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a b s t r a c t

This review summarizes available mass spectrometry (MS) based approaches for the quantitative anal-
ysis of lipids in biological samples in the cancer research, which is termed here as oncolipidomics. The
methodological part shows possible configurations of stand-alone MS or MS coupled to liquid-phase
separation techniques. For the characterization of various lipids with the special emphasis on methods
convenient for robust high-throughput lipidomic quantitation of biological samples, such as body fluids,
tissues, and cell lines. The critical assessment of lipid species dysregulated in various cancer types is
provided with the goal to summarize and generalize the typical up and down regulated lipids associated
with the progress of tumor growth and evaluate possible future use of lipidomic analysis in the early
cancer diagnosis.

© 2019 Published by Elsevier B.V.
1. Introduction

Lipids are constituents of cell membranes, which are involved in
various cellular functions, for example cell signaling, energy stor-
age, etc. These various biological functions of lipids make them
interesting candidates for monitoring of the metabolic state of the
organism and may allow the identification of characteristic profiles
for various healthy and disease states. At present, the low-density
lipoprotein (LDL), high-density lipoprotein (HDL), total choles-
terol, and total triacylglycerols (TG) are representative examples of
routine analyses of lipids in common clinical practice. The fast
proliferation of cells and altered energy metabolism in cancer may
be assumed as a suitable example, where the changes in the lipid
profile could be anticipated. Several studies presented within this
review showed the potential of oncolipidomics for diagnostic
purposes. The term oncolipidomics is used here for the description
of the quantitative and comprehensive analysis of lipids by MS for
cancerous samples in comparison to healthy samples. The
comparison of results obtained from the literature highlights
discrepancies with regard to the reported nomenclature and
quantitation strategies including the quality control (QC) and the
method validation, which suggests that some level of
�capek).
harmonization and guidelines of recommended approaches would
be beneficial for the lipidomic community. The most common
biological materials, sample preparation protocols, and MS based
analysis methodologies are discussed in this review. Furthermore,
some considerations for oncolipidomics with regard of the
harmonization of quantitative lipid analysis and an overview on the
most regulated lipid species in cancer research obtained from the
literature search are highlighted towards the future investigation to
possible disease diagnosis and therapy monitoring.

1.1. Lipid classification and nomenclature

The lipidome of mammals and other organisms exhibits a huge
structural diversity, which requires the systematic nomenclature.
For this purpose, the LIPID MAPS classification system has been
introduced in 2005 [1], where lipids are divided into eight main
categories, i.e., fatty acyls, glycerolipids, glycerophospholipids,
sphingolipids, sterol lipids, saccharolipids, prenol lipids, and poly-
ketides. The last three mentioned categories are less common for
mammals and human, therefore they will be not discussed in this
review. Each category further involves its own hierarchy including
particular lipid classes and subclasses. Lipidomics is still a
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Abbreviations

2D two-dimensional
APCI atmospheric-pressure chemical ionization
BUME butanol e methanol
CE cholesterol ester
Cer ceramide
CL cardiolipin
CN carbon number
DB double bond number
DESI desorption electrospray ionization
DG diacylglycerol
DI direct infusion
ECN equivalent carbon number
EDTA ethylenediaminetetraacetic acid
ESI electrospray ionization
FA fatty acid
FT Fourier transformation
GalCer galactosylceramide
Gb3Cer globotriaosylceramide
GC gas chromatography
HDL high-density lipoprotein
HexCer hexosylceramide
HILIC hydrophilic liquid chromatography
HR high-resolution
IS internal standard
LacCer lactosylceramide
LC liquid chromatography
LDL low-density lipoprotein
LPC lysophosphatidylcholine
LPE lysophosphatidylethanolamine
MALDI matrix-assisted laser desorption/ionization
MG monoacylglycerol

MS mass spectrometry
MSI mass spectrometry imaging
MTBE methyl tert-butyl ether
NARP non-aqueous reversed-phase
NIST National Institute of Standards and Technology
NLS neutral loss scan
NMR nuclear magnetic resonance
NP normal phase
O- ether
P- plasmalogen
PA phosphatidic acid
PC phosphatidylcholine
PE phosphatidylethanolamine
PG phosphatidylglycerol
PI phosphatidylinositol
PIS precursor ion scan
PS phosphatidylserines
PUFA polyunsaturated fatty acid
QC quality control
QqQ triple quadrupoles
QTOF quadrupole time-of-flight
QTRAP quadrupole - linear ion trap
RP reversed-phase
S1P sphingosine-1-phosphate
SFC supercritical fluid chromatography
SM sphingomyelin
SRM selected reaction monitoring
TG triacylglycerol
TLC thin layer chromatography
UHPLC ultrahigh-performance liquid chromatography
UHPSFC ultrahigh-performance supercritical fluid

chromatography
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developing field and several updates and improvements have been
made to the nomenclature [2,3] in the last decade.

Another problem is the necessity of proper annotation and the
unification of structure-derived information from MS data for
particular lipid species to help the lipid research community with
the understanding of the complex lipidomic data obtained by mass
spectrometric and chromatographic approaches. The solution is the
shorthand notation [4], where the rules for particular levels of
structural information are derived from the experimental data. In
the following text, the shorthand notation is briefly described on
the example of sphingomyelin (SM) 36:1 (lipid species level) for a
better understanding. The abbreviation SM reflects the sphingo-
myelin lipid class. Subsequently, the colon separated numbers 36:1
provide the information on the carbon number and double bond
number (CN:DB) of N-linked fatty acyl and the sphingoid base of
ceramide part. Another possibility is the addition of the prefix
d before the carbon number (SM d36:1) based on the common
assumption of a sphingoid base with two hydroxyl groups in
mammals (hydroxyl group level). If the type of sphingoid base and
linked N-acyl are known from tandem mass spectra, then the fatty
acyl/alkyl level notation can be applicable, i.e., SM d18:1/18:0.
Finally, the LIPID MAPS sphingoid base/fatty acyl structure level,
such as SM d18:1 (4E) (1OH, 3OH)/18:0, can be reported in case of
known stereochemistry. Although the shorthand notation for most
lipids was developed within this article [4], the abbreviation of
some more complex lipids is still missing, e.g., complex acidic
glycosphingolipids. Recommended nomenclature and abbrevia-
tions for these compounds have been suggested elsewhere [5,6].
1.2. Biological materials in clinical lipidomics

Lipids can be analyzed in all common human biological mate-
rials. For a better understanding of the biological role of lipids in the
cancer development, various tumor cell lines were analyzed as well
as tumor tissues and surrounding non-affected normal tissues for
breast and kidney cancers [7e9]. However, non-invasive methods
are preferred in clinical diagnosis, such as the analysis of body
fluids. Blood, especially plasma and serum, is the most commonly
used type of human biological material in the lipidomic analysis.
EDTA plasma has been suggested as the most convenient body fluid
material for the lipidomic analysis [10]. Urine, saliva, and cerebro-
spinal fluid are investigated as well in the biomarker discovery
research of several diseases including cancer [11]. In recent years,
the lipidomic analysis of extracellular vesicles (exosomes) secreted
by mammalian cells isolated from body fluids gained a special
attention [12] due to their importance in the communication be-
tween cells.

It is assumed that lipid concentration differences are observed
between cancer and healthy states. However, lipid concentrations
also depend on various exogenous factors, such as dietary intake
and circadian rhythm [13] as well as endogenous factors (e.g.,
hormonal rhythm), therefore differences in the lipid concentration
profile reflecting the health state may be difficult to detect.
Furthermore, lipid concentrations may be influenced by sample
collection and storage protocols, for example collection tubes
(heparin vs. EDTA tubes for plasma collection). The time needed to
isolate the serum as well as the centrifugation speed used to isolate
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plasma may also affect the concentration profile of lipids. All these
factors illustrate how important the sample quality and the
harmonization of sample isolation protocols are in order to have a
chance to come to diagnostic conclusions. In fact, research labora-
tories strongly depend on samples what they obtain from external
providers and have limited influence on sample collection condi-
tions. On the other hand, clinical employees are occupied by their
daily routines with the patient treatment, therefore the sample
collection protocol has to be as simple as possible and harmonized
among different collection places. Consequently, systematic studies
of the influence of sample collection, storage, sample material,
collection time point, and the lipid profile depending on the health
state with reliable lipid quantitation obtained by various labora-
tories are necessary in order to provide oncolipidomics a real
chance in the clinical practice. The availability of statistical relevant
sample sizes for clinical lipidomic studies is often challenging,
because inclusion and exclusion criteria should be followed, such as
the type of collecting tubes, no hemolysis of samples, the match of
gender, age, and body-mass-index, etc. Effects of other comorbid-
ities should be investigated as well. Furthermore, samples before
and after treatment or surgery and several collecting points of the
same patients would be desired. Biobanks may be applicable, but
the quality of the samples collected at various hospitals should be
monitored.

1.3. Sample preparation in lipidomics

Robust, reproducible, and fast sample preparation protocols
with high coverage for a broad range of lipid classes are essential for
the comprehensive, reliable, and quantitative analysis of lipids in
biological samples. For the quantitative analysis, the addition of
exogenous internal standards (IS) prior to the sample preparation is
necessary [14]. The liquid-liquid extraction is the most commonly
used sample preparation method covering relatively broad range of
lipid classes. Folch [15] and Bligh-Dyer [16] methods or modifica-
tions of those using chloroform and methanol (Folch - 2:1, v/v,
Bligh-Dyer - 1:2, v/v) are prevailing. Other approaches are based on
methyl tert-butyl ether (MTBE) [17] as well as on butanol e

methanol (BUME) [18]. For the ether-based extraction, a mixture of
methanol and MTBE (1.5:5, v/v) and water is employed. The BUME
extraction involves two steps, where one-phase extraction using
the mixture of butanol and methanol (3:1, v/v) is followed by two-
phase extraction by adding heptane: ethyl acetate (3:1, v/v) and 1%
acetic acid.

If higher selectivity and sensitivity are needed, then solid-phase
extraction can be applied, especially for highly polar to ionic lipids
obtained from the aqueous phase [19]. Depending on the properties
of the employed extraction material, i.e., pure silica or octade-
cylsilica, lipids of interest can be enriched and fractionated [19]. The
simplest sample preparation approach for the analysis of lipids is
the protein precipitation of body fluids with organic solvents prior
to the analysis. Even though it is by far the fastest approach, it bears
the risk of low efficiency for the removal of impurities, which may
result in higher background signal and faster contamination of the
system.

2. Common analytical methodologies in lipidomic
quantitation

MS using the direct infusion (DI) or its coupling with
liquid-phase separation techniques strongly dominates the field of
lipidomic quantitation [20] with possible applicability for
high-throughput clinical studies including the biomarker discovery
and early diagnosis screening. The liquid-phase separation tech-
niques have a high separation power to resolve numerous intact
lipid molecules including various types of lipid isomers depending
on the applied chromatographic mode. For quantitation purposes,
the lipid class separation techniques are preferred due to the fact
that the exogenous lipid class IS coelutes with analytes from the
same lipid class, which guarantees the same matrix and suppres-
sion effects for both IS and analytes. The situation is similar in case
of direct infusion (so called shotgun approach) with triple quad-
rupole (QqQ) instruments, where characteristic scan events enable
the distinction of individual lipids classes, and again IS and analytes
are ionized at the same time. Fig. 1 is an example of PC measured by
shotgun MS. In case of lipid species separation techniques, such as
reversed-phase (RP) liquid chromatography (LC), special care with
regard to internal standards should be paid due to different matrix
and suppression effects during the chromatographic run based on
lipid species separation. Independent of the employed methodol-
ogy for lipid quantitation, the emphasis should be given on the full
method validation and the use of a sufficient number of QC samples
after the certain number of injections, typically 20e50 samples
[20e22]. In general, any quantitative lipidomic study based on MS
should be fully validated using at minimum one IS per each lipid
class and the real biological matrix [23]. The best approach is the
use of a pooled sample including the lipid class IS added before the
extraction [24]. The extract of the pooled sample containing the IS
may be also used as QC sample during the measurements of the
sample batch.

Individual steps of the whole analytical methodology, such as
the sample collection, the sample preparation, the mass spectro-
metric analysis, and the data processing, should be carefully
monitored to obtain reliable quantitative data for large-scale clin-
ical studies. Sample preparation variances can be improved by
automated sample preparation protocols by using robotic systems.
The signal response in MS can significantly vary due to the
contamination, therefore the use of a system suitability standard in
addition to IS should be regularly measured and evaluated. This
may allow the evaluation of mass spectrometer state and may help
with the decision, if the sequence of valuable samples has to be
stopped in order to investigate the signal loss by employing
cleaning steps. The sequence of samples must be randomized
during the sample preparation andmeasurements in order to avoid
bias during the statistical analysis. Generally, the whole lipidomic
quantitation methodology should be validated in accordance with
European Medicine Agency [25], Food and Drug Administration
[26] or other convenient guidelines. For biomarker discovery
studies, it is recommended to use training and validation sets. The
training set is used to build up a statistical model, and the valida-
tion set to evaluate the performance of the statistical model with
regard to sensitivity and specificity. Additionally, the use of blinded
samples may further improve the method confidence.

2.1. Direct infusion MS

2.1.1. Low resolution shotgun MS
One approach to determine lipids in biological samples is the

shotgunMSanalysis using low resolutionMS,whichdoes not use any
separation technique prior to MS analysis, but uses specific
MS/MS scans for the global analysis of the lipidome at the constant
ion suppression between lipid classes and individual species within
the lipid class, because all lipids are ionized together [24,27,28]. Every
common lipid class is characterized by particular fragments or
neutral losses after collision-induced dissociation allowing the
determination of specific lipid species in biological samples (e.g.,
glycerophospholipids are divided to several subclasses, and every
subclass has specific product ions suitable for their determination)
[27e30]. The most common scan types during shotgun analysis are
precursor ion scans (PIS) and neutral loss scans (NLS), and the best



Fig. 1. Selection of internal standards for PC and SM based on the analysis of pooled human plasma using shotgunMS with precursor ion scan ofm/z 184. Reproduced from [20] with
permission from American Chemical Society.

D. Wolrab et al. / Trends in Analytical Chemistry 120 (2019) 1154804
instrument for these scan types are triple quadrupoles (QqQ) and
quadrupole - linear ion trap (QTRAP)mass spectrometers [24,27e29].
An example of PIS is the determination of phosphatidylcholines (PC),
lysophosphatidylcholines (LPC), and sphingomyelins (SM)with PIS of
m/z 184 corresponding to the product ion of polar head group of
choline. On the other hand, examples of NLS are the determination of
phosphatidylethanolamines (PE), phosphatidylinositols (PI),
phosphatidylserines (PS), phosphatidic acids (PA), phosphatidylgly-
cerols (PG), and their lyso-forms. The neutral lossDm/z 141 is specific
fordeterminationof PE,Dm/z185 for PS,Dm/z115 for PA,Dm/z277 for
PI, and Dm/z 189 for PG. These neutral losses also correspond to the
loss of the polar head group [27]. Another possibility is the addition of
lithium salt to induce lithium adductswith subsequent characteristic
fragmentation [31]. The method is easy to automate with robotic
systems providing reproducible and accurate data, allowing the lip-
idomic analysis of large sample sets required in the clinical research,
but the disadvantage of this approach is the impossibility to deter-
mine isomers or trace isobaric lipid species in the mixture.
2.1.2. High-resolution (HR) shotgun MS
Shotgun lipidomic approaches may also rely on mass analyzers

with high (e.g., QTOF) [29] or ultrahigh mass resolving power
employing Fourier transformation (FT) [32e36]. The high mass
resolution is accompanied by high mass accuracy and thus the
elemental composition of lipid species can be determined for the
measurement of precursor ions in full scan mass spectra as well as
their particular product ions in tandemmass spectra (MS/MS) [32].
This approach allows the automatic database matching using very
narrow Dm/z tolerance setting. Precursor ions are linked to their
corresponding product ions, such as either present fatty acyls or
head group moieties during the identification procedure for the
elimination of possible false positive results. FT instrumentation is
mainly applied for the direct infusion HRMS quantitation with the
aim to distinguish very small mass differences between lipid
compounds or present mass interferences. Similarly as for low
resolution shotgun lipidomics, the extract is infused directly to the
ion source at a low flow rate using either flow injection or chip-
based robotic systems, such as TriVersa NanoMate [32,33,35,36]
for the direct-infusion HRMS.
Various laboratory-made software packages are available for the
processing of these complex MS and MS/MS data, e.g., ALEX [37] or
LipidXplorer [38]. Characteristic product ions and neutral losses
obtained from tandem mass spectra are used for the lipid identi-
fication, while their quantitation is usually performed based on the
IS normalization in positive- or negative-ion full scan mass spectra.
Another possibility is the comparison of the sum of intensities of
identified lipid fragments of the ion to that of selected IS. These
strategies, termed as top-down lipidomics, bottom-up shotgun
lipidomics, and MSALL [32,35,36], can be based on targeted or
untargeted analyses. The bottleneck of HRMS quantitation is that
the presence of thousands of peaks results in huge dataset size,
where only a very small percentage of those peaks belong to lipids.
Specific noise filtering and data compression steps are thus per-
formed to reduce the processing time and data size [39]. Although
HRMS strategies enable reliable quantitation, identification of new
lipid classes, extension of lipid databases, and better description of
lipid metabolic pathways, special effort should be devoted to
possible m/z overlaps during the validation procedure with regard
to applied mass resolution [40].

2.2. Separation e MS coupling

The chromatographic separation prior to MS analysis can pro-
vide not only higher sensitivity for lipids in biological samples but
also additional criterion for the structural confirmation. Biological
samples are of high complexity, containing enormous number of
species of different origin, properties and abundances, so the
ionization efficiency can be influenced by these factors. The chro-
matographic separation before the introduction to the ion source of
mass spectrometer can significantly reduce the complexity, which
results in the reduced ion suppression and matrix effects. Thin-
layer chromatography (TLC), gas chromatography (GC), and liquid
chromatography are well-established methods for the analysis of
lipids [20]. The separation efficiency, resolution and retention time
depends on the properties of lipids and employed stationary
phases.

Various types of lipid isomeric and isobaric species can be
separated by the proper selection of the separation mechanism
convenient for the targeted selectivity. The separation mode also
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enables to select the resolution of lipid classes or lipid species inside
classes. The lipid class separation is achieved in hydrophilic liquid
chromatography (HILIC) and normal-phase (NP) modes, which are
applicable to either LC or supercritical fluid chromatography (SFC).
On the other hand, the lipid species separation is achieved by hy-
drophobic interactions of fatty acyl chains of lipid molecules with
non-polar stationary phases in RP mode. Significant improvements
in the chromatographic resolution and the speed of analysis
are achieved by ultrahigh-performance approaches like
ultrahigh-performance liquid chromatography (UHPLC) and
ultrahigh-performance supercritical fluid chromatography
(UHPSFC), where the columns with sub-2 mm particles and higher
operational pressure are used [21,24,41].

Two major approaches are used for the separation based
coupling to MS, either traditional approach using selected reaction
monitoring (SRM) transitions on triple quadrupole mass spec-
trometer or newer approach using high-resolution mass analyzers
based on time-of-flight [21,22,24] or Orbitrap [34], however, the
mass resolution has to be optimized with regard to the separation
speed. Commercial or open-source softwares for metabolomics
[22,42] or dedicated for the lipidomic analysis [43,44] are used for
data processing including lipid peak detection, baseline correction,
noise reduction, lipid alignment, IS normalization, etc. Despite the
fact that many laboratories are using different liquid chromatog-
raphy/mass spectrometry (LC/MS) conditions and instrumentation,
comparable quantitative results can be achieved among various
instrumentation in case of proper analytical validation [45], where
quantitative lipidomic analysis across nine LC/MS platforms with
high-resolution showed comparable results. Although HRMS can
distinguishmany isobaric species, the application ofmass resolution
of only several tens thousands, that is usually used in case of fast
high-throughput chromatographic analyses, still does not allow the
distinction between M and Mþ2 isotopes of lipids differing in one
double bond. Thus, the isotopic correction should be also performed
in case of HRMS class lipid separation approaches [24,40,41]. The
use of a tandem mass spectrometer combined with chromato-
graphic separation is preferred, when the high sensitivity especially
for targeted lipid species is required, by selecting precursor ions
together with those characteristic fragments.

2.2.1. Lipid class separation
UHPLC/MS methods can be divided according to the separation

power of lipids of various polarity into HILIC suitable for polar lipid
classes and normal-phase suitable for non-polar lipid classes [46],
whereas UHPSFC shows applicability for non-polar and polar lipid
classes [41] (Fig. 2). Typical stationary phases are classical bare
silica or silica gels modified with polar functional groups (e.g., diol,
cyano, amino, and amide bonded phases). Typical mobile phases
used in HILIC mode are polar solutions miscible with water,
whereby acetonitrile with small amounts of water, including ad-
ditives such as ammonium acetate in order to control the pH, is the
most widely used mobile phase [47]. Generally, almost all
stationary phases used in UHPLC can be used in UHPSFC as well,
even though polar stationary phases, as used in NP chromatog-
raphy are more common than hydrophobic stationary phases like
C18 columns [41]. The most common mobile phase in UHPSFC is
carbon dioxide with modifiers (acetonitrile, propanol, or methanol)
for the control of solvation, elution strength and polarity of the
mobile phase [41].

2.2.2. Lipid species separation
RP mode is the most widespread chromatographic mode in the

omics research. Individual molecules are separated according to
their hydrophobic interactions with the hydrophobic stationary
phase, which results in stronger retention for lipids with longer
fatty acyl chains in RP chromatographic systems. Columns typically
have the length of 50e150 mm with C18 or C8 sorbent and sub-2
mm or 2.6e2.8 mm core-shell particles [21]. Over 400 lipids from
14 classes were identified in human plasma, urine and porcine
brain together with the description of the retention behavior of
lipids on the carbon number and the double bond number (Fig. 3A)
[48]. The quantification is demanding, because IS do not coelute
with analytes unlike in HILIC or NP methods. The addition of
isotopically labeled standards, i.e., fully isotopically labeled yeast
extracts or isotopic labelling may overcome quantitation issues.
K€ofeler et al. [49] illustrated the advantage of ultra-high resolution
and mass accuracy of Orbitrap mass analyzer for the identification
and quantification of lipids in different biological matrices using
RP-UHPLC/MS.

Non-aqueous reversed-phase (NARP) LC is the technique used for
the separation of triacylglycerols by various mixture of organic
solvents [50e53]. The retention is increasing with the increase of
equivalent carbon number (ECN) (Fig. 3B). The mechanism of silver-
ion chromatography is based on the stability of silver complex,
which is more stable for cis-isomers than trans-isomers. The sta-
bility is increased for higher number of double bonds [53,54] with
possible resolution of regioisomers (Fig. 3C). Two-dimensional (2D)
LC combines two different techniques (Fig. 3B), often techniques for
the separation of lipid classes (NP, HILIC) and lipid species (RP) with
off-line or online coupling. Continuous comprehensive 2D-LC
method was also used for the lipidomic characterization of porcine
brain and human plasma [55]. The chiral separation is possible by
chemical derivatization or using special columns (Fig. 3D) [56].
Itabashi and Kuksis used HPLC with two columns having chiral
phases for the determination of stereochemical configuration of
phosphatidylglycerols [57].

2.3. Desorption ionization and mass spectrometry imaging (MSI)

Many desorption ionization techniques, working either at
ambient pressure or under vacuum conditions, have been devel-
oped and applied for the lipid characterization [58e63]. The most
common ionization technique in this group is matrix-assisted laser
desorption/ionization (MALDI) followed by desorption electrospray
ionization (DESI). Lipids are one of the most abundant compounds
in biological tissues, and it is no wonder that desorptionMS is often
used for the tissue characterization in one [6,60] or two dimensions
using MSI [58,59,62,63]. Histology-driven approaches are often
applied to show the specific distribution of lipids in particular
tissue area [62,64]. The comparison of lipid profile in tumor and
non-affected tissue parts directly from the tissue [6,59,63] or after
lipid extraction [6] is another widespread application of desorption
ionization MS (Fig. 4).

There are some limitation in terms of quantitation, because the
signal in desorption ionization MS is less stable compared to LC/
ESI-MS, and such techniques suffer from extensive matrix effects
(especially in case of MSI) [64e66], but semi-quantitation can be
achieved [6]. Various types of lipid signal correction have been
described for the lipid semi-quantitation using MALDI and DESI-
MS, such as normalization to total ion current [67], median of
peak intensity [67,68], root mean square [68], or most reliable
normalization to IS [6,68]. The standard procedure of IS addition to
the sample before the extraction is performed in case of tissue or
body fluids extract analysis, but the more problematic situation is
to achieve homogenous distribution of IS within all pixels of tissue
sample for direct tissue MSI quantitation. The IS can be deposited
under [68] or on the top of the tissue [68,69], applied together with
matrix or alone for MALDI [68] or added to the solution in case of
DESI [68,70]. Another possibility of semi-quantitation using
desorption ionization techniques is the relative quantitation, where



Fig. 2. Separations of lipid class representative standards in various chromatographic modes: (A) HILIC/MS separation of polar lipid classes and (B) UHPSFC/MS separation of both
nonpolar and polar lipid classes. Reproduced from Ref. [24] with permission from Elsevier.
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particular lipid species are expressed as the percentage within a
particular lipid class or particular ratios of intensities of lipids from
the identical lipid class can be evaluated [6].

2.4. Other spectroscopic methods

Several studies reported the use of other spectral techniques
than MS for the analysis of lipids, such as Raman, infrared, and
nuclear magnetic resonance (NMR) spectroscopy. Lipid classes have
characteristic bands in Raman spectra, where the connection of
Raman spectroscopy with optical or imaging techniques were re-
ported for the lipid analysis of cells, tissues, and body fluids
[71e74]. Fiber-optic Raman probes allows ex vivo and in vivo studies
for diagnostic purposes [73]. Various Raman techniques have been
used for the differentiation of normal and various cancer samples
[73] as well as for normal, benign, and malignant tissues samples
[75,76]. Fourier transform infrared spectroscopy is another spec-
troscopic technique, where the quantitation is based on the
Lambert-Beer law [77,78]. Lipid quantitation for cholesterol,
sphingomyelins, and phospholipids in brain [78] and prostate
cancer cells were reported by infrared spectroscopy [77]. Habartov�a
et al. [79] used the combination of chiroptical and vibrational
spectroscopies for the identification of pancreatic cancer from
human plasma. They discovered differences in the lipid metabolism
and the protein secondary structures with specificity and
sensitivity above 90%.

NMR spectroscopy is a powerful tool for structural elucidation
with high reproducibility and directly applicable for the
quantitation. NMR spectroscopy is completely free of matrix and
suppression effects known in MS. However, the trace and
multicomponent analysis may be very challenging due to the high
complexity of NMR spectra for complex biological samples. 1H and
13C NMR are suitable for non-polar and polar lipids, while 31P NMR
is applicable for all lipids containing phosphorous, i.e., phospho-
lipids and sphingolipids [80e82]. For differentiation of cancerous
and healthy samples, the comparison of NMR spectra is a
commonly used approach leading to the identification of charac-
teristic disease and healthy fingerprints [82].

3. Clinical applications of oncolipidomics

In order to ensure comparable quantitative resultswithin various
laboratories performing lipidomic analysis, some guidelines are
necessary for possible applicability in clinical and diagnostic



Fig. 3. Lipid species separation by various chromatographic techniques. (A) Positive-ion RP-UHPLC/ESI-MS chromatogram of total lipid extracts of human plasma. Reproduced from
Ref. [48] with permission from Elsevier. (B) NARP chromatographic separation of walnut oil. Reproduced from Ref. [52] with permission from Wiley and Sons. (C) Silver-ion HPLC/
APCI-MS chromatogram of triacylglycerols. Reproduced from Ref. [54] with permission from Elsevier. (D) Chiral HPLC/APCI-MS chromatogram of enantiomers synthesized by the
stereospecific esterification of 2,3- and 1,2-isopropylidene-sn-glycerols. Reproduced from Ref. [56] with permission from American Chemical Society.
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purposes. The physiological concentration ranges of studied lipids
should be determined for healthy population to enable future
diagnostic applications. Therefore, it is important that within the
lipidomic community results for lipids should always be reported in
the same way with regard of classification, nomenclature, and
concentration units in order to compare quantitative results
obtained in various laboratories. Furthermore, the quality of
methodologies used for lipidomics can be controlled by applying a
universal reference material, such as the NIST 1950 plasma and
quantified results can be compared to already published data from
various laboratories [83,84]. The use of isotopically labeled
Fig. 4. Comparison of hematoxylin and eosin staining (a) with MALDI-MS imaging (b) of tw
American Chemical Society.
standards for the quantitation of various lipid classes is costly
especially for high number of investigated samples. Consequently,
the use of less expensive non-endogenous internal standards may
be preferable. However, all used internal standards should be tested
for their applicability for quantitation and results should again be
compared to already published data as well as the comparison of
exogenous standards to isotopically labeled ones may further
confirm the reliability of quantitative results. The verification of the
lipidomic data by the use of different MS based methods may
further enhance reliability. All mentioned strategies may lead to
comparable and reproducible results obtained by various research
o slices of normal and tumor tissue. Reproduced from Ref. [6] with permission from



Table 1
List of dysregulated lipids for various types of cancer.

Cancer type Sample
type

Number of subjects
(H ¼ healthy,
C ¼ cancer)

Upregulated lipidsa Downregulated lipidsa Method (IS) Reference

Bladder
cancer

Tissue 20 H þ 20 C PS 36:1, PI 38:4, FA 18:1 e DESI-MSI [85]
Urine 345 H þ 95 C SM with 16:0 e UHPLC/MS/MS, GC/MS (IS:xeniobiotic

compounds)
[86]

26 H þ 25 C TG 52:4, TG 50:2, TG 52:3, TG 54:4, TG 50:1, TG
52:2, TG 54:3, CE 20:4, CE 16:1, CE 18:2, CE 16:0,
CE 18:1, SM 32:1

e LC/QTOF-MS (IS:inorganic phosphorous) [87]

Breast
cancer

Plasma 25 H þ 55 C SM 40:3, SM 32:2, SM 34:2, SM 40:2, SM 38:3,
C4 carnitine

PC 34:2, PC 40:3, PC 42:5, LPC 16:0, LPC 18:0 LC/MS (IS: Biocrates IDQ p180) [88]

110 H þ 84 C PC 32:1, PC 34:4, PC 38:3, PC 40:5, PC 40:3, PC
44:11, PC O-32:2, PC O-38:3

LPC 18:3, LPC 20:2, LPC 20:1, LPC 20:0, CE 19:1, CE
19:0, CE 20:0

LC/QqQ MS (IS: 2 per class) [89]

41 H þ 37 C PC 40:7, PC 46:1, DG 36:3 PE 34:1 UHPLC/QTOF-MS [90]
29 H þ 29 C LPC 16:1, LPC 18:1, LPC 18:4, LPC 20:4, LPE 18:0,

LPE 18:1, PA 32:0, PA P-31:1, PG 22:0, FA 14:0,
FA 16:1, FA 16:0, FA 18:2, FA 18:1, FA 20:4, FA
18:0, SM 41:2, SM 42:2, MG 18:1, MG 18:2, DG
32:1, DG 34:1, DG 34:2, DG 34:3, DG 36:2, DG
36:4, DG 38:3, DG 40:4, TG 48:0, TG 48:1, TG
48:2, TG 48:3, TG 50:0, TG 50:1, TG 50:2, TG
50:3, TG 50:4, TG 52:0, TG 52:1, TG 52:2, TG
52:3, TG 52:4, TG 52:4, TG 52:5, TG 54:2, TG
54:3, TG 54:4, TG 54:5, TG 54:6, TG 56:5, TG
56:6, TG 56:7, TG 56:8, TG 58:9, PC P-31:1, PC
32:1, PC 36:0, PC 36:1, PC O-36:4, PC 38:4, PC P-
38:4, PC 38:6, PC 38:7, PC 40:5, PC 40:6

cyclic LPA 18:1 LC/QTOF-MS, GC/TOF-MS [91]

Serum 25 H þ 50 C PC O-34:2, PC O-36:4, PC O-36:3 e DI/TOF-MS (IS: PC 28:0) [92]
20 H þ 20 C LPE 18:1, LPE 18:0, LPE 22:0, SM 38:0, PC 38:0,

DG 34:2, DG 44:5
Cer 44:1, Cer 38:1, Cer 41:1, LPC 18:0 LC/QTOF-MS [93]

Tissue 10 H þ 267 C PC 30:0, PC 32:0, PE 36:4, GlcCer 42:0(2OH), PC
32:1, PC 36:4, PE 38:4, PC 40:6, PE P-36:4, PI
38:4, PE P-34:2, SM 42:1, PC 38:5, PC 38:4, PE
38:3, PE P-38:4, PE 34:1, PC 32:1, PE 36:1

e UHPLC/QTOF-MS (IS: LPC 17:0, Cer 35:1, PC
34:0, PE 34:0, TG 51:0 þ labeled IS)

[94]

32 H þ 50 C PC 32:1, PC 34:1, PC 36:1, PA 36:2, FA 16:1, FA
18:1, FA 20:1

PC 38:4, PC 38:6, PC 38:4, PA 38:3, PA 40:5, SM 40:1,
SM 42:2, PI 38:4, PE 38:4, FA 20:4, FA 22:4, FA 22:5

MALDI-FTICR-MS [95]

10 H þ 10 C PI 34:1, PI 32:1, PI 32:0, PE 34:1, PE 36:2, SM
34:1

PI 36:4, PI 38:4, PE P-36:4, PE-P-38:5/O-38:6, PE P-
38:4/O-38:5, SM 36:2, SM 40:2

HPLC/ESI-MS (IS: PE 29:1) [7]

10 H þ 10 C PI 32:1, PE 32:1, PC 32:1, PI 34:1, PE 34:1, PC
34:1, PI 40:6, PE 40:6, PC 40:6, PE 38:4

PI 36:4, PE 36:4, PC 36:4, PI 38:4, PC 38:4, PE P-38:4,
PC P-38:4, PE P-38:5, PE P-36:4

HPLC/ESI-MS (IS: PE 29:1) [9]

Urine 29 H þ 31 C PG O-36:1, PA O-16:0, PC 34:1, DG 32:0, PA
37:6, PA 33:3

LPE 18:2, LPE 20:4, LPC 14:1 LC/QTOF-MS,
GC/TOF-MS

[96]

Colorectal
cancer

Plasma 125 H þ 133 C e LPC 18:1, LPC 18:2 DI/ESI-QqQ-MS (IS: LPC 12:0) [97]
18 H þ 23 C PC 32:0, PE 35:0, PC 31:3, PE 34:3, PC P-38:5, PC

O-38:6, PC P-40:5, PC O-40:6
LPC 16:0, LPC P-18:1, LPC P-18:2, LPC 18:0, LPC P-
16:1

DI/QTOF-MS [98]

20 H þ 48 C FA 10:0 e GC/TOF-MS (IS: d3-8,8,8-decanoic acid) [99]
10 H þ 25 C PG 34:0, SM 42:2, Cer 44:5 LPC 18:3, LPC 18:2, PE O-36:3, PE O-38:3, SM 38:8 2D-LC/QTOF-MS (IS: FA 17:0, PE 28:0, PC 28:2,

PG 28:0, LPS 17:1, LPC 17:0, LPE 17:1, LPG 17:1,
SM 35:1, Cer 30:1, GluCer 30:1, GalCer 26:1,
LacCer 26:1, MG 17:0, DG 24:0, TG 49:3)

[100]

Serum 110 H þ 112 C e two or three hydroxylated ultra-long chain fatty
acids C28

FTICR-MS [101]

52 H þ 52 C Palmitic amide, oleamide, FA 14:0, FA 18:0, FA
20:3, hexadecanedioic acid

LPC 16:0, LPC 18:2, LPC 18:1, LPC 18:0, LPC 20:4, LPC
22:6, PC 34:1, LPA 16:0, LPA 18:0

DI/FTICR-MS (IS: reserpine, haloperidol,
lidocaine, 2,4-dichlorophenoxyacetic acid)

[102]

102 H þ 101 C Oleamide, FA 18:1, FA 18:2 LPC 14:0, LPC 16:1, LPC 20:0, LPC 18:1, LPA 18:0 UHPLC/QTOF-MS, GS/MS (IS: L-2-
chlorophenylalanin, heptadecanoic acid)

[103]

20 H þ 20 C Polyunsaturated fatty acids PC and LPC, LPA 18:2 [104]
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(Saturated fatty acids in DG and LPC), LPC 18:0,
LPC 16:0

UHPLC/QTOF-MS (IS: LPC 17:0, PC 34:0, PE 34:0,
PG 34:0, PS 34:0, PA 34:0)

95 H þ 95 C Very long-chain FA e LC/HRMS (IS:13C-cholic acid) [105]
1449 H þ 144 C SM 34:1, PC 34:2, PC 34:1, PC 36:4, PC 36:2 e DI-FTICR-MS (IS: PC 36:0) [106]

Tissue 12 H þ 12 C PC 34:1, LPC 16:0, LPC 18:1 e MALDI-IMS [107]
Esophageal

cancer
Plasma 53 H þ 53 C PI, PS 30:0, LPC 22:2, GM2 42:2, PI, PE, PC, PA e UHPLC/TOF-MS [108]

24 H þ 44 C Octanoylcarnitine, LPC 16:1, LPC 16:0, LPC 18:0,
decanoylcarnitine

FA 18:2, uric acid HPLC/QTOF-MS (IS: levofloxacin, hesperidin,
rhein)

[109]

Serum 10 H þ 40 C LPC 20:4, PC 34:2, PC 36:2 PC 36:3, PC O-36:3, LPC 18:2 LC/QTOF-MS [110]
Gastric

cancer
Serum 1449 H þ 94 C SM 34:1, PC 34:2, PC 34:1, PC 36:4, PC 36:3, PC

36:2
e DI/FTICR-MS (IS: PC 36:0 þ calibration

standards SM 34:1, PC 34:2, PC 34:1, PC 36:4, PC
36:2)

[106]

Tissue 16 H þ 19 C PC 32:1, PC 34:1, PC 36:1, PA 36:2, SM 34:1, PC
36:3

PC 38:4, PC 38:6, PC 38:4, PA 38:3, PA 40:5, SM 40:1,
SM 42:2, PE 38:4, PI 38:4

MALDI-FTICR-MS [95]

Liver cancer Serum 90 H þ 82 C e LPC 16:0, LPC 18:0; PC 16:0, PC 18:0, PC 34:1, PC
34:2, PC 38:6, PC 36:4, PC 36:2

UHPLC/QTOF-MS [111]

Urine and
serum

71 H þ 82 C e FA GC/QTOF-MS, UHPLC/QTOF-MS [112]

Kidney
cancer

Serum 20 H þ 31 C GM3 LPC 16:0, LPC 18:0, LPC 18:1, LPC 18:2, LPC 20:2, LPC
20:1

DI/MS þ LC/MS [113]

25 H þ 33 C GM3 43:1, GM3 40:2, sphinganine LPC 16:0, LPC 18:0, SM 34:1, SM 42:2, SM 40:2, SM
32:1, LPC 18:1, LPC 18:2, LPC 15:0, LPC 17:0, LPC P-
18:0, LPC P-16:0, LPC 14:0, LPC 20:2, LPC 20:1, LPE
22:0, LPE 22:1, SM 38:1, carnitine, thromboxanes,
PC

RP-LC/MS, HILIC-LC/MS [114]

24 H þ 24 C GM3 40:2, C17 sphinganine PE P-16:0, SM 34:1, PC LC/TOF-MS [115]
Tissue 11 H þ 11 C PI 38:4, PI 40:4, PS 36:1, PG 36:2 FA 12:0 DESI-MSI [116]

10 H þ 10 C PC 30:3 PC 26:0, PC 30:2 MALDI-FTICR-MS [117]
20 H þ 20 C PI 38:5, PI 36:2, PI 40:5, PI 40:4, PI 36:0, PC 38:4,

PC 36:2, PC 32:0, PE P-38:4, PE P-38:5, PE 36:1
PI 36:1, PI 36:4, PI 34:1, PC 34:2, PC 36:4, PC 34:1, PE
38:4, PE 36:4, PE 34:2, SM 36:2, SM 36:1, SM 38:2,
SM 38:1

HPLC/ESI-MS (IS: PE 29:1) [8]

49 H þ 49 C O-PC, O-PE, CE, TG, Cer PE, DG, PI, CL, SM LC/TOF-MS (IS: PC 32:0-d6, TG 34:2, LTB4-d4) [118]
78 H þ 80 C SHex2Cer 44:2, SHex2Cer 43:2, SHex2Cer 43:1,

SHex2Cer 42:0(OH), SHex2Cer 44:1, SHex2Cer
41:2, SHex2Cer 40:0(OH), SHex2Cer 34:2(OH),
SHex2Cer 42:3(OH)

SHexCer 40:1(OH), SHexCer 40:0(OH), SHexCer
41:0(OH), SHexCer 42:1(2OH), SHexCer 42:0(2OH),
SHexCer 41:1(OH), SHexCer 41:0(2OH), SHexCer
43:1(OH)

MALDI-Orbitrap-MS (IS: SHexCer 30:1) [6]

20 H þ 20 C PI 40:5, PI 40:4; GM3 41:1, GM3 36:2, GM3
41:2, GM3 34:1, GM3 42:3, GM3 42:2

SHexCer 41:1(OH), SHexCer 38:1(OH), SHexCer
40:1(OH), SHexCer 42:0(2OH), SHexCer 42:1(OH),
PS 36:4; PI 34:0, LPI 16:0

HPLC/QTOF-MS (IS: SHexCer 30:1, PS 28:0, GM3
30:1)

[119]

Lung
cancer

Plasma 12 H þ 12 C e LPC 16:0, LPC 18:1, LPC 18:2, LPC 18:0 UHPLC/QTOF-MS [120]
200 H þ 100 C S1P, ceramides LC/MS/MS [121]
28 H þ 31 C e PC 34:4, PE 34:2, PE 36:1, PE 36:2, PE 36:4, PE 38:4,

PE 38:6, PE 40:4, PE 40:5, PS 38:4, Cer 42:0
LC/MS, GC/MS [122]

17 H þ 17 C PS 36:1, PE 40:6, FA 20:1, FA 22:1, TG 62:13, DG
40:8, TG 60:7, FA 18:2

PE 40:5, DG 42:8, DG 40:6, PE 38:5, LPE 18:0, PE P-
38:4, PE P-36:2, PE P-38:5, PE P-36:1

LC/HRMS [123]

22 H þ 22 C LPE 18:1, PE P-40:3 CE 18:2, SM 22:0 ESI-MS [124]
Serum 495 H þ 58 C LPC 18:1, LPC 20:4, LPC 20:3, LPC 22:6, SM 34:1 Oleamide DI/FTICR-MS (IS: LPC 18:0, LPC 18:1, PC 36:2,

SM 16:0)
[125]

23 H þ 23 C LPC 16:0, LPC 18:0, LPC 18:2, LPC 20:4, LPC 20:5,
LPC 22:3, DG 38:8, SM 32:1, fatty acid amides:
C20:1, C20:0, C22:2, C24:1, C22:1

Carnitine 10:1, carnitine 8:1, FA 16:0, FA 18:0, FA
18:1, FA 18:2, FA 20:4, FA 16:1

UHPLC/QTOF-MS [126]

487 H þ 474 C þ 479
benign disease

FA 16:0, FA 16:1, FA 18:0, FA 18:1, FA 18:3, FA
20:3, FA 22:6 (nonesterified and esterified)

FA 20:5 (nonesterified and esterified) MALDI-ICR-MS (IS: FA 17:0, FA 21:0) [127]

29 H þ 61 C PE 34:2, PE 36:2, PE 38:4 e GC/TOF-MS, HILIC/QTOF-MS [128]
599 H þ 246 C SM 34:1, PC 34:2, PC 34:1, PC 36:3, PC 36:2 e DI/FTICR-MS (IS: PC 36:0) [106]
300 H þ 100 C LPC 18:2, LPC 18:1, LPC 18:0, LPC 16:0 e MALDI-TOF-MS, LC/MS (IS: LPC 17:1) [129]

Tissue 21 H þ 21 C PC 34:1, PC 36:2, PC 36:3 e MALDI-TOF-MS [130]
21 H þ 52 C PC 38:2, PC 36:4, PC 36:3, PC 34:1, PC 38:4 PC 36:1, PC 34:2, PC 36:2 DESI-MSI, LC-Orbitrap-MS [131]
73 H þ 73 C PI 38:3, PI 40:3, PI 38:2 SM 40:1, SM 42:1, SM 36:1 [132]

(continued on next page)
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Table 1 (continued )

Cancer type Sample
type

Number of subjects
(H ¼ healthy,
C ¼ cancer)

Upregulated lipidsa Downregulated lipidsa Method (IS) Reference

ESI-MS/MS (IS: PC 25:0, PC 43:6, SM 30:1, PE
25:0, PE 43:6, PI 25:0, PI 31:1, PI 43:6, PS 25:0,
PS 31:1, PS 37:4); MALDI-FTICR

Ovarian
cancer

Plasma 27 H þ 117 C LPA 16:0, LPA 20:4 e TLC, ESI-MS (IS: LPA 18:1, LPC 18:1) [133]
50 H þ 50 C e LPS O-18:0, CE 18:3, TG 48:2, PG P-32:0, TG 48:3, PS

O-34:1, TG 54:9, TG 50:5, TG 50:4, PE 38:4, TG 48:1,
LPS O-20:0, PE 38:4, TG 50:1

LC/MS (IS: LPC 17:0, PC 34:0, PE 34:0, TG 51:0,
Cer 35:1)

[134]

31 H þ 39 C PC 31:2, PE P-42:4 LPC P-15:0, LPC O-16:0, LPC 18:1, LPC 18:0, LPG
20:5, LPC 20:3, LPC 22:6, Cer 41:1, SM 32:2, SM
32:1, PC P-34:4, PC 34:4, PC P-36:3, PE P-40:6, PC
36:3, PC 36:1, PC 38:6, PC 38:4, PC 38:3, PC 38:2, PC
P-40:6, PG 39:1, PC 40:5, PC 42:11, LacCer 34:1, PS
32:6, PI 40:9, PI 42:9, PI 40:7

UHPLC/QTOF-MS [135]

Serum 55 H þ 50 C LPA 16:0, LPA 18:1, LPA 18:0, LPA 20:4 e LC/ESI-MS (IS: LPA 17:0) [136]
Tissue 12 H þ 12 C SHexCer e MALDI-MS, LC/MS (IS: C12 ST, C12 GalCer, C12

GlcCer)
[137]

Pancreatic
cancer

Plasma 100 H þ 100 C Glycoholic acid Galactitol, LPC 14:0, propionylcarnitine LC/TOF-MS, GC/TOF-MS (IS: p-
chlorophenylalanine)

[138]

Serum 599 H þ 115 C e PC 36:4, SM 34:1, PC 34:2, PC 36:3, PC 36:2, SM 34:1 DI/FTICR-MS (IS: PC 36:0) [106]
Prostate

cancer
Plasma 36 H þ 105 C SM 36:1, PC 40:7, LPC 20:4, LPC 18:1, LPC 18:0,

LPC 16:0, PC 38:5, PC 38:4, SM 36:2, SM 34:2,
SM 34:1, PC O-36:4, PC O-36:2, PC O-36:1

e DI/QqQ-MS (IS: PC 24∶0, PC 48∶2, LPC 13∶0, LPC
19∶0, PE 24∶0, PE 46∶0, LPE 14∶0, LPE 18∶0, LPG
14∶0, LPG 18∶0, PA 28∶0, PA 40∶0, PS 28∶0, PS
40∶0, PI 34∶0, CE 13∶0, CE 23∶0)

[139]

51 H þ 80 C e SM 34:1, SM 36:1, SM 36:2, SM 38:1, SM 40:1, SM
40:2, SM 41:1, SM 41:2, SM 42:1, SM 42:2, SM 42:3

UHPLC/MS (IS: IS Mix) [140]

Serum 76 H þ 57 C PC 40:3, PC 42:4 PC P-38:4 DI/MS/MS (IS: PC 24:0, PC 48:2, LPC 13:0, LPC
19:0, PE 24:0, PE 46:0, LPE 14:0, LPE 18:0, LPG
14:0, LPG 18:0, PA 28:0, PA 40:0, PS 28:0, PS
40:0, PI 34:0, PI 36:0, CE 13:0, CE 23:0)

[141]

18 H þ 18 C PA 32:1, PC 37:3, PC 39:6, PE 29:1, PE 42:4, PE
42:5, FA 18:3, FA 19:1, DG 40:9, DG 41:0, TG
52:3, TG 59:5, TG 60:11, TG 61:5, TG 45:2

PA 14:0, PE 31:3, FA 16:3, FA 20:2, FA 20:4, FA 22:0,
FA 22:3, DG 30:2, DG 32:3

ESI-MS/MS, GC/MS (IS: heptadecanoate,
heptadeconoic acid)

[142]

Tissue 14 H þ 14 C PI 36:1, PI 38:3, PI 38:2 e MALDI-MSI [143]
31 H þ 31 C e LPC 16:0(OH), SM 34:1 MALDI-MSI [144]
76 H þ 76 C CE 18:1, CE 24:5, CE 24:4, CE 20:1, Cer 40:2, FA

22:3, CE 22:6, TG 58:1, Cer 38:2
e UHPLC/TOF-MS (IS: PC 38:0, PE 34:0, LPC 19:0,

SM 30:1, TG 45:0, Cer 35:1, FA 16:0-d3, CE 13:0)
[145]

Urine 13 H þ 15 C PS 36:2, SM 34:1, HexCer 34:1, HexCer 40:1,
HexCer 42:1, HexCer 42:2, LacCer 34:1, LacCer
42:2, Gb3 34:1, PC 34:1, PC 34:2, PS 36:2, PE-P-
34:2 (PE-O-34:3), PE-P-36:2 (PE-O-36:3), PE-P-
36:3

PS 34:1, PS 36:1, PS 36:2, SM 40:1, SM 42:1, SM
42:2, Gb3 42:1, Gb3 42:2, PC 36:2, PE P-36:0, PE P-
34:1 (PE O-34:2), PE P-36:4 (PE O-36:5), PE Pe 36:1
(PE O-36:2), PE P-38:4 (PE O-38:5), PE P-36:2, PE P-
38:5

DI/QTRAP-MS (IS: LPC 17:0, PC 34:0, PE 34:0, PS
34:0, PG 34:0, PA 34:0, Cer 35:1, SM 30:1, DG
34:1, CE 18:0-d6, GlcCer 34:1-d3, LacCer 34:1-
d3, Gb3 35:1)

[146]

Thyroid
cancer

Serum 122 H þ 167 C PC 34:2, PC 36:3, SM 42:2, PC 34:1, PC 36:1, PC
35:2, PC 32:0

PA 36:3, PA 38:4 PA 38:3, PA 40:5, SM 34:1, PA
42:10, PA 38:5, LPC 20:4, PC 38:5, PC 40:6, PC 38:6,
PC 36:2, SM 40:1

MALDI-FTICR-MS [147]

30 H þ 30 C FA 20:1, FA 18:1, FA 16:0, FA 16:1, FA 17:0 LPC P-16:0, LPC 22:6, LPC 22:5, LPC 20:5, LPC 20:4,
LPC 20:2, LPC 20:1, LPC 18:3, LPC 18:1, LPC 18:0, LPC
16:1, LPC 16:0, LPC 22:4, FA 22:4, FA 14:0

LC/MS [148]

Tissue 15 H þ 21 C PC 34:1, 36:1, 32:0, SM 34:1, PC 34:1, PC 32:0,
PC 36:1, PA 36:3, PA 36:2, PC 38:6, PA 38:5, PA
38:4

SM 36:2, PA 40:5, PC 34:2, PC 36:3, PC 36:2, PC 38:3,
PC 38:4, PA 38:3, SM 42:2, SM 40:1

MALDI-FTICR-MS [147]

12 H þ 18 C PC 32:1, PC 34:1, PC 36:1, PA 36:2, PC 38:6 PC 38:4, PC 38:6, PC 38:4, PC 38:3, PC 40:5, SM 40:1,
SM 42:2, PA 38:3, PA 40:5, PE 38:4, PI 38:4

MALDI-FTICR-MS [95]

a In some cases, lipid annotation from original references is changed here to provide the uniform style for easier data comparison.
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Table 2
Summary of lipid species most frequently upregulated in cited references in this review.

Cited Upregulated lipid species

15 times PC 34:1
10 times SM 34:1
8 times PC 32:1
7 times PC 36:1
6 times FA 18:1, PC 32:0, PC 34:2, PC 36:2, PC 36:3, LPC 16:0
5 times LPC 18:1, LPC 20:4, PC 38:4, LPC 18:0
4 times PA 36:2, PC 36:4
3 times FA 16:0, FA 16:1, FA 18:0, FA 18:2, FA 20:1, LPE 18:1, PC 38:6, PC 40:6, PC P-36:3, PE 34:1, LPC 16:1, PE 38:4, PI 38:4, PI 40:4, PS 36:1,

SM 42:2, TG 52:3, TG 52:4
twice CE 18:1, DG 34:2, FA 14:0, FA 18:3, FA 20:3, GM3 40:2, LPA 16:0, LPA 20:4, LPC 18:2, LPE 18:0, oleamide, PC 38:5, PC 40:3, PC 40:5, PC 40:7,

PE 36:1, PE 36:2, PE 40:6, PE P-38:4, PI 32:1, PI 34:1, PI 38:2, PI 38:3, PI 40:5, PS 36:2, SM 34:2, SM 32:1, TG 50:1, TG 50:2, TG 52:2, TG 54:3, TG 54:4
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groups and may allow the identification of lipid profiles or lipid
biomarkers characteristic for various diseases giving lipidomics in
clinics a real chance.
3.1. Dysregulated lipids in cancer research

The overview of published papers on the analysis of dysregu-
lated lipids in human samples is shown in Table 1 for these cancer
types: bladder [85e87], breast [7,9,88e96], colorectal [97e107],
esophageal [108e110], gastric [95,106], liver [111,112], kidney
[6,8,113e119], lung [106,120e132], ovarian [133e137], pancreatic
[106,138], prostate [139e146], and thyroid [95,147,148]. The
following types of biological materials were studied in cited refer-
ences: serum (15 times), plasma (12 times), tissues (13 times), and
urine (4 times). This overview suggests a potential for the future
application of lipidomics as a tool for the differentiation of cancer
and healthy samples, but on the other hand, the literature search
revealed also limitations of the current state-of-art, because the
presented data are not consistent among all studies. The key
problems identified in numerous cited references are that many
reportedmethods do not use anymethod validation, QC samples, IS
for the lipidomic quantitation, etc., which contributes to this het-
erogeneity in reported data. It is clear that there is a significant
space for the improvement, as already mentioned in some previous
papers [10,20,149] and formulated by the Lipidomics Standards
Initiative [23].

The threshold criterion for Table 1 was set to have at minimum
10 subjects per each cancer patient and healthy control groups. The
information provided in Tables 1e3 has been unified in line with the
shorthand notation for lipids for MS [4]. In some references, more
detailed information were provided, for example including the
identification of fatty acyls, but for the better mutual comparison of
presented information, we unified the reporting style in our review.
The full version of the information can be found in original papers.
Table 1 lists all dysregulated lipids in individual cited references
sorted according to the type of cancer and analyzed biological
Table 3
Summary of lipid species most frequently downregulated in cited references in this revi

Cited Downregulated lipid species

10 times LPC 18:0, PE 36:4
9 times PC 38:4, SM 40:1
8 times LPC 16:0, LPC 18:1
7 times LPC 18:2, SM 34:1, SM 42:2
6 times PC 34:2, PC 36:2, PC 38:6
5 times PA 38:3, PA 40:5, PI 38:4
4 times LPC 20:1, LPC 20:2, PC 36:3, PC 36:4, PE P-36:2, PE P-
3 times FA 20:4, LPC 14:0, LPC 18:3, LPC 20:4, LPC 22:6, PC 3
twice Cer 41:1, FA 18:2, FA 22:4, LPA 18:0, LPC 16:1, LPC 20

SHexCer 40:1(OH), SHexCer 41:1(OH), SHexCer 42:0(
sample. The most frequently upregulated and downregulated lipid
species in these papers are highlighted in Tables 2 and 3, respec-
tively. The most frequently reported dysregulated lipid classes are
PC, LPC, and SM, which is probably strongly affected by the fact that
these lipid classes are most abundant in cells and body fluids, and
therefore most frequently analyzed.

The complexity of lipidomic analysis for clinical samples can be
illustrated by LPC 16:0 and LPC 18:0, which are reported as
downregulated in 8 and 10 cases, respectively (Table 3), while the
opposite behavior is observed in 6 and 5 papers, respectively
(Table 2). It is not clear, whether this behavior reflects the different
dysregulation patterns for different cancer types or whether it
could be caused by shortcomings in individual methods applied,
because they often lack the right method validation, QC, and IS. In
case of mono- and diunsaturated PC, frequently reported upregu-
lated species are PC 34:1, PC 32:1, PC 36:1, PC 34:2, and PC 36:2
(Table 2), while polyunsaturated ones (PC 38:4, PC 38:6, and PC
36:4) are mostly downregulated (Table 3). Similar trends are
observed for some other phospholipid classes, for example SM 34:1
are reported as upregulated in cancer, and PE 36:4, PI 38:4, and PA
40:5 are downregulated. In case of two or three references, several
other upregulated lysophospholipids, triacylglycerols, and choles-
terol esters were reported (Table 2). Table 4 shows, how frequently
the individual cancer types were investigated. The top three are
lung cancer with 14 references followed by breast cancer (11 ref-
erences) and colorectal cancer (11 references).
4. Summary and future outlooks

This review shows that in some cases similar trends in the
regulation pattern of lipids can be observed even for different types
of cancer, which is a positive sign for possible future screening of
multiple cancer types using one analytical platform. Some generic
trends are observed based on multiple citations of the same dys-
regulated lipids, such as the strong dysregulation of LPC in both
directions, the upregulation of several mono- and diunsaturated PC,
ew.

38:4, PE P-38:5, SM 36:2
4:1, PC 38:3, PE P-36:4, PI 36:4, SM 36:1, SM 38:1, SM 40:2, SM 42:1
:0, LPC P-16:0, PC 34:4, PC 36:1, PC 40:5, PC P-38:4, PE 34:2, PE 40:5, PE P-36:1,
2OH), SM 32:1



Table 4
Cancer types sorted according to the number of citations in this review.

Cited Type of cancer

14 times Lung cancer
11 times Breast cancer, colorectal cancer
9 times Kidney cancer
8 times Prostate cancer
5 times Ovarian cancer
4 times Thyroid cancer
3 times Bladder cancer, esophageal squamous cell carcinoma,
twice Hepatocellular carcinoma, gastric cancer, pancreatic cancer

D. Wolrab et al. / Trends in Analytical Chemistry 120 (2019) 11548012
and the downregulation of polyunsaturated PC. However, it should
not be overlooked that sometimes different research groups report
completely opposite dysregulation of lipids even for the same
cancer type, which is probably caused by shortcomings in the
methodology, because many papers (especially earlier published
works) underestimate the importance of the method validation,
QC, and the appropriate selection of IS. It is surprising how many
studies do not use any IS, which should be a basic prerequisite for
any MS based quantitation. These discrepancies confirm the urgent
need of harmonization of analytical approaches used for the lip-
idomic quantitation to make sure that all laboratories follow the
minimum standards for reporting reliable data, which should result
in the same trends observed at all sites, otherwise the confusion
may compromise the biomarker research. Another issue is the
mismatch of various annotation styles for reporting lipid mole-
cules, which increases the level of confusion especially for less
experienced researchers. These issues should be discussed within
the lipidomic community with the goal to harmonize minimum
requirements for the analytical methodology and data reporting in
lipidomics, which is the goal of recently established the Lipidomics
Standard Initiative [23].
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