 9.06
M+ACN+H 752.5922 - - 9.52E+04 8.78 - - 8.51E+04 | 7.93
M+2Na-H 755.5296 5.92E+05 6.28 6.38E+05 6.17 5.28E+05 | 6.34 1.56E+06 | 6.25
M+IsoProp+H 771.6237 - - 1.48E+05 9.1 - - - -
M+ACN+Na 774.5742 - - - - - - - -
M+2K+H 787.4774 - - - - - - - -
M+DMSO+H 789.5796 - - 1.53E+04 6 - - - -
M+2ACN+H 793.6188 - - - - - - - -
M+IsoProp+Na+H | 794.6135 - - - - 5.03E+05 | 9.47 1.53E+05 | 9.35
2M+H 1422.1241 1.51E+06 9.05 7.03E+06 9.04 2.41E+05 | 9.01 2.38E+06 | 9.05
2M+NHa 1439.1506 - - - - - - - -
2M+Na 1444.1060 - - 1.93E+05 9.15 2.59E+04 | 18.87 | 1.16E+05 | 9.12
2M+3H,0+2H 1449.1399 8.83E+03 | 0.26 3.40E+04 14.87 | - - - -
2M+K 1460.0800 - - - - - - - -
2M+ACN+H 1463.1506 - - - - 7.92E+03 | 19.81 | - -
2M+ACN+Na 1485.1326 - - 9.62E+03 3.35 8.14E+03 | 19.59 | - -
M-3H 235.8455 - - - - - - - -
M-2H 354.2719 - - - - 3.49E+05 | 8.51 1.43E+05 | 5.95
M-H,0-H 691.5400 - - - - - - - -
M-H 709.5511 3.25E+08 9.04 4.90E+08 9.03 1.52E+08 | 9.04 3.20E+08 | 9.04
M+Na-2H 731.5331 5.87E+04 12.19 | 6.65E+04 16.78 | 6.96E+04 | 15.81 | - -
M+Cl 745.5278 - - - - - - - -
M+K-2H 747.5070 3.75E+06 7.03 3.72E+06 7.04 8.63E+06 | 7.1 8.94E+06 | 7.08
M+FA-H 755.5566 - - - - - - - -
M+Hac-H 769.5723 - - - - - - - -
M+Br 789.4773 - - - - - - - -
M+TFA-H 823.5440 - - - - - - - -
2M-H 1420.1095 1.96E+05 9.02 1.43E+06 9.03 - - 6.95E+05 | 9.04
2M+FA-H 1466.1150 - - 2.17E+04 18.76 | - - - -
2M+Hac-H 1480.1307 - - - - - - - -
3M-H 2132.6825 - - - - - - - -
15:0-18:1(d7) PG (Na Salt) (C3sHs7D7NaO10P)

M+3H 248.1916 - - - - - - - -
M+2H+Na 255.5189 - - - - - - - -
M+H+2Na 262.9505 - - - - - - - -
M+3Na 270.1735 - - - - - - - -
M+2H 371.7838 - - - - - - - -
M+H+NH4 380.2970 1.24E+04 | 2.21 1.26E+04 3.31 4.33E+04 | 5.48 9.33E+03 | 4.13
M+H+Na 382.7747 - - - - - - - -
M+H+K 390.7617 - - 8.41E+03 3.78 - - - -
M+ACN+2H 392.2970 - - - - 6.22E+03 | 3.48 3.16E+04 | 14.56
M+2Na 393.7657 - - - - - - - -
M+2ACN+2H 412.8103 - - - - 1.02E+04 | 5.15 - -
M+3ACN+2H 433.3236 - - - - - - - -
M-H20+H 724.5497 6.26E+04 | 8.71 1.23E+05 8.65 - - 1.40E+05 | 8.65
M+H 742.5603 1.28E+08 8.67 1.69E+08 8.67 4.86E+07 | 8.65 1.17E+08 | 8.67
M+NH4 759.5868 1.48E+09 8.67 1.90E+09 8.67 5.90E+08 | 8.65 1.32E+09 | 8.67
M+Na 764.5422 1.53E+08 8.67 1.69E+08 8.67 8.41E+07 | 8.65 1.46E+08 | 8.67
M+CH30OH+H 774.5865 6.87E+07 8.99 7.63E+07 9.04 5.23E+07 | 8.99 6.90E+07 | 9.01




M+K 780.5161 - - - - - - - -
M+ACN+H 783.5868 - - - - - - - -
M+2Na-H 786.5241 1.02E+07 8.69 9.86E+06 8.7 9.87E+06 | 8.67 1.12E+07 | 8.67
M-+IsoProp+H 802.6183 6.84E+06 8.67 1.94E+07 8.67 1.04E+06 | 8.67 5.52E+06 | 8.67
M+ACN+Na 805.5688 - - - - - - - -
M+2K+H 818.4720 - - - - - - 3.74E+05 | 6.21
M+DMSO+H 820.5742 - - - - - - - -
M+2ACN+H 824.6134 - - - - - - - -
M-+lsoProp+Na+H | 825.6081 - - - - 1.43E+04 | 7.05 - -
2M+H 1484.1132 5.10E+06 8.67 9.21E+06 8.67 7.54E+05 | 8.65 4.96E+06 | 8.67
2M+NH4 1501.1398 - - - - - - - -
2M+Na 1506.0952 - - - - - - - -
2M+3H,0+2H 1511.1291 - - - - - - - -
2M+K 1522.0691 - - - - - - - -
2M+ACN+H 1525.1398 - - - - - - - -
2M+ACN+Na 1547.1217 - - - - - - - -
M-3H 246.1771 - - - - - - - -
M-2H 369.7692 - - - - - - - -
M-H,0-H 722.5346 - - - - - - - -
M-H 740.5457 1.89E+09 8.67 2.88E+09 8.66 7.76E+08 | 8.66 1.66E+09 | 8.66
M+Na-2H 762.5277 - - 1.35E+04 4.47 - - - -
M+Cl 776.5224 1.05E+05 9.1 1.06E+05 8.69 - - 7.59E+04 | 9.13
M+K-2H 778.5016 - - - - - - - -
M+FA-H 786.5512 - - - - - - - -
M+Hac-H 800.5668 - - - - - - - -
M+Br 820.4719 - - - - - - - -
M+TFA-H 854.5386 - - - - - - - -
2M-H 1482.0987 1.61E+07 8.67 3.29E+07 8.66 2.99E+06 | 8.66 1.15E+07 | 8.66
2M+FA-H 1528.1042 - - - - - - - -
2M+Hac-H 1542.1198 - - - - - - - -
3M-H 2225.6662 - - - - - R - -
15:0-18:1(d7) Pl (NH4 Salt) (Ca2H7sD7NO13P)

M+3H 277.5303 - - - - - - - -
M+2H+Na 284.8576 - - - - - - - -
M+H+2Na 292.2892 - - - - - - - -
M+3Na 299.5122 - - - - - - - -
M+2H 415.7918 - - - - - - - -
M+H+NH4 424.3051 7.14E+05 5.99 5.54E+05 6.04 2.78E+05 | 7.61 2.06E+05 | 7.63
M+H+Na 426.7828 - - - - - - - -
M+H+K 434.7697 - - - - - - - -
M+ACN+2H 436.3051 2.41E+05 5.27 7.90E+04 4.85 6.85E+04 | 4.4 5.84E+04 | 5.12
M+2Na 437.7737 - - - - - - - -
M+2ACN+2H 456.8183 - - - - - - - -
M+3ACN+2H 477.3316 2.02E+05 7.86 7.50E+05 7.85 3.59E+05 | 7.89 2.12E+05 | 7.97
M-H20+H 812.5657 6.68E+06 5.61 1.54E+07 5.6 4.45E+06 | 8.82 5.87E+06 | 8.84
M+H 830.5763 3.78E+07 8.58 5.39E+07 8.57 8.77E+06 | 8.58 2.44E+07 | 8.58
M+NH4 847.6029 2.68E+08 8.58 3.72E+08 8.57 6.43E+07 | 8.58 1.68E+08 | 8.58
M+Na 852.5582 4.39E+07 8.58 5.33E+07 8.57 1.30E+07 | 8.58 3.04E+07 | 8.58
M+CH30H+H 862.6025 8.30E+03 1.48 8.27E+03 4.15 - - - -
M+K 868.5322 1.72E+05 8.69 2.85E+05 8.72 7.61E+04 | 8.71 3.68E+05 | 8.74
M+ACN+H 871.6029 2.90E+04 8.24 1.72E+05 8.19 6.89E+04 | 9.58 8.46E+04 | 8.14
M+2Na-H 874.5402 4.66E+06 8.58 4.82E+06 8.57 1.81E+06 | 8.56 3.64E+06 | 8.58
M+IsoProp+H 890.6344 2.21E+04 6.41 - - 4.17E+04 | 6.32 - -
M+ACN+Na 893.5848 7.87E+05 8.18 1.06E+06 8.19 1.43E+06 | 8.22 1.17E+06 | 8.16
M+2K+H 906.4881 - - - - - - 1.36E+04 | 18.73
M+DMSO+H 908.5902 - - 8.30E+03 4.25 2.95E+04 | 13.07 | - -
M+2ACN+H 912.6294 3.95E+04 5.78 3.48E+04 13.64 | - - 1.95E+04 | 13.68
M+IsoProp+Na+H | 913.6241 1.52E+04 4.44 1.61E+04 4.77 1.56E+04 | 7.05 2.53E+04 | 5.5
2M+H 1660.1453 - - - - - - - -
2M+NH4 1677.1719 - - - - - - - -
2M+Na 1682.1273 - - - - - - - -
2M+3H,0+2H 1687.1612 - - - - - - - -
2M+K 1698.1012 - - - - - - - -
2M+ACN+H 1701.1719 - - - - - - - -
2M+ACN+Na 1723.1538 - - - - - - - -
M-3H 275.5157 - - - - - - - -
M-2H 413.7772 - - - - - - - -
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M-H,0-H 810.5506 4.45E+04 18.38 | - - 5.28E+04 | 17.49 | - -
M-H 828.5618 3.83E+08 8.57 6.08E+08 8.56 9.54E+07 | 8.57 2.51E+08 | 8.57
M+Na-2H 850.5437 - - - - 5.95E+04 | 8.68 - -
M+Cl 864.5384 - - - - - - 8.63E+03 | 2.83
M+K-2H 866.5176 - - - - - - - -
M+FA-H 874.5672 - - - - 5.60E+04 | 14.01 | - -
M-+Hac-H 888.5829 - - - - - - - -
M+Br 908.4879 - - - - - - - -
M+TFA-H 942.5546 - - 2.66E+04 8.24 - - - -
2M-H 1658.1308 - - - - - - - -
2M+FA-H 1704.1363 - - - - - - - -
2M+Hac-H 1718.1519 - - - - - - - -
3M-H 2489.7144 - - - - - - - -
15:0-18:1(d7) PS (Na Salt) (C3sHssD7NNaO1oP)

M+3H 252.5234 - - - - - - - -
M+2H+Na 259.8507 - - - - - - - -
M+H+2Na 267.2823 - - - - - - - -
M+3Na 274.5053 - - - - - - - -
M+2H 378.2814 - - - - 9.90E+03 | 2.47 9.85E+03 | 18.54
M+H+NH4 386.7947 - - - - - - - -
M+H+Na 389.2724 5.77E+04 9.82 4.88E+04 5.06 1.60E+04 | 0.79 1.76E+04 | 3.11
M+H+K 397.2593 7.59E+05 13.44 | 9.14E+05 12.96 | 3.27E+05 | 13.29 | 7.40E+05 | 8.44
M+ACN+2H 398.7947 - - - - - - - -
M+2Na 400.2633 - - - - - - - -
M+2ACN+2H 419.3079 - - - - - - - -
M+3ACN+2H 439.8212 - - - - - - - -
M-H20+H 737.5449 1.34E+06 9.39 9.34E+05 9.4 1.66E+07 | 9.41 1.58E+07 | 9.4
M+H 755.5555 5.90E+07 8.77 1.29E+08 8.76 1.87E+07 | 8.81 7.26E+07 | 8.76
M+NH4 772.5821 1.26E+08 8.98 1.43E+08 8.99 8.56E+07 | 8.98 1.27E+08 | 8.99
M+Na 777.5375 6.28E+06 8.77 1.14E+07 8.76 2.76E+06 | 8.82 8.45E+06 | 8.76
M+CH30H+H 787.5817 - - - - 1.35E+05 | 12.23 | 7.67E+04 | 12.22
M+K 793.5114 1.45E+05 9.15 9.11E+04 9.19 2.86E+04 | 10.65 | 1.45E+05 | 9.61
M+ACN+H 796.5821 - - 8.02E+03 0.32 - - - -
M+2Na-H 799.5194 1.67E+05 9.35 6.56E+05 8.76 7.15E+04 | 8.73 5.31E+05 | 8.74
M+IsoProp+H 815.6136 - - - - - - - -
M+ACN+Na 818.5640 - - 2.19E+04 12.99 | - - - -
M+2K+H 831.4673 4.26E+05 9.97 2.31E+06 9.91 7.59E+05 | 9.88 3.38E+06 | 9.89
M+DMSO+H 833.5695 - - - - - - 1.80E+04 | 6.86
M+2ACN+H 837.6086 6.19E+05 8.94 1.96E+05 9.17 - - 7.36E+03 | 0.46
M+IsoProp+Na+H | 838.6033 - - - - - - - -
2M+H 1510.1037 - - - - - - - -
2M+NH4 1527.1303 - - - - - - - -
2M+Na 1532.0857 - - - - - - - -
2M+3H,0+2H 1537.1196 - - - - - - - -
2M+K 1548.0596 - - - - - - - -
2M+ACN+H 1551.1303 - - - - - - - -
2M+ACN+Na 1573.1122 - - - - - - - -
M-3H 250.5088 - - - - - - - -
M-2H 376.2668 - - - - - - - -
M-H,0-H 735.5298 - - 1.29E+04 4.82 - - - -
M-H 753.5410 7.65E+07 8.76 1.69E+08 8.73 2.37E+07 | 8.82 8.12E+07 | 8.75
M+Na-2H 775.5229 3.82E+06 8.76 7.55E+06 8.73 1.33E+06 | 8.83 4.84E+06 | 8.75
M+Cl 789.5176 - - 5.30E+04 10.67 | 7.78E+03 | 2.12 8.04E+04 | 8.92
M+K-2H 791.4968 5.18E+04 9.47 1.04E+05 9.26 - - - -
M+FA-H 799.5464 - - - - - - 1.21E+04 | 19.11
M+Hac-H 813.5621 - - - - - - 5.11E+04 | 18.09
M+Br 833.4671 - - - - - - - -
M+TFA-H 867.5338 - - - - 7.24E+04 | 8.99 - -
2M-H 1508.0892 - - - - - - - -
2M+FA-H 1554.0947 - - - - - - - -
2M+Hac-H 1568.1103 - - - - - - - -
3M-H 2264.6520 - - - - - - - -
d18:1-18:1(d9) SM (Ca:H72DsN206P)

M+3H 246.8869 - - - - - - - -
M+2H+Na 254.2142 - - 7.44E+03 5.16 - - - -
M+H+2Na 261.6458 - - - - - - - -
M+3Na 268.8688 - - 2.17E+05 10.53 | - - - -
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M+2H 369.8267 - - - - - - - -
M+H+NH, 378.3399 1.28E+06 5.86 9.58E+05 5.43 427E+06 | 5.6 2.18E+06 | 5.48
M+H+Na 380.8176 - - - - - - - -
M+H+K 388.8046 - - - - - - - -
M+ACN+2H 390.3399 1.57E+04 5.99 - - 8.51E+03 6.77 - -
M+2Na 391.8086 - - - - - - - -
M+2ACN+2H 410.8532 - - - - - - - -
M+3ACN+2H 431.3665 4.21E+06 6.77 6.63E+04 6.73 3.08E+04 6.57 - -
M-H.0O+H 720.6355 1.14E+05 9.41 1.10E+05 9.36 1.74E+06 9.3 1.99E+06 9.35
M+H 738.6460 4.09E+09 8.83 5.73E+09 8.82 1.59E+09 8.82 3.61E+09 8.82
M+NH4 755.6726 - - - - - - - -
M+Na 760.6280 3.77E+08 8.83 4.74E+08 8.83 1.89E+08 8.82 3.51E+08 8.82
M+CH3OH+H 770.6723 - - - - - - - -
M+K 776.6019 3.08E+07 8.83 4.18E+07 8.83 1.42E+07 8.82 2.74E+07 8.82
M+ACN+H 779.6726 - - - - - - - -
M+2Na-H 782.6099 - - - - - - - -
M+IsoProp+H 798.7041 2.93E+07 8.83 4.82E+07 8.82 8.39E+06 8.82 2.69E+07 8.82
M+ACN+Na 801.6545 1.17E+04 4.15 2.05E+05 0.55 - - 1.42E+04 4.87
M+2K+H 814.5578 - - - - - - - -
M+DMSO+H 816.6600 - - - - - - - -
M+2ACN+H 820.6991 - - - - - - 6.18E+04 10.84
M+IsoProp+Na+H | 821.6939 - - - - - - - -
2M+H 1476.2848 1.90E+07 8.83 4.61E+07 8.82 1.75E+06 8.82 1.41E+07 8.82
2M+NH4 1493.3114 - - 1.10E+05 10.66 3.57E+04 18.85 - -
2M+Na 1498.2668 9.98E+04 8.81 - - - - 5.46E+05 8.8
2M+3H,0+2H 1503.3007 - - - - - - - -
2M+K 1514.2407 - - - - - - - -
2M+ACN+H 1517.3114 - - - - - - - -
2M+ACN+Na 1539.2933 - - - - - - - -
M-3H 244.8723 - - - - - - - -
M-2H 367.8121 - - - - - - - -
M-H,0-H 718.6204 4.64E+04 13.96 | - - - - - -
M-H 736.6315 - - - - - - - -
M+Na-2H 758.6134 5.11E+04 8.74 - - 5.11E+05 8.68 8.26E+04 8.68
M+Cl 772.6082 6.17E+07 8.84 8.04E+07 8.83 3.39E+07 8.82 5.23E+07 8.83
M+K-2H 774.5874 - - 4.92E+04 10.31 - - - -
M+FA-H 782.6370 1.36E+07 8.84 2.04E+07 8.83 5.63E+06 8.82 1.29E+07 8.83
M+Hac-H 796.6526 1.08E+09 8.84 1.51E+09 8.83 4.64E+08 8.82 9.51E+08 8.83
M+Br 816.5577 - - - - - - - -
M+TFA-H 850.6244 - - - - - - - -
2M-H 1474.2703 4.34E+06 10.78 1.55E+06 10.77 - - 3.43E+06 10.71
2M+FA-H 1520.2757 - - - - - - - -
2M+Hac-H 1534.2914 - - - - - - - -
3M-H 2213.9236 - - - - - - - -
15:0-18:1(d7)-15:0 TAG (Cs1HssD706)

M+3H 271.5952 - - - - - - - -
M+2H+Na 278.9225 - - - - - - - -
M+H+2Na 286.3542 - - - - - - - -
M+3Na 293.5772 - - - - - - - -
M+2H 406.8892 - - - - - - - -
M+H+NH4 415.4025 - - - - - - - -
M+H+Na 417.8802 - - - - - - - -
M+H+K 425.8672 - - - - - - - -
M+ACN+2H 427.4025 - - 1.44E+04 6.99 - - - -
M+2Na 428.8712 - - - - - - - -
M+2ACN+2H 447.9158 - - - - - - - -
M+3ACN+2H 468.4290 - - - - - - - -
M-H,O0+H 794.7606 - - - - - - - -
M+H 812.7712 2.71E+06 13.15 | 4.22E+06 13.2 6.54E+05 | 13.14 | 2.87E+06 | 13.17
M+NH4 829.7977 5.77E+09 13.17 | 8.61E+09 13.16 | 2.10E+09 | 13.16 | 4.59E+09 | 13.17
M+Na 834.7531 9.95E+08 13.17 | 1.26E+09 13.16 | 5.21E+08 | 13.16 | 8.90E+08 | 13.17
M+CH3OH+H 844.7974 - - - - - - - -
M+K 850.7270 1.97E+08 13.17 | 2.53E+08 13.16 | 1.12E+08 | 13.16 | 1.74E+08 | 13.17
M+ACN+H 853.7977 2.10E+05 15.05 | - - 8.51E+04 | 14.97 | - -
M+2Na-H 856.7350 3.23E+04 0.59 2.02E+04 17.38 | - - 1.22E+04 | 18.85
M-+IsoProp+H 872.8292 2.75E+08 13.17 | 3.54E+08 13.16 | 1.42E+08 | 13.16 | 2.33E+08 | 13.17
M+ACN+Na 875.7796 1.51E+05 12.98 | - - 1.01E+06 | 13.01 | 1.16E+06 | 12.98




M+2K+H 888.6829 1.38E+04 18.73 | - - - - - -
M+DMSO+H 890.7851 - - 1.24E+04 2.75 - - - -
M+2ACN+H 894.8242 - - - - 7.25E+04 | 15.08 | 2.30E+04 | 15.05
M+IsoProp+Na+H | 895.8190 - - - - - - - -
2M+H 1624.5350 - - - - - - - -
2M+NH4 1641.5616 - - - - - - - -
2M+Na 1646.5170 - - - - - - - -
2M+3H,0+2H 1651.5509 - - - - - - - -
2M+K 1662.4909 - - - - - - - -
2M+ACN+H 1665.5616 - - - - - - - -
2M+ACN+Na 1687.5435 - - - - - - - -
M-3H 269.5807 - - - - - - - -
M-2H 404.8747 - - - - - - - -
M-H,0-H 792.7455 - - - - 7.36E+04 | 12.16 | - -
M-H 810.7566 9.45E+05 11.78 | 2.06E+05 11.77 | 8.29E+05 | 11.76 | 1.50E+06 | 11.77
M+Na-2H 832.7385 7.87E+03 1.81 1.13E+04 0.91 9.79E+03 | 3.55 - -
M+Cl 846.7333 2.76E+05 13.16 | 1.05E+06 13.14 | - - 4.94E+04 | 13.18
M+K-2H 848.7125 - - 9.07E+03 3.42 - - - -
M+FA-H 856.7621 - - - - 4.56E+04 | 9.72 5.97E+04 | 9.73
M+Hac-H 870.7777 7.64E+03 2.94 - - - - - -
M+Br 890.6828 - - - - 8.80E+03 | 0.43 - -
M+TFA-H 924.7495 - - - - 1.65E+04 | 0.62 7.70E+03 | 0.95
2M-H 1622.5205 - - - - - - - -
2M+FA-H 1668.5260 - - - - - - - -
2M+Hac-H 1682.5416 - - - - - - - -
3M-H 2436.2989 - - - - - - - -
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Table A.4: Number of identified lipid ions by LipidSearch™ in samples extracted from patient # 1

analysed with and without *3C-IS mixture.

Number of identified lipid ions

Sample Samples extracted without 3C-IS Samples extracted with 3C-IS
2.1A 300 173
2.1B 314 188
2.1C 274 166
2.1D 358 290
2.1E 347 260
2.2A 299 202
2.2B 246 138
2.2C 314 206
2.2D 345 228
2.2E 300 201
2.3A 281 166
2.3B 297 187
2.3C 339 196
2.3D 293 186
2.3E 329 212
2.4A 330 244
2.4B 349 250
2.4C 383 277
2.4D 298 207
2.4E 342 243
Average 317 211
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Table A.5: Number of identified lipid ions by LipidSearch™ in control plasma samples (healthy
subjects before and after OGTT) extracted and analysed with and without *3C-IS mixture.

Patients codes

Number of identified lipid ions

Samples extracted without 3C-IS

Samples extracted with 3C-IS

RA2D43 Pre OGTT
RA2D43 Post OGTT
RIYPFA Pre OGTT
RIYPFA Post OGTT
6PDAYF Pre OGTT
6PDA4YF Post OGTT
NQ2A3R Pre OGTT
NQ2A3R Post OGTT
56PG2N Pre OGTT
56PG2N Post OGTT
NF5783 Pre OGTT
NF5783 Post OGTT
P258CP Pre OGTT
P258CP Post OGTT
TKPGBX Pre OGTT
TKPGBX Post OGTT
VJXH3W Pre OGTT
VIXH3W Post OGTT
Average

307
287
214
257
289
285
273
270
321
291
261
259
269
284
275
266
268
274
275

200
203
158
158
208
207
166
184
218
221
167
167
197
186
183
186
179
182
187
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Figure A.1: The effect of chloroform on the detection of A) LPC(18:3)+H (m/z 518.3241), B) LPC(20:4)+H (m/z 544.3397) putatively identified by LipidSearch™ in positive
mode in three replicates of plasma extract and C) represents the chloroform peak detected in negative mode (m/z 116.9071).
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Figure A.2: Extracted ion chromatogram of A) unlabelled form detected at m/z of 740.5236, B) labelled matched form detected at m/z of 781.6589 of PE(16:0/20:4)+H detected

in mice plasma samples extracted in the presence of '3C-IS

252




100

50

117747 * to[1)

-50
-100

-150 -

o

O

%

O

-200 - 7 — T
-80 -60 -40 -20

100

w
o
aa b i

0
1.00458 * t[1)

114402 * to[1)
L]
ooxP

|
w
o
sl a s

-100 -

-150 - — — ;
-80 -60 40 -20

0
1.00015 * t[1]

.10 0 @ IR

B Control
T2DM

B Control
T2DM

Figure A.3: Multivariate analysis of untargeted lipidomics profile of control group (n=9) vs patients
diagnosed with T2DM (n=22) based on A) fasting plasma level using supervised OPLS-DA score plot
with R?2X=0.311, R?Y=0.987 and Q?=0.281, B) 2h after OGTT using supervised OPLS-DA score plots

with R2X= 0.471, R?Y=0.999 and Q*=0.382.
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Figure A.4: Multivariate analysis of untargeted lipidomics profile of young T2DM patients (<50 years
old, n=7) vs old T2DM patients (>70 years old, n=7) based on fasting plasma level using A)
unsupervised PCA score plot with R?= 0.608 and Q?=0.408, B) supervised OPLS-DA score plots with
R2X= 0.556, R?Y=0.609 and Q?=-0.134.
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