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Abstract

The importance of biomarkers cannot be understated as they have played a key role
in revolutionizing public health and disease prevention on a population level. While there
is a need to discover more specific and clinically relevant biomarkers, many technical
challenges exist especially in the context of the rapidly growing field of lipidomics. This
thesis aims to develop new analytical strategies for nontargeted lipid profiling when using
multisegment injection-nonaqueous capillary electrophoresis-mass spectrometry (MSI-
NACE-MS). Chapter Il greatly expands metabolome coverage in CE-MS when using a
compatible non-aqueous electrolyte system for global analysis of ionic lipids differing
widely in their polarity, such as lysophosphatidic acids, phosphatidylinositols,
phosphatidylethanolamines and free fatty acids. For the first time, a multi-tiered data
workflow was introduced in MSI-NACE-MS using an ultra-high resolution Orbitrap mass
analyzer under negative ion mode for credentialing more than 270 lipid features from serum
extracts based on their characteristic accurate mass and electrophoretic mobility. Of these,
128 anionic lipids were reliably measured (median CV = 13%) in most serum extracts (>
75%) that were applied to stratify a cohort of Japanese non-alcoholic steatohepatitis
patients (n = 85) based on their disease severity not feasible by conventional biomarkers of
liver fibrosis. Chapter 11l expands the analytical performance of MSI-NACE-MS by
introducing an innovative two-step chemical derivatization protocol as a charge-switching
strategy to resolve zwitter-ionic phospholipids that otherwise co-migrate with the
electroosmostic flow. Reaction conditions were optimized to achieve a quantitative yield

for methylated phosphatidylcholines, which greatly improved resolution and detectability
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when using MSI-NACE-MS under positive ion mode. Overall, this approach expanded
lipidome coverage, supported phospholipid structural identification based on their
characteristic electrophoretic mobility while also demonstrating the potential for reliable
quantitative determination in a human serum reference material (NIST SRM-1950).
Importantly, this universal methylation strategy may prove useful in other lipidomic
platforms (LC-MS/MS, DI-MS/MS) as it is less hazardous than diazomethane. Lastly,
Chapter 1V involved the application of MSI-NACE-MS technology to discover surrogate
biomarkers of omega-3 index (O3l) in two independent placebo-controlled clinical trials
involving the ingestion of high-dose omega-3 fatty acids, including fish oil,
eicosapentaenoic acid (EPA) or docosahexaenoic acid (DHA). For the first time, we
identified a panel of omega-3 containing phosphatidylcholines in serum and plasma ether
extracts that exhibited treatment responses in participants that were also positively
correlated with independent O3l measurements. This work revealed that specific
circulating phospholipids may allow for rapid assessment of omega-3 index without the
need for complicated erythrocyte membrane hydrolyzed fatty acid analysis as required for
risk assessment of cardiovascular health and sudden cardiac death. Overall, this thesis
introduced MSI-NACE-MS as a hitherto unrecognized analytical platform for lipidomics
that is complementary to chromatographic methods with improved sample throughput and

accelerated data workflows for biomarker discovery in clinical medicine.
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Chapter I: Introduction
1.1. The Advent of Lipidomics

With the ongoing cascade in the -omics fields, the term “lipidomics”, a branch of
metabolomics was first put forward in 2003 by Han and Gross.! Lipidomics is now defined
as the characterization of lipid molecular species and their biological roles with respect to
the expression of proteins involved in lipid metabolism and function and gene regulation.?
Like metabolomics, the approaches to studying lipidomics can largely be divided into two
categories targeted lipidomics (i.e., focused lipid analysis/profiling), and untargeted
lipidomics (i.e., global lipid profiling).® A targeted lipidomics approach aims to analyze a
few important lipids or lipid classes that can be carried out by using multiple reaction
monitoring (MRM) or selected reaction monitoring (SRM) as the fragmentation patterns of
analysis lipids are known. The untargeted lipidomics approach aims to analyze a wide range
of lipid species in biological samples and attain as much coverage as reasonably possible.
Beyond identifying and quantifying lipids in a system, a major component to lipidomics is
the elucidation of individual molecular species in lipid metabolism and its related functions
or dysfunction in the context of biological systems.* Overall, the field of lipidomics has
quickly emerged as a critical component in functional genomic research since lipids
function as essential nutrients, structural membrane components and/or bioactive
compounds that regulate gene expression. The rise of lipidomics largely parallels the
developments in analytical instrumentation separation techniques and mass spectrometry
through the years.® For example, James and Martin® first demonstrated that gas

chromatography was a viable platform to separate volatile FAs (C1-C10). This was further

2
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expanded when GC with thermal conductivity was used for analysis of FAs as their methyl
esters (FAMES) following an acid catalyzed transesterification.” Although LC with UV
absorbance offers complementary separation capacity for resolving lipid species, the
introduction of electrospray ionization (ESI)-MS was a key advancement that is now the
primary ionization source used in modern lipidomic studies.® Despite these historic
breakthroughs, many analytical challenges still remain in the field due to the sheer chemical
complexity of lipid structures, ultimately slowing the translation of validated lipid

biomarker candidates into clinical research.
1.2. Lipid Classes and Biological Functions

Lipids play diverse and important roles in biological systems such as composition of
membrane bilayers, energy storage, contributions to signal transduction and regulating the
activity of membrane proteins and their ongoing interactions.® The primary difference
between lipids, carbohydrates, proteins and nucleic acids is typically their ability to
solubilize in different organic solvents. Previously, lipids were defined by these physical
properties, specifically solubility in non-polar solvents, or through the presence of long
hydrocarbon chains. However, it is clear that not all lipids are able to satisfy the criteria of
both definitions. Thus, a new nomenclature system was proposed for lipids based on their
biosynthesis and structural motifs. Overall lipids are now classified into eight major
categories: fatty acyls, glycerolipids, glycerophospholipids (GPL), polykeytides, prenol
lipids, saccharolipids, sphingolipids and sterol lipids where the general structures can be
seen in Table 1.1. Even within these categories, lipids include a broad range of molecular

structures such as glycerophospholipids, which include a series of building blocks that give

3
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Table 1.1: Structural examples of lipid species. Structures adapted from LIPID MAPS.*
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Figure 1.1. Overview of typical workflow for metabolomics and lipidomics profiling to
uncover differential biomarkers.

rise to many possible combinations. This is apparent through the LIPID MAPS database
which houses > 40,000 unique lipid structures, and currently serves the community as a
compendium of structures and annotations of biologically relevant lipid species.® Thus,
new analytical tools are needed to supplement biomarker discovery workflows in

lipidomics (Figure 1.1) while characterizing unknown lipids of clinical significance.
1.3. Challenges in the Biomarker Discovery Workflow for Lipidomics

The analytical challenges that arise in lipidomics occur due to the sheer
physicochemical diversity and wide dynamic range of the human lipidome that remains not
fully characterized. Although shotgun “MS-only” approaches, using collision-induced
dissociation (CID) based fragmentation methods and/or complementary derivatization

techniques are often used, they typically restrict levels of annotation to some degree. This
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Type 3: Molecular lipid species within the same class, subclass and

sum composition, but differing in acyl chain compositions PEa2204*H" = PEgoozzeytH

Type 4: Molecular lipid species within the same class, subclass, Pl +NH,* =PI +NH.*
sum composition and acyl chain compositions, but differing in sn-1 PIP[3' 4.]"5 ON”+NH e Pllg‘)[i‘i',?]) pd +NH,*
and sn-2 regiochemistry and/or head group regiochemistry A NIRORA) "2 55 Ll Bt

Type 5: Structurally defined molecular lipid species, differing in their
sites of unsaturation and/or stereochemistry

PE 16 010:1a02y*H" = PE 1 018 1anen*H’ = PE 36 018 1006y *H

Figure 1.2. The lipid annotation hierarchy for lipid identification based on the various
structural information that is derived from analytical methods. The types of isomeric mass
lipid overlaps that hinder structural characterization at various of these annotation levels.
Adapted from Reid et al.?’

annotation hierarchy is summarized in Figure 1.2. In most cases, lipid identification can
only be made to the “sum composition” or “molecular lipid” levels rather than the more
functionally relevant and specific “structurally defined molecular lipid” tier. In the context
of a glycerophospholipid, reaching the “structurally defined molecular lipid” level of
annotation requires characterization of the lipid head group, the carbon chain length and

the configuration of the individual acyl, alkyl or O-alk-1-enyl ether (i.e., plasmalogen)
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substituents attached to either the sn-1 and sn-2 positions of the glycerol backbone to
include the number, location and stereochemistry of any unsaturation (cis/trans) and

chemical modifications (i.e., branches, cyclization and/or oxidation) within these chains.
1.4. Considerations at the Pre-analytical Phase of Biomarker Discovery

In the pre-analytical phase of a study, faults can occur, prior to any acquisition of
data. This usually involves patient recruitment, study design, sample collection,
transportation, sample storage and workup.!* Often, metabolomic and lipidomic changes
can be subtle as there is a high degree of inherent biological variability that can exist in
human populations. Thus, care must be taken in these stages to ensure that findings in the
study are not subject to bias.’?> Notably, sample size calculations can be challenging as
traditional power analyses are not necessarily appropriate for large and untargeted
multivariate studies, where in this circumstance a priori information about the number of
metabolites and/or concentrations is very limited or lacking, as in the case of unknown

metabolic or lipidomic features.™

Types of sample extraction procedures are critical as they need to adequately
accommodate for the various matrices that exist. Biological samples contain many
interfering compounds that should ideally be separated/removed before analysis. In the
context of lipids, many interfering compounds such as carbohydrates, nucleic acids,
proteins and salts need to be considered in the decision-making process. The
biospecimen(s) should also be chosen in the context to the research hypothesis that is being

explored. An example of this is the analysis of fatty acids, which can encompass the lipid
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Figure 1.3. Overview of general lipidomics approach. Adapted from Khalil et al.”

pools from various biospecimens such as adipose tissue, erythrocyte phospholipids and
even circulating/protein-bound non-esterified fatty acids (NEFA) which all reflect different
stages of turnover time, function, biochemical activity and clinical relevance.!*%® In
lipidomics, the most common approach to extract lipids is using some variation of micro-
scale liquid-liquid extraction and it can critically dictate the scope of the work as it occurs
early on (Figure 1.3). In these approaches, biological samples are homogenized and
suspended in aqueous and organic solvent (e.g., chloroform, ethanol, benzene, methyl-tert

butyl ether) to initially form a monophasic system. After agitation and centrifuging, a
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biphasic system is formed due to the intrinsic miscibility and densities of each solvent. In
lipidomics, typically, the non-polar layer is removed, containing the various hydrophobic
species to which the remaining aqueous layer can be re-extracted with more non-polar

solvent or carried forward for analysis using other compatible assays.

One of the most common solvent extraction technigues that makes use of these steps
is known as the Bligh and Dyer'® extraction, to which the resulting extract contains a several
different types of lipid species. From here, several variations and modifications have been
explored to hone in on specific lipid classes over others to obtain a more simplified sample,
such as controlling pH using various buffer systems or altering the ratio of alcohol to water
to modulate disruption of lipid-protein complexes. More recently, other solvent systems
have been introduced that may have significant advantages over the Bligh and Dyer method
as studies aim to provide more comprehensive profiling. The primary disadvantage of the
Bligh and Dyer technique is that the lipid rich, chloroform extract settles as the bottom
layer and requires piercing through a layer of suspended protein/debris.t” More recently,
two new lipid extraction protocols have gained popularity that make use of methyl tert-
butyl ether (MTBE) or butanol/heptane/ethyl acetate (BUME).*® Notably, MTBE has a
lower density than water, which enables this organic layer to be present in the top after
phase separation, which is much more feasible for high throughput analysis and
automation, as well as acquiring both layers. In contrast, the BUME method is able to better
discriminate recovery of water-soluble contaminants that likely carry over into the organic
phase. Other considerations for sample preparation involve the addition of antioxidants

such as butylated hydroxytoluene (BHT) at low concentrations into solvents during the
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extraction processes or even purging lipid extracts prior to storage using inert gas bubbling

(e.g., nitrogen) to minimize degradation caused by reactive oxygen species.
1.5. Considerations of Analytical Platforms for Biomarker Discovery

Careful considerations must be taken in order to choose analytical platform(s) that will best
suit the study objectives. The intrinsic chemical diversity of metabolites and lipids, in terms
of their physicochemical properties (e.g., molecular weight, polarity, volatility, stability
etc.) and concentration ranges (107 to 10°-fold)® coupled to a large fraction of unknown
species suggests that a single platform for global metabolic profiling does not exist.2% Thus,
cross- platform metabolomics and lipidomics studies are needed to attain more broader
analyte coverage. This in mind, the strength and limitations of each analytical methodology
must be considered within the context of study objectives and practical constraints such as
budget/costs, sample volume, and acquisition time which is summarized in Table 1.2. As
such, data from complimentary platforms or multiple targeted studies should ideally be
combined to congregate on true global analysis.?’ Indeed, metabolomics and lipidomics
represents a range of scopes for analysis, including fingerprinting or footprinting, targeted
metabolic profiling and untargeted metabolomics. Notably, metabolic fingerprinting refers
to the analysis of the intracellular metabolome by general, holistic methods.?! Typically, it
is rapid but often qualitative in that it provides a temporal snapshot or “fingerprint” of the
metabolome. Targeted profiling is hypothesis-driven to focus on a limited portion of the
metabolome, typically for a few specific metabolites or lipids of interest, related in

chemical class and/or function with available purified reference standards.

10
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Table 1.2. Instrumental platforms used in metabolomics and lipidomics analysis

21-23

Platform

Advantages

Disadvantages

Nuclear magnetic
resonance (NMR)

Non-destructive and minimal
sample workup

Fast (2-10 min/sample)
Robust technology

10-100x less sensitive than MS
platforms

High infrastructure/operating costs
Larger sample volumes needed
(>100 pL)

Complex deconvolution required
due to spectral overlap in 1D NMR

Direct Infusion Mass
Spectrometry (DI-

Fast (1-3 min/sample)
Low sample volume
requirements

High sensitivity

lon suppression/matrix effects
No separation of isomers/isobaric
species

Stable-isotope internal standards

Simpler sample workup
Minimal solvent use/low
operating costs

M . e
S Ideal for targeted analysis are critical for quantification
Minimal solvent requirements Limited selectivity
Liquid High sensitivity Slow (> 15 min/sample)
Chrongto raoh Good retention time High solvent consumption/waste
Mass spect?orﬁegy reproducibility (reversed-phase) Less robust, less reproducible
(LC-MS) Wide selectivity/coverage retention times using HILIC
Simpler sample workup
Ext_en3|ve EI-MS library, widely Complicated sample workup
validated X .
Gas Chromatography . . - Requirement for thermolability of
High separation efficiency .
Mass Spectrometry . L. species
Reproducible retention times .
(GC-MS) . Slow (>20 min/sample)
Ideal for volatile/thermally stable L .
. Limited coverage of species
analyte species
High separation efficiency for Lower sensm\{ltyll|r’r_1|ted_cov_erage
ionic species Less reproducible n_ngratlon times
. . S to other platforms (i.e. reversed-
. Effective desalting/minimal ion
Capillary - phase LC)
; suppression effects . .
Electrophoresis Mass Low sample volume Technically challenging and less
Spectrometry (CE- re uiremgnts (<5 L) support from vendors
MS) . H Fewer validated protocols for large-

scale studies
Lack of variety in robust CE-MS
interfaces

lon Mobility Mass
Spectrometry (IM-
MS)

Ultra-fast

Separation of isobars/isomers
Accurate prediction and
annotation using collisional
cross-section of species

High reproducibility

Least mature technology for
lipidomic analysis

Limited peak capacity/resolution
Prone to ion suppression

11
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The direct inject (DI)-ESI-MS or “shotgun” approach offers a high-throughput
platform for lipidomic analysis of crude biological extracts that can forgo sample elution
and column reconditioning steps that are often a time-hindrance in chromatographic
separations.?* While most platforms only enable characterization of lipid features to their
sum composition level,? the use of CID experiments for acquisition of MS/MS spectra can
provide additional structural information related to length, relative position and degree of
unsaturation on fatty acyl chains, especially in the context of glycerophospholipids.?®
Furthermore, developments in ultraviolet photodissociation and ozone-induced
dissociation as ion sources for MS/MS can provide distinct information into unsaturated
lipid double bond positional isomers.?” Currently, LC-MS/MS using reversed-phase (RP)
and/or hydrophilic interaction chromatography (HILIC) are considered the gold standard
for comprehensive lipidomic studies and have been utilized in large-scale clinical
studies.?®?° Furthermore, ion mobility-MS can resolve structurally diverse classes of lipids
based on characteristic collisional-cross sectional areas and confirmational size using ultra-
fast gas phase separations, which has ultimately lead to generation of a Lipid Atlas to
supplement annotation of unknown lipid species.®® Additionally, combining orthogonal
separation platforms in multidimensional approaches can further expand lipidome coverage
such as in the case with HILIC enabling resolution of lipid classes based on polar head

groups prior to spatial resolution via IM-MS.3!

A promising platform for lipidomics that has remained largely unexplored to date
is nonaqueous capillary electrophoresis (NACE), which allows for high efficiency

separations using a conductive electrolyte soluble in a compatible organic solvent mixture.

12



PhD Thesis — Ritchie Ly; McMaster University — Chemistry

Hydrodynamically
MTBE extract from fe Non-oqueous BGE spacers
50 L serum injected samples e
i i < 3 minjsample |

Multisegmenf Injection

O C a®
+ O @ Q O . El'ecfroosmohgw (ECF) -
Anede O O O Cathode

(Detector)

Electropharatic

.— - —

Movement of ionic

species towards ( ) |:>
detector

Signal

Electr ph

=@ = .=p

Figure 1.4. Schematic depicting phenomenon inducing separation using MSI-NACE-MS.
Samples are injected into the capillary separated by non-aqueous BGE spacers, followed by
the application of current inducing the differential movement of ions under a magnetic field.
A secondary force known as the electroosmotic flow (EOF) is generated from the movement
of cations in the buffer, generating another vector in the direction of the detector. As a result,
cations exhibit the fastest migration speed while anions are the slowest. The order of detection
begins with cations, followed by neutrals, and ending with anions.

When coupling to ESI-MS, the solvent mixtures typically comprise methanol, acetonitrile
and/or isopropy! alcohol due to their volatility and miscibility. What differentiates NACE
from conventional CE separations is that it offers unique selectivity when separating ionic
lipids by modulating their ionization properties (i.e., apparent pKa) due to varying solvent
physicochemical properties (i.e., relative permittivity/dielectric constant). The two primary
electrokinetic principles that drive CE separations are the electroosmotic flow (EOF) and
the apparent electrophoretic mobility (lep) Of an ion as described in Figure 1.4. Briefly, the
silanol groups on the inner wall of fused-silica capillaries are deprotonated at pH > 2. This

forms an overall negative surface charge as the background electrolyte (BGE) is flushed

13
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through the capillary. An inner fixed layer (Stern layer) is strongly adsorbed while an outer
diffuse layer (Helmholtz) of electrolytes generates a potential difference (i.e., zeta
potential) from the capillary surface to the bulk solution. Upon application of voltage,
transport of bulk solution moves towards the cathode due to the movement of the diffuse
layer, generating a natural pumping mechanism (i.e., EOF). This is typically mediated by
properties of the buffer solution such as pH, ionic strength, and viscosity. Additionally, the
electrophoretic mobility directly impacts the selectivity of separation and is dependent on
differences in the intrinsic physicochemical properties of an ion, namely pKa and molecular
volume (i.e., effective charge density). Under normal polarity, smaller electrolytes/salts
will migrate first due to their high positive mobility, acting as an effective desalting
mechanism prior to slightly bulkier/minimally charged metabolites and lipids. Neutral
compounds are unresolved and co-migrate with the EOF, whereas acidic/anionic
metabolites migrate towards the anode in the opposite direction. However, they are still
transported to the detector due to the higher velocity of the EOF under most buffer
conditions. Overall, there have only been a small handful of NACE-MS methods that
feature targeted analysis of specific lipid classes for proof of concept, including FAsS,
glycerophospholipids or lipid A isomers.®3® This likely reflects the many technical
challenges in NACE-MS related to generating stable spray formation with low viscosity
solvents using the coaxial sheath liquid interface (i.e., suctioning effects of the nebulizer)
as well as incidental capillary fractures that occur from organic solvent-induced swelling
of the outer polyimide coatings of the fused-silica capillary.3* More recently, our group

sought to overcome these issues and introduced a multiplexed separation method referred

14
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to as multisegment injection-nonaqueous capillary electrophoresis-mass spectrometry
(MSI-NACE-MS) as a high-throughput screening method for total (hydrolyzed) or NEFAS
from serum extracts.®® With rigorous optimization and method development, this overcame
several of the aforementioned technical issues using an alkaline nonaqueous BGE system
to resolve anionic FAs (< 3.5 min/sample) under negative ion detection without the need
for pre-column chemical derivatization. Nevertheless, despite the successful introduction
and applications of this platform from our group,®® its usage primarily focused on

targeted analysis of FAs and has yet to be explored in a more nontargeted fashion.

Rustam and Reid 2’summarized two primary analytical challenges of lipidomics
that continue to act as barriers in further advancement of the field. These can be defined in
terms of their ability to (1) achieve complete analytical coverage and precise structural
characterization of all the lipids that are present in a given sample, as well as (2)
determining the accurate concentrations of each of these lipids, including defining their
spatial distributions within an organ, tissue, cell or subcellular region of interest. The first
issue is due to the fact that there exists an extreme complexity of lipids structures and their
physicochemical properties that is difficult to fully resolve and detect from several
thousands of individual molecular species, including numerous isobaric (same nominal
mass) and isomeric (same exact mass) lipids. As a result, ion suppression and/or dynamic
range limitations during ionization are further exacerbated, especially if the decision is to
move forward with a workflow that uses little to no separation prior to MS analysis.
Furthermore, there is limited structural information that is generated from ‘“MS-only”

measurements which typically restrict the level of annotation to the sum
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composition/molecular lipid level.*®* The second challenge involving accurate
quantification of lipid species, occurs due to the wide dynamic range of concentrations > 6
to 8 orders of magnitude. Most ionization methods used in lipidomics are “soft” in nature
(i.e., ESI) so they are not inherently quantitative. Thus, accurate quantitation can be
difficult given the differential ionization efficiencies and/or ion suppression effects that
result from lipid classes and/or individual lipid structures that elute at different times in a
LC separation with gradient elution. As a result, external calibration is used with internal
standards that are isotopically labelled. However, purified lipid standards (including
isotopically labelled variants) are often difficult to obtain and quite costly. Nevertheless,
the fidelity of the data ultimately relies on the control of variances that are introduced
during sample preparation protocols to ensure that internal standards are incorporated in

such a way that yields ionization responses that are similar to endogenous species.

1.6. Chemical Derivatization Strategies in Lipidomics

Indeed, chemical derivatization of lipids is another approach to increase sensitivity,
separate isobaric masses, or even probe the location of double bonds. This is summarized
nicely by Rustam and Reid?’ in that there are four primary purposes for chemical
derivatization to occur in lipidomic analysis. These include (1) improving sensitivity via
incorporation of a highly efficient ionizable group to the lipid molecules, (2) the resolution
of certain types of isomeric lipid species as a result of mass shifts induced via the
derivatization process, (3) enhancing structural information from MS/MS due to alteration
of the chemical structure of the lipid following derivatization and (4) multiplexed

guantitation via the introduction of stable isotope-labels as part of the derivatization
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chemistry.?” One of the earliest methods that continues to widely be used is the methylation
of fatty acids followed by GC-MS analysis, which can be achieved through acid-catalyzed
esterification that relies on excess methanol to shift equilibrium to completion. A modern
example of its usage in application to a large-scale study is the EPIC-InterACT project to
profile total fatty acids in plasma (n > 20,000) and their association with type 2 diabetes.*%4
While GC remains the gold standard platform for fatty acid analysis when coupled to this
derivatization strategy, this required substantial infrastructure with several automated
systems to aid in sample preparation. Furthermore, this required a team of dedicated,
trained researchers to operate multiple GC systems to complete the study in 24 months.*
Although the study generated incredible amounts of data to interpret and correlate to type
2 diabetes, it is evident that more practical, cost-efficient workflows are needed to continue
towards this direction in accelerating biomarker discovery. A couple examples of “charge
switch” derivatization techniques have been used to improve ionization efficiency in a
particular mode. For example, the use of N-(4-amino-methylphenyl) pyridinium (AMPP)
was used to introduce a permanent charge on lipid species that contained carboxylic acid
functional groups, more specifically, FAs involved in inflammatory signalling processes.
more informative MS/MS fragmentation pathway to provide information about double
bond positions through charge-remote fragmentation in positive mode. Another example
of “charge-switch” derivatization was reported by the Smith group known as trimethylation
enhancement using diazomethane (TrEnDi), which aimed to enhance lipid ionization of
zwitterionic species as well as mass-resolving isobaric and isomeric lipids. Not only did

this enhance ionization sensitivity and signal to noise ratios but provided a shotgun
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approach via the use of a 3C labelled isotope of diazomethane.**> Another example of a
derivatization strategy for shotgun lipidomics approaches focuses on PEs. In 2012, the Reid
group proposed d6-dimethylthibutanoylhydroxysuccinimide ester (ds-DMBNHS), which
harbors a fixed positive charge via a sulfonium ion as seen in Figure 1.5. When de-
DMBNHS reacts with PE, a new amide bond is formed, adding another moiety that
increases ionization efficiency greatly.*® This approach is useful as it increases the
sensitivity of lower abundance PE species as well as separating isobaric lipid species due

to a unique mass shift of the de-DMB moiety (+136 Da) as seen in Figure 1.6.
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Figure 1.5. Overview of chemical derivatization scheme involving PEs with d6-
DMBNHS. Figure adapted from Fhaner et al.*®

1.7. Considerations at the Post-analytical Phase for Biomarker Discovery

Post-analytical stages of biomarker discovery typically involve pre-processing of
data following acquisition. This usually incorporates operations such as peak picking or

binning, spectral deconvolution, filtering/smoothing, time alignment, normalization, and/or
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Figure 1.6. Unmodified lipid extract (top trace) and derivatized lipid extracted with ge-
DMB (bottom). Note the mass shift in PE (14:0/14:0) before and after derivatization via a

characteristic mass shift (+136 Da). Figure adapted from Fhaner e al.*®

appropriate data transformation and scaling techniques. Given the instrumental platform
that is selected, the generated datasets and the population where the samples were drawn,
not all of the aforementioned steps may be necessary. Nevertheless, a slew of
bioinformatics tools are available to handle data, even in the context of lipidomics alone as

highlighted in Figure 1.7. Generally in MS-based metabolomic and lipidomic studies,
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Figure 1.7. Overview of various software tools and databases available for handling of
lipidomics datasets. Figure adapted from Tsugawa et al.”

signal conversion may refer more to the transformation of the detector output of continuous
data (e.g. chromatogram or electropherogram of retention/migration time against ion counts
against m/z) to a smaller dataset that consists of discrete molecular features that are defined
by information such as accurate mass, retention/migration time and/or fragmentation
patterns (MS/MS) where responses are determined by their integrated peak area that is often
normalized to an internal standard. Data filtering then typically occurs afterwards where
signals that can correspond to random or instrumental noise are removed from the data.

parameters that are defined by the user as being an “authentic peak” (i.e., Gaussian).*’ An
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alternative method to eliminate spurious signals in electrophoretic separations is using
dilution trend filtering based on a pooled quality control sample. In this context,
multisegment injection (MSI)-CE-MS is extorted by performing a series of injections of a
QC sample which include a set of triplicate injections, a blank and three injections that
serially dilute. An authentic yet reliably measurable metabolite is one decided based on
acceptable precision (CV <30%, n = 3), no signal in the blank and adequate linearity upon
serial dilution (R? > 0.90).8-%0 Other techniques involve time-aligning the filtered data sets
One filtration method removes chromatographic peaks that do not match the shape to
account for instrumental drift that can occur in separations when coupled to MS. This
ensures that features are consistently identified across multiple samples, with various
algorithms available (e.g., mapping of time axes from raw chromatograms [TICs],
clustering of detected features to correct for drift, time-warping) from either a proprietary
vendor, such as Agilent MassHunter or Waters MassLynx, or open-source software, such
as XCMS,*5t MzZmine,> or metAlign.>® Given that electrospray ionization (ESI) is
commonly used as an ionization technique in metabolomic and lipidomic studies, multiple
adducts are prone to form from a single compound (e.g., [M+H]* and [M+Na]*), and/or
multiple charge states ([M+H2]?"). Thus, these adducts, as well as dimers, isotopes should
be removed to eliminate data redundancy and narrow focus in subsequent statistical
analyses. This ability is provided for lipidomics through LipidFinder®* and LOBSTAHS®,
having access to locally customizable databases as well as on-line structural databases such
as LIPID MAPS,* LipidHome,*® and HMDB.*” Even for more specific lipid classes exist

bioinformatics tools such as for annotation of phospholipid species with matching MS/MS
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data using Greazy/LipidLama.’® Nevertheless, several other MS/MS libraries exist for use
such as MoNA or MassBank®™® to compare against a reference compound or against an in
silico MS/MS spectral library such as LipidBlast. Despite the existence of automated
software for peak detection and filtering to tackle these tasks, care must be taken to
manually inspect the data to determine the presence of redundancies that can contribute to
bias and/or overfitting. This is especially the case as these tools are still limited in their
ability to distinguish and trace adducts, solvent background, in-source fragment ions as

well as other artifact signals.®

1.8. Thesis Motivations & Obijectives: Strategies for Accelerated Screening of Lipid

Based Biomarkers Using MSI-NACE-MS

For applications in clinical context and public health, screening relies on rapid, yet
reliable measurements of one or more biomarkers that are associated with disease risk.
Researchers must be consistent, thorough, and provide sufficient tools at the most critical
stages of discovery to ensure that the community is equipped to take full advantage in
harnessing the power of metabolomics and lipidomics for advancing precision medicine
and population health. Whilst the lipidomics community makes strides towards
standardization of protocols and approaches,®%? many technical issues continue to exist
that are further exacerbated in large-scale and/or nontargeted applications that can deter the
community wide goal for integrating lipidomics with the other-omics fields. Thus, the work
in this thesis aims to tackle these issues by expanding and demonstrating the capabilities of
multisegment-injection-nonaqueous capillary electrophoresis-mass spectrometry (MSI-

NACE-MS), an underutilized separation platform that can expansively profile several polar
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lipid classes in a cost-effective, high-throughput manner while providing extensive

strategies for accelerating biomarker discovery.
1.8.1 Establishing a Structured Nontargeted Data Workflow for MSI-NACE-MS

Despite the successful introduction of MSI-NACE-MS for profiling of free and total
fatty acids®, several other lipid classes exist that have yet to be explored by the platform.
While new methods are needed for global lipid profiling due to their complex chemical
structures and diverse physicochemical properties, it can be difficult to effectively identify
and annotate unambiguously without exploring other orthogonal technologies. Thus,
Chapter I1 presents a robust data workflow for this case, in unambiguously selecting lipid
features from serum ether extracts using MSI-NACE-MS. This discusses an iterative three-
stage screening strategy that is developed for nontargeted analyses when using multiplexed
electrophoretic separations that are coupled to an Orbitrap mass analyzer under negative
ion acquisition mode. This approach enabled credentialing of 270 serum lipid features
based on their accurate mass and relative migration time, with 128 ionic lipids reliably
measured in most serum samples from a cohort of Japanese non-alcoholic steatohepatitis
(NASH) patients. Notably, we discuss the use of an expansive mobility map to classify
charged lipid classes over a wide polarity range with selectivity complementary to
chromatographic separations, including lysophosphatidic acids, phosphatidylcholines,
phosphatidylinositols, phosphatidylethanolamines and non-esterified fatty acids (NEFAS).
This approach was used to stratify high and low-risk NASH patients using their serum
lipidome profiles where elevated circulating NEFAs were associated with increased

glucose intolerance, more severe liver fibrosis and greater disease burden.
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1.8.2. Expanding Coverage of MSI-NACE-MS Using a Convenient Derivatization

Strategy for Zwitterionic Lipid Species

After successful introduction of MSI-NACE-MS for profiling in negative ion mode,
this piqued interest in its capabilities to profile other lipid species. The previous chapter
discussed the ability to detect phosphatidylcholines in negative ion mode as an acetate
adduct. However, the basic buffer conditions and strong EOF do not allow for sufficient
separation of PC species, resulting in substantial overlap with each other as well as with
other neutral species where they are subject to increased ion suppression effects. Thus,
positive ion mode using acidic BGE conditions should provide a better platform for analysis
of these lipids as well as many other zwitterionic/cationic lipid species. A derivatization
approach is required to fix a permanent positive charge on phosphatidylcholine species by
neutralizing the phosphoric acid residue. However, current approaches make use of
dangerous reagents that are not amenable to be applied for larger scale studies. In Chapter
I11, a new derivatization scheme is discussed to approach these issues to enable analysis in
MSI-NACE-MS using positive ion mode acquisition. An underutilized reagent, 3-methyl-
1-p-tolyl triazene is rigorously validated to achieve quantitative yields in methylating PC
species. Additionally, we introduce FMOC in this derivatization scheme to cap
phosphatidylethanolamines, to prevent their reaction and conversion into PCs through
methylation. Furthermore, the apparent mobility of various classes of lipids was examined
to facilitate identification and is complementary to high resolution MS/MS. The lipidome
performance of MSI-NACE-MS is compared to various other methodologies using a

standard reference material (NIST SRM-1950) that was subject to an international round-
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robin trial.5! Overall, this work strives to expand the conventional aqueous-based CE-MS
analyses to encompass a wide range of ionic lipids from volume-restricted biospecimens
with improved sample throughput, robustness and data fidelity, especially when applied to

larger scale studies.

1.8.3. Screening for Circulating n-3 Phospholipids as Surrogate Markers for Routine

Screening of Omega-3 Status

Currently, many nutritional studies rely on various biological specimens for FA
determination, yet it is still unclear how levels of serum NEFAs correlate with other
circulating lipid pools. The accurate assessment of dietary fat intake remains a
methodological challenge, reflecting decades of conflicting evidence regarding the benefits
of a low-fat diet for public health.®® Typically, semi-quantiative food-frequency
questionnaires (FFQs) are used as tools for dietary assessment in large-scale observational
studies as they reliably differentiate habitual dietary patterns and estimate micro- and
macronutrient intake in a cost-effective manner. Despite this, FFQs are prone to recall bias,
errors in estimation of true proportion sizes and selective reporting.54 Furthermore, this
does not take into account the large variation of FA species in diet. Recent findings from
the PURE study report that total fat is correlated with lower total mortality and increased
saturated fat or total dairy consumption with a lower risk of cardiovascular events.5®
Nevertheless, many of these studies heavily rely on intake estimates of FAs from FFQs.
Furthermore, various biospecimens reflect different time intervals associated with dietary
fat intake. Additionally, it has been reported that the regulation of EPA alone is not easy to

monitor (likely due to faster metabolism) or faster incorporation in erythrocytes, which
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results in the appearance of nonadherence.®® The omega-3 index (O3I) presents as a metric
useful for this and already has history of being associated with various cardiovascular
events.5”%8 However, this involves fatty acid measurement from red blood cell erythrocytes
that are prone to hemolysis during processing and long-term storage, as well as not being
available in most biobank repositories, unlike serum and plasma.®® Thus, surrogate markers
for O31 may provide a solution in rapid screening to objectively monitor dietary fat intake.
In Chapter 1V, we investigate this phenomenon by applying signal pattern recognition
strategies discussed in Chapter 11 as well as the validated method described in Chapter Il
to profile phospholipids in two different cohorts through a collaborative study with Dr.
Stuart Philips (McMaster University) and Dr. David Mutch (University of Guelph). A high-
dose oral omega-3 FA supplementation regime was provided to both cohorts. However, in
one female comprising cohort, a mixed dosage of EPA/DHA from a fish oil supplement
was provided to the treatment group. This study was used to quickly screen for serum
phospholipids in an untargeted fashion that underwent a treatment response relative to
placebo and blank extract that could be serve as circulating biomarkers for O3I. These
results were then subsequently validated in an independent cohort comprising a larger age
and sex-balanced number of participants in a randomized placebo-controlled study
comprising either DHA, EPA, or olive oil (control) supplementation over a 12-week period.
An accelerated workflow for lipidomics using MSI-NACE-MS uncovered a panel of
omega-3 containing phosphatidylcholines (PC 36:5 and PC 38:6) that demonstrated a
strong correlation to O3l derived from erythrocyte membranes (r = 0.764, p = 3.0E-33).

Overall, serum biomarkers of omega-3 status enable for a more convenient, yet rapid

26



PhD Thesis — Ritchie Ly; McMaster University — Chemistry

screening approach for dietary fat intake in large-scale nutritional epidemiological studies,

as well as risk assessment of cardiac events and sudden cardiac death in high-risk patients.
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2.1. Abstract

New methods are needed for global lipid profiling due to their complex chemical
structures and diverse physicochemical properties. Current mass spectrometry-based
lipidomic protocols are also hampered by complicated data pre-processing, low sample
throughput, and/or inadequate resolution that may contribute to false discoveries. Herein,
we introduce a robust data workflow to unambiguously select lipid features from serum
ether extracts by multisegment injection-nonaqueous capillary electrophoresis-mass
spectrometry (MSI-NACE-MS). An iterative three-stage screening strategy is developed
for nontargeted lipid analyses to rigorously filter spurious signals and dataset redundancy
when using multiplexed electrophoretic separations coupled to an Orbitrap mass analyzer
with full-scan data acquisition under negative ion mode. This approach allows for the
credentialing of 270 serum lipid features annotated based on their accurate mass and
relative migration time, including 128 ionic lipids reliably measured (median CV ~ 13%)
in most serum samples (> 75%) from a cohort of non-alcoholic steatohepatitis (NASH)
patients (n=85). A mobility map is introduced to classify charged lipid classes/sub-classes
over a wide polarity range with selectivity complementary to chromatographic separations,
including  lysophosphatidic  acids, phosphatidylcholines,  phosphatidylinositols,
phosphatidylethanolamines, and non-esterified fatty acids (NEFAS). Serum lipidome
profiles were also used to differentiate high-risk from low-risk NASH patients following a
k-means clustering algorithm, where elevated circulating NEFAs (e.g., palmitic acid) were
associated with increased glucose intolerance, more severe liver fibrosis, and greater

disease burden/co-morbidity. MSI-NACE-MS greatly expands the metabolome coverage
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of conventional agueous-based CE-MS protocols that is optimal for large-scale lipidomic
studies requiring higher sample throughput, lower operating costs, and greater data fidelity

while also supporting lipid identification in conjunction with MS/MS.

2.2. Introduction

Lipids play vital roles in biological processes to maintain homeostasis while
regulating normal growth and development ranging from energy storage, cellular structure,
and chemical signalling. Perturbations in lipid metabolism (i.e., dyslipidemia) are
implicated in the etiology of chronic diseases, including cardiorespiratory diseases’®
neurodegenerative disorders’* and an alarming rise in nonalcoholic fatty liver disease
(NAFLD) prevalence worldwide.”> For these reasons, there is growing interest in
developing new analytical methods in lipidomics for biomarker discovery beyond standard
lipid blood panels in clinical medicine, which may provide new insights into disease
mechanisms. However, the diverse structural properties of lipids prevents their
comprehensive analysis since a major fraction of the human lipidome comprise unknown
compounds lacking chemical standards and/or reference MS/MS spectra.’? Although
shotgun lipidomics using direct infusion-MS (DI-MS) enables rapid profiling of lipid
extracts, it is prone to isobaric and isomeric interferences, as well as ion suppression effects
and artifact signal generation when performing nontargeted analyses.”® As a result,
chromatographic separations based on reversed-phase, normal-phase and/or hydrophilic
interaction (HILIC) in LC-MS are needed to improve the resolution, quantification and

identification of lipids and their isomers, including over 100,000 curated and
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computationally derived lipid structures in the LIPID MAPS database.’® lon mobility
spectrometry (IMS), supercritical chromatography and multidimensional separations have
also been explored as alternative separation techniques to further enhance separation speed,
selectivity, and/or peak capacity in MS-based lipidomic studies.”*" Nevertheless, various
lipidomic methodologies are used across different laboratories that require better
harmonization to assess performance based on evolving consensus guidelines.’ ™
Nonaqueous capillary electrophoresis-mass spectrometry (NACE-MS) remains
largely an unrecognized separation technique in lipidomics despite its high separation
efficiency, fast analysis times and unique selectivity for resolving complex mixtures of
water-insoluble peptides, drugs, and natural products.”®’” Yet, there have been few
lipidomic studies reported using NACE-MS, which have been limited to the targeted
analysis of ionic lipids, such as glycerophospholipids,>'® saturated fatty acids’® and lipid
A isomers®® in small pilot studies. This trend likely reflects a lack of robust NACE-MS
protocols applicable for high throughput lipid profiling®due to deleterious acetonitrile-
induced polyimide coating swelling and siphoning effects when using low viscosity organic
solvents in the background electrolyte (BGE).2° These processes contribute to frequent
capillary fractures and current drops,2®as well as corona discharge under negative ion mode

conditions.8!

Recently, we have overcome these technical barriers when optimizing
multisegment injection-nonaqueous capillary electrophoresis-mass spectrometry (MSI-
NACE-MS) for the determination of fatty acids with good mutual agreement as compared

to GC-MS.® To date, MSI-NACE-MS offers a multiplexed separation platform for the
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rapid analysis of total hydrolyzed or non-esterified FAs (NEFAS) in serum and tissue
extracts,® however its feasibility for nontargeted screening a much broader range of
complex lipids in blood specimens has yet to be explored. For the first time, we introduce
a standardized MSI-NACE-MS data workflow for lipidomics that enables the classification
of various classes of polar/ionic lipids from serum extracts. This method was also used to
differentiate a heterogenous cohort of nonalcoholic steatohepatitis (NASH) patients based
on differences in their serum lipid profiles as required for improved risk assessment of

NAFLD progression.®

2.3. Experimental
2.3.1. Chemicals and Reagents.

Ultra LC-MS grade methanol, acetonitrile, water and 2-propanol were used to
prepare sheath liquid and background electrolyte (BGE). Ammonium acetate, ammonium
hydroxide, myristic acid-d27 (14:0-d27), stearic acid-d3 (18:0-d3) and all other chemical
standards were purchased from Sigma-Aldrich Inc. (Tokyo, Japan). All stock solutions

were prepared in methanol or BGE and stored at 4°C, unless otherwise stated.

2.3.2. Lipid Serum Extract Preparation.

The sample workup procedure for lipid extraction from serum samples using
methyl-tert-butyl ether (MTBE) is based on a validated protocol previously reported for
NEFA determination when using MSI-NACE-MS."8 Extractions were carried out in glass
GC vials that were pre-rinsed with dichloromethane and all pipette tips used during this
procedure were pre-rinsed with methanol. First, 100 uL of 0.01% vol butylated

hydroxytoluene (BHT) in methanol was mixed with a 50 pL aliquot of serum. Next, 250
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uL of 50 uM 14:0-d27 (recovery standard) in MTBE and 12.5 pL of 1.0 M HCI were added
to the mixture followed by vigorous shaking for 30 min at room temperature. Phase
separation was then induced by addition of 100 uL of deionized water, and samples were
then centrifuged at 3000 g at +4 °C for 30 min to sediment protein at bottom of vial followed
by a biphasic water and ether (top) layer. A fixed volume (200 puL) was collected from the
upper MTBE layer into a new vial then dried under a gentle stream of nitrogen gas at room
temperature. Serum extracts from NASH patients were then stored dry at -80 °C prior to
analysis when they were reconstituted in 25 puL of acetonitrile/isopropanol/water (70:20:10)
with 10 mM ammonium acetate and 50 uM 18:0-d3 as internal standard. Further details on
the recruitment of NASH patients, blood collection/storage protocols, as well as standard
clinical blood tests and histopathology used for staging of liver fibrosis severity (F score)

and NASH activity score (NAS)® are described in the Supplemental Experimental.

2.3.3. CE-MS Instrumentation and Serial Injection Configuration

Separation using capillary electrophoresis (CE) was carried out using an Agilent
7100 series (Agilent Technologies Inc., Santa Clara, CA) that was coupled to a Q-Exactive
Plus Orbitrap-MS (ThermoFisher Scientific Inc., Waltham, MA, USA) using a customized
coaxial sheath liquid interface as described by Sasaki et al.>®* CE separations were
performed with 30 kV of applied voltage at 25 °C using uncoated fused-silica capillaries
(Polymicro Technologies Inc., AZ, USA) with 50 um ID and a total length of 95 cm. A
background electrolyte (BGE) consisting of 35 mM ammonium acetate in 70% vol

acetonitrile, 15% vol methanol, 10% vol H20, and 5% vol 2-propanol at an apparent pH 9.5
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that was adjusted by addition of 30% vol ammonium hydroxide was used for the separation
of complex lipids and NEFAs from serum extracts. The capillary was flushed with BGE at
950 mbar for 5 min between each run. Multiplexed electrophoretic separations were
performed based on a serial hydrodynamic injection at 50 mbar alternating between a 5 s
injection of sample (or QC) and a 40 s injection of BGE for a total of seven discrete samples
analyzed within a single run.%® An Agilent 1260 isopump module with degasser was used
to deliver a sheath liquid consisting of 80:20 methanol and deionized water with 0.5% vol
ammonium hydroxide supplied at a rate of 10 uL/min. For internal reference mass
correction, hexakis(1H,1H,2H-difluoroethoxy)phosphazene (HDFEP) was spiked into the
sheath liquid at 0.02% vol to provide a reference ion at m/z 680.0355 as its acetate adduct.
For analysis of all individual serum samples, the Orbitrap-MS was operated under full scan
data acquisition in negative ion mode with 140,000 full-width-at-half-maximum (FWHM)
resolution and a scan speed of 1.5 Hz. The source parameters used during analysis were set
to 4 units for the auxiliary gas, sheath gas and dry gas flow rates, while the external modules
for the customized coaxial sheath liquid interface® were set to operate at 3.5 and 3.0 kV
for the primary and secondary electrodes respectively, and the temperature of the MS inlet
capillary was set to 100 °C. The magnitude of the S-lens RF level was set to 90 while
operating in negative ion mode. Agilent MassHunter B 08.00 and Thermo Fischer
Scientific Xcalibur 3.1 were used for control of CE and Orbitrap MS instruments,
respectively while using an Agilent 1200 Universal Interface Box for communication
between vendor-specific workstation platforms. Full-scan data acquisition was performed

from m/z 90 to 1000 for nontargeted lipid profiling, whereas collision-induced dissociation
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experiments were acquired at different collision energies (10, 20 and 40V) by MS/MS for
structural elucidation of representative serum lipid sub-classes to support their
classification in the mobility map. The Orbitrap-MS was mass calibrated daily and the CE
inlet electrode was cleaned with 2-propanol/water (50:50) to prevent sample carryover.
Evaporation of lipid serum extracts during MSI-NACE-MS was prevented using sealed
sample vial containers together with data normalization of all integrated lipid signals and
apparent migration times to an internal standard (18:0-d3). A neutral marker (BHT) was
used for calculation of the apparent electrophoretic mobility of ionic lipids from the same
injection position as described elsewhere.?® Most ionic serum lipids were putatively
identified based on their sum composition (level 3) with the exception serum NEFAs that
were confirmed by spiking with commercial standards, and certain serum lipid sub-classes
whose structure were characterized by MS/MS (level 2) following a 5 level annotation

hierarchy for structurally defined molecular lipids.*

2.3.4. Data Processing and Statistical Analysis.

All serum lipid ion responses were normalized to a single deuterated recovery
standard, 14:0-d27 using Thermo Fisher Xcalibur software and Microsoft Excel. For the
nontargeted workflow in MSI-CE-MS, datafiles were converted to mzXML format using
MSconvert (Proteowizard)?’ prior to importing into MZmine 2.2 For spectra generation,
settings were set to molecular features by exact mass with a minimum signal intensity of
300 counts. Generation of extracted ion electropherograms were conducted using a
minimum signal intensity of 300 counts, a minimum time span of 0.01 min and a m/z

tolerance of 5 ppm. Adduct filtering was applied using MZmine’s built-in molecular feature
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module with a migration time tolerance of 1.0 %, m/z tolerance of 10 ppm and a maximum
relative adduct peak height of 50%. CAMERA? was also used dataset redundancy from
isotope and multiple charge states with the following settings: a FWHM sigma at 0.20,
FWHM percentage at 1.0%, and isotopes maximum charge and max charge per cluster set
to 3 and 4 respectively. The correlation threshold was set to 0.70 and correlation p-value
was set to 0.05 under negative ion mode conditions. The package was set to perform shape
correlation before isotope search as well prior to database search for serum lipid annotation
using LIPID MAPS.* Prior to any multivariate and univariate statistical analysis, normality
testing was performed on SPSS (IBM SPSS Statistics for Windows, Version 20.0. Armonk,
NY, USA) using a Shapiro-Wilk’s test for normality (p < 0.05). Complementary
multivariate statistical analysis methods were performed using MetaboAnalyst 5.0,
including principal component analysis (PCA), partial least squares-discriminant analysis
(PLS-DA), 2D heat map with hierarchal clustering analysis (HCA), as well as a k-means
clustering algorithm using generalized log-transformed and autoscaled data. The k-means
cluster analysis for differentiation of NASH patient sub-groups was determined as optimal
when k = 2 based on their lipid serum profiles, since k > 2 had greater inter-cluster deviation
in the median lines between groups. Univariate statistical tests were performed on all
patient clinical data on SPSS while an analysis of covariance (ANCOVA) was applied
where p-values were adjusted for sex, age, BMI and NASH patient co-morbidities (i.e.,
diabetes, hypertension, hyperlipidemia) as covariates. A Bonferroni correction was used to
correct for multiple hypothesis testing when rank ordering serum lipids associated with

NASH patient sub-group differentiation.
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2.4. Results and Discussion.
2.4.1 NASH Cohort and Serum Lipidomic Workflow in MSI-NACE-MS.

Table 2.1 summarizes the clinical characteristics of a cohort of NASH patients
(n=85) who were overweight Japanese adults (mean age 51 years) having moderate stages
of liver fibrosis as confirmed from histopathology examination with mean fibrosis (F score
= 1-4) and NASH activity score (NAS = 1-8) of 2.6 and 6.0, respectively. As expected,
NASH patients also had a high incidence of diabetes, hypertension and/or hyperlipidemia
as co-morbidities reflecting underlying metabolic syndrome (Supporting Table S1).
Figure 2.1 illustrates a three-tiered strategy for global lipid profiling of human serum
extracts by MSI-NACE-MS when using an alkaline nonaqueous BGE system?® with full-
scan data acquisition under negative ion mode. This iterative approach was developed to
rigorously select, filter, and authenticate non-artifactual serum lipid signals consistently
detected in NASH patients.?* In this case, a pooled serum sample served as an internal
reference or quality control (QC) that was used for nontargeted lipid screening and method
precision monitoring. A dilution trend filter run®®®2 based on a serial introduction of 6
pooled serum ether extracts along with a blank extract was first applied for peak picking
when using multiplexed separations in MSI-NACE-MS after rejecting spurious peaks,
background ions, and dataset redundancy in MS-based lipidomics.> This process allows
for credentialing®* serum-derived lipid features by ultra-high resolution MS while
minimizing false discoveries and data overfitting, which is distinct from data-dependent or
independent MS/MS workflows in lipidomics.® Structural elucidation of unknown lipids

by MS/MS is thus prioritized to authenticated features of clinical or biological significance
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Table 2.1. Clinical characteristics and grading score of Japanese NASH patients from the full cohort
and sub-group of patients identified after a k-mean clustering algorithm of their serum lipid profiles.

Clinical Parametera Full Sohort Clus_ter A Cluiter B p-valueb Mean Ef_fe%t
(n=85) (n =26) (n=59) FC* Size
Age (years) 51+14 46 +3 53+2 - - -
Sex (M:F) 38:48 13:13 25:34 - - -
BMI (kg/m?) 275 27.1+£0.8 26.8+0.8 0.896 0.98 0.000222
Albumin (g/dL) 45+04 44+0.1 45%0.1 0.341 1.02 0.0123
ALP (ummol/min) 270 + 100 242+ 15 28315 0.565 1.17  0.00467
ALT (ummol/min) 97 + 68 91+13 98+9 0.508 1.08  0.00577
AST (ummol/min) 59 +35 516 615 0.204 1.20 0.0211
HbAlc (%) 6.3+13 57+0.2 6.5+0.2 0.00492 1.14 0.102
F score (1-4) 2.60 £0.70 2.22+0.14 2.76 £0.09 0.0693* 1.25 0.0455
I score (1-4) 2.35£0.50 2.28+£0.12 2.40 £0.06 0.579 1.05  0.00423
S score (1-4) 2.56 £ 0.60 2.63+£0.11 2.53 £0.08 0.572 0.96  0.00435
Ballooning (1-3) 1.36 £ 0.50 1.3£0.1 14+£01 0.876 1.07  0.000348
NAS (1-8)¢ 6.0+1.6 6.2+13 6.3+1.1 0.778 1.02  0.00114
PLT (x 10%L) 31+46.7 222 388 0.265 1.72 0.0167
PT (%) 90 + 16 90+4 912 0.914 1.01  0.000161
TBil (mg/dL) 0.86 0.4 0.98 £0.10 0.81+0.5 0.180 0.83 0.0256
TChol (mg/dL) 202 + 36 20238 203+ 6 0.162 1.00  0.00380
TG (mg/dL) 172 + 88 150 + 16 181+ 12 0.603 1.21  0.00363
Diabetes’ 44 (52%) 11 (42%) 33 (56%) - - -
Hypertensionf 44 (52%) 12 (46%) 41 (81%) - - -
Hyperlipidemia 62 (73%) 14 (54%) 48 (81%) - - -

aClinical data expressed as mean = 1 SD. Abbreviations refer to ALP, alkaline phosphate; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; F score, fibrosis score; | score, inflammation score; S score,
steatosis score; NAS, non-alcoholic fatty liver disease score, PLT, platelet count; PT, prothrombin time; TBil, total
bilirubin; TChol, total cholesterol; TG, triacylglycerides.

b p-values obtained using ANCOVA were adjusted for age, sex, BMI, diabetes, hypertension and hyperlipidemia as
covariates with significance at p < 0.05 (bold). * p < 0.05 if excluding hyperlipidemia or diabetes as a covariate
adjustment.

¢ Average fold-changes (FC) based on ratio of clinical parameters in clusters of patients (B/A).

d Effect sizes calculated using partial ETA square where small effects > 0.01, medium effects > 0.06 and large effects
>0.14

¢ NAS determined with sum of steatosis, inflammation and ballooning score

f Patients with one condition (21/85), two conditions: hyperlipidemia and hypertension (11/85), diabetes and
hyperlipidemia (12/85) or diabetes and hypertension (6/85), and with all three conditions (21/85).
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Figure 2.1. Lipidomics data workflow using a 3-tiered strategy when performing nontargeted lipid profiling from serum ether extracts by
MSI-NACE-MS with a 7 sample plug serial injection format. These steps include molecular feature selection and filtering via signal pattern
recognition, followed by lipid authentication based on repeatability, lack of blank signal and linear dilution. The third stage of lipid
verification includes a frequency filter with quality control following analysis of all serum samples from NASH patients (n=85).
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after appropriate statistical analyses.?®

A first-tier nontargeted screen using MZmine 2.0 with CAMERA as open-source
software tools was used to filter isotopic and adduct ions following a visual review of
extracted ion electropherograms (Figure 2.1, step 1). Over 83,000 total molecular features
were initially detected in pooled serum extracts. However, only about 270 lipid features
annotated by their accurate mass and relative migration time (m/z:RMT) were subsequently
credentialized via temporal signal pattern recognition® in MSI-NACE-MS based on a
distinctive 3, 4 or 5 signal pattern depending on ion abundance (step 2). This second-tier
confirmatory screen formally integrates selected lipid features that are measured with
adequate repeatability (CV < 30%, n=3) and linearity (R? > 0.90) upon serial dilution, yet
have no blank signal contribution (i.e., background ion) as shown for a representative serum
phosphatidylinositol (Figure 2.1). A single stable-isotope internal standard (18:0-d3) was
used for data normalization to improve the precision of lipid migration times (i.e., RMTSs)
and their data integration (i.e., relative peak area, RPA) due to differences in electroosmotic
flow (EOF) between runs, and sample volumes introduced in-capillary when using serial
hydrodynamic injections in CE, respectively.®

A third-tier screen (step 3) was next implemented following targeted analysis of a
list of 270 known and unknown lipid features from all individual NASH serum samples
(n=85). Unlike gradient elution chromatographic programs in lipidomics, isocratic
conditions are used in MSI-NACE-MS for the resolution and ionization of serum lipids
under steady-state conditions from 7 different samples introduced on-capillary within a

single run. In this case, each MSI-NACE-MS run was comprised of a QC sample together
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with 6 serum extracts from individual NASH patients introduced in random sequence.?*
Serum lipids satisfying this final stage of screening corresponded to frequently detected
features in most serum samples (> 75% of cohort) that were measured with adequate
technical precision (CV for QC < 30%). Overall, 128 ionic lipids from serum extracts were
reliably measured following this iterative data workflow after removing neutral lipids (e.g.,
triacylglycerides) co-migrating with the EOF as they were prone to ion suppression and
isobaric interferences, as well as low abundance ionic lipids with high data variance.
Further evidence of acceptable reproducibility was demonstrated by a control chart for a
recovery standard (14:0-d27) added to all serum/QC samples prior to MTBE extraction
(mean CV = 9.5%, n=100). Also, a 2D PCA scores plot comprising 128 ionic lipids were
measured in repeat QC samples throughout this study (median CV = 13%, n=17) as shown
in Supporting Figure S2.1. All NASH patient serum extracts, QC samples, dilution trend
filter, and calibrant checks/equilibration runs were analyzed within 8 h by MSI-NACE-MS
with an effective throughput ~ 4.5 min/sample, which compares favorably to high

throughput LC-MS lipidomic platforms (~ 15 min/sample).*’

2.4.2. Serum Lipidome Coverage and Lipid Classification in Mobility Maps.

Figure 2.2A depicts a total ion electropherogram in MSI-NACE-MS under
negative ion mode, where most anionic lipids were detected as their intact deprotonated
molecular ion, [M-H] except for cationic phosphatidylcholines as their acetate adduct,
[M+CH3COO]. Also, a reference mass (HDFEP) added to the sheath liquid and infused
continuously into the ion source provides a convenient way to monitor for potential matrix-

induced signal suppression as reflected by regions of reduced ion counts (i.e., signal dips)
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that occur primarily for neutral lipids co-migrating within the EOF. Overall, 6 major sub--
classes of ionic lipids were resolved by MSI-NACE-MS as summarized in Figure 2.2B,
namely glycerophospholipids (~ 34%, including phosphatidylcholine: PCs, phosphatidyl-
inositols: Pls, phosphatidylethanolamines: PEs, and lysophosphatidic acids: LPAS), fatty
acids (~ 30%), including a wide range of saturated (from 6:0 to 26:0) and mono-
/polyunsaturated NEFAs, as well as other classes of anionic serum lipids (e.g., bile acids,
prostaglandins, fatty acyl derivatives) together with unknown lipids (~ 36%) with no likely
candidate after a database search. Overall, serum-derived lipid features were tentatively
identified by their accurate mass when using LIPID MAPS, and they were further deemed
plausible based on their characteristic electrophoretic mobility and relative migration order.
For instance, cationic and anionic classes of serum lipids migrate over a wide separation
window ranging from lysophosphatidylcholines (e.g., LPC 16:0) relative to slower
migrating lysophosphatidic acid (e.g., LPA 16:0) and medium-chain NEFAs (e.g., 6:0)
reflecting differences in their fundamental physicochemical properties (i.e., charge density)
in solution. A series of tables summarize the 128 ionic lipids measured consistently from
NASH patients in this study, including their putative identification mainly based on their
sum composition (level 3), m/zzRMT, mass error, mobility, relative abundance, and

technical precision from repeat QC analyses (Supporting Tables S2-S8).

Similar to the use of collisional-cross section areas for classifying and predicting
lipid structures based on their drift times in ion mobility spectrometry (IMS),*° Figure 2B
depicts an (electrophoretic) mobility map over a wide mass range (100-900 m/z) for a

diverse array of ionic lipids from serum extracts. In this case, serum lipids were readily
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Figure 2.2. (A) Representative total and extracted ion electropherograms highlighting the unique selectivity of MSI-NACE-MS for

resolving a diverse range of ionic lipids having different polarity. (B) Overall, 128 ionic lipids were credentialized in serum extracts
from NASH patients forming distinct clusters in the mobility plot, including major lipid sub-classes ranging from nonesterified fatty
acids, phosphatidylinositols, phosphatidylethanolamines, lyophosphatidic acids, and phosphatidylcholines.
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classified based on their group cluster since their mobility is dependent on their effective
charge and conformational size due to differences in specific polar head groups, number of
acyl chains, total carbon chain length, and degree of unsaturation. This strategy also
facilitates putative identification of unknown lipids based on their overlap within well
characterized lipid sub-classes, whereas unknown lipids typically had mobilities distinct
from the major lipid clusters. For instance, Figure 2.3A depicts a mobility plot for a series
of serum Pls showing consistent linear trends (R? > 0.80) as a function of structural changes
in total carbon number and degree of unsaturation. Additionally, MS/MS was used to
confirm the likely identity of select ionic lipids from the mobility map in the absence of
commercial standards. A MS/MS spectrum acquired for Pl 38:6 (Figure 2.1) confirms its
lipid sub-structure as Pl 16:0/22:6 based on diagnostic products ions detected for the polar
inositol head group (241.1017 m/z), as well as two fatty acid acyl groups from sn-1 (16:0,
255.2330 m/z) and sn-2 (22:6, 327.230 m/z) positions annotated based on their relative ion
abundance. Also, Figure 2.3B depicts a homologous series of LPAs that have a linear
change in mobility determined by their total chain length and degree of unsaturation with
shorter and more highly unsaturated LPAs adopting more compact conformations and thus
larger negative mobilities. This is consistent with trends previously reported when

modeling the mobility of serum NEFAs®

Annotation of the MS/MS spectrum for LPA 20:4 in Figure 2.3B is also confirmed
by diagnostic product ions for its polar phosphate head group (152.995 m/z; 78.9588 m/z),
and polyunsaturated fatty acid acyl group consistent with arachidonic acid (20:4, 303.2330

m/z). As expected, the greatest change in mobility reflects structural changes in the number
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of acyl chains as highlighted for serum PCs and LPCs in the mobility map (Figure 2.2B),
as well as serum PEs and LPEs (e.g., LPE 20:4) as shown in Supporting Figure S2.2.
Interestingly, lipid selectivity in MSI-NACE-MS represents a hybrid of reversed-phase
(i.e., acyl/carbon chain length and degree of unsaturation) and HILIC (i.e., polar head group
and effective charge) modes of chromatography. Although selectivity is more analogous to
gas-phase lipid separations in IMS, unique advantages of MSI-NACE-MS include higher
peak capacity notably for smaller/hydrophilic lipid sub-classes (e.g., LPAs, LPCs, LPES),
novel lipidomic data workflows to reduce false discoveries, and higher sample throughput
with robust batch correction adjustment as required in large-scale epidemiological

studies.®’

2.4.3. Differential Risk Assessment of NASH Patients from Serum Lipid Profiles.
Aberrant lipid metabolism and insulin resistance has long been associated in the
pathophysiology of NAFLD and severe liver fibrosis progression in NASH notably among
overweight/obese individuals with metabolic syndrome.® Figure 2.4A provides an 2D heat
map of the serum lipidome from NASH patients (n=85) by MSI-NACE-MS following data
exploration using a k-means clustering algorithm, which revealed two distinct sub-groups
of patients (Supporting Figure S2.3) corresponding to cluster A (n=26) and cluster B
(n=59). Supervised multivariate data analysis using PLS-DA of assigned NASH patient
sub-groups having differential lipid profiles are shown in Figure 2.4B. Also, a VIP scores
plot (Figure 2.4C) highlights that credentialized serum lipids (VIP > 1.6) annotated by
their m/z:RMT were consistently elevated in NASH patients from cluster B as compared to

cluster A as shown in box plots (Figure 2.4D) for 3 top-ranked serum NEFAs. Univariate
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Figure 2.3. MS/MS spectra from collisional-induced dissociation experiments at an optimal collision energy under negative ion mode for
structural elucidation of select anionic lipids by MSI-NACE-MS, including (A) phosphatidylinositol (Pl 16:0, 22:6) and (B) lysophosphatidic
acid (LPA 20:4). The mobility plots highlight that the effective charge and confirmational size of ionic lipids influence their apparent
electrophoretic mobility, including the specific polar head group, number of acyl chains, total number of carbons, and degree of unsaturation.
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statistical analysis of serum lipids between NASH patient sub-groups using ANCOVA after
covariate adjustments (BMI, sex, age, co-morbidities) confirmed 29 differentiating serum
lipids satisfying a Bonferroni correction (adjusted p < 3.90 x 10#) as listed in Supporting
Table S2.9. These lipids were predominately circulating NEFAs, such as palmitic acid
(16:0) which was elevated on average 1.95-fold in NASH patients in cluster B relative to
cluster A (p = 3.43 x 1071, effect size = 0.411) similar to other saturated (e.g., 15:0, 17:0,
14:0) and mono-/polyunsaturated (e.g., 18:2, 22:6, 16:1) NEFAs. Indeed, palmitic acid has
been shown to elicit inflammation of hepatic stellate cells with reduced autophagy, which
are associated with fibrogenic progression in NASH.*®

Table 2.1 highlights that although NASH patient sub-groups had similar clinical
characteristics, including classic liver enzyme, blood lipid and histopathology results (e.g.,
ALT, TG, NAS), patients corresponding to cluster B (n=59) had elevated glycated
hemoglobin (HbAlc, p = 0.00492, effect size = 0.102) as compared to cluster A (n=26)
after adjusting for sex, age, BMI, and co-morbidity prevalence (diabetes, hypertension,
hyperlipidemia). In addition, liver fibrosis severity (F score) was modestly elevated in
NASH patients from cluster B as compared to cluster A; however this outcome was
statistically significant (p < 0.05) only if diabetes or hyperlipidemia status were excluded
as covariates. For these reasons, cluster B was inferred as high-risk NASH patients (relative
to low-risk NASH patients in cluster A) given their elevated circulating NEFA profiles,
greater glucose intolerance, and higher overall disease burden with 31% having all 3 co-
morbidities, and only 5% having no other co-morbidities (Supporting Table S2.1). Figure

2.4D demonstrates that high-risk NASH patients (cluster B) had greater Hb1Ac (> 6.5%)
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Figure 2.4. (A) A 2D heat map

depicting the ionic serum
lipidome from a cohort of
NASH patients (n=85)

classified into two sub-groups
(cluster A, n=26; cluster B,
n=59) following a k-means
clustering algorithm. (B) PLS-
DA confirms serum lipid profile
differences between assigned
NASH patient sub-groups, with
lipids ranked ordered in terms of
their VIP scores (VIP > 1.6)
with cluster B having higher
serum lipid levels than cluster B
with good model performance
after 10-fold cross-validation
(R? = 0.746, Q* = 0.388). (C)
Box-whisker plots for the top 3
ranked NEFAs from the PLS-
DA model that were also
confirmed after ANCOVA with
covariate  adjustments. (D)
Scatter plot highlights that
serum palmitic acid (16:0) was
elevated in high-risk (cluster B)
as compared to low-risk (cluster
A) NASH patients, which also
coincided with higher glycated
hemoglobin (Hb1Ac), modestly
elevated fibrosis (F score), and
greater overall disease burden.
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and serum 16:0 levels as compared to the low-risk NASH patients (cluster A). These results
are consistent with recent studies demonstrating that advanced liver fibrosis is
independently associated with elevated palmitic acid and insulin levels in NAFLD patients

underlying aberrant regulation of fatty acid metabolism.*°

2.5. Conclusion

In summary, an integrative data workflow for lipidomics is developed for
unambiguous credentialing of serum lipid features by MSI-NACE-MS. This work
represents the first nontargeted lipid profiling study using a multiplexed NACE-MS
platform that enables the resolution of ionic/polar classes of lipids complementary to
existing chromatographic methods. A mobility map is also introduced to classify diverse
sub-classes of ionic lipids, which may support their structural identification in conjunction
with MS/MS. This method greatly expands CE-MS metabolome coverage beyond
hydrophilic metabolites, and is ideal for large-scale lipidomic studies requiring higher
sample throughput (< 4.5 min/sample) and lower sample volume requirements (i.e., < 5
uL). Overall, acceptable technical precision (CV < 15%) was achieved when resolving 128
different  anionic  (e.g.,  lysophosphatidic  acids) and  cationic  (e.g.,
lysophosphatidylcholines) lipids consistently analyzed in a cohort of NASH patients. MSI-
NACE-MS was applied for risk assessment of NASH patients with advanced liver fibrosis
based on their serum lipid profiles. In this case, high-risk NASH patients with likely poor
clinical outcomes were associated with elevated palmitic acid and other circulating NEFAs
that also coincided with greater glucose intolerance and metabolic disease burden.

Limitations of MSI-NACE-MS include that electrically neutral lipid classes and certain
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positional or geometric lipid isomers are not resolved, whereas peak capacity is limited for
zwitter-ionic phosphatidylcholines that migrate close to the EOF. Current work is
underway to further validate MSI-NACE-MS and expand its performance for resolving
cationic lipids in positive ion mode when using pre-column chemical derivatization. Future
work will also focus on absolute lipid quantification using reference serum samples

together with multiple stable-isotope internal standards for improved data harmonization.
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Supporting Experimental.

Sample Collection and Study Cohort. Fasting serum samples were collected from a cohort of
adult Japanese patients (n=85) at Tokyo Women’s Medical University who were diagnosed with
probable (NAS = 3—4, 14%) or definitive NASH (NAS > 5.0, 86%) with a median NAS of 6.0
(ranging from 3.0 to 7.5) following standardized histopathology grading and exclusion of
excessive alcohol intake or other chronic liver diseases. Written informed consent was acquired
from all the patients, and the study design followed the ethical guidelines of the 1975 Declaration
of Helsinki. Standard liver enzyme and blood protein tests were performed at the Tokyo Women’s
Medical University using serum aliquots stored at —20 °C, which were previously used for targeted
analysis of serum y-glutamyl dipeptides when using MSI-CE-MS/MS [J. Proteome Res. 2020, 19,
2689-2699]. Table S2.1 summarizes all patient characteristics and clinical information from the
NASH cohort (n=85), including histopathology grading based on the NASH clinical research
network’s (NASH CRN) scoring system for non-alcoholic fatty liver disease (NAFLD). Table
S2.1 also highlights the prevalence of comorbidities among the full cohort of NASH patients, as
well as two major NASH sub-groups having distinctive serum lipid profiles identified following

cluster analysis.
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Figure S2.1. (A) Schematic of the serial injection configuration for ionic lipids by MSI-NACE-MS,
including six serum extracts from NASH patients (n=86) and a pooled sample as quality control (QC, n=17).
(B) Overall, there was good technical precision (median CV = 13%, n=17) as shown in the 2D scores plot
when using PCA based on the analysis of 128 ionic lipids consistently measured in the NASH patient cohort
(CV < 30%, > 75% all samples) reflecting underlying biological variability (median CV = 54%). (C) Also
a control chart for the recovery standard is shown for every serum and QC sample (mean CV = 9.5%,
n=100) in this study.
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Figure S2.2. Representative MS/MS spectra from collisional-induced dissociation experiments at
an optimal collision energy under negative ion mode for confirming the structural identity of a
lysophosphatidylethanolamine (LPE 20:4). The mobility plot for Pls highlights the distinct changes
in lipid sub-class mobility reflecting differences in the number of acyl chains, total chain length,

and degrees of unsaturation.
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Figure S2.3. Results of partitional clustering of Japanese NASH patients (n=85), labelled by their
reported clinical fibrosis scores (F=1-4), using a k-means clustering algorithm (k = 2) based on 128
ionic lipids measured by MSI-NACE-MS. (A) The median intensities represented by the bold lines
in the overview of serum lipidome demonstrate strong fit of re-categorized samples within each
cluster. (B) NASH patients classified to each cluster (cluster A, n=26; cluster B, n=59) were then
projected on a 2D PCA scores plot highlighting two distinct NASH patient sub-groups in the cohort.
Overall, k > 2 demonstrated larger inter-cluster deviation in the median lines as confirmed by
overlapping ellipses for assigned NASH patient sub-groups in a 2D PCA scores plot.
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Table S2.1. Summary of clinical characteristics of a Japanese patient cohort diagnosed

with NASH.

Clinical Parameter

Cluster A: Low Risk

Cluster B: High Risk

NASH (n=26) NASH (n=59)
Diabetes [total] 11 (42%) 33 (56%)
Hb1Ac > 6.5% 4 (16%) 21 (36%)
No comorbidities 5 (19%) 3 (5%)
Diabetes [only] 1 (4%) 3 (5%)
Hypertension [only] 2 (8%) 3 (5%)
Hyperlipidemia [only] 5 (19%) 12 (20%)
Diabetes + Hyperlipidemia 3 (12%) 9 (15%)
Diabetes + Hypertension 4 (15%) 2 (3%)
Hyperlipidemia + Hypertension 3 (12%) 8 (14%)
All 3 Comorbidities 3 (12%) 18 (31%)
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Table S2.2 List of credentialized saturated fatty acids detected in pooled NASH serum sample.

Mass Electrophoretic Molecular Relative Mean CV
Tentative ID m/z:RMT Error Mobility Formula Abundance (%)
(ppm) (cm?/Vs) (%)* (n=17)°
Cer&tgc_(g‘c'd 395.3895:0.893 1.26 -9.544E-05 CasHs202 0.11% 8.5%
Hy‘zgg’,gc'd 381.3738:0901  0.79 9734E-05  CasHsiOo 0.13% 8.9%
L'g”‘zgir_'g) Acid 367 3582:0.906 1.09 -9.871E-05 Ca4HagO2 0.06% 8.4%
T”cc(’zg',g’)ac'd 353.3425:0.914 0.85 -1.006E-04 CasHas02 0.12% 13.0%
D°°°€‘§2%‘f aCid 399 3269:0.921 1.77 -1.024E-04 C22Ha4O2 0.05% 28.1%
Arac(g'(‘)j,'(‘)’)ac'd 311.2956:0.938 0.96 -1.063E-04 CaoHa002 0.21% 14.0%
N°”ad(i%¥g)c Acid 597 2799:0.946 1.68 -1.082E-04 C1oHs502 0.10% 6.7%
Stearic acid (18:0)  283.2642:0.958 1.06 -1.108E-04 C18H3602 25.11% 15.1%
Mar(gla;_'g)ac'd 269.2486:0.969 0.74 -1.133E-04 C17Hs:02 1.82% 9.5%
Pa"(“l'é'%;“”d 255.2330:0.981 1.18 -1.157E-04 C16H0z 100.00% 14.7%
Pe”ta‘(jf?’(');c acid 541 2173:0.993 0.83 -1.183E-04 CisHs002 0.93% 12.6%
Myz'lsi'_%)""c'd 227.2016:1.006 0.44 -1.210E-04 C14H2502 5.94% 5.5%
T”d‘zig',:)c) acid 513 1860:1.020 0.94 -1.238E-04 C13H2602 0.21% 6.3%
Lauric acid (12:0)  199.1704:1.037 1.51 -1.269E-04 C12H2402 1.24% 8.5%
U”d‘z?l",'g) acid 145 1547:1.055 1.62 -1.303E-04 C11H2202 0.11% 11.3%
Capric acid (10:0)  171.1391:1.073 1.17 -1.335E-04 C10H2002 0.41% 6.3%
Pe'arg(gf‘(')g Acld 157 1234:1.004 1.27 -1.372E-04 CoHi1gO2 0.30% 9.2%
Cap?g,'g)AC'd 143.1078:1.117  1.40 -1.410E-04 CeH1s02 0.69% 20.8%
Hepta(r;‘,’('; Acld 159.0921:1.142 0.00 -1.434E-04 CrH1O2 0.07% 9.5%
Caproic Acid (6:0) 115.0765:1.173 1.74 -1.497E-04 CsH1202 0.08% 14.3%
“ Normalized ion relative peak area ratio to most abundant lipid within class in pooled serum from NASH

patients.
b Technical precision based on repeat analysis of pooled serum extracts from NASH patients as QC.

Relative Abundance of Saturated Fatty Acids Normalized to Most Abundant (C16)

_30.0%
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Table S2.3. List of credentialized mono-/polyunsaturated fatty acids detected in pooled NASH
serum sample.

_ Mass Electrop_h_oretic Molecular Relative Mean CV
Tentative ID m/z:RMT Error Mobility Formula Abundance (%)
(ppm) (cm?IVs) (%)° (n=17)°
16:1 253.2173:0.986 0.39 -1.17E-04 Ci6H3002 11.22% 5.0%
16:2 251.2017:0.998 0.80 -1.19E-04 Ci6H2502 0.18% 21.3%
16:4 247.1704:1.045 1.62 -1.29E-04 C16H2402 0.04% 10.4%
18:1 281.2486:0.965 1.42 -1.13E-04 CisH3402 44.65% 24.0%
18:2 279.2330:0.970 1.07 -1.14E-04 CisH3202 4.26% 5.3%
18:3 277.2173:0.985 0.36 -1.14E-04 CisH3002 0.10% 12.8%
18:4 275.2017:0.986 0.73 -1.17E-04 CisH2802 1.04% 6.5%
20:1 309.2799:0.942 0.65 -1.11E-04 C20H3s02 1.34% 16.2%
20:2 307.2643:0.946 0.98 -1.09E-04 C20H3602 7.91% 13.5%
20:3 305.2486:0.957 0.98 -1.11E-04 C20H3402 3.42% 7.8%
20:4 303.2330:0.976 0.99 -1.15E-04 C20H3202 0.09% 10.2%
20:5 301.2173:0.979 1.00 -1.16E-04 C20H3002 0.01% 28.4%
22:1 337.3112:0.926 0.30 -1.01E-04 C22H4202 0.23% 11.8%
22:2 335.2956:0.927 0.60 -1.02E-04 C22H4002 11.22% 5.6%
22:3 333.2799:0.934 0.30 -1.04E-04 C22H302 0.18% 9.4%
22:6 327.2330:0.977 0.85 -1.16E-04 C22H3202 0.44% 8.7%

“ Normalized ion relative peak area ratio to most abundant lipid within class in pooled serum from NASH
patients.
b Technical precision based on repeat analysis of pooled serum extracts from NASH patients as QC.

Relative Abundance (%

Relative Abundance of Polyunsaturated Fatty Acids Normalized to Most
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Table S2.4. List of credentialized phosphatidylcholines (PC) detected in pooled NASH serum.

_ Mass Electrop_h_oretic Molecular Relative Mean CV
Tentative ID m/z:RMT Error Mobility Formula Abundance (%)

(ppm) (cm?/Vs) (%)? (n=17)"

LPC 14:0 540.3307:0.604 0.37 1.55E-05 C22HasNOsP 16.7% 16.2%
LPC 16:0 554.3463:0.605 0.18 1.77E-05 C24HsoNO7P 100.0% 14.0%
LPC17:1 566.3463:0.605 0.18 1.77E-05 C2sHsoNO7P 2.0% 15.6%
LPC 17:0 568.3620:0.602 0.88 1.82E-05 CasHs2NO7P 15.6% 24.2%
LPC 18:2 578.3463:0.606 0.69 1.62E-05 C26HsoNO7P 13.7% 13.7%
LPC 18:1 580.3620:0.606 0.86 1.68E-05 C26Hs2NO7P 11.6% 11.2%
LPC 18:0 582.3776:0.606 0.86 1.64E-05 C26Hs4NO7P 23.9% 12.9%
LPC 19:0 610.3726:0.607 0.33 1.79E-05 C27Hs4NOsP 1.1% 29.5%
PC 32:1 790.5604:0.606 2.15 1.48E-05 CaoH7sNOsP 9.5% 15.0%
PC 32:0 792.5761:0.607 5.05 1.47E-05 CaoHgoNOsP 3.7% 27.9%
PC 33:1 804.5761:0.608 0.12 1.55E-05 Cs1HgoNOsP 1.6% 22.3%
PC 34:2 816.5761:0.605 0.86 1.52E-05 C42HgoNOsP 1.6% 12.0%
PC 34:1 818.5917:0.609 0.12 1.39E-05 Cs2Hg2NOsP 9.1% 15.7%
PC 35:4 826.5604:0.607 0.24 1.48E-05 Cs3H7sNOsP 0.4% 22.9%
PC 36:5 838.5604:0.607 0.72 1.40E-05 CaaH7sNOsP 1.8% 14.1%
PC 36:4 840.5761:0.607 0.71 1.47E-05 CasHgoNOsP 4.5% 11.9%
PC 36:3 842.5917:0.607 1.54 1.37E-05 CaaHg2NOsP 7.0% 11.2%
PC 37:4 854.5917:0.606 1.29 1.62E-05 CssHg2NOsP 4.6% 28.1%
PC 38:6 864.5760:0.609 1.85 1.37E-05 CasHgoNOsP 5.5% 10.7%
PC 38:5 866.5917:0.609 1.38 1.43E-05 CusHg2NOsP 1.6% 14.8%
PC 38:4 868.6074:0.609 0.35 1.43E-05 CusHgaNOsP 3.9% 13.0%
PC 40:5 894.5875:0.610 2.01 1.43E-05 CagHgsNOsP 2.3% 13.9%

“ Normalized ion relative peak area ratio to most abundant lipid within class in pooled serum from NASH
patients.
b Technical precision based on repeat analysis of pooled serum extracts from NASH patients as OC.
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Table S2.5. List of credentialized phosphatidylethanolamines (PE) in pooled NASH serum.

Mass Electrophoretic Molecular Relative Mean CV
Tentative ID m/z:RMT Error Mobility Formula Abundance (%)

(ppm) (cm?Vs) (%)° (n=17)°
LPE 18:2 476.2783:0.789 0.84 -6.69E-05 C23HasNO7P 41.0% 11.5%
LPE 20:4 500.2783:0.802 0.80 -7.10E-05 C2sHasNO7P 100.0% 11.1%
PE 34:1 716.5236:0.769 112 -5.96E-05 CsoH7eNOsP 2.3% 23.5%
PE 35:6 720.4894:0.770 8.47 -6.20E-05 CaoH7o0NOsgP 2.9% 18.7%
PE 36:4 738.5079:0.767 3.52 -6.01E-05 CasHgiNOsgP 11.9% 19.2%

? Normalized ion relative peak area ratio to most abundant lipid within class in pooled serum from NASH
patients.
b Technical precision based on repeat analysis of pooled serum extracts from NASH patients as QC.
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Table S2.6. List of credentialized lysophosphatidic acids (LPA) in pooled NASH serum.

Mass Electrophoretic Relative

Tentative ID m/z:RMT Error Mobility '\gg:iatllzr Abundance (ol\/g )e ?E:Ci;/)b
(ppm) (cm?/Vs) (%)*
LPA 16:0 409.2361:0.841 1.47 -6.54E-05 CigH3907P 36.2% 30.0%
LPA 16:1 407.2204:0.842 1.72 -6.63E-05 CigH3z707P 7.3% 23.8%
LPA 18:1 435.2517:0.838 0.69 -6.64E-05 C2aHu07P 26.9 16.9%
LPA 18:2 433.2361:0.939 0.92 -6.70E-05 C21H3907P 100% 14.0%
LPA 20:4 457.2361:0.830 1.09 -6.75E-05 Ca23H3907P 98.8% 12.3%
LPA 20:5 455.2204:0.832 0.44 -6.76E-05 Ca23H3z707P 17.0% 9.7%
LPA 22:6 481.2361:0.828 1.04 -6.91E-05 CasH3907P 28.4% 12.4%

“ Normalized ion relative peak area ratio to most abundant lipid within class in pooled serum from NASH
patients.
b Technical precision based on repeat analysis of pooled serum extracts from NASH patients as QC.
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Table S2.7 List of credentialized phosphatidylinositols (PI) in pooled NASH serum sample.

_ Mass Electrop_h_oretic Molecular Relative Mean CV
Tentative ID m/z:RMT Error Mobility Formula Abundance (%)
(ppm) (cm*Vs) (%)* (n=17)°
LPI 18:0 599.3202:0.875 0.73 -9.19E-05 C27H52012P 5.7% 11.3%
LPI 20:4 619.2889:0.888 0.48 -9.27E-05 C29Ha9012P 9.8% 7.7%
Pl 34:2 833.5186:0.853 0.84 -8.42E-05 CasH79013P 10.6% 9.9%
Pl 34:1 835.5342:0.851 0.60 -8.48E-05 C43Hg1013P 4.3% 10.2%
P136:4 857.5186:0.854 1.40 -8.41E-05 Cs5H79013P 20.9% 16.5%
PI 36:3 859.5342:0.850 291 -8.32E-05 CasHg1013P 6.0% 13.4%
PI 36:2 861.5499:0.847 1.97 -8.27E-05 CasHg3013P 15.3% 10.2%
Pl 38:6 881.5186:0.850 2.38 -8.29E-05 Ca7H79013P 0.5% 7.0%
P138:4 885.5499:0.849 0.23 -8.27E-05 Ca7Hg3013P 100.0% 12.0%
PI 40:7 907.5342:0.847 0.66 -8.23E-05 Ca9Hg1013P 3.0% 14.5%
P140:6 909.5499:0.845 1.23 -8.23E-05 Ca9Hg3013P 11.0% 18.3%

“ Normalized ion relative peak area ratio to most abundant lipid within class in pooled serum from NASH
patients.
b Technical precision based on repeat analysis of pooled serum extracts from NASH patients as QC.
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Table S2.8. Unknown serum lipid features that satisfied the three-tiered screening criteria in MSI-
NACE-MS. Putative lipid classification assigned for anionic lipids within distinct clusters evident
in the mobility map.

I\l/lzg:’enc]tljjllzr m/zz.RMT Tentative Classification Electrop(r;(r)rrf /t'/CS)MOb'“ty Mean CV (%)*
C4H¢O4 117.0193:1.196 Short-chain fatty acid -1.51E-04 15.3%
CsHsO4 129.0193:1.198 Short-chain fatty acid -1.54E-04 9.5%
CsHsOs 147.0299:1.054 Short-chain fatty acid -1.26E-04 11.2%
CeH100s 161.0455:1.197 Fatty acid derivative -1.54E-04 5.1%
C11H200, 183.1391:1.056 Fatty acid derivative -1.31E-04 7.3%
C7H1006 189.0405:1.092 Fatty acid derivative -1.38E-04 5.3%
C12H150; 193.1234:1.060 Unknown -1.32E-04 7.7%
C11H1605 195.1027:1.111 Fatty acid derivative -1.40E-04 7.0%
C12H220, 197.1547:1.061 Fatty acid derivative -1.31E-04 8.9%
C14H260, 225.1860:1.012 Fatty acid derivative -1.24E-04 4.0%
C12H160s 239.0925:1.113 Fatty acid derivative -1.40E-04 6.5%
C12H1606 255.0874:1.043 Fatty acid derivative -1.27E-04 14.7%
C14H200s 267.1238:1.091 Fatty acid derivative -1.36E-04 4.1%
C17H30, 267.2330:0.974 Fatty acid derivative -1.15E-04 10.6%
C16H320; 271.2279:1.202 Fatty acid derivative -1.55E-04 6.8%
C1gH3205 295.2279:0.920 Fatty acid derivative -1.02E-04 5.6%
C17H3004 297.2071:1.001 Fatty acid derivative -1.21E-04 6.7%
C17H3404 301.2384:0.980 Fatty acid derivative -1.16E-04 28.4%
Cz0H250; 315.1966:0.949 Unknown -1.10E-04 24.2%
C1gH3604 315.2541:0.980 Fatty acid derivative -1.16E-04 13.7%
Ca0H3003 317.2122:0.941 Fatty acid derivative -1.07E-04 11.2%
CaoH3205 319.2279:0.936 Fatty acid derivative -1.07E-04 12.9%
C20H3405 321.2435:0.915 Fatty acid derivative -1.01E-04 29.9%
Ci1gH3404 325.2384:0.971 Unknown -1.14E-04 15.0%

Ci1gH3aNO, 328.2493:0.964 Unknown -1.13E-04 12.0%
C1gH340s 329.2334:0.874 Fatty acid derivative -9.10E-05 15.7%
CaoH3204 335.2228:0.902 Fatty acid derivative -9.82E-05 11.9%
C19H360s 343.2490:0.876 Unknown -9.10E-05 10.7%
C2H3403 345.2435:0.913 Unknown -1.01E-04 14.8%
C2H3,0,4 359.2228:0.911 Unknown -1.01E-04 13.9%
C22H340,4 361.2384:0.889 Unknown -9.28E-05 11.5%
C24H100: 391.2854:0.872 Bile acid -8.98E-05 11.1%
C27H4405 415.3218:0.870 Unknown -9.20E-05 10.2%
Co7H1905 421.3687:0.870 Unknown -9.18E-05 30.0%
CasH450,4 445.3323:1.024 Unknown -1.28E-04 12.3%

C21H1N2Og 451.3029:0.872 Unknown -9.18E-05 9.7%
CasH450s 463.3429:1.014 Fatty acid derivative -9.54E-05 13.0%

Ca1HasNoP 475.3252:0.855 Unknown -8.76E-05 14.3%
CaoHa90s 489.3585:1.003 Unknown -1.21E-04 15.3%
CasHpsO4 535.4732:0.973 Fatty acid derivative -1.16E-04 9.5%

CssHesN3O3 562.4953:0.968 Unknown -1.16E-04 18.8%

C34H67N303 564.5110:0.965 Unknown -1.16E-04 20.8%
CssHe20s 573.4524:0.987 Unknown -1.16E-04 11.2%

Ca2HgsNOsS 574.4511:0.992 Unknown -6.74E-05 9.2%

C32H40010 583.2549:1.163 Unknown -1.51E-04 5.1%
Cs4Hss50s 591.3902:0.889 Unknown -9.64E-05 6.3%

C3sH7sNO; 592.5674:0.978 Unknown -1.18E-04 7.5%

CuoH77NO3 618.5831:0.963 Unknown -1.15E-04 5.3%

@ Technical precision based on repeat analysis of pooled serum extracts from NASH patients as QC

71



Ph.D. Thesis — Ritchie Ly; McMaster University - Chemistry

Table S2.9. Top-ranked serum lipids differentially expressed in NASH patient sub-groups
following cluster analysis that satisfied Bonferroni correction (p < 3.90 x 10*) and covariate
adjustment.

Tentative ID? Lipid Classification® m/z:RMT p-value® Esfifzeeit FC
Palmitic acid (16:0) Fatty acid 255.2330:0.982 3.43 x 100 0.411 1.95
CagH7sNO3 Unknown 592.5674:0.978  1.23 x 10° 0.391 1.75
C18H3604 Fatty acid derivative ~ 315.2541:0.977 1.53 x 10°° 0.387 2.07
CaoH77NO3 Unknown 618.5831:0.963  7.39 x 10° 0.362 2.29

22:4 Fatty acid 331.2643:0.944  9.03 x 10° 0.358 1.87
Margaric acid (17:0) Fatty acid 269.2486:0.968 1.04 x 108 0.356 1.46
Pentadecanoic acid (15:0) Fatty acid 241.2173:0.990 1.30 x 108 0.352 1.82
Myristic acid (14:0) Fatty acid 227.2016:1.004 1.39 x 108 0.351 2.07
Linoleic acid (18:2) Fatty acid 279.2330:0.969  1.42 x 1038 0.351 1.77
C21H3405 Prostaglandin 365.2334:0.964  2.18 x 108 0.343 2.43

Oleic acid (18:1) Fatty acid 281.2486:0.965  4.49 x 108 0.331 1.88
C17H3202 Fatty acid derivative ~ 267.2330:0.974 6.12 x 108 0.325 1.85

DHA (22:6) Fatty acid 327.2330:0.977  6.87 x 1038 0.323 2.22
Cs4Hs7N303 Unknown 564.5110:0.965  1.41 x 107 0.311 3.66
C34He304 Unknown 535.4732:0.973  1.81 x 107 0.306 2.84
Palmitoleic acid (16:1) Fatty acid 253.2173:0.989  1.97 x 107 0.305 2.17
Cs4HesN3O03 Unknown 562.4953:0.968  5.80 x 107 0.285 3.08
a-Linoleic acid (18:3) Fatty acid 277.2173:0.972 1.40 x 106 0.268 1.85
16:2 Fatty acid 251.2017:0.997  1.86 x 10°® 0.263 1.64
C17H3404 Fatty acid derivative ~ 301.2384:0.979 6.23 x 10 0.240 1.52

20:1 Fatty acid 309.2799:0.942  9.55 x 10°® 0.231 1.84

Stearic acid (18:0) Fatty acid 283.2642:0.958 1.28 x 10 0.225 1.37
Ci8H35NO4 Unknown 328.2493:0.964  1.49 x 10° 0.222 2.32
Tridecanoic acid (13:0) Fatty acid 213.1860:1.018 2.33 x10°% 0.214 1.37
Avrachidonic acid (20:4) Fatty acid 303.2330:0.975 2.91 x 10° 0.209 1.57
Mead acid (C20:3) Fatty acid 305.2486:0.956 4.12 x 10 0.202 151
DPA (22:5) Fatty acid 329.2486:0.946  8.93 x 10° 0.186 1.94
C1oH3604 Fatty acid derivative ~ 327.2541:0.964  1.45 x 10 0.176 1.72

20:2 Fatty acid 307.2643:0.949  2.86 x 10* 162 1.59

@ Tentative IDs assigned after LIPIDMAPS database search using mobility map to cross-reference, whereas molecular
formulas were assigned for unknowns without ambiguous classification in mobility map.

b p-values obtained using ANCOVA and adjusted for age, sex, BMI, diabetes, hyperlipidemia and hypertension as
covariates.

¢ Effect sizes calculated using partial eta square where small effects > 0.001, medium effects > 0.060 and large effects
>0.14.

dMean fold change (FC) is calculated as the ratio of Cluster B/Cluster A
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Chapter 111

Expanding Lipidomic Coverage in Multisegment Injection-Nonaqueous
Capillary Electrophoresis-Mass Spectrometry via a Convenient and
Quantitative Methylation Strategy

Ritchie Ly, Lucas Christian Torres, Nicholas Ly, Philip Britz-McKibbin

Department of Chemistry and Chemical Biology, McMaster University, Hamilton,
Canada L8S 4M1

R.L performed all the experiments including sample preparation, data acquisition using
MSI-NACE-MS, data processing, interpretation, statistical analysis and wrote the initial
draft for publication. L.C.T and N.L assisted in the method development, sample
preparation, data processing and interpretation. P.B.M wrote and provided feedback on the

manuscript draft.
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3.1. Abstract

Orthogonal separation techniques coupled to high-resolution mass spectrometry
(MS) are required for characterization of the human lipidome given its inherent chemical
and structural complexity. Although various chromatographic and ion mobility methods
are used to resolve diverse lipid molecular species, electrophoretic separations remain
largely unrecognized in untargeted lipidomics research. Herein, we introduce a novel two-
step derivatization strategy using 3-methyl-1-p-tolyltriazene (MTT) as a safer alternative
to diazomethane for quantitative phospholipid methylation (~ 90%), which enables the
rapid analysis of cationic lipids by multisegment injection-nonaqueous capillary
electrophoresis-mass spectrometry (MSI-NACE-MS). Isobaric interferences and ion
suppression effects were minimized by performing an initial reaction using 9-
fluorenylmethyoxycarbonyl chloride on methyl-tert-butyl ether lipid extracts with a
subsequent back extraction in hexane. This charge-switch derivatization strategy and
sample workup procedure expands lipidome coverage when using MSI-NACE-MS under
positive ion mode detection with improved resolution, greater sensitivity and higher
throughput (~ 3.5 min/sample), notably for zwitterionic phospholipids that otherwise co-
migrate close to the electroosmotic flow. Our method was optimized and validated by
analyzing lipid ether extracts from a Standard Reference Material (SRM)-1950 human
plasma, which allowed for a direct comparison of 53 phosphatidylcholine and 30
sphingomyelin species consistently reported from an inter-laboratory lipidomics
harmonization study. The potential for reliable phospholipid quantification using chemical

standards or relying on a serial dilution of SRM-1950 for estimation of relative response
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factors was also demonstrated, whereas lipid identification was supported by their
characteristic apparent electrophoretic mobility in conjunction with MS/MS.
Complementary analysis of other anionic or polar lipid classes not suitable for methylation
and hexane back extraction (e.g.,, free fatty acids, phosphatidylinositols,
phosphatidylethanolamines) can be achieved by their direct analysis using MSI-NACE-MS
under negative ion mode conditions using a separate underivatized aliquot. Overall, this
work introduces a practical derivatization strategy and standardized protocol that allows
for the rapid determination of zwitter-ionic phospholipids using MSI-NACE-MS as

required for large-scale lipidomic studies.

3.2. Introduction

The human lipidome comprises a bewildering number of lipid molecular species
present in tissues, cells or biofluids, which are defined by their specific polar head group,
chemical linkage, fatty acid carbon chain length, number of double bond equivalents,
oxygenated fatty acyls, and regio-/stereochemistry.>? As lipid homeostasis plays an
important role in energy metabolism, membrane structure, and cell signalling,
dysregulation in lipid metabolism (i.e., dyslipidemia) has long been associated with
inflammation and the etiology of various cardiometabolic disorders, ranging from obesity,
type 2 diabetes, cardiovascular and neurodegenerative diseases.>* Lipidomic studies have
also gained traction in nutritional epidemiology as objective indicators of food exposures
given the key role of essential dietary fats and fat-soluble vitamins in human health® that
are not accurately assessed from self-reports.® For these reasons, there has been expanding

interests in developing mass spectrometry (MS) based methods for untargeted lipid
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profiling’ as a hypothesis-generating approach for gaining new insights into disease
mechanisms.® However, many technical hurdles impede progress in lipidomics given the
lack of chemical standards and reference MS/MS spectra that impact comparative
quantitative reporting while also hindering identification of unknown lipids of clinical
significance.® Recent efforts have focused on developing consensus guidelines in lipid
classification and annotation,®!! the use of internal standards for data normalization,*?
automated data processing with open-access software tools,**>'* as well as standardized
lipidomic protocols assessed by inter-laboratory ring trials using reference and quality
control samples.?>1" Nevertheless, all aspects of a lipidomics data workflow require careful
optimization to avoid bias depending on the specific biospecimen type and analytical

platform, including sample pretreatment.®

Classical methods for lipid profiling of biological samples have relied on the
analysis of esterified fatty acids from lipid hydrolysates using gas chromatography (GC)-
MS.® However, comprehensive analysis of intact phospholipids was first achieved by MS
when using soft ionization methods based on matrix-assisted laser desorption/ionization
and electrospray ionization (ESI).2° Although shotgun lipidomics enables the direct
analysis of lipid extracts by direct infusion (DI)-ESI-MS,?! high efficiency separations are
needed to improve method selectivity while reducing isobaric interferences, ion
suppression effects and/or generation of artifact signals.?? To date, liquid chromatography
(LC)-MS is the instrumental platform of choice in contemporary lipidomics research.?
However, LC-MS protocols vary substantially in terms of operation conditions (e.g.,

column types, elution conditions etc.) used to resolve different lipid species primarily by
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reversed-phase, normal-phase and/or hydrophilic interaction chromatography (HILIC).?42
For instance, greater sample throughput, separation resolution and/or reproducibility can
be achieved in reversed-phase LC-MS lipidomic analyses using core shell particles,?
vacuum jacked columns,?’ capillaries operated under ultra-high pressure conditions,? and
via multidimensional separations.?® Alternatively, supercritical fluid chromatography-MS
offers faster separations and broader selectivity for resolving lipids that vary in their
polarity with slightly higher robustness than HILIC-MS.%® Also, ion mobility-MS offers
ultra-fast separation times with adequate selectivity to generate a lipidome atlas for
confirmatory annotation of phospholipids.®® On the other hand, nonaqueous capillary
electrophoresis-mass spectrometry (NACE-MS) is not an recognized separation technique
used in the lipidomics community likely due to a paucity of published studies reported for
certain ionic lipids, such as saturated fatty acids® lipid A isomers®® and
glycerophospholipids.3*® Indeed, a lack of robust NACE-MS protocols, limited vendor
support, and sparse method validation in comparison to existing chromatographic methods

have deterred its use as a viable separation platform for untargeted lipid profiling.

Recently, we have introduced multisegment injection-nonaqueous capillary
electrophoresis mass spectrometry (MSI-NACE-MS) as a multiplexed separation platform
for quantitative determination of fatty acids from blood specimens®3:3” which can also
resolve a broader range of anionic lipids under negative ion mode conditions.® Serial
injection of seven or more samples within a single capillary allows for higher sample
throughput® together with temporal signal pattern recognition in ESI-MS* for rigorous

molecular feature selection and lipid authentication when using untargeted profiling.®
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However, separation resolution and selectivity was limited for phosphatidylcholines (PC)
and other classes of zwitterionic lipids that migrate close to the electroosmotic flow (EOF).
Pre-column chemical derivatization strategies have previously been applied to introduce or
switch charge states on specific lipid classes as a way to modify their chromatographic
retention, reduce isobaric interferences, and improve ionization efficiency with lower
detection limits in ESI-MS.* For instance, Smith et al.*>** have used diazomethane for
charge inversion on modified cationic phospholipids via methylation to improve
sensitivity, selectivity, as well as structural information via collision-induced dissociation
in MS/MS. However, given the explosive nature and toxicity hazards of diazomethane,*
safer methylating agents are required for routine MS-based lipidomic analyses without blast
shields and other personal protective equipment. Herein, we introduce a novel two-step
chemical derivatization strategy for the quantitative methylation of phospholipids based on
9-fluorenylmethyoxycarbonyl chloride (FMOC) followed by 3-methyl-1-p-tolyltriazene
(MTT) labeling as a practical way to expand coverage of zwitterionic phospholipids in
MSI-NACE-MS. For the first time, we demonstrate that this procedure enables rapid
determination (~ 3 min/sample) of methylated phosphatidylcholines and sphingomyelins
from SRM-1950 reference plasma sample extracts with acceptable precision and accuracy

comparable to existing LC-MS methodologies.*®
3.3. Experimental

3.3.1 Chemicals and Materials.

Ultra LC-MS grade methanol, acetonitrile, water and 2-propanol were used to
prepare the sheath liquid and the background electrolyte (BGE). Ammonium formate,
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formic acid, 1,2-distearoyl-d70-sn-glycero-3-phosphocholine (18:0 PC-dz), 1,2-
dipalmitoyl-d62-sn-glycero-3-phosphocholine (16:0 PC-ds2), methyl-tert-butyl ether
(MTBE), MTT, FMOC and all other chemical standards were purchased from Sigma-
Aldrich Inc. (St. Louis, MO, USA) unless otherwise stated. All lipid standards purchased
were either as a powder or dissolved in solution (1:1) of chloroform and methanol. Stock
solutions for lipids were then diluted in chloroform and methanol and stored at -80 °C prior
to further use. Reference material from the National Institute of Standards and Technology
(NIST) SRM-1950 pooled human plasma was purchased from the NIST (Gaithersburg,
ML, USA). While certified reference values for SRM-1950 have been reported for several
metabolites by NIST, plasma lipids measured in this study were compared to consensus
values for SRM-1950 reported in an international study across 31 laboratories that adopted
various LC-MS/MS lipidomic workflows,*® as well as a targeted harmonization study using
standardized p400-HR commercial kits for shotgun lipidomics by DI-MS/MS in 14

laboratories worldwide.’

3.3.2 Plasma Lipid Extraction Using MTBE.

Plasma samples and lipid calibrant solutions were extracted using a slightly
modified MTBE-based liquid extraction procedure previously described for fatty acids and
anionic lipids using MSI-NACE-MS in negative ion mode conditions.3¢ Briefly, 50 pL
of a plasma aliquot was mixed with 100 pL of methanol containing PC 16:0-ds> as a
recovery standard and shaken for 10 min. Then, 250 pL of MTBE was added and the
mixture was subject to vigorous shaking for 10 min. To induce phase separation, 100 pL

of deionized water was then added prior to centrifugation at 10 min at 4000 g. Next, 200
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uL of the lipid-rich MTBE layer was transferred into another vial and dried down at room
temperature using an Organomation MULTIVAP® nitrogen evaporator (Berlin, MA,
USA). For underivatized lipids, the dried plasma extracts were then reconstituted to a
volume of 50 uL containing acetonitrile/isopropanol/water (70:20:10) with 10 mM
ammonium  formate containing internal standards PC 18:0-d70 (5 uM),
benzyltriethylammoniumchloride (BTA) (1 uM), and of PC 16:0-de2 (5 pM) prior to

analysis by MSI-NACE-MS.

3.3.3 Chemical Derivatization of Zwitterionic Phospholipids Using FMOC and MTT.

All plasma ether extracts and lipid calibrants were subject to a two-step chemical
labeling procedure involving FMOC and MTT. In 2 mL glass vials, ether extracts are
subject to 100 puL of 0.85 mM FMOC in chloroform and shaken vigorously for 5 min.
Afterwards, samples are blown down to dryness using nitrogen at room temperature prior
to reconstitution in 50 uL of MTBE containing 450 mM of MTT. Vials are sealed with
Teflon tape and vortexed for 30 s prior to derivatization at 60 °C for 60 min. While reactions
were ideally carried out in amber vials to prevent oxidation, solutions noticeably had a
darker yellow colour than the original MTT derivatization solution. Afterwards, 100 pL of
MeOH, 250 pL of hexane and 200 pL of deionized water was added to back extract polar
by-products of the reaction (e.g., p-toluidine). After centrifuging for 10 min at 4000 g, 200
pL of hexane as the supernatant was transferred out to a separate glass vial and then
evaporated to dryness under nitrogen. Once completely dried, samples were subsequently
reconstituted in 50 pL. containing acetonitrile/isopropanol/water (70:20:10) with 10 mM

ammonium formate containing internal standards PC 18:0-d70 (5 pM) and
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benzyltriethylammoniumchloride (BTA) (1 uM, and of PC 16:0-ds2 (5 M) prior to analysis
by MSI-NACE-MS. Derivatization yields for chemically modified methylated cationic
lipids from plasma extracts were calculated using the following formula based on the
integrated relative peak area (RPA) for each phospholipid (PL) species relative to PC 18:0-

dzoas an internal standard using equation (1):

FMOC & MTT treated PL RPA)
Untreated PL RPA

% Derivatization Yield = 100 = (1 —

1)

3.3.4 CE-MS Instrumentation and Serial Injection Configuration.

An Agilent 6230 time-of-flight (TOF) mass spectrometer with a coaxial sheath
liquid electrospray (ESI) ionization source equipped with an Agilent G7100A CE unit was
used for all experiments (Agilent Technologies Inc., Mississauga, ON, Canada). An Agilent
1260 Infinity isocratic pump and a 1260 Infinity degasser were utilized to deliver an 80:20
MeOH-water with 0.1% vol formic acid at a flow rate of 10 uL/min using a CE-MS coaxial
sheath liquid interface kit. For mass correction in real-time, the reference ions purine and
hexakis(2,2,3,3-tetrafluoropropoxy)phosphazine (HP-921) were spiked into the sheath
liquid at 0.02% vol to provide constant mass signals at m/z 121.0509 and 922.0098, which
were utilized for monitoring ion suppression and/or enhancement effects. During sample
introduction into the capillary, the nebulizer gas was turned off to prevent siphoning effects
that may contribute to air bubbles and current errors upon voltage application.®® This was
subsequently turned on at a low pressure of 4 psi (27.6 kPa) following voltage application
with the ion source operating at 300 °C with a drying gas of nitrogen that was delivered at

4 L/min. The TOF-MS was operated in 2 GHz extended dynamic range under positive
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mode detection. A Vcap Was set at 3500 V while the fragmentor was 120 V, the skimmer
was 685 V and the octopole rf was 750 V. All separations were performed using bare fused-
silica capillaries with 50 um internal diameter, a 360 um outer diameter, and 100 cm total
length (Polymicro Technologies Inc., AZ). A capillary window maker (MicroSolv, Leland,
NC) was used to remove 7 mm of the polyimide coating on both ends of the capillary to
prevent polyimide swelling with organic solvents in the background electrolyte (BGE) or
aminolysis under alkaline nonaqueous buffer conditions.*® An applied voltage of 30 kV
was used for CE separations at 25 °C together while using a forward pressure of 5 mbar
(0.5 kPa). The BGE was 35 mM ammonium formate in 70% vol acetonitrile, 15% vol
methanol, 10% vol water and 5% vol isopropanol with an apparent pH of 2.3 adjusted with
the addition of formic acid. Derivatized plasma extracts and lipid standards were introduced
in-capillary hydrodynamically at 50 mbar (5 kPa) alternating between 5 s for each sample
plug and 40 s for the BGE spacer plug for a total of seven discrete samples analyzed within
a single run.® Prior to first use, capillaries were subject to a conditioning protocol by
flushing at 950 mbar (95 kPa) with MeOH, 0.1 M sodium hydroxide, deionized water, then
BGE sequentially for 15 min each. BGE and sheath liquid were degassed prior to use. For
analysis of NIST SRM-1950 by MSI-NACE-MS in negative ion mode to verify acidic
lipids not amenable by the FMOC/MTT procedure, an alkaline BGE with the same organic
solvent composition was used, but with ammonium acetate and ammonium hydroxide as
the background electrolyte and pH modifier respectively.® In this context, the same MTBE
extraction protocol was applied, but concentrated two-fold without the use of FMOC/MTT

chemical derivatization.
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3.4. Results and Discussion
3.4.1 Separation Performance Enhancement After Phospholipid Methylation.

A two-step charge-switch chemical derivatization strategy using FMOC/MTT was
developed to generate a permanent positive charge on methylated phospholipids (mPLSs) to
increase their positive electrophoretic mobility on formerly zwitterionic species, such as
phosphatidylcholines (PCs) as depicted in Figure 3.1(a). FMOC was first added as a
protecting agent to rapidly react (< 5 min) with phosphatidylethanolamines (PEs) from
plasma ether extracts since they can generate isobaric interferences with analogous PCs
following their permethylation** In this case, MSI-NACE-MS under negative ion mode
detection can directly analyze native PEs and other acidic lipids without derivatization.®®
FMOC not only reacts with PE species from plasma extract, but also with excess MTT by-
product (i.e., p-toluidine) to form a neutral adduct as shown in the reaction mechanism in
Figure S3.1. We have provided evidence of p-toluidine reactivity with excess FMOC
(Figure S3.2) together with its impact on reducing ion suppression effects when using
excess MTT following back extraction of mPLs in hexane that was superior to MTBE
(Figure S3.1) prior to analysis by MSI-CE-MS. Importantly, methylation of phosphoric
acid residues on PLs expands the separation window by improving the resolution within
lipid class species as demonstrated or mPCs in Figure 3.1(b). Furthermore, mPL species
avoid ion suppression effects that occur within the EOF due to co-migration of abundant
and electrically neutral plasma lipids (e.g., cholesterol esters, diacylglycerides) while
reducing migration times and improving sensitivity with sharper peak shapes. In all cases,

a serial injection of seven plasma extracts were analyzed rapidly within a single run by
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Figure 3.1. (a) Overview of FMOC/MTT derivatization scheme that is used as a safer alternative to
diazomethane for methylation of phosphate esters to render zwitter-ionic PLs with a net cationic charge as
their mPLs. The initial addition of excess FMOC is used react with interfering PEs that may become isobaric
with PCs following methylation while also reacting with p-toluidine as major by-product in reaction to reduce
ion suppression effects prior to hexane back extraction. (b) Series of extracted ion electropherograms in MSI-
NACE-MS under positive ion mode that highlight the large mobility shift that occurs following PL
methylation, where cationic mPCs migrate faster prior to the EOF that is prone to ion suppression due to co-
migrating neutral plasma lipids. Also, mPCs migrate as sharper peaks resulting in greater concentration
sensitivity and better separation resolution as compared to native PCs without chemical derivatization.
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MSI-CE-MS (~ 3.5 min/sample) under positive ion mode detection when using full-scan
data acquisition. This method is also able to measure methylated sphingomyelin species
(mSMs), which also undergo a distinct mobility and mass shift (+14 Da) as shown in their
MS/MS spectra acquired under positive and negative ion modes (Figure S3.4). Indeed, it
has been reported that SM can be methylated a second equivalent on their hydroxyl moiety
when using diazomethane, which results in signal splitting and lower sensitivity gain.*? In
our work, dimethylated mSM species were not detected likely due to the lower reactivity
of MTT as compared to diazomethane, which does not share the same acute toxicity

concerns and explosive workplace hazards.*?#4

3.4.2 Optimization of FMOC/MTT Phospholipid Derivatization.

MTT was originally reported as a methylation agent for esterification of carboxylic
acids*’ that allowed for the analysis of acidic metabolites in urine by GC-MS.*® Recently,
Furukawa et al.*® reported using MTT to methylate oligosaccharides containing sialic acid
residues in glycoblotting experiments prior to MALDI-MS analyses. However, this reagent
remains unexplored with little information on its reaction mechanism and suitability for
comprehensive lipidomic analyses. Importantly, MTT represents a safer liquid reagent to
handle as compared to diazomethane that is also commercially available and relatively
inexpensive. Initial studies to explore yield optimization of mPLs involved the variation
of three key experimental factors, including reaction time (0 to 180 min), MTT
concentration (50 to 900 mM) and reaction temperature (20 to 100 °C). This preliminary

study demonstrated that maximum yield for mPLs was achieved at 450 mM of MTT, with
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a reaction time of 60 min at 60 °C that consistently peaked on average at ~ 70% yield (and
as low as 40%) without the use of FMOC given its role on minimizing ionization
suppression when using high concentrations of MTT. A kinetic study was next performed
to determine that the optimal reaction time when using a two-step chemical derivatization
strategy with FMOC/MTT, where progress of the chemical derivatization was evident by a
more intense golden/amber hue with longer reaction times as shown in Figure 3.2(a).
Optimization of product yield was demonstrated when analyzing the average yield for 16
representative plasma mPC species at 20 min time intervals, where the reaction yield
plateaus at 60 min as highlighted in Figure 3.2(b). The incorporation of FMOC not only
alleviated the issue of isobaric lipid interference and ion suppression effects after hexane
back extraction but resulted in higher and more consistent quantitative yields (90.1 £ 6.4%)
as demonstrated in Figure 3.2(c). In some instances, this nearly doubled the conversion
efficiency for certain mPC (e.g., PC 36:5, PC 36:4, PC 40:6) where they only reached a
maximum of ~ 45% conversion prior to the introduction of FMOC. In all cases, the
derivatization yield was assessed by taking the ratio of the normalized signals of
underivatized PC in both a FMOC/MTT treated and untreated sample (refer to equation 1)
when using a single sample injection of plasma extract in NACE-MS. In evaluating this,
we ensured that PC resolution from the EOF was attained as to not influence signal
attenuation that may result in the appearance of higher yields due to suppression of signal
as highlighted in Figure 3.2(d). One limitation of use of the hexane washing step on plasma
extracts following FMOC/MTT derivatization was that more polar lipid classes were not

adequately extracted, including shorter-chain PCs (< C30:0) and lysophosphatidylcholines
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Figure 3.2. (a) Optimization of FMOC/MTT derivatization conditions as a function of reaction time that highlights a visible change in yellow color
intensity with longer reaction times. (b) A minimum reaction time of 60 min at 60 °C was determined to generate a quantitative and stable yield of mPCs
from reference plasma extracts based on analysis of 16 representative PCs in NIST SRM-1950. (c) Bar graphs that compare the average yield of mPCs
(~ 90%) in reference plasma extracts, where errors bars represent standard deviation (£ 1s, n=5). (d) Representative extracted ion electropherograms
highlighting the quantitative yield of mPCs without ion suppression, where reaction yields were assessed on native PCs from plasma reference samples
analyzed prior and after FMOC/MTT labeling using NACE-MS with a single sample injection to avoid co-migration with the EOF.
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(lysoPCs) which were not detected as their mPCs or had poor precision due to their low
abundance. However, most of these polar PC species can be directly analyzed when using MSI-
NACE-MS under negative ion mode detection as their acetate adducts without the use of
derivatization.®

3.4.3. Expanded Lipidome Coverage and Classification Via Mobility Maps.

Similar to the use of collisional cross-section areas for classifying lipid structures as gas-
phase ions in IMS,*! the apparent electrophoretic mobility represents an intrinsic physicochemical
parameter for classifying ionic lipids in solution by MSI-NACE-MS.%® Zwitter-ionic PC species
that migrated before the EOF under alkaline BGE conditions substantially overlapped with each
other resulting in a more narrow separation window as compared to acidic lipids, such as PEs,
phosphatidylinositols (Pls), lysophosphatidic acids (PAs), free fatty acids (FFASs). While largely
detectable, this scenario was suboptimal due to the greater potential for ion suppression and
isobaric interferences that can contribute to false discoveries when performing untargeted
lipidomics. In this context, we applied the same modelling principles using the characteristic
electromigration behaviour of derivatized mPLs to support their between and within class
annotation. Figure 3.3(a) highlights that large mobility shift and improved separation resolution
that occurs following FMOC/MTT chemical derivatization for two major classes of reactive PLs,
namely mPCs (n=50) and mSMs (n=27). These NIST SRM-1950 plasma mPLs were largely
annotated based on their sum composition with low mass error (< 5 ppm) and characteristic relative
migration times (RMTS5) or electrophoretic mobilities (Table S3.1, S3.2) with select mPLs further
characterized by MS/MS. Moreover, these mPLs also satisfied our selection criteria when using
temporal signal pattern recognition in MSI-NACE-MS to reject spurious signals and background

ions,® while also being previously reported as consensus lipids consistently measured in an inter-
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Figure 3.3 (a) Electrophoretic mobility plot as a function of the accurate mass for 76 PLs measured in reference
plasma extracts, including native and methylated PCs and SMs when using MSI-NACE-MS in positive ion
mode. As expected, a large mobility shift occurs following quantitative methylation, resulting in better separation
resolution of both mSMs and mPCs that are dependent on their chemical linkage, total fatty acyl chain carbon
numbers, and degrees of unsaturation. (b) Linear least-squares regression models can be used to predict changes
in the apparent electrophoretic mobility for plasma mPLSs, as reflected by a homologous series of saturated mPCs
(PC 30:0to PC 36:0), as well as unsaturated mPCs with the same total carbon chain length, such as mPC 36, PC
38 and PC 40 species varying from one to eight degrees of unsaturation. This approach can be used to support
lipid identification when using high-resolution MS especially when standards are lacking. A comparison of
MS/MS spectra acquired after collision-induced dissociation experiments under (c) positive and (d) negative ion
modes on derivatized and underivatized PC 40:6 from reference plasma. This confirmed the methylation of the
phosphatidylcholine head group as reflected by a characteristic methyl shift (+14 Da) when comparing the
molecular ion and base peak/product ion under positive ion mode, whereas the fatty acyl chain backbone and
their relative positioning under negative ion mode was consistent as mPC 18:0_22:6.
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laboratory harmonization study.®™ Overall, mSMs migrate with a lower positive mobility than
mPCs due to differences in their chemical linkage bonding that impacts their confirmational size
in solution for singly charged lipid cations. For instance, similar mass mPC and mSM species (i.e.,
mPC 32:1 = mSM 36:2), the latter mPL sub-class migrates later due to its longer acyl chains that
contribute to a slower positive electrophoretic mobility. Additionally, there are characteristic
mobility shift patterns evident within both lipid sub-classes,* where increasing chain length of the
fatty acyl backbone (C30-C44) and greater degrees of unsaturation (n=0-8) predictably reduces or
increases the apparent mobility for both mPCs and mSMs, respectively as previously demonstrated
for acidic lipids and FFAs.2¢® In contrast, the separation resolution of zwitter-ionic PLs without
methylation was not achieved in MSI-NACE-MS as they migrated with a small positive mobility
close to the EOF. The steepness of the slope for underivatized PLs directly reflected their
substantial overlap and poor within class separation, which were more readily prone to ion
suppression and isobaric interferences with with other neutral lipid species. The benefit of
methylation of PLs is more clearly depicted in Figure 3.3(b), which compares mobility changes
among saturated mPCs (including predicted mobility for non-detected mPCs from extrapolation
of linear equation of line), as well as a homologous series of PC 36, PC 38 and PC 40 that
demonstrate a linear increase in mobility as a function of increasing degrees of unsaturation when
using a least-squares linear regression model (R? > 0.930). Figure 3.3(c) confirms that the large
mobility shift for mPLs was a result of formation of a methylated phosphate ester head group as
shown in MS/MS spectra acquired for PC 40:6 at optimal collision energies under positive and
negative ion mode. Annotation of MS/MS spectra under positive ion mode (at 40 V) for mPC 40:6
as compared to PC 40:6 confirmed a diagnostic product ion for its methylated phosphate

headgroup (m/z 190.0982) corresponding to a mass shift of m/z 14 as compared to control (m/z
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184.0773). Additionally, annotation of MS/MS spectra acquired under negative ion mode (at 30
V) confirmed that both PC 40:6 and mPC: 40:6 contained a stearic acid (C18:0) and
docosahexaenoic acid (C22:6, DHA) with the latter likely in sn-2 position being the more abundant
species, as reflected by the signal fragment ratio of the fatty acyl chains. Interestingly, a double
formate adduct anion [M + 2Formate]- was detected to be the molecular ion for mPC 40:6 when
acquiring MS/MS spectra in negative ion mode when using formic acid in the BGE and sheath
liquid as reflected by characteristic neutral loss of m/z 60 (methylformate) that occurred twice as
compared to only once for PC 40:6. Moreover, mPC 40:6 generated a unique base peak product
ion at m/z 761.5081 under negative ion mode after a neutral loss of methylformate unlike PC 40:6
under the same collision energy conditions. Distinctive MS/MS spectra were acquired for mSM
d34:1 under positive and negative ion mode conditions (Figure S3.4) that confirmed the same
methylated phosphorylcholine head group, but lacked the detection of diagnostic fatty acyl chains
at 40 V, which may be better achieved as their lithiated adducts to lower the fragmentation energy
barrier in collision-induced dissociation.>® Also, other approaches are needed to confirm the exact
stereochemistry of mPL isomers from plasma extracts, such as the location of unsaturation and/or
geometric configuration using techniques such as ozone-induced dissociation experiments with
MS/MS.5152 Nevertheless, mobility plots generated separately for mPCs and mSMs provide
complementary information to characterize the structure of plasma PLs than accurate mass alone
when using high resolution MS (Figure S3.5), which combines the selectivity of HILIC (i.e., polar
head group/chemical linkage) and reversed-phase (i.e., total carbon chain length)

chromatography.®®
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3.4.4. Characterization of Consensus mPLs from Reference Plasma Sample.

Previously, Bowden et al.'® used NIST SRM-1950 as a commercially available reference
material in an interlaboratory comparison across 31 international laboratories, each using their own
analysis data workflows and instrumental methods when performing untargeted lipidomics.
Although 1527 unique lipid features were measured quantitatively across all laboratories, only 339
of these lipids were reported consistently by at least 5 or more participating laboratories with
adequate precision as determined by a coefficient of dispersion threshold (COD < 40%). As a
result, we aimed to validate our two-stage chemical derivatization protocol using MSI-NACE-MS
for representative mPCs and mSMs consistently measured from NIST-SRM-1950 plasma extracts
using standardized LC-MS protocols. Overall, 83 authenticated plasma mPLs from the
harmonization study were screened based on their anticipated methylated ion [M+H" + 14 Da]
under positive ion mode, including 53 PCs and 30 SMs. Previously, we outlined an iterative
workflow to screen for nontargeted lipid features using MSI-NACE-MS under negative ion mode3®
which was performed for mPLs under positive ion mode and then compared independently to
validated plasma lipids reported in Bowden et al.’® Overall, MSI-NACE-MS following
FMOC/MTT chemical derivatization and hexane back extraction was able to measure 94% (50 out
of 53) and 90% (27 out of 30) of the consensus PCs and SMs from NIST SRM-1950 plasma.*® We
also performed an untargeted analysis of acidic lipids from NIST SRM-1950 plasma ether extracts
when using MSI-NACE-MS under negative ion mode without chemical derivatization in order to
expand lipidome coverage for more polar classes of lipids while comparing the benefit of
methylation for PCs and SMs. In this case, MSI-NACE-MS was able to quantify 11/14 (79%) bile
acids (BAs), 19/25 (76%) of LPCs, but only 24/35 (69%) PE and 7/13 (54%) PI species likely due

to their lower responsiveness under negative ion mode detection while introducing small sample
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volumes in-capillary (~ 10 nL) in MSI-NACE-MS as compared to LC-MS methods. Although
only 8 FFAs acyl species satisfied validation criteria in the lipidomics harmonization study, we
noted that MSI-NACE-MS can accurately quantify more than 20 FFAs species from blood extracts
as highlighted in our previous studies.® Figure S3.6 depicts a Venn diagram of consensus lipids
from NIST SRM-1950 that were measured by MSI-NACE-MS under positive and negative ion
mode. As expected, a larger fraction (~ 50%) of PCs and SMs were measured consistently by MSI-
NACE-MS in positive ion mode as compared to negative ion mode without chemical
derivatization. This is likely due to the improved separation resolution and greater ionization
response achieved for cationic mPCs and mSMs following FMOC/MTT derivatization. However,
electrically neutral plasma lipids were not measured in our study since they remain unresolved and
co-migrate with the EOF, including cholesterol esters, diacylglycerols and triacylglycerols.
Overall, our work demonstrated that > 150 ionic lipids can be consistently measured in reference
plasma extracts when using MSI-NACE-MS under both positive and negative ion mode
configurations, including phosphatidylserines (PSs) that were not reported as consensus lipids in

the harmonization study.®

3.4.5. Quantification of Plasma mPLs Using Harmonized Reference Lipid Concentrations.
A major challenge in contemporary lipidomic research remains the accurate quantification
of blood lipids given the lack and/or high costs of lipid standards and stable-isotope internal
standards. A key advantage of MSI-NACE-MS is that ionic lipids migrate with a steady-state
mobility under isocratic BGE conditions while using a continuous sheath liquid during ionization
unlike LC-MS methods relying on gradient elution. Furthermore, multiplexed separations in MSI-
NACE-MS not only improve sample throughput, but also allow for versatile serial sample injection

configuration to encode mass spectral information temporally in a separation.®® For instance,
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Figure 3.4. (a) Representative extracted ion electropherograms for different mPC species when using
customized serial injection configuration in MSI-NACE-MS, including spike and recovery studies, serial
dilution of NIST SRM-1950, and a serial dilution of a lipid standard. (b) The lack of ion suppression effects
for mPC 40:6 and mPC 38:6 was evident based on the good mutual agreement of their relative response
factors (i.e., slope of calibration curve, uM™) acquired from 5-point calibration curves from serial dilution
of lipid standards or NIST SRM-1950 plasma. This approach allows for the potential of reliable quantitative
analysis of plasma lipids even when standards are lacking when using MSI-NACE-MS.

Figure 3.4(a) highlights that different serial injection configurations can be designed in MSI-
NACE-MS within a single run, such as a spike recovery study in NIST SRM-1950 for mPC 34:0,
a serial dilution of NIST SRM-1950 to estimate the relative response ratio of mPC 40:6, and a
serial dilution of a lipid standard for mPC 38:6 for generation of a calibration curve. Spike and
recovery experiments using four PC lipid standards were performed at three different
concentration levels (low, medium, high) ranging from 1.0 to 20 uM (n = 5). In all cases, mPCs
(and mSMs) were normalized to a single deuterated internal standard (in matching samples) given
the lack of ion suppression effects and gradient elution used in MSI-NACE-MS. Quantification of

mPCs were then performed using relative response factors (i.e., sensitivity) generated from the

94



Ph.D. Thesis — Ritchie Ly; McMaster University - Chemistry

slopes of calibration curves generated for each lipid standard or from serial dilution of NIST SRM-
1950 plasma. Figure 3.4(b) depicts two representative calibration curve overlays for mPC 38:6
and mPC 40:6, which demonstrates good mutual agreement in measured sensitivity (i.e., slope of
calibration curve) based on a least-squares linear regression model with good linearity (R? >
0.980). This comparison also confirmed the lack of matrix-induced ion suppression effects in MSI-
NACE-MS from other plasma lipids given minimal differences (bias < 2%) in the apparent
sensitivity derived from serial dilution of calibrant standards as compared to reference plasma.
However, the use of serial dilution of NIST SRM-1950 for estimation of the relative response
factor (uM™?) of mPCs and mSMs was better suited to abundant plasma PLs unlike lipid chemical
standards that permitted analysis over a wider linear dynamic range. This strategy was limited to
plasma mPLs measured in at least 5 concentration levels with adequate average precision (CV <
20%) upon serial dilution of NIST SRM-1950 using the median of mean consensus lipid
concentrations reported by Bowden et al.!® Table 3.1 summarizes the performance of MSI-NACE-
MS for reliable lipid quantification in reference plasma when using external calibration curves as
compared to serial dilution of NIST SRM-1950 plasma for four different representative mPCs. As
expected, good accuracy was achieved when quantifying mPC 34:0, mPC 38:6, and mPC 40:6 in
both spike-recovery studies, as well as unspiked reference plasma (mean bias < 10%) when using
external calibration curves by MSI-NACE-MS as compared to untargeted LC-MS methods.?®
Slightly higher bias (< 25%) was found for mPC 38:6 and mPC 40:6 concentrations in reference
plasma when compared to a targeted shotgun (separation-free) lipidomic inter-laboratory
comparison study by DI-MS/MS using a commercial lipid kit under standardized operating
conditions.t” However, lower precision and poor accuracy (mean bias ~ -50%) was noted for PC

30:0, which was attributed to hexane back extraction favouring the recovery of more lipophilic
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Table 3.1. Summary of MSI-NACE-MS validation experiments compared to reported concentrations in Bowden et al. and Thompson et al.

Lipid

PC
30:0

PC
34:0

PC
38:6

PC
40:6

Derivatized m/z

720.5538

776.6164

820.5851

848.6164

%Bias (n = 5) to plasma PL

e e g | MSI-NACE-MS Bowden et al. (2017) Thompson et al. (2019) Relative Response Factor
Serial
. Serial Harmonization External dilution of
Spike & External Diﬁlet?oar: of Cliﬁger';ia; n Dilution of Study Reported #Labs CcoD pégg c el:tef;:;id %‘tgg LOD Cil_lbrat_lon, NIST 1950
ibrati N i 9 ineari D
Recovery Calibration SRM-1950 (M) SR(I\: Ml;)SO Conc(ir'\\tﬂr)atlon Detected (%) (uM) (%) (=M) . Rt¥ L|near|t32/
(o8 ) (slope; R)
NIST 49.9% -82.8%
High Spike 7.2% 30.7% -1 -1
26+0.7 31+08 16+06 1 20 18406 39.3% 0.70 0.754 M, 0.618 UM,
Mid Spike 10.2% 34.4% 0.999 0.990
Low Spike 18.3% 44.2%
Average 11.9% 49.3%
NIST 2.1% -38.4%
High Spike -5.0% -42.7% 22+0.6 1.3+04 21+08 1 1
an=p 12 18 NA NA 0.08 0.867 UM, 1438 uM
Mid Spike -1.6% -40.7% 0.998 0.979
Low Spike -0.6% -40.1%
Average -1.3% 40.6%
NIST 0.5% 2.3%
High Spike 8.3% -6.7% 412+3.9 41.9+33 41.0+8.6 1 -1
18 11 33586 231%  0.08 0.821uM 0.807 uM
Mid Spike 4.7% 6.5% 0.999 0.997
Low Spike 24.1% 26.3%
Average 9.4% 7.1%
NIST -5.6% -6.1%
High Spike -13.2% -13.7% 13221 13.2+21 140+5.1 1 1
17 19 14951 -11.2%  0.07 0.698 uM , 0. 0.702 yM -,
Mid Spike -5.3% -5.9% 999 0.978
Low Spike 4.9% 4.3%
Average -8.0% 0.6%
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lipid species (> C30) with lower concentration levels below the quantification limit when using
MSI-NACE-MS. This discrepancy in accuracy outcomes was not observed in spike-recovery
experiments for mPC 30:0 (mean bias < 18%) which demonstrated better accuracy at increasingly
higher lipid concentration levels. We also aimed to explore an additional strategy for semi-
quantitative estimatation of plasma mPL using serial dilutions of NIST SRM-1950 in comparison
to external calibration approaches with standards. This may serve as an attractive alternative to
measure lipid species when standards are not available provided that ion suppression or
enhancement effects are minimal when analyzing plasma ether extracts. Overall, this strategy
performs well for abundant mPC 38:6 and mPC 40:6 that have higher reported baseline
concentrations in reference plasma (> 10 uM) as compared to lower abundance mPC 34:0 and
mPC 30:0 (< 2 uM) that also suffer from lower recovery following hexane back extraction. This
scenario also corresponded to fewer detectable data points (< 4) upon serial dilution of NIST SRM-
1950 needed to generate accurate response factors, which was noted for other lower abundance

mPL species.

In summary, expanded lipidome coverage was achieved in MSI-NACE-MS when using a
two-step pre-column chemical derivatization strategy to charge switch zwitter-ionic PL species
into cationic mPLs using a safer and more convenient methylation reagent than diazomethane.
Overall, 77 mPCs and mSMs were measured from reference plasma extracts with adequate
precision when using MSI-NACE-MS following FMOC/MTT derivatization that were consistent
with consensus lipids reported in an inter-laboratory harmonization study using LC-MS/MS
methods. Additionally, 69 other acidic and polar PLs from NIST SRM-1950 plasma extracts can
also be measured by MSI-NACE-MS under negative ion mode without chemical derivatization.

This approach greatly expands conventional CE-MS metabolomic protocols that rely on aqueous
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based BGE systems and are thus limited to the untargeted analysis of hydrophilic/polar
metabolites. Lipid annotation and structural classification is also supported based on predictable
changes in the apparent electrophoretic mobility for mPCs and mSMs that are dependent on polar
head group/chemical linkage, total carbon length and degrees of unsaturation. Advantages of this
MSI-NACE-MS protocol include greater throughput (~ 3.5 min/sample) and minimal ion
suppression effects that allows for unique data workflows for data acquisition and lipid
authentication in comparison to other separation platforms that utilize single sample injections.
Also, MSI-NACE-MS offers as a platform more amenable to standardization since it operates
using only a bare-fused silica capillary under an isocratic nonaqueous buffer system unlike other
competing LC-MS platforms that use different column types and gradient elution programs,
including reversed-phase and HILIC-MS. However, MSI-NACE-MS with a coaxial sheath liquid
interface suffers from higher detection limits and lower concentration sensitivity for ionic lipids
as compared to LC-MS methods due to the smaller sample volume introduced on-capillary (~ 10
nL). Furthermore, certain neutral lipid classes are not resolved or reliably measured by this method
as they co-migrate with the EOF. Nevertheless, we anticipate that this two-stage methylation
strategy and sample workup protocol may be more widely used than diazomethane and its
derivatives when performing lipidomic studies by DI-MS/MS and LC-MS/MS as a way to enhance
ionization efficiency and optimize chromatographic performance. For example, labelling using
trimethylsilyated diazomethane improved reversed-phase LC analysis of fatty acyl-coenzymes in
biological samples due to the high affinity of phosphate groups that absorb onto glass/metallic
surfaces.® Also, methylation using TMS diazomethane was also applied to increase
hydrophobicity and reduce the chelating effect of phytic acid, a common branched-chain fatty acid

antioxidant added in foods that can reduce the bioavailability of minerals.>® Future studies are
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underway to better characterize other mPC lipid sub-classes, including isobaric plasmalogens
when using MSI-NACE-MS, while applying this approach in larger-scale untargeted lipidomic
studies for biomarker discovery. Also, the potential for reliable semi-quantitative determination of

PLs by MSI-NACE-MS based on serial dilution of reference serum will be further validated.

3.6. Conclusion

In this work, we describe a two-step charge-switch chemical derivatization strategy using
FMOC/MTT for methylation of zwitter-ionic plasma PL species to expand lipid profiling coverage
by MSI-NACE-MS under positive ion mode conditions. FMOC was used as a compatible
protecting agent to prevent generation of PE isobaric species that also reduced ion suppression
effects from excess MTT by-products prior to hexane back extraction. We optimized the efficacy
of this reaction to generate quantitative and reproducible yields of 77 cationic mPCs and mSMs
authenticated in reference plasma ether extracts when using MSI-NACE-MS under positive ion
mode, which comprised 93% of consensus lipids reported in an inter-laboratory lipidomics
harmonization study. Overall, methylation of PLs resulted in improved separation resolution,
faster analysis times, reduced ion suppression, and allowed for better lipid structural classification
based on changes in their positive electrophoretic mobility using a linear regression model. This
method is optimal for large-scale lipidomic studies requiring higher sample throughput with
stringent quality control, as well as lower sample volume requirements (~ 2 uL). We also
demonstrated good precision and accuracy when quantifying lipophilic mPCs (> 30) from
reference plasma samples above their quantification limit, including the potential for use of serial
dilution of NIST SRM-1950 human plasma to estimate relative response factors for lipids lacking
standards. Overall, this work represents the first introduction of a hitherto unrecognized lipidomics

platform based on MSI-NACE-MS that takes advantage of a methylation strategy as a cost-
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effective and practical alternative to diazomethane without unwarranted hazards and safety

precautions.
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Figure S3.1. Proposed mechanism for methylation of phospholipids using MTT. Briefly, this
reaction involves a proton transfer to amino group of MTT for activation to increase its electrophilic
character resulting in formation of p-tolyltriazene and a methylated phosphate ester head group with
a net cationic charge on the phospholipid. This reaction subsequently liberates N, gas with
concomitant generation of p-toluidine as a major by-product.
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Figure S3.2. Reaction scheme depicting p-toluidine by-product generation after methylation of
phospholipids from MTT. Prior to the introduction of FMOC, a single charged molecular ion
[M+H]* associated with formation of p-tolidine (m/z 108) was observed in the separation window
of derivatized PC species. FMOC not only was required to react with PEs to prevent interference
with isobaric PC species, but also to react with p-tolidine (to form a neutral adduct) and thus prevent
ion suppression effects as it otherwise migrated close to methylated phospholipids when using MSI-
NACE-MS.
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Figure S3.3. An extracted ion electropherogram overlay of purine (m/z 121.0509) used as reference
mass calibrant in the sheath liquid solution under different sample workup conditions following
FMOC/MTT derivatization of NIST SRM-1950 plasma extracts by MSI-NACE-MS under positive
ion mode detection. Two major regions of ion suppression correspond to excess MTT by-product
(e.g., p-toluidine) and the EOF, where abundant neutral lipid classes co-migrate (e.g., cholesterol
esters, diacylglycerides). Two different organic solvents (i.e., MTBE vs. hexane) were used for
back extraction of methylated phospholipids following chemical derivatization in order to reduce
ion suppression effects as compared to a standard run without washing (black trace). Notably, the
use of hexane (red trace) outperformed MTBE (blue trace) resulting in a superior sample cleanup
that greatly reduced ion suppression effects from excess reagents in a region where cationic
methylated phospholipids migrate in MSI-NACE-MS.
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Figure S3.4. MS/MS spectra acquired after CID experiments on derivatized mSM d34:1 in positive
and negative ion mode. For positive ion mode, a methyl shift [+14 Da] as shown in the base peak
product ion (m/z 198.0888). Formate adducts for mSM d34:1 were selected in negative ion mode,
however acyl fatty acid product anions were not detected at this collision energy unlike mPCs.

108



Ph.D. Thesis — Ritchie Ly; McMaster University - Chemistry

(a)
700 4 mPC Mobility Map
880
860 ..‘,,_.
e o
840 1 \ Y ® & ~rca0s
® ‘@9
820 1 PC O-42:5/P-42:4 .-.._0 [}
. @ PC O-36:5/P-36:4/35:5
&N Qe -2 @
S 800 ® o l
(] .~.
780 1 @ PN
®. @
760 - ©® o o ®
740 1 ® &e o
y = -5.34 E+06x + 1874 ® gy
| R?=0.888
720 O —pc 300
700 . . . r r r s
19E-04  1.9E-04 20E-04 2.0E-04 21E-04 21E-04 2.2E-04 22E-04
Electrophoretic Mobility (cm?/Vs)
(b) 900 - -
mSM Mobility Map (MSI-NACE-MS [+])
+— SM d44:2
850 ©
@]
000
S
800 - @ 0o
N oo
S © oe
\ 0]
750 - o ®0 3.
SM d38:1 '\ SMd3z:2
e /
700 - SM d36:0 o
y = -5.29 E+06x + 1732 ®
R2=0.9452
650

1.7E-04 1.7E-04 1.8E-04 1.8E-04 1.9E-04 1.9E-04 2.0E-04 2.0E-04
Electrophoretic Mobility (cm2/Vs)

Figure S3.5. (a) Mobility map depicting all mPC species (n=50) and (b) mSM species (n=27)
detected from NIST SRM-1950 human plasma extracts after FMOC/MTT derivatization using
MSI-NACE-MS in positive ion mode with full-scan data acquisition.
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MSI-NACE-MS (+)

Total: 77/83 (92.7%)

PC: 50/53
SM: 27/30

Figure S3.6. Venn diagram summarizing the coverage of consensus lipids reported by Bowden et
al.™® from NIST SRM-1950 plasma ether extracts when using MSI-NACE-MS under positive (with
FMOC/MTT derivatization) and negative ion mode (no derivatization). Due to the hexane back
extraction clean up used to reduce ion suppression from excess MTT by-products, hydrophilic/polar
PLs (PCs < C30, LPCs, PIs, PAs, FFAs) were better suited for their direct analysis by MSI-NACE-
MS under negative ion mode without methylation. Importantly, a larger fraction (~ 50%) of
methylated PCs and SMs were measured in MSI-NACE-MS under positive as compared to negative
ion mode due to the improved separation resolution and ionization response. Other ionic lipids from
plasma extracts that were not reported (e.g., phosphatidylserines) or did not satisfy criteria in the
harmonization study have not been included. Also, neutral lipid classes (e.g., cholesterol esters,
diacylglycerols) are not reliably quantified by MSI-NACE-MS under these conditions as they co-
migrate with the EOF.
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Table S3.1. Plasma phospholipids measured from NIST-SRM 1950 serum by MSI-NACE-MS in
positive ion mode detection hat met acceptance criteria in the lipidomics harmonization study.®

. . Derivatized | Actual | Mass Error Electrop'h'oretlc Molecular
Lipid Species m/z Mass (ppm) Mobility Formula
P (cm?/Vs) x 10 |  [Methylated]
PC 30:0 720.5538 | 720.5518 -2.71 2.142 C39H79NO8P
PC 0-32:2/P-
32:1/31:2 730.5382 | 730.5376 -0.75 2.140 C40H77NO8P
PC 0-32:1/P-
32:0/31:1 732.5538 | 732.5512 -3.48 2.128 C40H79NO8P
PC 0-32:0/31:0 734.5695 | 734.5624 -9.60 2.100 C40HB81NOS8P
PC 32:3 742.5382 | 742.5394 1.68 2.137 C41H77NO8P
PC P-33:1/32:2 7445538 | 744.5478 -7.99 2.120 C41H79NO8P
PC 32:1 746.5695 | 746.5653 -5.56 2.106 C41HB81NOS8P
PC 32:0 748.5851 | 748.5798 -7.01 2.085 C41HB83NO8P
PC 0-34:3/P-
34:2/33:3 756.5538 | 756.5608 9.32 2.100 C42H79NO8P
PC 0-34:2/P-
34:1/33:2 758.5695 | 758.5742 6.26 2.066 C42HB1NOS8P
PC O-34:1/P-
34:0/33:1 760.5851 | 760.5859 1.12 2.050 C42HB3NO8P
PC 0-34:0/33:0 762.6008 | 762.5958 -6.49 2.051 C42H85NO8P
PC 34:5 766.5382 | 766.5341 -5.28 2.121 C43H77NO8P
PC 0-35:4/34:4 768.5538 768.55 -4.88 2.095 C43H79NO8P
PC P-35:2/34:3 770.5695 | 770.5668 -3.44 2.066 C43HB81NOS8P
PC P-35:1/34:2 772.5851 | 772.5835 -2.01 2.049 C43HB83NO8P
PC 34:1 774.6008 | 774.6041 4.32 2.036 C43H85NO8P
PC 34:0 776.6164 | 776.6084 -10.24 2.038 C43HB7NO8P
PC P-36:5/35:6 778.5382 | 778.5457 9.70 2.040 C44H77NOS8P
PC O-36:5/P-
36:4/35:5 780.5902 | 780.6045 18.38 2.092 C44H79NOS8P
PC O-36:4/P-
36:3/35:4 782.6059 | 782.5923 -7.31 2.057 C44HB81NOS8P
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PC 0-36:3/P-
36:2/35:3 784.6215 | 784.6029 |  -3.64 2.031 C44H83NO8P
PC O-36:2/P-
36:1/35:2 786.6372 | 786.6213 |  -8.15 2.019 C44H85NO8P
PC O-36:1/P-
36:0/35:1 788.6528 | 788.6235|  -7.09 2.006 C44H87NOSP
PC 366 7925538 | 7925529 |  -1.07 2.049 C45H79NOSP
PC 365 7945695 | 7945594 | -12.65 2.042 C45H8INOSP
PC 36:4 796.5851 | 796.5834 |  -2.07 2.037 C45H83NO8P
PC 36:3 798.6008 | 798.6018 1.31 2.014 C45H85NO8P
PC 362 800.6164 | 800.6123 |  -5.06 1.988 C45H87NO8P
PC 361 802.6321 | 802.6372 6.42 1.979 C45H89NO8P
PC P-38:6/36:0 804.6477 | 804.6363 |  -4.11 1.975 C45H9INOSP
PC O-38:6/P-
38:5/37:6 806.5695 | 806.5703 1.05 2.030 C46H81NOSP
PC O-38:5/P-
38:4/37:5 808.5851 | 808.5925 9.21 2.015 C46H83NO8P
PC O-38:4/P-
38:3/37:4 810.6008 | 810.6009 0.19 1.986 C46H85NOSP
PC 0-38:3/P-
38:2/37:3 812.6164 |812.6074 | -11.01 1.979 C46H87NOSP
PC0-38:2/37:2 | 814.6321 | 8146281 | -4.85 1.968 C46H8INOSP
PC 386 8205851 | 8205828 | -2.74 1.996 C47H83NO8P
PC 385 822.6008 | 822.596 5.77 1.985 CA7TH85NO8P
PC 38:4 824.6164 | 824.6153 | -1.27 1.975 CATH87NOSP
PC 38:3 826.6321 | 826.6256 | -7.80 1.962 CA7THBINOSP
PC 38:2 828.6477 | 828.6443 | -4.04 1.939 CATHIINOSP
PC 0-40:7/P-
40:6/39:7 832.5851 | 832.5971 4.47 1.984 C48H83NO8P
PC O-40:5/P-
40:4/39:5 836.6164 | 836.6099 |  -7.71 1.948 C48HB7NOSP
PC 0-40:4/P-
40:3/39:4 838.6321 |838.6276| -5.31 1.928 C48HBINOSP
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PC 40:8 844.5851 | 844.5857 0.77 1.999 C49H83NO8P
PC 40:7 846.6008 | 846.5933 -8.80 1.954 C49H85N0O8P
PC 40:6 848.6164 | 848.6146 -2.06 1.933 C49H87NOS8P
PC 40:5 850.6321 850.633 1.12 1.920 C49H8I9NO8P
PC 40:4 852.6477 | 852.6474 -0.29 1.917 C49H91INOS8P
PC 0-42:5/P-42:4 864.6841 | 864.6421 -8.51 1.896 C51H95NO7P
SM d32:2 687.5436 | 687.5316 -7.38 1.979 C38H76N206P
SM d32:1 689.5592 | 689.5532 -8.63 1.976 C38H78N206P
SM d33:1 703.5749 | 703.5685 -9.03 1.956 C39HB0N206P
SM d34:2 715.5749 | 715.5746 -0.35 1.923 C40HBON206P
SM d34:1 717.5905 | 717.5886 -2.58 1.916 C40H82N206P
SM d34:0 719.6062 | 719.5999 -8.69 1.916 C40H84N206P
SM d36:3 741.5905 | 741.5911 0.88 1.884 C42H82N206P
SM d36:2 743.6062 | 743.6078 2.22 1.872 C42H84N206P
SM d36:1 745.6218 | 745.6162 -7.44 1.866 C42H86N206P
SM d36:0 747.6375 | 747.6334 -5.42 1.813 C42HB88N206P
SM d37:1 759.6375 | 759.6326 -6.38 1.854 C43HB88N206P
SM d38:3 769.6218 | 769.6324 3.84 1.820 C44HB6N206P
SM d38:2 771.6375 | 771.6292 -10.69 1.801 C44HB88N206P
SM d38:1 773.6531 | 773.6426 -13.51 1.768 C44H90N206P
SM d39:2 785.6531 | 785.6445 -10.88 1.783 C45H90N206P
SM d39:1 787.6688 | 787.6634 -6.79 1.768 C45H92N206P
SM d40:3 797.6531 | 797.6523 -0.94 1.755 C46HI90N206P
SM d40:2 799.6688 | 799.6628 -1.44 1.747 C46H92N206P
SM d40:1 801.6844 | 801.6764 -9.92 1.722 C46H94N206P
SM d41:3 811.6688 | 811.6622 -8.07 1.750 C47H92N206P
SM d41:2 813.6844 | 813.6793 -6.21 1.744 C47H94N206P
SM d41:1 815.7001 | 815.6894 -13.06 1.734 C47HI96N206P
SM d42:3 825.6844 | 825.6804 -4.78 1.724 C48H94N206P
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SM d42:2 827.7001 | 827.6957 -5.26 1.730 C48H96N206P
SM d42:1 829.7157 | 829.7111 -5.48 1.713 C48H98N206P
SM d43:2 841.7157 | 841.7108 -5.76 1.728 C49H98N206P
SM d44:2 855.7314 | 855.7512 3.20 1.701 C50H100N206P

Table S3.2. Plasma phospholipids from NIST SRM-1950 measured by MSI-NACE-MS that did
not meet acceptance criteria in the lipidomics harmonization study.®

Lipid Species Derir\ﬁ:ized A'\(;I;L:I Mez;splf;)ror I\/Il_:tli)clltlrt?/p(r::(r;rf/t\llcs) '\Igglre;ltjjllzr
x 10 [Methylated]
PC 30:1 718.5382 | 718.5376 -0.77 2.144 C39H77NO8P
PC 38:1 830.6634 | 830.6596 -4.51 1.930 C47H93NO8P
Pig;ggfép' 834.6008 | 834.6042 4.13 1.925 C48H85NO8P
PC O-44:5/P-44:4 | 8927156 | 892.7051 -11.71 1.872 C53H99NO7P
SM d38:0 775.6688 | 775.6788 12.96 1.764 C44H92N206P
SM d40:0 803.7001 | 803.7122 15.12 1.717 C46H96N206P
SM d42:4 827.7001 | 827.6912 -10.69 1.730 C48H96N206P
SM d44:3 853.7157 | 853.7038 -13.88 1.709 C50H98N206P
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4.1. Abstract

Decades of contentious public health guidelines to reduce dietary fat intake has
spurned the need for objective biomarkers associated with cardiometabolic health for
chronic disease prevention, such as the omega-3 index (O31). Conventional methods for
determination of O3l status however rely on the analysis of omega-3 fatty acid content from
erythrocyte phospholipid membrane that is not convenient for routine population-based
screening. Herein, we applied a high-throughput method for untargeted lipidomic analysis
using multisegment injection-nonaqueous capillary electrophoresis-mass spectrometry to
identify circulating phospholipid species that may serve as surrogate biomarkers of O3l
status in two independent placebo-controlled intervention trials. An accelerated data
workflow using a sub-group analysis of serum extracts from placebo and high-dose fish oil
(FO) treatment participants confirmed that dietary omega-3 fatty acids were predominately
uptaken as their phosphatidylcholines (PCs) in comparison to other serum phospholipid
pools. Consistently in both FO (5.0 g/day) and docosahexaenoic acid (DHA) or
eicosapentaenoic acid (EPA)-specific (3.0 g/day) intervention studies, serum PC
(16:0/20:5) was most responsive (> 7-fold change from baseline) to supplementation (> 28
days) as compared to various DHA containing PCs, notably PC (16:0/22:6) (> 2-fold
change from baseline), reflective of preferential incorporation of EPA into these circulating
lipid pools. We also demonstrated that the sum of serum PC (16:0/20:5) and PC (16:0/22:6)
was positively correlated to O31 measurements when using FO (r = 0.717, p = 1.62 x 10
11 n=69), as well as DHA or EPA (r =0.764, p = 3.00 x 10-%, n=167) with most participants

improving their O3I status > 8.0%. However, DHA was more efficacious in improving O3l
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(AO31=4.90 £ 1.33) compared to EPA (AO3I =2.99 £ 1.19) that was dose dependent with
large between-subject variability. We conclude that MSI-NACE-MS offers a promising
multiplexed separation platform for more convenient assessment of O3l status using
specific PCs derived from widely available serum or plasma specimens. This work can
support nutritional epidemiological studies exploring the role of essential dietary fats in
human health while optimizing individual responses to dietary or pharmacological

interventions based on specific omega-3 fatty acid formulations.

4.2. Introduction

Evidence-based nutritional policies are urgently needed given an alarming increase
in the prevalence of obesity and chronic disease burden worldwide® despite longstanding
recommendations to reduce fat intake as a heart healthy diet.? Public health guidelines have
historically focused at assessing particular types of fat as opposed to overall diet quality
and specific essential nutrients®, such as omega-3 fatty acids (FAs) that comprise a small
fraction of total fats in contemporary Western diets.* For instance, the American Heart
Association Nutrition Committee recommends consumption of oily fish/seafood as a
source of dietary omega-3 FAS up to twice a week to reduce cardiovascular disease (CVD)
risk especially if it replaces less healthy processed foods.® This is significant because unlike
saturated or monounsaturated FAs, humans are unable to synthesize sufficient amounts of
omega-3 FAs that are enriched within the cellular membrane of certain tissues/organs (e.g.,
retina, brain, heart), such as docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA)

— thus, dietary sources primarily of marine origin are essential.® In addition to modifying
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membrane composition and cellular function, omega-3 FAs also mediate inflammatory
processes via various mechanisms of action, such as formation of resolvins and other anti-

inflammatory lipid mediators.’

The content of DHA and EPA from commonly consumed wild fish species can vary
more than a 100-fold, with larger variation in farmed fish depending on local feeding
practices.® Alternatively, commercial fish oil (FO) dietary supplements offer a way to
ensure adequate omega-3 FA nutrition in conjunction with emerging microalgae sources®
and prescription omega-3 FA products.'® Nevertheless, most childbearing age and pregnant
women do not meet their recommended dietary intake of omega-3 FAs.*! This is critical to
early stages of fetal neurodevelopment with growing evidence that greater intake of omega-
3 FAs may reduce premature and low weight births.*? Yet, there have been conflicting
results from clinical trials on omega-3 FAs in cardiovascular disease protection.*® This
likely stems from inadequate dosage regimens using impure formulations that do not target
responsive patients with hypertriglyceridemia,** which may also effectively reduce CVD

events in current and former smokers.®

To date, nutritional epidemiological studies have largely relied on food frequency
questionnaires to estimate omega-3 FA dietary fat intake for chronic disease risk
assessment.'® Alternatively, biomarkers may offer a more reliable way to assess nutritional
status'’ given between-subject differences in omega-3 FA bioavailability and metabolism,
while also verifying dietary adherence during intervention studies. In this case, the omega-
3 index (O31), defined as the erythrocyte EPA + DHA content from phospholipid (PL) as

a mole percent to total fatty acids, has been proposed as a novel biomarker of coronary
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heart disease risk and sudden cardiac death complementary to traditional risk factors.®
Moreover, O3l status can be stratified based on defined cut-off values, where < 4% is
considered high risk, 4-8% being intermediate risk, and low risk > 8%,° as confirmed
independently in a meta-analysis from 19 cohort studies.?® For example, the mean O3l
index for Canadian adults has been reported as 4.5% with less than 3% of the population
classified with high cardioprotection (i.e., O3l > 8%) that was dependent on age, ethnicity,
fish consumption, supplement use, smoking status and obesity.?* Although PL erythrocytes
reflect habitual omega-3 FA intake patterns over a medium-term time interval (~ 2 months)
as compared to other more dynamic circulating PL class pools,?>?* previous studies have
demonstrated a moderate correlation of O31 with EPA and DHA PL content measured in
plasma or whole dried blood.*® Indeed, disadvantages of existing O31 index and omega-3
FA protocols include the need to access erythrocytes, which are not widely available in
biorepositories unlike fasting plasma, serum or whole blood.?* Also, gas chromatography
(GC) is often used for omega-3 FA determination from PL erythrocyte hydrolysates, but
requires complicated sample workup and PL fractionation procedures not amenable to

large-scale clinical or epidemiological studies.?

Herein, we performed an untargeted lipidomic analysis on fasting serum or plasma
samples to identify robust PL biomarkers of O3l in young Canadian adults that were
replicated independently in two placebo-controlled intervention trials using high-dose
omega-3 FAs (~ 3 or 5 g) derived from either FO, DHA or EPA.?%%" We previously
demonstrated that the sum of DHA and EPA measured as their free (non-esterified) FAs in

serum ether extracts were associated with daily intake of fish/FO daily servings,?®?°
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however serum EPA was more responsive than DHA to high-dose FO ingestion.Z In this
study, we aimed to validate a panel of specific PL species that may serve as convenient
surrogates of O3l when using a multisegment injection-nonaqueous capillary
electrophoresis-mass spectrometry (MSI-NACE-MS).%® This multiplexed separation
method allows for higher throughput analyses (~ 3.5/min sample) while using novel data
workflows for biomarker discovery, which allows for comprehensive PL screening when
combined with a two-step chemical derivatization protocol. Our work offers a convenient
way to measure O3I status for risk assessment of cardiovascular health while requiring only

small volumes of blood as a way to expand its overall clinical utility.

4.3. Experimental

4.3.1. Study Designs, Participants and Cohorts

In the first study, fasting serum samples were derived from participants in a
randomized, double-blinded, placebo-controlled intervention study that investigated the
effects of FO supplementation on attenuating skeletal muscle disuse atrophy following leg
immobilization.?® This clinical trial was registered at the US National Library of Medicine
(https://clinicaltrials.gov/) as NCT03059836. Briefly, this study involved a cohort of
healthy young women with a mean age of 22 years (range: 19-31 years) and BMI of 24
kg/m? (range: 18-26 kg/m?) that were recruited locally from the Hamilton area. These
participants received either an active treatment arm of a high-dose omega-3 FA from FO
(3.0 g EPA and 2.0 g DHA daily; n =9) or a placebo control based on an isoenergetic and
volume equivalent sunflower oil (SO) daily (n = 9). Repeat serum samples were collected

from participants at baseline and at 28, 42 and 56 days throughout the intervention. All
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fasting serum samples were then stored frozen at -80 °C. Further details on blood collection,
participant selection and exclusion criteria, and erythrocyte PL omega-3 FA analysis for
03I determination are described elsewhere.?® Briefly, lipids were extracted from red blood
cells using the Folch method®! in chloroform-methanol (2:1 v/v) containing butylated
hydroxytoluene (0.01%) as an antioxidant and heptadecanoic acid as an internal standard.
From here, PL fractions were isolated by thin-layer chromatography silica plates (Silica
Gel 60, 0.22 mm; Merck, Kenilworth, NJ, USA) where heptane:isopropylether:acetic acid
(60:40:3, v/viv) was used as the resolving solution. Gel bands were scraped off the plate
and transferred into screw cap tubes to be subjected to transmethylation with BF3 in
methanol. Fatty acid methyl esters (FAMES) were then dissolved in hexane and analyzed
using a Hewlett-Packard 5890 Series Il GC with flame-ionization detector while using a
Varian CP-SIL capillary column (100 m, internal diameter of 0.25 mm) (Palo Alto, CA,
USA). These measurements were then used to calculate the O3I by taking the sum of

quantified EPA and DHA relative to the total sum of measured lipids.

In the second study, fasting plasma samples were collected from participants in a
randomized, double-blinded, multiarm, placebo-controlled parallel group trial comparing
the effects of supplementing with either ~ 3 g/day EPA, DHA, or olive oil (OO) over a 12-
week period.?” Anthropometric measurements (age, height, body weight and BMI) were
obtained for participants on study day visits and summarized in Table S1. Purified EPA
(KD-PUR EPA700TG) and DHA (KD-PUR DHA700TG) oils, as well as OO were
obtained from KD Pharma (Bexbach, Germany) where EPA and DHA were in their

triglyceride forms. The FA content of these supplements was previously reported to be
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75.7% = 0.01% for oleic acid (C18:1) in the OO supplement, 74.7% + 0.09% EPA and
0.55% £ 0.01% DHA in the EPA supplement, and 72.3% + 1.3% DHA and 1.05 £ 0.11%
EPA in the DHA supplement.®? All of the capsules contained 0.2% tocopherol to prevent
oxidation of fatty acids. Exclusion criteria included use of FO supplements within the
previous 3 months, > 2 servings of fish/seafood or other omega-3 FA-rich products per
week, prescribed medication use (except oral contraceptives), current smoking and history
of CVD. Participants were assigned via block randomization with stratification by sex to
one of three treatment arms, namely 1) OO supplement (n = 30), 2) EPA supplement (n =
30) and 3) DHA supplement (n = 30). In this context, participants were instructed to
maintain their regular exercise and dietary habits throughout the entirety of the study. After
overnight fasts, participants were subject to blood sampling at the Human Nutraceutical
Research Unit at the University of Guelph before (baseline) and after (endpoint) of the 12-
week supplementation period. Blood was collected into EDTA-treated vacutainers was
used to isolate plasma and erythrocytes. Samples were separated by centrifugation at 700
x g at 4 °C for 15 min. Frozen erythrocyte samples were shipped to the Medical University
of Bialystok, Poland on dry ice for fatty acid composition analysis using a standardized

protocol as described above.

4.3.2. Sample Workup, Extraction and Derivatization Procedure for MSI-NACE-MS

Serum and plasma samples were subject to a two-step derivatization protocol using
9-fluorenylmethyoxycarbonyl chloride (FMOC) and 3-methyl-1-p-tolyltriazene
(FMOC/MTT) as outlined in Chapter I11. This was needed to improve separation resolution

and ionization efficiency by converting zwitter-ionic PL species that co-migrate with the
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electroosmotic flow (EOF) into methylated phosphatidylcholines (mPCs) and methylated
sphingomyelins (MSMs) with a permanent positive charge when using MSI-NACE-MS
under positive ion mode detection. Briefly, in a glass sample vial, a 50 pL aliquot of sample
was first subject to a methyl-tert-butyl ether (MTBE) extraction, where 100 pL of methanol
with 0.01% of butylated hydroxytoluene as antioxidant, was added to samples containing
PC 16:0-ds2 as a recovery standard. Samples were briefly shaken to induce protein
precipitation. Next, 250 uL of MTBE is added and shaken prior to adding 100 pL of water
to induce phase separation. Samples are then centrifuged at 4000 g at 4 °C where then 200
pL of the organic layer is transferred into a new glass vial and dried down. Next samples
are then subject to 100 pL of 0.2 mg/mL FMOC containing PC 18:0-d7o as a secondary
internal standard and shaken for 5 min before drying down again. Next, 50 uL of MTBE
containing 450 mM of MTT is added to the glass vial with the lid sealed with Teflon tape.
This vessel was then heated to 60 °C for 60 min. Once the reaction is complete, the solution
was dried down and then subject to a back extraction, where 100 uL is added, followed by
250 pL of hexane and then 200 pL of water before centrifuging for 10 min at 4000 g at 4
°C. Then, 200 uL of the organic layer was transferred out and dried down. Once completely
dried, samples were subsequently reconstituted in 50 pL  containing
acetonitrile/isopropanol/water (70:20:10) with 10 mM ammonium formate containing
internal standards PC 18:0-d7 (5 uM) and benzyltriethylammoniumchloride (BTA) (1.0
uM, and of PC 16:0-de2 (5 uM) prior to analysis by MSI-NACE-MS with full-scan data
acquisition in positive ion mode. Plasma and serum ether extracts were also analyzed

directly without methylation, namely acidic/polar PLs (e.g., lysophosphatidylcholines,

123



Ph.D. Thesis — Ritchie Ly; McMaster University - Chemistry

phosphatidylethanolamines, phosphatidylinositols) when using MSI-NACE-MS under
negative ion mode detection as described elsewhere.*° Briefly, a 50 pL aliquot were first
subject to a methyl-tert-butyl ether extraction where 100 uL of MeOH with 0.01% of
butylated hydroxytoluene, antioxidant, is added to samples containing deuterated myristic
acid C14:0-d»7 as a recovery standard. Following rigorous shaking, phase separation was
then induced through the addition of water where samples are then centrifuged to sediment
protein at the bottom of the vial at 4000 g at 4°C for 30 min. The formation of a biphasic
solution enables for the top, lipid rich ether layer to be extracted at a fixed volume (200
ML) where then it was dried under a gentle stream of nitrogen gas at room temperature. The
dried extracts were then concentrated 2-fold by reconstitution in 25 pL acetonitrile-
isopropanol-water (70:20:10 v/v/v) with 10 mM ammonium acetate and 50 uM of

deuterated stearic acid C18:0-dss as an internal standard.

4.3.3. Untargeted and Targeted Lipidomics of Serum/Plasma Ether Extracts by MSI-
NACE-MS

An Agilent 6230 TOF mass spectrometer equipped with a coaxial sheath liquid ESI
ionization source was used with an Agilent G7100A capillary electrophoresis (CE) unit for
all experiments (Agilent Technologies Inc.). To supply a sheath liquid during separations,
an Agilent 1260 Infinity isocratic pump delivered a solution containing 80% vol methanol
with 0.1% vol. formic acid at a flow rate of 10 uL/min into the sprayer. All separations
were performed using bare fused-silica capillaries with an internal diameter of 50 pum, outer
diameter of 360 um and total length of 110 cm (Polymicro Technologies Inc.). During

electrophoresis, the applied voltage was set to 30 kV with the CE operating at 25 °C and
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providing an isocratic pressure of 10 mbar (1 kPa). The background electrolyte was 35 mM
ammonium formate in 70% vol acetonitrile, 15% vol methanol, and 5% vol isopropanol
with an apparent pH of 2.3 that was adjusted by the addition of formic acid. Derivatized
ether extracts were injected hydrodynamically at 50 mbar (5 kPa) alternating between 5 s
for each sample plug and 40 s for the background electrolyte spacer plug to total seven
discrete samples that were analyzed within 30 min for a single experimental run. Repeat
QC samples were created by pooling samples from different study cohorts and introduced
in a randomized position for each MSI-NACE-MS run to assess and monitor the technical
precision of the method in both FO (n = 13) and EPA or DHA (n = 29) supplementation
trials. All extracts were analyzed in positive ion mode acquisition with a Vcap at 3500V with
full-scan data acquisition over the range of (m/z 50-1700). For negative mode analysis of
sub-group samples, the sheath liquid consisted of 80% vol methanol with 0.5% vol
ammonium hydroxide delivered at a flow rate of 10 pL/min using a CE-MS coaxial sheath
liquid interface kit. The separations were performed on the same bare fused-silica
capillaries with internal diameter of 50 um, outer diameter of 360 um and total length of
95 cm. The applied voltage was set to 30 kV at 25 °C for CE separations using an isocratic
pressure of 20 mbar (2 kPa). The background electrolyte consisted of 35 mM ammonium
acetate in 70% vol acetonitrile, 15% vol methanol and 5% vol isopropanol with an apparent
pH of 9.5 that was adjusted using the addition of 12% vol ammonium hydroxide. These
underivatized serum and plasma ether extracts were injected hydrodynamically at 50 mbar
(5 kPa) alternating between 5 s for each sample plug and 40 s for the background electrolyte

spacer for a total of seven discrete samples that were analyzed within a 30 min run,303334
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The TOF was operated in negative ion mode acquisition with Vcap at 3500 V for full-scan

data acquisition over the range of (m/z 50-1700).

4.3.4. Data Processing and Statistical Analysis

All MSI-NACE-MS data was analyzed using Agilent MassHunter Workstation
Software (Qualitative Analysis Version 10.0, Agilent Technologies, 2012). All molecular
features were extracted in profile mode within a 10 ppm mass window where derivatized
lipids were annotated on the basis of the characteristic m/z corresponding to their
derivatized molecular ion (mPC) and relative migration time (RMT), reflecting the
electrophoretic mobility for cationic lipids. The manually integrated peak areas obtained
from the extracted ion electropherograms were normalized to PC-164s2 to determine
relative peak areas and RMT. Extracted ion electropherograms were integrated after
smoothing using a quadratic/cubic Savitzky-Golay filter (7 points). Regression analysis and
correlation plots were performed using Excel (Microsoft Office). Visualization of data, heat
maps, comparing technical variance of QC samples with overall biological variance
between  subjects was conducted using  MetaboAnalyst  version 5.0
(www.metaboanalyst.ca). Normality tests and nonparametric statistical analysis was
performed using IBM SPSS version 23 (IBM), whereas MedCalc version 12.5.0 (MedCalc
Software) was used to generate boxplots and control charts. A two-way between and
within-mixed-model ANOVA (treatment; time) was used for assessing the impact of high-
dose FO supplementation at three times points as compared to baseline. For the study
involving separated DHA or EPA supplementation, a Wilcoxon-Signed Ranked test was

performed to evaluate treatment effects after confirming non-normally distributed data. A
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Pearson correlation coefficient was used to test association between lead candidate omega-

3 PLs and FAs analyzed from the hydrolyzed erythrocyte PL fraction.

4.4 Results and Discussion

4.4.1. Rapid Screening for Serum Phospholipids Responsive to High-Dose FO
Supplementation

In this work, we initially performed an untargeted screen for serum PLs associated
with omega-3 FA intake based on an analysis of pooled serum extracts from all participants
in the placebo/baseline as compared to the FO treatment arm (EPA, 3 g/day + DHA, 2
g/day). These two sub-groups of participants were analyzed in triplicate together with a
blank extract to rapidly identify differentiating PL species that respond to high-dose FO
ingestion when using MSI-NACE-MS under two complementary configurations as shown
in Figure 4.1(a). This strategy takes advantage of a serial injection of 7 serum extracts
within a single run while using temporal signal pattern recognition,*® which allows for
rigorous credentialing of PL features responsive to high-dose DHA and EPA intake while
rejecting spurious signals, background ions and importantly, a majority of non-responsive
PLs. Figure 4.1(b) illustrates four representative PL classes annotated by their accurate
mass, relative migration time, ionization mode (m/z:RMT:mode) together with their likely
sum compositions, such as mSM d32:1, mPC 36:5, lysoPC 20:5, and PE 38:6. As expected,
non-omega-3 containing PLs with low degrees of unsaturation, such as mSM d32:1 did not
exhibit a significant change in response following FO supplementation as compared to

baseline/placebo.  Surprisingly, two other acidic PL classes measured
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Figure 4.1 (a) Overview of an accelerated data workflow for rapid identification of putative serum biomarkers of omega-3 fatty acid intake
following high-dose FO supplementation as compared to placebo/baseline when using MSI-NACE-MS with temporal pattern signal pattern
recognition under two complementary configurations. (b) Representative extracted ion electropherograms highlighting various PL
classes/species that do not change following FO supplementation (e.g., SM d34:1, lysoPC 20:5, PE 38:6) in contrast to specific serum PC
species that undergo a notable increase after FO ingestion, such as mPC 36:5. In all cases, a sub-group analysis was performed by MSI-
NACE-MS under positive and negative ion modes when analyzing a serial injection of pooled serum samples from participants in the
placebo/baseline and FO treatment arms in triplicate together with a blank extract as control.
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directly from serum extracts by MSI-NACE-MS under negative ion mode, including a
putative EPA-containing lysoPC (lysoPC 20:5), and a DHA-containing PE (PE 38:6), did
not show a significant change in their ion response between the two sub-groups. In contrast,
mPC 36:5 that was subsequently confirmed as mPC (16:0_20:5) following annotation of
its MS/MS spectra, exhibited a striking 6.7-fold average increase in response (from
baseline/placebo) after high-dose FO supplementation. Figure S4.1 highlights that other
DHA-containing PCs, such as mPC 40:6, identified as mPC (16:0_22:6), exhibited a
notable increase after high-dose FO intake relative to baseline/placebo sub-group, together
with free fatty acids of EPA and DHA as we previously reported.?®?° Furthermore,
underivatized PC 36:5 (detected as its acetate adduct in negative ion mode) was
independently shown to also undergo a similar response increase with FO supplementation.
However, as zwitter-ionic PCs migrate close to the EOF, resolution is poor and they are
more prone to on suppression effects that attenuate overall responsivity. For these reasons,
we applied a quantitative PC and SM methylation reaction as a charge-switching
derivatization strategy in lipidomics to greatly improve their separation resolution and
detectability when using MSI-NACE-MS under positive ion mode. Overall, select PC
species containing DHA and EPA were determined to be the primary PL class that were
most responsive to FO ingestion as compared to free FAs, whereas no significant response
changes were noted with omega-3 FA containing lysoPCs, Pls, and PEs. The latter
observation contradicts Dawczynski et al.>® who reported that PE and plasmalogen together
with PC species were increased following microalgae supplementation as compared to SO

placebo. As microalgae supplements primarily contain DHA in PL form, this discrepancy
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may be attributed to differences in dosage, purity and lipid form of ingested omega-3 FA
that not only impact bioavailability, but also its metabolic fate.®® As a result, we
subsequently focused on data integration predominately on serum mPCs, including lead
candidate biomarkers of omega-3 nutritional status identified in this untargeted lipidomic

screening strategy.

4.4.2. Discovery of Serum PC Species and Panels Associated with High-dose FO
Supplementation

Overall, 47 PC species and several mSM were quantified in all serum ether extracts
from a cohort of young women (n = 8) at baseline and then at three time points following
high-dose FO or SO placebo intervention over an 8-week (or 56 day) period as shown in
Figure 4.2(a). In this case, all mMPCs measured were analyzed after normalization of their
ion responses to a single deuterated internal standard where they were annotated by
characteristic their m/zzZRMT and their sum composition annotation. We previously
reported a participant who was likely nonadherent in the FO intervention trial based on a
lack of concentration changes measured in their serum EPA and DHA trajectories,?® which
we confirmed independently in this work based on a lack of response change measured in
their serum mPC 36:5 and mPC 40:6 profiles unlike other participants in the FO treatment
arm. The overall data structure is shown in Figure 4.2(b), which depicts a 2D PCA scores
plot and hierarchical cluster analysis (HCA) heat map for 47 mPC and mSM species
following glog-transformation and autoscaling. Good technical precision was achieved

using repeat analysis of a pooled QC sample (median CV = 13%, n = 13) as compared to
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Figure 4.2 (a) Study design overview of serum samples from a cohort of young women ingesting either sunflower oil (SO) or high-dose FO
supplement over an 8-week interval. (b) Summary of lipidomic data structure and data quality when using a 2D PCA scores plot and 2D hierarchical
cluster analysis heatmap based on analysis of 47 mPCs and mSMs, including putative omega-3 index serum biomarkers identified after the sub-
group analysis. For instance, the technical precision based on the repeat analysis of pooled QC serum samples was acceptable (median CV = 13%,
n = 13) when compared to the biological (between-subject) variability for the serum lipidome (median CV = 49%, n = 69) as also demonstrated in
the control chart for serum mPC 36:5. Extracted ion electropherogram depicts changes in the ion response for a randomized series of serum extracts
analyzed by MSI-NACE-MS under positive ion mode conditions. Samples representing FO supplementation are noted by their large ion responses

as compared to baseline or placebo samples, whereas the QC represents a pooled average response for the entire cohort.
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Figure 4.3. Serum lipid trajectory plots measured in young women (n = 9) from baseline after ingesting high-dose FO supplement (3 g/day EPA+2
g/day DHA) as compared to a SO placebo over a 56-day period. (a) Highlights two top-ranked serum EPA containing PCs (mPC 36:5; mPC
38:5) that were most responsive to FO intake unlike a linoleic acid containing PC as control (mPC 36:2). (b) Highlights two top-ranked serum
DHA containing PCs (mPC 40:6; mPC 38:6) that were most responsive to FO intake unlike an oleic acid containing PC as control (mPC 32:1).
(c) Compares treatment response trajectories to FO intake based on the sum of three EPA- or DHA-containing PCs, as compared to the sum of
the two best EPA and DHA-specific biomarkers (mPC 36:5+mPC 38:6).
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the biological (between-subject) variance in the serum lipidome for all participants (median
CV = 49%, n = 69). Figure 4.3 depicts box plots for a series of top-ranked serum
biomarkers associated with high-dose FO ingestion as compared to placebo that received
SO when using a repeat measure mixed 2-way ANOVA model. Since SO consumed
contains linoleic (C18:2) and oleic acid (C18:1) as major FA constituents, serum levels of
mPC 32:1 and mPC 36:2 were also included as PL controls for comparison, but they
showed no significant response change (p > 0.05) in both placebo and FO treatment arm.
Overall, changes in serum lipidome profiles demonstrate that PCs containing EPA (as a
single species or as sum) responded to FO supplementation to a greater extent than DHA
containing mPC species. These results are consistent with serum free fatty acid trajectories
measured previously in this cohort, where serum EPA strongly was correlated to EPA
concentrations measured from erythrocyte PL hydrolysates while being more responsive to
FO ingestion than DHA.?° This likely reflects the 50% higher dosage of EPA (3 g/day) as
compared to DHA (2 g/day) used in the FO supplement. Additionally, differences in the
underlying kinetics and lipid distribution patterns for these two distinct yet essential omega-
3 FA species may also contribute to these findings. For instance, DHA in erythrocytes take
longer to trans-esterify and incorporate within plasma PLs than EPA,? whereas DHA
preferentially incorporates into the PE of lipid membrane bilayers while EPA incorporates
more readily into PCs.%® Indeed, our sub-group analysis using MSI-NACE-MS under
negative ion mode did not reveal any PE species that displayed a significant response
changes following high-dose FO supplementation as compared to baseline/placebo (Figure

S4.1). As expected, our omega-3 mPC lipid panel was able to readily detect a nonadherent
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participant (S10) in the FO treatment arm that was also previously reported to not be
compliant with leg immobilization protocols (Figure S4.2). Overall, [DHA + EPA]
concentrations measured in PL hydrolysates demonstrated a median fold-change of 2.6
from baseline that was similar to the sum of serum EPA and DHA as their NEFAs,? but
less than the sum of mPC 36:5+mPC 38:6 with a median FC of 4.0 as shown in the right
panel of Figure 4.3(c). Interestingly, moderate positive correlations were found for all
participants (n = 69) when associating serum specific omega-3 PCs to their corresponding
EPA or DHA erythrocyte PL fractions as highlighted in Figure S4.2(a,b). When exploring
serum lipidome changes using a two-way mixed model ANOVA (Table 4.1), it was clear
that a specific serum lipid profile containing a combination of EPA and DHA containing
PCs would perform best to incorporate responses from ingestion to both essential omega-3
FA nutrients. Overall, the sum of PC 36:5 and PC 38:6 together performed exceptionally
well as a sensitive yet specific metric of omega-3 FA intake relative to placebo when
compared to all other combinatorial profiles or single serum PC biomarkers. In fact, both
these PC species contain palmitic acid in their sn-1 position (i.e., PC 16:0/20:5 and PC
16:0/22:6), which was found to exhibit a moderate positive correlation (r =0.717, p = 4.39
x 10'1?) to 031 measurements from red blood cell PL membranes as highlighted in Figure
S4.2(c). This supports the potential that these two specific circulating PCs species may
offer a clinically useful surrogate measure for O3I status that is also responsive to lifestyle
changes associated with habitual dietary omega-3 intake, such as high-dose FO

supplements.
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Table 4.1. Responsive fasting serum mPCs associated with high-dose FO intake classified
by a two-way mixed-model ANOVA with repeated time points for within subject effects
when comparing FO and control (sunflower oil) treatment arms.

Within-Subject Effects Between-Subject Effects
Effect Study Effect Study
a b b
Serum PCs F p value Size Power F p value Size Power
mPC 36:5 +
mPC 38:6° 6.89 7.81x10* 0.346 0.965 741 9.93x107 0.851 1.000
Total EPA mPCs
(n=3) 6.76 8.83 x 10* 0.342 0.962 54.2 6.00 x 10 0.806 1.000
mPC 36:5 6.69 9.42 x 10* 0.340 0.960 334 6.30x10% 0.720 1.000
Total ®-3 mPCs
(n=6) 6.30 1.37 x10° 0.326 0.949 14.8 2.00 x 10 0.533 0.945
Total DHA
mPCs (n = 3) 5.39 3.36 x 10° 0.293 0.909 32.8 7.00x10% 0.716 1.000
mPC 38:5 5.12 4.43 x10° 0.282 0.893 39.0 3.00x10% 0.750 1.000
mPC 38:6 4.94 5.27 x10° 0.276 0.882 20.2 6.01 x10* 0.609 1.000
mPC 40:6 451 8.26 x 10° 0.258 0.848 25.6 2.17 x 10* 0.664 0.997
mPC 36:1 1.37 2.66 x 10° 0.095 0.336 0.01 9.35x10?t 0.001 0.051
mPC 36:2 0.23 8.72 x 10 0.018 0.090 0.16 6.95x 10! 0.012 0.066

4 Mixed-model ANOVA applied where data sphericity satisfied using Mauchly s test of sphericity.
b Effect size based on Partial Eta Squared.
“mPC 36:5 = mPC (16:0/20:5) + mPC 38:6 = mPC (16:0/22:6)

4.4.3. Validation of Serum PC Biomarkers of O3l Status Following DHA or EPA
Specific Supplementation

While the previous study identified specific PC species that were responsive to FO
supplementation, it relied on an unequal mixture of omega-3 FAs while only including a
modest number of women, such that the results may not be generalizable. There is growing
interest investigating the specific effects of DHA and EPA for improved understanding of
their complementary mechanisms of action while elucidating optimal therapeutic
interventions for precision health. However, this can be difficult to elucidate using mixed
omega-3 FA supplements given the capacity for in-vivo retroconversion of DHA to EPA in

humans, whereas EPA does not retroconvert to DHA.32% Additionally, the rapid
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incorporation of EPA into erythrocyte membranes can result in the masking of
nonadherence to long-term FO intervention whereas circulating PCs may serve as more
sensitive biomarkers for dietary surveillance.® However, there have been few studies that
have compared the specific effects of EPA from DHA supplementation in humans to date.
For instance, the Japan EPA Lipid Intervention Study (JELIS)*® and The Reduction of
Cardiovascular Events with Icosapent Ethyl-Intervention Trial (REDUCE-IT)*® have both
reported reduced risks of cardiovascular events after 5 years using EPA ethyl ester
supplementation with patients taking statins. Although some smaller trials do indeed
directly compare EPA and DHA supplementation in humans, they demonstrate that DHA
is more efficacious than EPA in reducing triglycerides***> while previous work
demonstrated that EPA lacked triglyceride lowering effects.?” Thus, we aimed to validate
lead candidate serum PC biomarkers of O3I in a second independent clinical trial involving
a larger cohort of participants using DHA or EPA specific supplementation at the same
dosage level (3 g/day) as highlighted in Figure 4.4(a). In this case, fasting (EDTA) plasma
samples were collected as the blood specimen type rather than serum. Table S4.1
summarizes the characteristics of the participants in this second validation study, which
included a cohort of young, normal weight, Canadian adults of both sexes who had an
average baseline 031 of (3.98 + 0.73) and (3.46 £ 0.77) for women (n=14) and men (n=13),
respectively. After previously authenticating several omega-3 containing PCs responsive
to FO supplementation, we performed a targeted lipidomic analyses of these same PCs
when using MSI-NACE-MS in positive ion mode. For the participants assigned to ingest

the high-dose (3 g/day) EPA dietary supplement, the same plasma PCs as FO showed
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significant increases following ingestion over 12 weeks, primarily mPC 36:5 and mPC38:5
as shown in Figure 4.4(b). Notably, the same DHA containing mPC species also
demonstrated increases after DHA intake, but it was more attenuated (~ 2 fold) compared
to EPA intervention (up to 7-fold) as highlighted in Figure 4.4(c) that is consistent with
the preferential uptake and enrichment of EPA into circulating blood PCs. These
observations also suggest that DHA may be distributed to other lipid pools and/or stored in
specific tissues to a greater extent than EPA, further demonstrating their distinct
mechanisms of metabolism and distribution. Given that the constituents of olive oil
primarily consist of linoleic and oleic acids, we also profiled various mPC species that
would likely contain these unsaturated FAs as well. Indeed, there was a modest, yet
significant change (~ 1.2-fold) observed in mPC 36:1 and mPC 38:2 from baseline
following olive oil ingestion after 12 weeks in this study that was still lower in magnitude

as compared to omega-3 FAs that derive primarily from seafood in the diet.

4.4.4. Circulating ®-3 Phosphatidylcholines as Surrogate Markers to Measure
Omega-3 Index

The omega-3 index (O31) can serve as a predictive biomarker of sudden cardiac death since
the DHA+EPA content of erythrocyte membranes are correlated with human cardiac
membrane EPA + DHA levels that can alter myocardium function.'® A recent surveillance
study reported that 43% of Canadian adults had O3l levels that were associated with a high
risk for coronary heart disease.?! However, routine screening for O31 is often difficult as
erythrocytes isolated from whole blood are prone to hemolysis during processing and often

are not available in biobank repositories in comparison to other biospecimen types, such as
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Figure 4.4 (a) Overview of the validation cohort involving a placebo-controlled clinical trial of participants ingesting either olive oil (OO),
DHA or EPA supplementation (3 g/day) over a 12-week period. Representative box-plots shown for (b) two top-ranked EPA and (c) two top-
ranked DHA containing PCs that exhibited a significant increase in response after EPA or DHA supplementation, respectively as compared to
(c) linoleic/oleic acid containing PCs as olive oil placebo/control. Notably, PC 36:5 is more sensitive to EPA ingestion at the same dosage
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level than DHA consistent with outcomes from the previous study with a modest treatment response from olive oil ingestion.
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Table 4.2. Serum »-3 phospholipid models and their associated Pearson correlation to

erythrocyte O3l.
. . Number of Lipids Pearson
Lipid Panel (EPA, DHAI\)) Correlation (r) p-value
mPC 36:5 + mPC 38:6¢ 2 (EPA: 1, DHA: 1) 0.764 3.0 x 1033
mPC 36:5 + mPC 38:5 +
mPC 386 - mPC 40:6 4 (EPA: 2, DHA: 2) 0.711 5.6 x 1027
mPC 36:5 + mPC 38:5 +
PC 38:6 3 (EPA: 2, DHA: 1) 0.706 1.7 x 10726
mPC 38:6 1 (EPA: 0, DHA: 1) 0.663 1.5 x 1022
mPC 36:5 + mPC 38:5 +
mPC 40:5 + mPC 36:6 6 (EPA: 3, DHA: 3) 0.636 2.5%x1020
+ mPC 38:6 + mPC 40:6
mPC 36:5 1 (EPA: 1, DHA: 0) 0.494 1.2 x 10"
mPC 38:5 1 (EPA: 1, DHA: 0) 0.484 3.5x 10
mPC 40:6 1 (EPA: 0, DHA: 1) 0.387 2.5x107
mPC 36:6 1 (EPA: 0, DHA: 1) 0.225 3.5%1073
mPC 40:5 1 (EPA: 1, DHA: 0) 0.222 4.0 x 1073

amPC 36:5 = mPC (16:0_20:5) + mPC 38:6 = mPC (16:0_22:6)

serum or plasma. We aimed to further validate that specific circulating PCs in fasting serum

or plasma samples can serve as useful surrogate measures of O3I that can reflect changes

in dietary omega-3 FA intake when using purified supplements of DHA, EPA or olive oil

(control) at the same dosage level. While the total sum of all (n = 6) pertinent omega-3 lipid

species demonstrated moderate correlation (r = 0.636) to O3l, the performance further

improved when using fewer serum PCs as summarized in Table 4.2. Similar to the FO

supplementation study, the strongest correlation to O3l was based on the sum of plasma

levels of mPC 36:5 and mPC 38:6, which represent two of the most abundant circulating

EPA and DHA PL species (r = 0.764, p = 3.0 x 10%). Figure 4.5(a) depicts a correlation

plot for plasma mPC 36:5 + mPC 38:6 as a function of O3I which highlights the striking

yet differential enhancement in omega-3 nutrition status after 12 weeks of intervention,
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where 64% and 11% of participants intaking DHA and EPA had their O3l status in the low-
risk level for optimal cardiovascular health (> 8% O3l). Although EPA had a less
efficacious response to changing O3l, all participants improved to a moderate risk level (4-
8%). In contrast, the majority of participants at baseline or ingesting placebo (74% or
82/110) had high-risk O3l status (< 4%). Additionally, we explored the differential efficacy
of omega-3 FA supplementation by investigating DHA and EPA-specific correlations to
plasma mPC 36:5 + mPC 38:6 with changes in O3l from baseline as depicted in Figure
4.5(b). As expected, DHA supplementation alone contributed to a 63% greater relative
efficacy overall (A O3l = 4.90 = 1.33) as compared to participants ingesting a similar
dosage regimen for EPA (A 031 = 2,99 + 1.19). This difference in responsivity is also
captured by comparing the slopes determined from the correlation of DHA (slope = 5.36)
and EPA (slope = 9.17) only supplement sub-groups based on a least-squares linear
regression model. As a result, this model can be used to adjust for the attenuated DHA
response relative to EPA in the circulating PC lipid pool to estimate their content more
accurately in erythrocyte membrane given their localized functional consequences on
cellular/tissue activity. Although sex-dependent supplementation differences are observed
(Table S4.2), more study power is needed to draw conclusions given that some subjects
demonstrated no change in O3I and/or reduced serum lipid responses after treatment, which
heavily influenced comparisons. Nevertheless, routine surveillance of O3l status and
monitoring of treatment responses to omega-3 supplements may be realized via high
throughput screening of serum/plasma mPC 36:5 + mPC 38:6 for chronic disease

prevention and promotion of human health based on modifiable lifestyle factors, such as
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Figure 4.5 (a) Scatter plot showing strong correlation (r = 0.764, p = 3.0 x 10%) of 031 to PC 36:5 and PC 38:6, a single EPA and DHA phospholipid
at all time points (n = 167) in separate DHA/EPA supplementation study. Defined O3l boundaries set at suggested cut off levels where < 4% is
considered high risk, 4-8% is intermediate and >8% is low risk for cardiovascular events. Notably, this demonstrates that DHA supplementation
contributes more to improved O3l quality scores compared to EPA. This is further evidenced in (b) which correlates the change in these
phospholipids to change in O3I.
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diet and nutraceutical supplements.

4.5. Conclusion

In this work, we explored and validated the impact of high-dose omega-3 supplementation
using FO, as well as DHA and EPA specific formulations, on changes in the phospholipid profiles
of healthy participants in two independent intervention studies. We first introduced an accelerated
data workflow when using MSI-NACE-MS based on a sub-group analysis to identify putative
circulating biomarkers associated with dietary intake of omega-3 FAs relative to placebo. In both
studies, we determined that EPA containing PCs were more sensitive to supplementation than
DHA containing PCs. However, all other phospholipid classes measured in this work did not
significantly incorporate DHA or EPA, including PEs, Pls, SMs and lysoPCs with the exception
for free fatty acids of EPA and DHA. Overall, the combination of circulating PC 36:5 (or PC
16:0 _20:5) and PC 38:6 (PC 16:0_22:6) provided the strongest correlation to O3l that reflects local
changes in erythrocyte PC membrane composition and cellular function. Shorter sampling time
points are needed to better assess the minimum time frames required for equilibration of omega-3
specific PCs in circulation that may likely be impacted by other factors given large between-
subject variability, such as age, BMI, dosage, specific lipid formulation, and specific comorbidities
impacting fat absorption (e.g., cystic fibrosis, inflammatory bowel disease). Limitations to this
study include use of a lipidomics platform that cannot resolve neutral lipids classes, such as
cholesterol esters, triglyerides and diglycerides. However, these abundant lipid classes have much
shorter lifetimes than PCs and other phospholipid pools and thus may be too sensitive to recent
food intake patterns. Future work will further validate these findings in a larger cohort as required
for better calibration and adjustment for differential uptake patterns of EPA as compared to DHA

within circulating phospholipid pools for accurate O3l determination. We anticipate that the
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development of assays based on direct infusion-MS/MS may allow for rapid screening of PC 36:5
and PC 38:6 as surrogate biomarkers of O3I1, which can be applied in smaller volumes of blood,
including dried blood spots. This work is critical to provide better risk assessment tools for
cardiovascular health and sudden cardiac death in the population while also guiding evidence-

based nutritional guidelines.
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Table S4.1. Clinical characteristics of participants in a placebo-controlled DHA or EPA (3.0
g/day) treatment intervention over 84 days.

Clinical Characteristic

Grouping Sex Age BMI O3l (Baseline) O3l (Post)
Female, n= 14 21+1 24.6 +£3.3 3.98+0.73 3.76 £ 0.60
Placebo (O0)

Male, n =13 21+2 240+4.0 3.46 £0.77 3.45+0.59
Female, n=15 22+2 22727 3.73+0.51 8.04+1.34

DHA
Male, n =13 23+3 24.3+3.3 3.15+0.64 8.73+0.97
Female, n =14 21+2 225+28 3.61+0.64 6.75+1.20

EPA
Male, n =14 21+2 23.4+27 3.40 £ 0.87 6.23+1.10

Table S4.2. Sex-dependence of DHA or EPA treatment intervention on lipid panel measured by
MSI-NACE-MS and O3l.

p-value
a A (mPC 36:5 + a AmPC ¢
Treatment Sex Age mPC 38:6) RPA® A O3l Panel’ A O3l

F=14 210+14  043+11.38 -0.22+054

Placebo 738x107  6.16 x 10
(C0) M=13 20.9+2.2 1.74 + 851 -0.01 + 0.65
F=14 210421 3371+1615 3.14+125

EPA 1.89x 102  5.71x10%
M=14 21.6+20 1930+1426 2.83+1.14
F=15 215+18 26.11+16.15 431+1.26

DHA 9.66x 10T 1.90 x 102
M=13 22.6+28 2580+2088 557+1.10

4Reported values are mean + standard deviation
b p-values calculated with Student s t-test after confirming normality using Shapiro-Wilk (p > 0.05)
¢p-values calculated with Mann-Whitney U test after confirming normality using Shapiro-Wilk (p < 0.05)
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Figure S4.1. Sub-group analysis of high-dose FO supplementation as compared to placebo/baseline
showing response changes for (a) DHA and (b) EPA as their free FAs that were measured by MSI-NACE-
MS under negative ion mode. (c) Furthermore, a DHA-containing PC species (mPC 40:6) was confirmed
to have a major increase in response following FO ingestion albeit a lesser extent than mPC 36:5 when
using MSI-NACE-MS under positive ion mode (with FMOC/MTT labeling). (d) Independent replication
of increase to PC 36:5 (detected as acetate adduct) by MSI-NACE-MS with FO ingestion under negative
ion mode conditions, which is sub-optimal for quantitative analysis given impact of matrix induced ion

suppression effects under these operating conditions
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Figure S4.2. Scatter plots showing moderate linear correlation (r = 0.738) between measured PCs containing (a) EPA (n = 3) with erythrocyte PL EPA
measurements that is more sensitive to detecting dietary nonadherence to FO supplementation (S10) in comparison to PCs containing (b) DHA and
previously reported EPA as its NEFA at all time points (n = 69). PCs containing DHA show weaker correlation (r = 0.428). (c) Scatter plot
demonstrating strong correlation (r = 0.717) between proposed lipid profile (mPC 36:5 + mPC 38:6) to O3l measured traditionally using fatty acid
content in red blood cell membranes from FO study
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Chapter V:

Future Directions in Lipidomics Using NACE for Biomarker Discovery
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Chapter V: Conclusions and Future Directions

5.1 Overview of Major Thesis Contributions

As the field of lipidomics continues to flourish, several movements by the community have
been made to harmonize approaches given the complexity and disarray in reporting and
publication. This has spawned several actions by the community such as several ring trials using
standard reference materials? and even the introduction of reporting a dynamic checklist to
standardize language across the community.® Whilst this aims to increase the quality of work and
tackle issues of reproducibility within the field, this can act as a deterrence for new and innovative
approaches to progress the field forward. For example, the sheer cost of the necessary deuterated
and purified lipid standards alone requires large investment that when coupled to the general
unavailability of many species — drastically inhibits quantitative efforts. These issues can be further
exacerbated when extending to larger scale projects to attain the necessary study power for lipid
biomarker discovery, which introduces more issues in itself (i.e., batch variation, quality control,
etc). Coupled to the continual development and additions to the wide variety of bioinformatics
tools available for the field — more efforts should be made to devise approaches to make the
lipidomics field more accessible to the broader community. Thus, this thesis presents several major
contributions by spearheading the movement for presenting MSI-NACE-MS as a new approach
that is a viable, cost-effective, yet robust platform for lipidomics studies. This was demonstrated
using several strategies and tools to facilitate accelerating lipidomic biomarker discovery through
nontargeted approaches and in larger-scale studies that build on the many advancements already

made by the lipidomics community.

In Chapter I1, we construct an iterative workflow using new software tools to aid in filtering

of nontargeted features. Furthermore, studies from our group that involved the use of MSI-NACE-
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MS since its successful introduction had primarily been targeted in nature with a focus on
nonesterified fatty acids. In this work, we then introduce a formalized, multi-tiered strategy to
approach nontargeted studies using MSI-NACE-MS to unveil impressive lipidomic profiling
capabilities of several lipid species over a wide polarity range. This was conducted in collaboration
with Human Metabolome Technologies in Tsuruoka, Yamagata, Japan where this assay was
demonstrated on a unique CE-Orbitrap-MS system that was connected using a custom in-house
developed ESI source. In this context, we substantially expanded the number of lipids profiled by
MSI-NACE-MS to > 260 lipids with 128 that met the credentialing criteria of our iterative
workflow. Briefly, open source-software MZmine was used to visually screen through the dilution
trend pattern to quickly eliminate features with the use of implemented tools (i.e., CAMERA) to
filter through adducts and isotope peaks. This filtered list was then integrated and subjected to
quantitative criteria to address repeatability, linearity and absence of background signals to further
refine. This was then subject to a frequency filter as this study was ultimately applied to a cohort
of Japanese patients of varying severity of nonalcoholic fatty liver disease. Thus, lipid features
were eliminated based on CVs of their QCs in the entire study as well as their frequency within all
samples prior to creation of the data matrix. We further validate our features through the use of a
mobility map to classify charged lipid species over a wide polarity range that demonstrates
selectivity complimentary to chromatographic separations. Using this, the serum lipidome profiles
were able to differentiate high- from low-risk NASH patients where elevated circulating NEFAS
were then associated to other clinical characteristics such as increased glucose intolerance and
more severe liver fibrosis and greater disease burden. While a major limitation of the study was
that it did not contain a control group of subjects, this work demonstrates the capabilities of MSI-

NACE-MS as a multiplexed lipidomic platform to screen for several lipid species, while still
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providing robustness for larger lipidomic studies.

Chapter 111 represents an expansion to the profiling capabilities demonstrated previously
using MSI-NACE-MS as another major limitation of the study was that many phosphatidylcholine
(PC) species were unable to be reliably measured due to their zwitterionic nature resulting in
comigration in regions of major ion suppression. While responses were enhanced when switching
to an acidic buffer and operating under positive ion acquisition mode, PC still largely overlapped
within species as well as with ion suppression regions resultant from the EOF. Derivatization
strategies using diazomethane exist to fix a permanent positive charge on PC species with
quantitative yields but require handling of dangerous reagents which can be a deterrent in large
scale studies. In this work, we introduce an alternative methylation strategy that involves the use
of MTT, an underutilized reagent that is inexpensive and safer relative to diazomethane. To combat
the possibility of generating isobaric species via permethylation of phosphatidylethanolamine
(PE), we introduce the use of Fmoc as a first-tier step to cap PE head groups and effectively move
them away as being isobaric interferences as they can be analyzed using our complimentary
negative mode assay. For the first time, we discuss the reaction kinetics of MTT through
conducting rigorous validation and optimize derivatization yields to reach 90% over several PC
species using a 60 min reaction at 60 °C. A simple hexane wash is introduced to clear residual by-
product of the reaction and produce a clean extract of derivatized, diacyl PC species. This
derivatization strategy effectively induces a positive mobility shift of PC species away from ion
suppressive regions that additionally improves separation resolution of within species by further
augmenting their electrophoretic mobility. We demonstrate this by extending our mobility map
models that highlight mobility differences between saturated and unsaturated species as well as

highlighting the capacity to analyze sphingomyelin (SM) which demonstrates a characteristic later
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mobility due to their extended acyl chain lengths. Using a validated standard reference material
(SRM NIST 1950), we were able to extend our profiling capabilities to an additional >80 lipid
species by implementing this derivatization strategy. Overall, this work further extends and
demonstrates the capabilities of MSI-NACE-MS as a robust high-throughput platform for large
scale lipidomic studies. Furthermore, this chapter contributes a unique derivatization strategy using

an underutilized reagent that can be applicable for methylation in other analytical approaches.

5.2. Further Method Development to Expand Lipid Profiling Capabilities by NACE

While we indeed, successfully demonstrate the capabilities of MSI-NACE-MS to profile
several ionic lipid species, we were limited to the solvent combinations available due to
compatibility when coupling to MS. A unique quality that has been previously highlighted and
demonstrated in the few existing applications of NACE is the ability to extort unique separations
by modulating unique solvent combinations based on their physicochemical properties.*® This is
the result of various solvent-solvent interactions as well as their influence on pKa shifts due to
relative permittivity, autoprotolysis constant and hydrogen bonding capability of the solvents in
use.® For example, it has been previously demonstrated that the use of methanol as a BGE solvent
was able to achieve complete separation of B-blockers with improved responses and reduced
analysis times using UV detection in comparison to conventional aqueous BGE.” In the context of
lipidomics, there have been few applications that demonstrate the ability to separate cis- and trans-
isomers of fatty acids using Brij 35 as a surfactant additive using UV detection without the need
for derivatization.2. Thus, NACE-UV can present as a cost-effective platform for more
focused/targeted lipid profiling that can offer unique separation selectivity or to supplement studies

that are interested in resolving isomer species.
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5.3. Applications of Strategies to Uncover Lipid Based Biomarkers for Cystic Fibrosis Using
Neonatal Dried Blood Spots

Notably, this thesis sets the foundation for more comprehensive, exploratory work to be
conducted to uncover biomarkers in volume restricted samples, using MSI-(NA)CE-MS as a
robust platform. In this context, these projects will enable for comprehensive screening of
biomarkers in cystic fibrosis (CF) neonates using dried blood spots that were provided in a
collaborative project with CHEO. Cystic fibrosis remains as a disease implemented in newborn
screening that does not use MS based screening and typically relies on a two-tiered design
involving detection of elevated immunoreactive trypsinogen with confirmatory sweat chloride
testing.® While whole genome sequencing has recently been implemented into the screening
algorithm, this results in many transient cases of CF that may present variable phenotypes.
Notably, pancreatic insufficiency is a common complication associated with CF due to the
development of thick mucus that block the entry of pancreatic enzymes from entering the small
intestine.’® Consequently, this results in fat malabsorption which puts patients at risk for
steatorrhea (excretion of abnormal quantities of fat with feces), malnutrition as well as fat-soluble
vitamin deficiencies. Smaller molecules such as metabolites and particularly lipids may then
represent an interesting target in biomarker search. For example, it was revealed that the
dysregulation of metabolite profiles involving amino acids, and lactate represented markers of
inflammation in broncho-alveolar fluid from CF patients. Interestingly, volatile organic
compounds presented as markers of Pseudomonas aeruginosa colonization, which is the most
common bacteria in CF patients and is a prognostic indicator of progressive lung disease.!! In the
context of lipidomics however, it has been noted that circulating essential fatty acids and other

lipids were decreased as well as decrease in PUFAs in lung, intestine and pancreas of mice as well
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Figure 5.1. Analysis of lipid species using MSI-NACE-MS from a single dried blood extract
using pipette tip adapters following an MTBE extraction. Extract is split into fractions for analysis
in negative mode, whilst other fraction is derivatized for analysis in positive mode. Figure adapted
from Ly et al.®

as the nasal cells of patients, with particular reference to imbalances in omega-3/omega-6
ratios.’>'®* However, the development and expansion of profiling capabilities presented in this
thesis using MSI-(NA)CE-MS represent a venue to comprehensively profile and analyze
hydrophilic and hydrophobic metabolites using a single dried blood spot punchout as outlined in
work that we have recently published (Figure 5.1). This study will not only confirm the
preliminary discoveries that our group previously unveiled,* but will expand to provide more
comprehensive insights to the underlying metabolic pathways that may differentially impact
affected CF neonates while also providing context to transient cases that may demonstrate
ambiguous phenotypes with the recent inclusion of whole genome sequencing in the screening

algorithm.
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5.4. Uncovering Lipid-Based Biomarkers in Large-scale Epidemiological Studies Using MSI-

NACE-MS

This thesis demonstrates and presents several developments to improve and expand the
screening capabilities of MSI-(NA)CE-MS that initially focused on polar/ionic hydrophilic
metabolites. While organic solvent-based buffer systems have been demonstrated for small,
targeted lipidomic studies previously, the use of NACE-MS for lipidomic studies remained
deterred due to several technical issues. We address these issues when we initially introduced MSI-
NACE-MS which includes acetonitrile induce swelling of polyimide capillary coating, precise
control of nebulising gases during separation and injection sequences to prevent siphoning (which
is exacerbated using less viscous organic solvents), capillary breakages due to corona discharge
and optimal combinations of compatible solvent systems. While we have overcome these issues,
we only demonstrate stability for studies involving < 200 samples. Our group has recently ventured
into conducting larger epidemiological studies (n = 1000) using our conventional aqueous based
methods and successfully demonstrate MSI-CE-MS as a viable platform. With the current
direction of lipidomic studies and race to uncover lipid-based biomarkers, application of MSI-
NACE-MS in larger scale studies to provide stronger study power would further solidify its place
as a platform in the field. Furthermore, this would enable us to provide critical study aspects in the
lipidomics field such as more robust quality control and enhanced batch control correction

algorithms to further increase data fidelity.

5.5. Development of Targeted DI-MS/MS Assay for High-Throughput Screening of Vitamin
D and Omega-3 Status
In Chapters IV & V, | introduced and successfully applied a unique derivatization strategy

that enables the analysis of zwitterionic lipid species by fixing a positive charge through
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methylation. While we apply this strategy to improve separation of PC species by MSI-NACE-
MS, we uncover several phospholipid species that demonstrated a response to treatment involving
EPA and DHA. With this, we challenge the measurement and use of O3I with the use of PC species
that contain omega-3 lipids as a more reflective indicator of omega-3 status that is more readily
measurable in serum, plasma or other readily available bio-banked specimens. More specifically,
the combination of PC 36:5 and PC 38:6 strongly correlated to O31 and works well as a surrogate
to O31 measurements but in more readily available biospecmens (i.e., serum, plasma). Thus, we
opt to implement this strategy for more targeted, high-throughput screening of omega-3 status
using DI-MS/MS Additionally, we recently introduced a protocol to analyze vitamin D using a
click-derivatization strategy using 2-nitrosopyridine to affix a positive charge as an alternative that
offers improved precision and accuracy than immunoassays.*® Given the recent spotlight on
initiatives to improve public health, both vitamin D and omega-3 lipids remain largely deficient
that can provide substantial health benefits, especially if the capability to monitor individual levels
is available in a quick, yet efficient manner. Thus, this work offers the ability to assess status in
support of large-scale studies in nutritional epidemiology and in clinical settings to rapidly screen
individual patients that may benefit from supplementation from vitamin D and/or omega-3

supplementation.
5.5. General Conclusions

In conclusion, this thesis pushes significant boundaries by providing unique strategies to
accelerate biomarker discovery and profile polar, ionic lipids in a cost-effective manner using
multiplexed separations via MSI-NACE-MS. We incorporate the use of an iterative nontargeted
data workflow to screen and validate lipid species using signal pattern recognition strategies.

Additionally, we further expand lipid profiling by introducing a unique derivatization strategy to
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affix a permanent positive charge that serves as an alternative to more dangerous protocols (i.e.,
diazomethane), yet applicable universally for other analytical applications. In addition to the robust
quality control and enhanced batch correction that MSI-NACE-MS provides, we demonstrate the
use of supplemental annotation tools through intrinsic mobility maps that further increase
confidence when conducing nontargeted studies for biomarker discovery. Furthermore, we build
on foundations developed by the greater lipidomics community with semi quantitative approaches
using serial dilution of a standard plasma reference material (NIST SRM-1950) that has been
validated through various international ring trials. Lastly, we apply this accelerated workflow to
reveal serum and plasma phospholipids that can be used as convenient surrogate markers to rapidly
screen for omega-3 nutritional status to reduce risk for cardiovascular events. Overall, this thesis
paves the way in demonstrating the capabilities of MSI-NACE-MS as a viable platform for large-
scale lipidomic studies to accelerate biomarker discovery and achieving deeper insights to lipid

related pathophysiology and functionality.
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