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Abstract Dysregulation of lipid metabolism plays a
major role in the etiology and sequelae of inflamma-
tory disorders, cardiometabolic and neurological dis-
eases, and several forms of cancer. Recent advances in
lipidomic methodology allow comprehensive lip-
idomic profiling of clinically relevant biological
samples, enabling researchers to associate lipid spe-
cies and metabolic pathways with disease onset and
progression. The resulting data serve not only to
advance our fundamental knowledge of the under-
lying disease process but also to develop risk assess-
ment models to assist in the diagnosis and
management of disease. Currently, clinical applica-
tions of in-depth lipidomic profiling are largely
limited to the use of research-based protocols in the
analysis of population or clinical sample sets. How-
ever, we foresee the development of purpose-built
clinical platforms designed for continuous opera-
tion and clinical integration—assisting health care
providers with disease risk assessment, diagnosis, and
monitoring. Bl Herein, we review the current state of
clinical lipidomics, including the use of research-
based techniques and platforms in the analysis of
clinical samples as well as assays already available to
clinicians. With a primary focus on MS-based strate-
gies, we examine instrumentation, analysis tech-
niques, statistical models, prospective design of
clinical platforms, and the possible pathways toward
implementation of clinical lipidomics.
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Lipid species play an essential role within energy
metabolism and cell signaling, as well as serving as the
constituent components of plasma membranes and
lipid particles such as lipoproteins and extracellular
vesicles. Dysregulation of lipid metabolism is closely
associated with the initiation and progression of many
disease states, including CVD (1), type 2 diabetes (2),
Alzheimer's disease (3), and several forms of cancer
(4-6). As such, large-scale experimental analysis of the
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human lipidome reveals a trove of useful information,
guiding our understanding of fundamental biological
processes, as well as providing insight into disease cause
and progression. Notably, lipidomic profiling captures
the biochemical effects of both genetic and lifestyle
influences, making the practice particularly useful in
relation to complex diseases.

Clinical lipidomics is an emerging subfield that aims
to provide clinical and consumer access to lipidomic
analysis, the results of which can then be used to pre-
dict, diagnose, and manage disease (and health). For the
past 60 years, the mainstay of lipid measures employed
within a clinical setting has consisted of total tri-
glycerides, total cholesterol, LDL-C, and HDL-C. Whilst
the association of these measurements with the devel-
opment and progression of disease and their utility in
diagnosis is well established, these few measurements
are poorly descriptive of the total lipidomic profile.
Thus, there remains a wealth of metabolic information,
which is presently underutilized in the clinical setting.

Current research-based lipidomic platforms are
capable of identifying and measuring blood plasma
levels of hundreds of different lipid species from
dozens of different classes and subclasses. These mea-
surements can be achieved with high throughput, using
small volumes of serum or plasma—a development that
has enabled detailed lipidomic profiling in several
large-scale longitudinal population studies and the
retrospective analyses of clinical trials.

Despite the vast amount of metabolic information
contained within a lipidomic profile, there remains a
large disparity between the capabilities of research-
based lipidomics and currently available clinical lip-
idomic assays. Increasingly, efforts are being made
within the international research community—includ-
ing our own research group—to translate these
research protocols to the clinical setting. One of the
most promising aspects of these efforts is the use of
statistical analysis, epidemiological modeling, and ma-
chine learning to develop predictive models that help
identify atrisk individuals and stratify risk in those
already diagnosed with a disease.
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Herein, we review the current state of clinical lip-
idomics, including the use of research-based techniques
and platforms in the analysis of clinical trial data as well
as assays already available to clinicians. With a primary
focus on MS-based strategies, we examine instrumen-
tation, analysis techniques, prospective design of clin-
ical platforms, and the possible pathways toward
implementation of clinical lipidomics.

PROGRESS TOWARD CLINICAL LIPIDOMICS

The ultimate goal of clinical lipidomics is to establish
new lipidomic assays, which inform on clinical out-
comes. However, the path toward development and
translation is complex. For example, consider the
following outline of the key steps in the establishment
of a new clinical lipidomics platform (Fig. 1).

Despite the numerous hurdles, we are beginning to
see the emergence of lipidomic-based clinical diag-
nostic tools. One notable example is the progressive
development of a ceramide assay for the prediction of
cardiovascular risk. This assay was born out of work
from Laaksonen et al. (7), who initially demonstrated
that serum ceramide species predict cardiovascular
death in patients with stable coronary heart disease and
acute coronary syndrome, suggesting these lipids may
serve as potential risk biomarkers. The authors subse-
quently published a protocol for a high-throughput
ceramide assay using a 96-well plate format, with
analysis carried out via LC-MS/MS, followed by vali-
dation of the ceramide association across several
different cohorts (8, 9) and the translation of the assay
into clinical practice at the Mayo Clinic (10).

While it is of fundamental interest to highlight spe-
cific lipids with strong correlations to disease outcomes,
for the purposes of clinical lipidomics, predictive sta-
tistical models that incorporate numerous lipid species
have generally proven more robust to validation across
external cohorts. More recently, Hilvo et al. (11) devel-
oped a model (CERT2) incorporating ceramides with
known phosphatidylcholine (PC) cardiovascular risk
markers. Their model was developed using lipidomic
analysis of the Western Norway Coronary Angiog-
raphy Cohort (N = 3,789) cohort and validated in two
additional studies: the LIPID (Long-Term Intervention
with Pravastatin in Ischemic Disease, N = 5,991) trial and
Langzeiterfolge = der =~ KARdiOLogischen  Ans-
chlussheilbehandlung (N = 1,023). The CERT?2 score was
highly significant in predicting CVD mortality, yielding
hazard ratios of 1.44 (1.28-1.63) in The Western Norway
Coronary Angiography Cohort, 147 (1.34-161) in the
LIPID trial, and 1.69 (1.31-2.17) in Langzeiterfolge der
KARdiOLogischen  Anschlussheilbehandlung. The
model was further improved via the addition of the
nonlipidomic measure, high-sensitivity troponin T. This
technology was licensed to Quest Diagnostics for
further development into a clinical assay earlier this
year.

Recently, we performed in-depth lipidomic analysis
of the Action in Diabetes and Vascular Disease:
Preterax and Diamicron-MR Controlled Evaluation
(N = 3,779) trial, which monitored cardiovascular out-
comes in patients with type 2 diabetes, and the LIPID
trial, which monitored stable patients with CVD who
had suffered a previous acute coronary syndrome (2,
12). We found that future cardiovascular events and

1
gQDefining the clinical need and intended use

2
QQ Identification and characterization of the required lipidomic profile)-w

3
QQValidation of the lipidomic profile in independent studies)—@

Technical development and optimization of a clinical lipidomics

QCEplatform to perform the analyses

5
(‘QDemonstration of the clinical utility of the lipidomic profile)—

Onlln

6
QQRegulatory approval of the clinical lipidomic assay)—

QTranslation of the platform for the clinical setting )— ===

Fig. 1.

2 ] Lipid Res. (2021) 62 100127

An outline of the key steps in the establishment of a new clinical lipidomics platform.
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death were strongly linked to plasma lipid species,
including sphingolipids, phospholipids, cholesteryl es-
ters, and glycerolipids. The resulting lipidomic data
were used to create statistical models for the prediction
of cardiovascular outcomes, incorporating lipid
measures (4-7 species) with traditional risk factors.
Validation of these models across trials (as well as
robust intra-trial cross-validation) demonstrated signif-
icant improvements in the prediction of CVD events
and death over traditional risk factors alone.

In addition to assessing risk of future disease, lipid
biomarkers have also been proposed to monitor the ef-
fects of interventions. The aforementioned LIPID trial
was used to identify biomarkers that predicted the risk
reduction resulting from statin use (13). Pravastatin was
associated with significant changes in the majority of lipid
species and classes. A ratio of two lipid species, a phos-
phatidylinositol (36:2) and a PC (38:4), was identified to be
predictive of those who did or did not receive a risk
reduction from statin intervention, independent of
changes in total cholesterol, HDL-C, and triglycerides.
This highlighted a potential biomarker for monitoring of
statin treatment and identified novel metabolic pathways
involved in the beneficial effects of pravastatin.

NMR-based clinical lipidomics

While this review focuses primarily on the clinical
applications of MS-based lipidomics, it is worth
mentioning a number of NMR techniques, which excel
where MS-based techniques do not. These techniques
exploit the observation that 'H NMR signals from ter-
minal methyl groups in lipid hydrocarbon chains of
lipoprotein complexes systematically shift to lower
frequencies as particle size decreases (14, 15). Otvos et al.
(16) used a linear least-squares deconvolution process to
derive the individual contributions of different lipo-
protein subfractions to a given plasma sample's methyl
signal, the amplitudes of which can then be used to
determine concentration. This method was subse-
quently developed into a commercial assay, LipoProfile,
in 1997 by LipoScience. LipoProfile is capable of
simultaneously quantifying VLDL, LDL, and HDL into
11 lipoprotein subclasses from a single measurement,
acquired in approximately 1 min. LipoScience went on
to develop a NMR-based commercial LDL-P (particle
number) diagnostic platform, the Vantera® Clinical
Analyzer, which was cleared for market by the Food
and Drug Administration in 2013.

Soininen ¢t al. (17-20) developed an assay specifically
designed for clinical use, incorporating NMR measure-
ments across three molecular windows; one for lipo-
protein analysis; a second using a T2-relaxation—filtered
pulse sequence to suppress the macromolecule and li-
poprotein signals and improve the detection of low
molecular weight metabolites; and a third for serum
lipid extracts (17-20). As of 2015, they claim an analysis
time of ~5 min per sample, with a possible throughput
of ~80,000 samples annually (18). These techniques have
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been employed by Finnish company, Nightingale, in the
development of a commercial platform, marketed for
deployment in large-scale clinical trials and as a per-
sonal health measure. Measurements of HDL and LDL
particle number have proven to be superior indicators
of cardiovascular risk than traditional total cholesterol
measurements (21-24). However, the major limitation of
NMR-based techniques is the lack of resolution at the
individual lipid species level, because of the complex
nature of the sample matrix.

BIOINFORMATICS, RISK MODEL
DEVELOPMENT, AND EVALUATION

Much of the utility offered by clinical lipidomics stems
from the application of statistical modeling to provide
accurate prediction of patientrisk,aiding in the diagnosis
of disease, and enabling a personalized approach to
treatments and interventions. The clinically focused lip-
idomic studies cited herein typically adopt one of several
feature selection strategies to yield predictive models
with a minimal number of lipid species. These parsimo-
nious models are desirable to facilitate translation into a
clinical setting. The measurement of fewer lipids poten-
tially enables the use of stable isotope internal standards
for each lipid species, leading to improved assay perfor-
mance. Common feature selection strategies include
forward/backward stepwise selection, based on some
performance metric such as area under the receiver
operating characteristic curve or Akaike's information
criteria, and least absolute shrinkage and selection oper-
ator (LASSO) regression. These latter approaches are
typically performed within a cross-validated framework
to provide estimates of internal validation; however, all
models would ideally be validated on independent co-
horts. For a comprehensive review on model develop-
ment, optimization, and validation of lipidomic models,
see the study by Giles et al. (25).

Lipid ratios are an attractive option for risk model
development because of their simplicity and their
inherent ability to provide internal normalization of the
lipidomic data, thereby controlling unwanted variation
(7,9). These lipid ratios typically contain two biologically
relevant lipids that show opposing associations with the
outcome of interest and thus strengthen the association
and predictive performance. The challenge with these
models, which might contain up to 20 lipid species, is the
optimal selection of lipids because of the strong corre-
lation structure within the lipidome (2, 12, 26).

More recently, it has been recognized that complex
models containing larger numbers of lipids may offer
some advantages. Such models may contain lipid spe-
cies numbering from dozens to several hundred, many
of which may be correlated. Statistical models, such as
Ridge regression, allow the creation of robust risk
models in the presence of high collinearity. This
approach can produce models that are better able to
capture the complexity of lipid metabolism and may
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also improve model stability across cohorts or pop-
ulations. A recent approach for creating such models is
the prediction of physiological or clinical risk traits,
such as age and BMI, using a patient's lipidomic profile,
illustrated in Fig. 2. The resulting metabolic BMI, for
instance, should then capture individual variation in
the metabolic state above that captured by the BMI
measure itself. It is anticipated that such measures may
then provide improved performance in the prediction
of disease outcomes above the measured values. This
approach was utilized by Gerl e al. when they per-
formed modeling of the lipidome (183 plasma lipid
species) to predict BMI, waist circumference, and body
fat percentage using multiple approaches, including
random forest, stochastic gradient boosting, partial least
squares, LASSO, and Cubist models, with the latter two
showing the best results. The best performing LASSO
model explained 73% of body fat percentage with a
model utilizing 58 lipid species (27).

Evaluation of the additive benefit of lipidomic risk
models above traditional risk markers has also been a
topic of considerable interest. This is usually achieved
by adding lipid species to an existing set of risk markers
and then assessing the improvement in the model per-
formance by metrics such as area under the receiver
operating characteristic curve, Akaike's information
criteria, R, or percentage accuracy. It is important to
recognize that including additional variables in a
regression model will always result in an improved
apparent performance, for many of the aforemen-
tioned performance metrics. Cross-validation can offer
evidence that the improvement in performance is
generalizable. These metrics do not always capture the
clinical benefit of alternative models. Therefore, alter-
native performance metrics, such as the continuous or
categorical net reclassification index and integrated
discrimination improvement metrics have also been
used. While debate continues over the best approach
(28), it will be important for any new test to provide
some comparison to existing measures and clearly
demonstrate an improvement in the clinical utility of
lipidomic tests over existing measures. Equally impor-
tant will be the ability to obtain regulatory approval for
these new tests which, with a large number of individ-
ual lipid species, will not easily fall within the current
regulatory framework in many countries.

Conventional

CLINICAL PLATFORM DESIGN

Lipid classification and pathways

The enormous structural diversity of lipids has im-
plications for the analysis of complex biological sam-
ples, including applicable instrumentation and
analytical techniques. The Lipid Metabolites and Path-
ways Strategy (LIPID MAPS), established with the aim
of advancing lipidomics practices, proposed the classi-
fication of lipids into eight categories: fatty acyls, glyc-
erolipids, glycerophospholipids, sphingolipids, sterols,
prenols, saccharolipids, and polyketides (29, 30). LIPID
MAPS has also introduced a numerical nomenclature
wherein each lipid species can be assigned a 12-digit
identifier (31). A similar project has resulted in the
creation of SwissLipids, a structural database detailing
over 244,000 different lipids and linking them to their
MS-based identifications and metabolic pathways (32).
Alignment with these lipid databases will be an
important part of comparing data between platforms
and laboratories and essential for the establishment of
clinical lipidomics platforms.

Instrumentation

The clinical application of lipidomics necessitates that
specific requirements be met if a clinical platform is to
be time and cost effective. First, sample throughput must
be sufficiently high, allowing an adequate number of
patient samples to be processed per instrument ina given
day. This is essential not only for the rapid turnaround of
clinical results but also to remain cost-effective, as in-
strument time represents a significant contribution to
the running costs of the platform. For lipidomic data to
be useful, particularly in the clinical setting, it must be at
least semiquantitative, providing data on lipid concen-
tration in a reproducible manner, allowing for compar-
ison between patients and appropriately determined
reference ranges. The resolution of lipid species may
also be important; in some settings, resolution of
isomeric or isobaric species may be required.

MS is an ideal technique for the analysis of individual
lipid species, yielding measurements of m/z from which
molecular mass is readily determined. By operating in
tandem, such as with triple quadrupole instruments,
MS/MS techniques yield a wealth of additional struc-
tural information derived from fragmentation
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Fig. 2. A diagrammatic flowchart illustrating the generation of risk scores from lipidomic data and conventional risk factors.
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pathways, enabling powerful structural determination.
The detection limits afforded by MS techniques are
exceptional, with most lipids typically sitting in the
picomolar range, although specialized techniques and
derivatization of compounds can increase sensitivity
further. In addition, MS is well suited to direct infusion
or integration with HPLC systems, allowing inline sep-
aration of compounds, thus providing orthogonal sep-
aration of chemically similar lipid species. Analysis time
for both approaches is related to the number of com-
pounds to be measured and sample complexity.

Direct infusion

Infusion of an organic plasma extract directly into
the spectrometer, without prior chromatographic sep-
aration, provides several advantages. In this approach, a
greater number of experiments/transitions can be run
in sequence, whereas a limited number of experiments
can fit across the elution window of target compounds
with chromatographic separation. As a result, direct
infusion can be used to vary experimental parameters
across a wide range of values and hence is often
described as “shotgun” lipidomics, typically performed
using an ESI-MS/MS setup (33). In addition, constant
infusion of the sample results in steady analyte con-
centration across the entire assay, preventing variation
in matrix effects, such as ion suppression. This tech-
nique has enabled the development of multidimen-
sional MS, wherein the shotgun strategy is utilized to
create multidimensional lipidomic data with alternate
experiments across different axes. Typical lipidomic
experiments utilized here include product ion analysis,
precursor ion scanning mode, neutral-loss scanning
mode, and selected reaction monitoring.

The shotgun approach has also been applied to
quadrupole TOF (QqTOF) and orbitrap instruments,
which offer increased mass resolution compared with
triple quadrupole instruments, enabling differentiation
between isobaric species. Stahlman et al. (34) described a
high-throughput setup, which utilizes a shotgun lip-
idomics approach combined with multiple precursor
ion scanning experiments running on a QqTOF in-
strument. Their platform incorporated a 96-well plate-
based automated lipid extraction system with robotic
liquid handling connected to a microfluidic nano-
electrospray ionization device. They reported a sample
throughput of 50 samples per day. This platform was
subsequently utilized in the study of hypoxia-induced
changes in the lipidome of HL-1 cells, quantifying a
total of 150 lipid species. A study of analytical variation
across 237 control samples, measured over a 5-day
period, yielded a relative standard error (coefficient
of variation) of approximately 15% throughout. A
shotgun lipidomics protocol designed for clinical sam-
ples has also been published by Eggers et al. (35) incor-
porating  high-resolution = MS  instrumentation
(quadrupole-orbitrap) and the software package Lip-
idXplorer for data analysis and quantitation.
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An alternative strategy to the shotgun lipidomics
approach is to incorporate in-line HPLC separation into
the instrumentation setup, such that the column output
is infused into the spectrometer in real time. This pro-
vides an additional dimension of characterization
(specifically, column retention time). This technique has
the potential to provide additional sensitivity for low
abundance lipids by separating these compounds from
other more abundant species. Several separation stra-
tegies are available, along with a multitude of column
materials; hydrophilic interaction LC and normal phase
columns find use in the fractionation of lipid classes;
however, reverse phase, such as C8, CI8, or C30 col-
umns, provide a high degree of separation at the indi-
vidual species level.

HPLC-MS strategies can be employed in an untar-
geted fashion, usually incorporating high-resolution
instruments such as QqTOF and orbitrap-based spec-
trometers. This approach yields a large volume of lip-
idomic data, which are typically analyzed via
comparison with m/z databases for known lipid species.
Untargeted lipidomics has been used to study lipidome-
disease associations, such as the effect of acquired
obesity (36), diet-induced weight loss (37), insulin resis-
tance (38, 39), inflammation (39), CVD (40), and
response to pharmaceutical therapies (41). Such an
approach is particularly useful for the discovery of new
biomarkers and where the species of interest are as yet
unknown but is of limited application for routine lip-
idomic analysis in a clinical setting.

The use of LC-MS techniques to monitor sets of
predefined lipid species (targeted lipidomics) offers a
number of advantages for routine clinical lipidomics,
where a specific set of lipid species are known to be of
interest and rapid replicable assays involving large
numbers of samples are required. This approach is
often used in combination with triple quadrupole mass
spectrometers, typically using scheduled multiple reac-
tion monitoring, wherein transitions are monitored
during scheduled portions of the chromatographic run
coinciding with elution of the lipid species of interest.
This approach allows a greater number of transitions to
be monitored but requires significant effort to develop;
compounds of interest must be identified and their
transitions, retention times, and response factors
determined, some of which may change according to
experimental setup. These processes involve additional
offline experiments (42). Once the experimental setup
is complete however, experiments can be run on large
sample numbers, and the data collection, processing,
and analysis can be highly automated.

Regulatory approval of clinical platforms

Such clinical platforms will be required to meet
regulatory requirements of the relevant jurisdictions of
operation. While this has been achieved for most major
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LC platforms, the complexity and postacquisition data
processing involved in MS raises some challenges to
meet the transparency and auditing levels required by
the Therapeutic Drug Administration in Australia or
equivalent bodies in other jurisdictions. However, both
the regulatory bodies and the major mass spectrometer
producers are aware of these issues and are actively
working to achieve regulatory approval for a number
of such platforms for use in pharma, food, and health
industries, with some platforms already meeting these
requirements.

A CLINICAL LIPIDOMICS PIPELINE

As we draw closer to the development and imple-
mentation of clinical lipidomics, it is necessary to also
consider how the different parts of the analysis plat-
form will work together in a clinical setting. An over-
view of various processes and components that may
comprise a prospective clinical platform is provided in
Fig. 3. The following discussion highlights recent de-
velopments and concepts in sample collection, sample
preparation, standardization, and data processing.

Sample collection

While lipidomics can be performed on a wide vari-
ety of biological tissues and fluids, population and
clinical cohort studies typically utilize plasma or serum,
as these are most readily available. There are, however,
many variables that must be controlled, or at least
considered, during the process of sample collection.
Fasting status and even time of day at which blood is
drawn can influence the lipidomic profile as demon-
strated in several human circadian rhythm studies
(43-45). This area may require additional investigation
to determine the effect of postprandial state on the
values of specific lipid species or lipidomic models. In
particular, triacylglyceride species are observed to in-
crease significantly in the postprandial period, with
large individual variation. This variation in itself may
prove to be a useful indicator of metabolic health (46,

Sample Collection

Automated
Sample Processing

Standardization
QC Management

47). Of course, most studies seek to measure baseline
levels and reduce variation as much as possible, such
that measurements taken during fasting are often the
most useful.

Further variables introduced at the time of collection
include the selection of anticoagulants, as variation in
lipid profiles, particularly in phosphatidylcholines and
triglycerides, has been observed for EDTA and citrate
tubes (48). Differences in temperature and time spent
on the bench, both before and after centrifugation can
also impact the lipidome. Jgrgenrud et al. (49) found
that extended storage of plasma at room temperature
resulted in significant lipid degradation by 24 h. It is
recommended that samples are stored at —80°C, as
higher temperatures (—20°C, 4°C) result in increased
degradation, whereas the stability of lipids at —80°C is
often considered sufficient for long-term storage and
therefore clinical lipidomics. It is also recommended
that freeze thaw cycles be kept to a minimum, ideally
less than 2 (50, 51).

While it is standard to collect a significant volume
of blood for clinical analyses, with typical collection
tubes ranging 2-9 ml, this typically requires the pa-
tient to attend a doctor's surgery or pathology clinic
and the services of a health provider. However, as we
move toward clinical lipidomics and the concept of
personalized health, more convenient and less inva-
sive methods of sample collection may be consid-
ered. One such method currently under investigation
is the use of dried blood spots, which are easier to
collect and can potentially be performed by in-
dividuals in their own home (52, 53). Koulman et al
(54) reported on the measurement of 56 different
lipids, including cholesteryl esters, phosphatidylcho-
lines, sphingomyelins, and triglyceride species in
dried blood spots from infants and found that
although oxidized lipids and hydrolysis products
were clearly detectable, they were of minimal impact
to the overall lipid profile. Interestingly, experi-
mental precision was equal to that of a traditional
larger volume sample collection.

Statistical
Modelling/Al

T
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Fig. 3. An overview of the various components that may exist within a prospective clinical lipidomic platform.
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Sample preparation

To submit samples for mass spectrometric analysis,
whether chromatographic separation is employed or
not, lipids must first be extracted from their native
state-lipoproteins in the context of plasma or serum
samples—and into a suitable organic solvent. While this
process can be automated, it provides a potential source
of error and mandates the introduction of additional
quality control measures. A variety of extraction tech-
niques and solvents have been employed in the past,
including protocols by Bligh and Dyer (55) or Folch et al.
(56), which use two-phase extraction techniques and
chloroform/methanol/water solutions. One issue pre-
sented by these methods is the high volatility of chlo-
roform solutions, as evaporation during handling is a
potential source of experimental error, sometimes
avoided by additional evaporation,/reconstitution steps.
Collection of the lower organic phase in two-phase
liquid-liquid extractions can also be cumbersome.

To avoid these issues, a method using methyl-tert-
butyl-ether has been developed by Matyash et al. (57),
as methyl-tert-butyl-ether forms an upper organic
phase for easier collection. However, such two-phase
systems can result in partitioning of some lipid species
between phases and incomplete recovery. In our own
laboratory, we developed a single-phase protocol using
butanol/methanol, which eliminates the use of more
volatile solvent systems, and requires no drying or
reconstitution steps (58, 59). The butanol/methanol
protocol appears to provide equal recovery of most
lipid species, with improved extraction of polar lipids
(60). One potential drawback of such single-phase
methods is the less efficient removal of unwanted
ionic compounds, which precludes its use in direct
infusion approaches and may be particularly relevant
for high-throughput applications. Researchers should
consider the trade-offs between purification efficiency
and the recovery of more polar lipids when selecting
one-phase or two-phase extraction protocols.

Standardization

To facilitate the quantitation of MS data and account
for variation in extraction recovery, matrix effects as
well as ionization and fragmentation efficiencies, it is
usual to include a series of internal standards (ITSDs)
that are added prior to extraction. Lipid concentration
can then be determined by normalizing the lipid signal
to a class-specific or subclass-specific ITSD. Ideally, a
stable isotope labeled ITSD would be used for each
lipid species analyzed; however, this is often prohibited
by cost and availability, as the number of lipids in
clinical studies may number in the hundreds. Neither is
this possible for untargeted research, where the com-
pounds of interest are not known at the time of anal-
ysis. Thus a single or several ITSD compounds are
typically employed for each lipid class. This approach
has been found to be sufficiently quantitative for
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cohort studies where precision is more important than
absolute accuracy for subsequent association analyses
(61, 62) but may not be sufficient for a clinical lip-
idomics platform.

An additional strategy, typically adopted for batch
correction, is to include a quality control sample spaced
regularly throughout the analyses of large multibatch
experiments, which is then used to standardize each
lipid species across batches and thereby reduce varia-
tion within the experiment. This approach has now
been demonstrated to also perform well between plat-
forms and laboratories to align results (63) and offers a
path forward for clinical lipidomics. The National
Institute of Standards and Technology (NIST) Standard
Reference Material (SRM) 1950 has been proposed as a
suitable reference material for clinical platforms as it
has been extensively analyzed and is commercially
available.

In a recent ring trial led by the NIST, Bowden et al.
coordinated the measurement of over 1,500 unique
lipid species from the NIST SRM 1950—Metabolites in
frozen human plasma. Thirty-one laboratories partici-
pated in the study, which provided a consensus esti-
mated for 339 lipid species, measured in at least five
laboratories. The study found phospholipids to be
measured more consistently compared with other spe-
cies with approximately 52%, 48%, 34%, and 80% of
lysophosphatidylcholine, PC, phosphatidylethanol-
amine, and phosphatidylinositol species returning co-
efficient of dispersion values of less than 20%.
However, the study also highlighted the variation be-
tween laboratories in measuring the lipid species with
coefficient of dispersion values ranging from 10% to
over 80% across the entire lipid panel (64). If we are to
progress toward clinical lipidomics, then it will be
necessary to address the quality control issues high-
lighted in the NIST analysis.

Data processing

Regardless of the specific experimental protocols,
lipidomics performed in a clinical setting will neces-
sarily be high throughput, resulting in the generation
of large volumes of data requiring further processing
to extract useful information. As yet, there is no soft-
ware solution that provides a complete level of auto-
mation for “on-the-fly” data processing suitable for a
clinical lipidomics platform. There are however a
number of advanced software solutions available, and
this space is developing at an increasing pace.

For shotgun lipidomics and multiple precursor ion
scanning (spectra), a number of software packages exist
to facilitate data processing. The Lipid Profiler and Lipid
View (MDS Sciex) (34, 65, 66) packages achieve lipid
identification through comparison with a database con-
taining information on the precursor and fragment ion
m/z of various lipid species. The software is in addition
able to perform corrections to quantify lipid precursors

Clinical lipidomics 7



where there is isotopic overlap. For LC-MS, Masshunter
MS Quantitative Analysis software (Agilent Technolo-
gies) is effective in the batch processing of multiple re-
action monitoring data, providing chromatogram peak
areas in an automated fashion. The package includes
peak picking algorithms that automate integration of
chromatograms allowing for rapid data processing.

Lipidr is an open-source R-based package, which al-
lows importation of lipidomic data into an R-based
environment with automated interpretation of lipid
class and chain length from the provided names. The
package allows for data inspection, normalization, uni-
variate and multivariate analyses, and visualization (67).
Indeed, many laboratories typically use a suite of
commercially available software and custom scripts to
assist in analysis of clinical samples. Ultimately, a solu-
tion that incorporates peak integration, internal stan-
dards, and reference material standardization in a real-
time analyses will likely be developed on a platform-
specific basis as the field progresses.

FUTURE PATHWAYS

Regulatory requirements

Subsequent to technical development and validation,
prospective clinical lipidomics platforms would typi-
cally require accreditation from the relevant regulatory
body in the country of use. Within Australia, laboratory
accreditation is governed by the National Association
of Testing Authorities and is awarded subsequent to the
ongoing assessment of laboratory management systems,
staffing and location, methods and validation, quality
control systems, equipment and calibration, as well as
the reporting systems. Accreditation of a prospective
clinical platform itself requires registration as an
in vitro diagnostic device with the Australian Thera-
peutic Goods Administration, wherein it would be
assigned one of four classes according to its perceived
personal and public health risk. Said classes determine
the level of assessment carried out; in the case of a
diagnostic test to assist in the diagnosis and treatment of
serious disease, we anticipate that prospective clinical
platforms would be assigned as class 3 in vitro diag-
nostic devices (moderate risk). Accordingly, manufac-
turers would need to undergo strict conformity
assessment to ensure the device meets quality and
safety requirements, and an essential principles review,
including relevant published literature and technical
documentation.

Most assays incorporating the measurement of spe-
cific chemical species would seek to demonstrate
analytical accuracy and precision. For the clinical lip-
idomics platform, we anticipate some challenges may
arise from the incorporation of an increasingly large
number of lipid species, some of which may only be
measured semiquantitatively. We envision that rather
than seeking approval for each individual lipid assay,
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the postmodeling metabolic risk score would be the
focus of registration and thus analytical scrutiny.

Clinical utility

Prospective clinical lipidomics platforms must
demonstrate their clinical utility; that is, their ability to
inform and impact patient diagnosis and care. Prior to
device registration, such assessment would be carried
out as part of the validation process, likely using sample
sets from clinical trials and seeking to demonstrate
significant risk restratification compared with other
measures. However, such assessment would need to be
carried over to real-world applications and include
postmarket monitoring and reporting to allow ongoing
assessment within the clinical setting.

Research initiatives

As analytical technology continues to advance, we
will likely see the incorporation of an increased num-
ber of lipid measures in future clinical protocols.
Furthermore, sample throughput in prospective clinical
lipidomics platforms will climb sharply upon their
deployment in clinical and pathology settings. Accord-
ingly, cooperation across the international research
community will become increasingly important,
particularly for the standardization of technical prac-
tices and analytical measures between laboratories. To
this end, the International Lipidomics Society has been
established to foster international collaboration and the
development of new technologies, skills, and resources
in the lipidomics field. The aforementioned projects
such as LIPID MAPS and SwissLipids are also playing
an important role. Recent progress in this area of broad
international collaboration includes the publication
from Thompson et al. of an international ring trial
from 14 laboratories, in which they quantified up to 408
metabolites in blood specimens using a shared experi-
mental protocol. The study provided another demon-
stration of the utility provided by the NIST SRM 1950
reference sample, with the finding that with the
appropriate controls, high levels of accuracy and pre-
cision can be achieved across laboratories. The authors
describe a system suitability testing protocol to evaluate
the capacity of a given laboratory to participate in the
trial, including factors such as signal abundance, mass
accuracy, retention time, and peak shapes, with the data
published in a public repository (68). These and other
community-led initiatives will be important contribu-
tors to the development of clinical lipidomics.

CONCLUSIONS

The advent of modern lipidomic profiling tech-
niques has led to significant advances in our under-
standing of the fundamental biological processes
involved in health and disease. This technology has now
reached the point at which high-throughput sample
preparation and batch analysis enable its application to
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large cohort clinical trials, generating huge volumes of
data that capture the breadth of metabolic conditions
present in the human population. Significant effort is
currently underway to mine this data for new associa-
tions and biomarkers, pinpointing the fundamental
processes involved in disease etiology, as well as
discovering additional biomarkers to aid in diagnosis.

At present, many applications of lipidomic profiling
remain confined to the research laboratory; however,
this looks set to change. The ongoing development of
advanced risk modeling procedures means that this
technology now has significant application within the
clinical environment, with the potential to assist in the
routine diagnosis of disease, to stratify risk post-
diagnosis, and to monitor the efficacy of both phar-
maceutical and lifestyle interventions. The task now
ahead of us is to implement this technology in an im-
pactful way such that it becomes an accessible and
effective tool for health care providers. B

Acknowledgments

K. Huynh is supported by an investigator grant from the
National Health and Medical Research Council of Australia.
This work was supported by the Victorian Government's
Operational Infrastructure Support Program.

Author contributions

T. G. M, K. H, C. G, and P. ]J. M. methodology; T. G. M.
writing-original draft; K. H, C. G, and P. J. M. writing-review
and editing.

Author ORCIDs
Peter J. Meikle @ https://orcid.org/0000-0002-2593-4665
Conflict of interest

The authors declare that they have no conflicts of interest
with the contents of this article.

Abbreviations

ITSD, internal standard; LASSO, least absolute shrinkage
and selection operator; LIPID, Long-Term Intervention with
Pravastatin in Ischemic Disease; LIPID MAPS, Lipid Me-
tabolites and Pathways Strategy; NIST, National Institute of
Standards and Technology; PC, phosphatidylcholine;
QqTOF, quadrupole TOF; SRM, Standard Reference
Material.

Manuscript received July 31, 2021, and in revised from
September 18, 2021. Published, JLR Papers in Press,
September 25, 2021, https://doi.org/10.1016/jj1r.2021.100127

REFERENCES

1. Meikle, P. J., Wong, G., Barlow, C. K., and Kingwell, B. A. (2014)
Lipidomics: potential role in risk prediction and therapeutic
monitoring for diabetes and cardiovascular disease. Pharmacol.
Ther. 143, 12-23

2. Alshehry, Z. H, Mundra, P. A, Barlow, C. K., Mellett, N. A,
Wong, G., McConville, M. J,, Simes, J., Tonkin, A. M., Sullivan, D.
R, Barnes, E. H, Nestel, P. ., Kingwell, B. A, Marre, M., Neal, B,

~ASBMB

10.

1L

12.

13.

14.

15.

16.

17.

18.

Poulter, N. R, et al. (2016) Plasma lipidomic profiles improve on
traditional risk factors for the prediction of cardiovascular
events in type 2 diabetes mellitus. Circulation. 134, 1637-1650
Naudi, A, Cabré, R, Jové, M., Ayala, V., Gonzalo, H., Portero-
Otin, M., Ferrer, I, and Pamplona, R. (2015) Lipidomics of human
brain aging and Alzheimer's disease pathology. Int. Rev. Neurobiol.
122, 133-189

. Zhou, X, Mao, ], Ai, ], Deng, Y., Roth, M. R, Pound, C,, Henegar,

J.. Welti, R., and Bigler, S. A. (2012) Identification of plasma lipid
biomarkers for prostate cancer by lipidomics and bioinformat-
ics. PLoS One. 7, €48889

Wolrab, D, Jirasko, R, Cifkov4, E., Hoéring, M, Mei, D,
Chocholouskova, M., Peterka, O., Idkowiak, ], Hrnéiarova, T.,
Kuchat, L, Ahrends, R, Brumarova, R, Friedeck , D, Vivo-
Truyols, G, Skrha, P., et al (2021) Lipidomic profiling of human
serum enables detection of pancreatic cancer. medRxiv. https://
doi.org/10.1 101/2021.01.22.21249767

. Lin, H. M,, Mahon, K. L., Weir, J. M, Mundra, P. A,, Spielman, C,,

Briscoe, K., Gurney, H., Mallesara, G., Marx, G., Stockler, M. R,
Consortium, P. R, Parton, R. G,, Hoy, A. J., Daly, R. ], Meikle, P. |,
et al (2017) A distinct plasma lipid signature associated with poor
prognosis in castration-resistant prostate cancer. Int. J. Cancer. 141,
2112-2120

Laaksonen, R., Ekroos, K., Sysi-Aho, M., Hilvo, M., Vihervaara, T.,
Kauhanen, D.,, Suoniemi, M., Hurme, R., Marz, W., Scharnagl, H,
Stojakovic, T., Vlachopoulou, E., Lokki, M-L., Nieminen, M. S,
Klingenberg, R., e al (2016) Plasma ceramides predict cardio-
vascular death in patients with stable coronary artery disease
and acute coronary syndromes beyond LDL-cholesterol. Eur.
Heart J. 37,1967-1976

Kauhanen, D, Sysi-Aho, M., Koistinen, K. M., Laaksonen, R,
Sinisalo, J., and Ekroos, K. (2016) Development and validation of
a high-throughput LC-MS/MS assay for routine measurement
of molecular ceramides. Anal. Bioanal. Chem. 408, 3475-3483

. Havulinna, A. S, Sysi-Aho, M., Hilvo, M., Kauhanen, D., Hurme,

R, Ekroos, K., Salomaa, V., and Laaksonen, R. (2016) Circulating
ceramides predict cardiovascular outcomes in the population-
based FINRISK 2002 cohort. Arterioscler. Thromb. Vasc. Biol. 36,
2424-2430

Meeusen, J. W, Donato, L. ], Bryant, S. C, Baudhuin, L. M,,
Berger, P. B., and Jaffe, A. S. (2018) Plasma ceramides. Arterioscler.
Thromb. Vasc. Biol. 38, 1933-1939

Hilvo, M., Meikle, P. J., Pedersen, E. R, Tell, G. S,, Dhar, I, Bren-
ner, H, Schoéttker, B., Laaperi, M., Kauhanen, D., and Koistinen,
K. M. (2020) Development and validation of a ceramide-and
phospholipid-based cardiovascular risk estimation score for
coronary artery disease patients. Eur. Heart J. 41, 371-380
Mundra, P. A, Barlow, C. K., Nestel, P. J., Barnes, E. H,, Kirby, A.,
Thompson, P., Sullivan, D. R, Alshehry, Z. H, Mellett, N. A,
Huynh, K, Jayawardana, K. S, Giles, C, McConville, M. ],
Zoungas, S., Hillis, G. S., et al (2018) Large-scale plasma lipidomic
profiling identifies lipids that predict cardiovascular events in
secondary prevention. JCI Insight. 3, 121326

Jayawardana, K. S, Mundra, P. A, Giles, C, Barlow, C. K., Nestel,
P. J, Barnes, E. H, Kirby, A., Thompson, P., Sullivan, D. R, and
Alshehry, Z. H. (2019) Changes in plasma lipids predict pravas-
tatin efficacy in secondary prevention. JCI Insight. 4, €128438
Lounila, J, Ala-Korpela, M., Jokisaari, ], Savolainen, M., and
Kesaniemi, Y. (1994) Effects of orientational order and particle size
on the NMR line positions of lipoproteins. Phys. Rev. Leit. 72,4049
Otvos, |, Jeyarajah, E, and Bennett, D. (1996) A spectroscopic
approach to lipoprotein subclass analysis. J. Clin. Ligand Assay. 19,
184-189

Otvos, J. D, Jeyarajah, E. J, Bennett, D. W,, and Krauss, R. M.
(1992) Development of a proton nuclear magnetic resonance
spectroscopic method for determining plasma lipoprotein con-
centrations and subspecies distributions from a single, rapid
measurement. Clin. Chem. 38, 1632-1638

Soininen, P, Kangas, A. ], Wiirtz, P., Tukiainen, T., Tynkkynen,
T, Laatikainen, R,, Jarvelin, M-R,, Kahonen, M., Lehtimaki, T,
and Viikari, J. (2009) High-throughput serum NMR metabo-
nomics for cost-effective holistic studies on systemic metabolism.
Analyst. 134, 1781-1785

Soininen, P, Kangas, A. ], Wirtz, P., Suna, T., and Ala-Korpela,
M. (2015) Quantitative serum nuclear magnetic resonance
metabolomics in cardiovascular epidemiology and genetics. Circ.
Cardiovasc. Genet. 8, 192-206

Clinical lipidomics 9


https://orcid.org/0000-0002-2593-4665
http://doi.org/https://doi.org/10.1016/j.jlr.2021.100127
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref1
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref1
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref1
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref1
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref1
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref2
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref2
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref2
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref2
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref2
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref2
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref2
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref3
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref3
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref3
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref3
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref3
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref3
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref3
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref4
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref4
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref4
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref4
https://doi.org/10.1101/2021.01.22.21249767
https://doi.org/10.1101/2021.01.22.21249767
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref6
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref6
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref6
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref6
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref6
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref6
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref6
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref7
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref7
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref7
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref7
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref7
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref7
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref7
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref7
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref7
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref8
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref8
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref8
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref8
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref8
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref8
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref9
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref9
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref9
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref9
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref9
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref9
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref10
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref10
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref10
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref10
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref11
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref11
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref11
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref11
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref11
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref11
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref11
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref12
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref12
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref12
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref12
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref12
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref12
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref13
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref13
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref13
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref13
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref14
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref14
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref14
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref14
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref15
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref15
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref15
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref15
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref16
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref16
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref16
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref16
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref16
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref16
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref17
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref17
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref17
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref17
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref17
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref17
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref17
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref17
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref17
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref18
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref18
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref18
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref18
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref18

19.

20.

2L

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

10

Inouye, M., Kettunen, J.,, Soininen, P., Silander, K., Ripatti, S.,
Kumpula, L. S, Hamalainen, E., Jousilahti, P, Kangas, A. ], and
Mannisto, S. (2010) Metabonomic, transcriptomic, and genomic
variation of a population cohort. Mol. Syst. Biol. 6, 441
Tukiainen, T., Tynkkynen, T., Makinen, V-P., Jylanki, P., Kangas,
A, Hokkanen, J., Vehtari, A, Grohn, O, Hallikainen, M., and
Soininen, H. (2008) A multi-metabolite analysis of serum by 1H
NMR spectroscopy: early systemic signs of Alzheimer’s disease.
Biochem. Biophys. Res. Commun. 375, 356-361

Sniderman, A., and Kwiterovich, P. O. (2013) Update on the
detection and treatment of atherogenic low-density lipoproteins.
Curr. Opin. Endocrinol. Diabetes Obes. 20, 140-147

Otvos, J. D, Mora, S., Shalaurova, I, Greenland, P., Mackey, R. H,,
and Goff, D. C, Jr. (2011) Clinical implications of discordance
between low-density lipoprotein cholesterol and particle num-
ber. J. Clin. Lipidol. 5, 105-113

Mackey, R. H, Greenland, P., Goff, D. C, Lloyd-Jones, D,, Sibley,
C. T, and Mora, S. (2012) High-density lipoprotein cholesterol
and particle concentrations, carotid atherosclerosis, and coro-
nary events: MESA (multi-ethnic study of atherosclerosis). J. Am.
Coll. Cardiol. 60, 508-516

Wiirtz, P, Raiko, J. R, Magnussen, C. G., Soininen, P., Kangas, A.
J. Tynkkynen, T., Thomson, R,, Laatikainen, R., Savolainen, M. J.,
and Laurikka, J. (2012) High-throughput quantification of
circulating metabolites improves prediction of subclinical
atherosclerosis. Eur. Heart J. 33, 2307-2316

Giles, C, Takechi, R, Lam, V., Dhaliwal, S. S., and Mamo, J. C.
(2018) Contemporary lipidomic analytics: opportunities and
pitfalls. Prog. Lipid Res. 71, 86-100

Stegemann, C, Pechlaner, R., Willeit, P., Langley, S. R, Mangino,
M., Mayr, U, Menni, C, Moayyeri, A., Santer, P., Rungger, G.,
Spector, T. D., Willeit, J.,, Kiechl, S, and Mayr, M. (2014) Lip-
idomics profiling and risk of cardiovascular disease in the pro-
spective population-based Bruneck study. Circulation. 129,
1821-1831

Gerl, M. ], Klose, C, Surma, M. A, Fernandez, C., Melander, O,
Mannisto, S., Borodulin, K., Havulinna, A. S., Salomaa, V., Iko-
nen, E, Cannistraci, C. V. and Simons, K. (2019) Machine
learning of human plasma lipidomes for obesity estimation in a
large population cohort. PLoS Biol. 17, 3000443

Pepe, M. S, Fan, J., Feng, Z., Gerds, T., and Hilden, |. (2015) The
net reclassification index (NRI): a misleading measure of pre-
diction improvement even with independent test data sets. Stat.
Biosci. 7, 282-295

Fahy, E, Cotter, D., Sud, M., and Subramaniam, S. (2011) Lipid
classification, structures and tools. Biochim. Biophys. Acta. 1811,
637-647

Schmelzer, K., Fahy, E.,, Subramaniam, S., and Dennis, E. A. (2007)
The lipid maps initiative in lipidomics. Methods Enzymol. 432,
171-183

Fahy, E, Subramaniam, S., Brown, H. A,, Glass, C. K., Merrill, A.
H, Jr, Murphy, R. C, Raetz, C. R, Russell, D. W., Seyama, Y., and
Shaw, W. (2005) A comprehensive classification system for lipids.
Eur. J. Lipid Sci. Technol. 107, 337-364

Aimo, L, Liechti, R., Hyka-Nouspikel, N., Niknejad, A., Gleizes,
A., Go6tz, L., Kuznetsov, D, David, F. P., van der Goot, F. G, and
Riezman, H. (2015) The SwissLipids knowledgebase for lipid
biology. Bioinformatics. 31, 2860-2866

Han, X, and Gross, R. W. (2005) Shotgun lipidomics: multidi-
mensional MS analysis of cellular lipidomes. Expert Rev. Proteomics.
2, 253-264

Stahlman, M., Ejsing, C. S., Tarasov, K., Perman, ., Borén, J., and
Ekroos, K. (2009) High-throughput shotgun lipidomics by
quadrupole time-of-flight mass spectrometry. J. Chromatogr. B.
877, 2664-2672

Eggers, L. F, and Schwudke, D. (2018) Shotgun lipidomics
approach for clinical samples. In Clinical Metabolomics. Humana
Press, New York, NY, 163-174

Pietilainen, K. H., Sysi-Aho, M,, Rissanen, A., Seppanen-Laakso,
T., Yki-Jarvinen, H,, Kaprio, J., and Oresi¢, M. (2007) Acquired
obesity is associated with changes in the serum lipidomic profile
independent of genetic effects-a monozygotic twin study. PLoS
One. 2, €218 i

Schwab, U, Seppanen-Laakso, T., Yetukuri, L., Agren, J., Koleh-
mainen, M, Laaksonen, D. E, Ruskeepaa, A-L., Gylling, H.,
Uusitupa, M., and Oresi¢, M. (2008) Triacylglycerol fatty acid
composition in diet-induced weight loss in subjects with

J- Lipid Res. (2021) 62 100127

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

abnormal glucose metabolism—the GENOBIN study. PLoS One. 3,
€2630

Kotronen, A, Velagapudi, V. Yetukuri, L, Westerbacka, J.,
Bergholm, R., Ekroos, K., Makkonen, J., Taskinen, M-R., Oresic,
M., and Yki-Jarvinen, H. (2009) Serum saturated fatty acids
containing triacylglycerols are better markers of insulin resis-
tance than total serum triacylglycerol concentrations. Dia-
betologia. 52, 684-690

De Mello, V., Lankinen, M., Schwab, U., Kolehmainen, M., Lehto,
S., Seppanen-Laakso, T., Oresi¢, M., Pulkkinen, L., Uusitupa, M.,
and Erkkila, A. (2009) Link between plasma ceramides, inflam-
mation and insulin resistance: association with serum IL-6 con-
centration in patients with coronary heart disease. Diabetologia.
52, 2612-2615

Sysi-Aho, M., Koikkalainen, J., Seppanen-Laakso, T., Kaartinen,
M., Kuusisto, J., Peuhkurinen, K., KarkKainen, S, Antila, M,
Lauerma, K, Reissell, E,, Jurkko, R., Lotjonen, J., Helio, T., and
Oresi¢, M. (2011) Serum lipidomics meets cardiac magnetic
resonance imaging: profiling of subjects at risk of dilated car-
diomyopathy. PLoS One. 6, €15744

Yetukuri, L, Huopaniemi, I, Koivuniemi, A. Maranghi, M.,
Hiukka, A, Nygren, H, Kaski, S, Taskinen, M-R., Vattulainen, L,
Jauhiainen, M., and Oresi¢, M. (2011) High density lipoprotein
structural changes and drug response in lipidomic profiles
following the long-term fenofibrate therapy in the FIELD sub-
study. PLoS One. 6, €23589

Huynh, K., Barlow, C. K., Jayawardana, K. S, Weir, J. M., Mellett,
N. A, Cinel, M., Magliano, D. J,, Shaw, ]. E, Drew, B. G,, and
Meikle, P. J. (2019) High-throughput plasma lipidomics: detailed
mapping of the associations with cardiometabolic risk factors.
Cell Chem. Biol. 26, 71-84.€74

Chua, E. C-P., Shui, G, Lee, 1. T-G,, Lau, P,, Tan, L-C, Yeo, S-C.,
Lam, B. D, Bulchand, S, Summers, S. A, Puvanendran, K,
Rozen, S. G, Wenk, M. R, and Gooley, ]. ]. (2018) Extensive di-
versity in circadian regulation of plasma lipids and evidence for
different circadian metabolic phenotypes in humans. Proc. Natl.
Acad. Sci. U. S. A. 110, 14468-14473

Ang, |J. E, Revell, V, Mann, A, Mantele, S., Otway, D. T., John-
ston, J. D, Thumser, A. E, Skene, D. J, and Raynaud, F. (2012)
Identification of human plasma metabolites exhibiting time-of-
day variation using an untargeted liquid chromatography-mass
spectrometry metabolomic approach. Chronobiol. Int. 29, 868-881
Kasukawa, T., Sugimoto, M., Hida, A., Minami, Y., Mori, M,
Honma, S, Honma, K--i, Mishima, K., Soga, T., and Ueda, H. R.
(2012) Human blood metabolite timetable indicates internal
body time. Proc. Natl. Acad. Sci. U. S. A. 109, 1503615041
Perez-Caballero, A. I, Alcala-Diaz, J. F., Perez-Martinez, P., Gar-
cia-Rios, A., Delgado-Casado, N., Marin, C,, Yubero-Serrano, E,
Camargo, A., Caballero, J, and Malagon, M. M. (2018) Lipid
metabolism after an oral fat test meal is affected by age-
associated features of metabolic syndrome, but not by age.
Atherosclerosis. 226, 258-262

Bonham, M. P, Linderborg, K. M., Dordevic, A, Larsen, A. E,
Nguo, K., Weir, J. M,, Gran, P, Luotonen, M. K., Meikle, P. J., and
Cameron-Smith, D. (2013) Lipidomic profiling of chylomicron
triacylglycerols in response to high fat meals. Lipids. 48, 39-50
Hyotylainen, T., and Oresic¢, M. (2016) Bioanalytical techniques in
nontargeted clinical lipidomics. Bioanalysis. 8, 351-364
Jorgenrud, B, Jantti, S., Mattila, I, P6ho, P., Rgnningen, K. S., Yki-
Jarvinen, H,, Oresi¢, M., and Hyotylainen, T. (2015) The influence
of sample collection methodology and sample preprocessing on
the blood metabolic profile. Bioanalysis. 7, 991-1006

Zivkovic, A. M., Wiest, M. M., Nguyen, U. T., Davis, R, Watkins, S.
M., and German, J. B. (2009) Effects of sample handling and
storage on quantitative lipid analysis in human serum. Metab-
olomics. 5, 507-516

Ishikawa, M., Maekawa, K., Saito, K., Senoo, Y., Urata, M., Mur-
ayama, M., Tajima, Y., Kumagai, Y., and Saito, Y. (2014) Plasma
and serum lipidomics of healthy white adults shows character-
istic profiles by subjects’ gender and age. PLoS One. 9, 91806
Gao, F., McDaniel, ], Chen, E. Y, Rockwell, H. E, Drolet, J.,
Vishnudas, V. K., Tolstikov, V., Sarangarajan, R., Narain, N. R,
and Kiebish, M. A. (2017) Dynamic and temporal assessment of
human dried blood spot MS/MS ALL shotgun lipidomics anal-
ysis. Nutr. Metab. 14, 1-12

Li, K., Naviaux, J. C, Monk, ]J. M., Wang, L., and Naviaux, R. K.
(2020) Improved dried blood spot-based metabolomics: a

SBMB


http://refhub.elsevier.com/S0022-2275(21)00109-7/sref19
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref19
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref19
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref19
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref19
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref19
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref19
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref19
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref20
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref20
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref20
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref20
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref20
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref20
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref20
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref20
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref21
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref21
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref21
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref21
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref22
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref22
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref22
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref22
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref22
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref23
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref23
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref23
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref23
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref23
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref23
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref24
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref24
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref24
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref24
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref24
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref24
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref25
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref25
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref25
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref25
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref26
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref26
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref26
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref26
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref26
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref26
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref26
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref27
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref27
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref27
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref27
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref27
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref28
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref28
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref28
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref28
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref28
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref29
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref29
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref29
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref29
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref30
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref30
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref30
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref30
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref31
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref31
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref31
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref31
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref31
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref32
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref32
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref32
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref32
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref32
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref33
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref33
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref33
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref33
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref34
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref34
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref34
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref34
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref34
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref34
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref35
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref35
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref35
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref35
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref36
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref36
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref36
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref36
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref36
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref36
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref36
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref36
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref36
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref36
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref36
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref37
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref37
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref37
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref37
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref37
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref37
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref37
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref37
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref37
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref37
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref37
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref38
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref38
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref38
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref38
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref38
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref38
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref38
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref38
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref38
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref38
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref39
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref39
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref39
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref39
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref39
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref39
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref39
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref39
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref39
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref39
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref39
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref40
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref40
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref40
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref40
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref40
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref40
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref40
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref40
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref40
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref40
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref40
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref41
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref41
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref41
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref41
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref41
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref41
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref41
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref41
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref42
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref42
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref42
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref42
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref42
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref42
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref43
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref43
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref43
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref43
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref43
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref43
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref43
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref44
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref44
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref44
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref44
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref44
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref44
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref44
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref44
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref45
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref45
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref45
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref45
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref45
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref46
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref46
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref46
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref46
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref46
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref46
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref46
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref47
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref47
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref47
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref47
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref47
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref48
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref48
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref48
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref48
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref48
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref48
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref49
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref49
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref49
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref49
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref49
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref49
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref49
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref49
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref49
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref49
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref50
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref50
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref50
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref50
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref50
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref51
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref51
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref51
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref51
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref52
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref52
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref52
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref52
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref52
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref52
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref53
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref53

54.

55.

56.

57.

58.

59.

60.

61.

62.

targeted, broad-spectrum, single-injection method. Metabolites.
10, 82

Koulman, A., Prentice, P, Wong, M. C. Y., Matthews, L., Bond, N.
J., Eiden, M., Griffin, J. L, and Dunger, D. B. (2014) The devel-
opment and validation of a fast and robust dried blood spot
based lipid profiling method to study infant metabolism.
Metabolomics. 10, 1018-1025

Bligh, E. G., and Dyer, W. J. (1959) A rapid method of total lipid
extraction and purification. Can. J. Biochem. Physiol. 37, 911-917
Folch, J., Lees, M., and Stanley, G. S. (1957) A simple method for
the isolation and purification of total lipides from animal tis-
sues. J. Biol. Chem. 226, 497-509

Matyash, V., Liebisch, G., Kurzchalia, T. V., Shevchenko, A., and
Schwudke, D. (2008) Lipid extraction by methyl-tert-butyl ether
for high-throughput lipidomics. J. Lipid Res. 49, 1137-1146
Alshehry, Z. H, Barlow, C. K., Weir, J. M., Zhou, Y., McConville,
M. J., and Meikle, P. J. (2015) An efficient single phase method
for the extraction of plasma lipids. Metabolites. 5, 389-403
Lofgren, L., Stahlman, M., Forsberg, G-B., Saarinen, S., Nilsson,
R., and Hansson, G. L. (2012) The BUME method: a novel auto-
mated chloroform-free 96-well total lipid extraction method for
blood plasma. J. Lipid Res. 53, 1690-1700

Wong, M. W. K,, Braidy, N, Pickford, R, Sachdev, P. S., and
Poljak, A. (2019) Comparison of single phase and biphasic
extraction protocols for lipidomic studies using human plasma.
Front. Neurol. 10, 879

Hyotylainen, T, and Oresic, M. (2015) Optimizing the lipidomics
workflow for clinical studies—practical considerations. Anal.
Bioanal. Chem. 407, 4973-4993

Han, X, and Gross, R. W. (2005) Shotgun lipidomics: electrospray
ionization mass spectrometric analysis and quantitation of

SASBMB

63.

64.

65.

66.

67.

68.

cellular lipidomes directly from crude extracts of biological
samples. Mass Spectrom. Rev. 24, 367412

Triebl, A, Burla, B, Selvalatchmanan, J., Oh, J., Tan, S. H, Chan,
M. Y., Mellet, N. A,, Meikle, P. J., Torta, F., and Wenk, M. R. (2020)
Shared reference materials harmonize lipidomics across MS-
based detection platforms and laboratories. J. Lipid Res. 6l,
105-115

Bowden, J. A,, Heckert, A, Ulmer, C. Z, Jones, C. M., Koelmel,
J. P, Abdullah, L., Ahonen, L., Alnouti, Y., Armando, A. M,,
Asara, J. M, Bamba, T., Barr, J. R., Bergquist, J., Borchers, C. H,
Brandsma, J., e al (2017) Harmonizing lipidomics: NIST
interlaboratory comparison exercise for lipidomics using
SRM 1950-metabolites in frozen human plasma. J. Lipid Res. 58,
2275-2288

Jung, H. R, Sylvanne, T., Koistinen, K. M., Tarasov, K., Kauha-
nen, D, and Ekroos, K. (2011) High throughput quantitative
molecular lipidomics. Biochim. Biophys. Acta. 1811, 925-934

Ejsing, C. S., Duchoslav, E., Sampaio, J., Simons, K., Bonner, R.,
Thiele, C, Ekroos, K., and Shevchenko, A. (2006) Automated
identification and quantification of glycerophospholipid mo-
lecular species by multiple precursor ion scanning. Anal. Chem.
78, 6202-6214

Mohamed, A., Molendijk, J., and Hill, M. M. (2020) Lipidr: a
software tool for data mining and analysis of lipidomics data-
sets. J. Proteome Res. 19, 2890-2897

Thompson, J. W., Adams, K. ], Adamski, J., Asad, Y., Borts, D.,
Bowden, J. A, Byram, G, Dang, V., Dunn, W. B,, Fernandez, F,
Fiehn, O., Gaul, D. A,, Hithmer, A. F. R, Kalli, A, Koal, T., e al
(2019) International ring trial of a high resolution targeted
metabolomics and lipidomics platform for serum and plasma
analysis. Anal. Chem. 91, 14407-14416

Clinical lipidomics 11


http://refhub.elsevier.com/S0022-2275(21)00109-7/sref53
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref53
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref54
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref54
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref54
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref54
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref54
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref54
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref55
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref55
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref55
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref56
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref56
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref56
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref56
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref57
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref57
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref57
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref57
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref58
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref58
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref58
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref58
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref59
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref59
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref59
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref59
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref59
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref60
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref60
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref60
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref60
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref61
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref61
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref61
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref61
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref61
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref61
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref61
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref61
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref62
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref62
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref62
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref62
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref62
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref63
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref63
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref63
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref63
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref63
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref63
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref64
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref64
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref64
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref64
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref64
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref64
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref64
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref64
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref65
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref65
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref65
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref65
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref65
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref66
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref66
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref66
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref66
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref66
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref66
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref67
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref67
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref67
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref67
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref68
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref68
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref68
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref68
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref68
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref68
http://refhub.elsevier.com/S0022-2275(21)00109-7/sref68

	Clinical lipidomics: realizing the potential of lipid profiling
	Progress toward clinical lipidomics
	NMR-based clinical lipidomics

	Bioinformatics, risk model development, and evaluation
	Clinical platform design
	Lipid classification and pathways
	Instrumentation
	Direct infusion
	LC
	Regulatory approval of clinical platforms

	A clinical lipidomics pipeline
	Sample collection
	Sample preparation
	Standardization
	Data processing

	Future pathways
	Regulatory requirements
	Clinical utility
	Research initiatives

	Conclusions
	Author contributions
	References


