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g r a p h i c a l a b s t r a c t
� Recent advances in analytical tech-
niques allow rapid, reliable and sen-
sitive detection of hundreds to
thousands of lipids

� The diversified MS-based analytical
strategies have greatly enhanced the
development and application of
lipidomics.

� The integration of multi-omics has a
bright prospect in studying the
pathogenesis and potentially target-
able therapy.

� Comprehensive analysis of the lip-
idome still faces considerable chal-
lenges in analytical techniques.
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a b s t r a c t

Lipids are vital biological molecules and play multiple roles in cellular function of mammalian organisms
such as cellular membrane anchoring, signal transduction, material trafficking and energy storage.
Driven by the biological significance of lipids, lipidomics has become an emerging science in the field of
omics. Lipidome in biological systems consists of hundreds of thousands of individual lipid molecules
that possess complex structures, multiple categories, and diverse physicochemical properties assembled
by different combinations of polar headgroups and hydrophobic fatty acyl chains. Such structural
complexity poses a huge challenge for comprehensive lipidome analysis. Thanks to the great innovations
in chromatographic separation techniques and the continuous advances in mass spectrometric detection
tools, analytical strategies for lipidomics have been highly diversified so that the depth and breadth of
lipidomics have been greatly enhanced. This review will present the current state of mass spectrometry-
based analytical strategies including untargeted, targeted and pseudotargeted lipidomics. Recent typical
applications of lipidomics in biomarker discovery, pathogenic mechanism and therapeutic strategy are
summarized, and the challenges facing to the field of lipidomics are also discussed.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Lipids are crucial small biomolecules and play vital roles in a
variety of physio-pathological events by serving as constituents of
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cellular membranes, cellular barriers, signal transduction, energy
sources, and intermediates in signaling pathways [1]. Maintenance
of lipid metabolic homeostasis is an essential feature of a normal
organism. An increasing number of studies have demonstrated that
lipid metabolism imbalance is linked to many diseases such as
obesity, hypertension, metabolic syndrome, diabetes, cardiovascu-
lar diseases, Parkinson and cancer [2].

The biological significance of lipids has impelled the develop-
ment of lipid research as a discipline, i.e., lipidomics. In analogy to
metabolomics, lipidomics aims at the panoramic analysis of the
lipidome existing in biological systems and the concomitant
detection of the subtle changes in individual lipids response to
internal and/or external stimuli, such as environmental stress,
diseases, drug intervention and genetic mutation. It is obvious that
the analytical technology is the core for lipidomics.

The key elements facing to lipidomic analytical methods are
lipid coverage, sensitivity, identification and quantification as well
as throughput. Recent advances in mass spectrometry (MS)
together with the highly efficient separation techniques allow the
stable, rapid and sensitive detection of a large number of individual
lipids present in different biological samples. It has greatly
enhanced our understanding of the metabolic characteristics and
biological activities of individual lipids and/or lipid (sub)classes in
different patho-physiological processes. Although it is an emerging
science, lipidomics has displayed great potential in different fields
related to disease, drug R&D, food and plant.

The present review will first describe the structural diversity of
lipids and its resultant challenges, and then summarize the recent
advances in MS-based lipidomics in terms of untargeted, targeted
and pseudotargeted analytical strategies. On this basis, the appli-
cations of lipidomics reported in recent 5 years in disease
biomarker discovery as well as pathogenic mechanism and thera-
peutic strategy will be presented, and future perspectives of lip-
idomics is also given.

2. Structural diversity and analytical challenge of lipids

Lipids in biological systems consist of tens to hundreds of
thousands distinct chemical entities with wide diversities in
structures and physiochemical properties [10]. Even a single
mammalian cell encompasses hundreds of thousands of lipid spe-
cies. Currently, the LIPID MAPS Structure Database (LMSD, http://
www.lipidmaps.org/resources/databases) has enrolled 44,701
unique lipid structures dispersed in eight categories including fatty
acyls (FA), glycerolipids (GL), glycerophospholipids (GP), sphingo-
lipids (SP), sterol lipids (ST), prenol lipids (PR), saccharolipids (SL),
and polyketides (PK). Each category can be finely divided into
several classes and/or subclasses [3e6], Fig. 1 summarizes the basic
structural information of eight lipid categories. The majority of
natural lipids are various combinations of hydrophobic fatty acyl
chains and polar head groups attached to different lipid backbone
structures (e.g., glycerol and sphingoid bases). The structural di-
versity of the lipidome arises via variations in the type of the head
groups, the fatty acyl chain length, the level of unsaturation, double
bond location, cis-trans geometric isomerism, branched functional
groups in the fatty acyl chains, the type of the covalent bond, i.e.,
ester (acyl-), ether (alkyl-) and vinyl-ether (alkenyl-), linked to the
head groups. Taking GPs and SPs as examples, Fig. 2 illustrates the
diversity and complexity of lipid structures.

The structural diversity of lipids endows lipid molecular species
with diversified physiological functions. For instance, tri-
acylglycerols (TAGs) are the main energy storage substances in
cells. The long-chain fatty acids (LCFAs) play critical roles in regu-
lating energy metabolism [7]. Lipid species such as eicosanoids,
lyso-phospholipids (LPLs), and phosphoinositides (PIs) serve as
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signaling messengers in the cellular biosynthetic pathways [8].
Besides, lipid composition is highly associated with the cellular
membrane physicochemical properties. For example, the relative
size of the head group and the length of FA chain have an effect on
cellular membrane curvature and fission [9], which may further
affect the activity and localization of the membrane proteins
[10,11].

Given the variety and importance of the physiological functions
of lipids, it is indispensable to analyze the entire lipidome for fully
understanding the functional consequences of lipids with different
structures. However, the high diversity in physicochemical prop-
erties of lipids makes it a huge challenge for qualitative and
quantitative analysis of the lipidome comprehensively. The chal-
lenges are mainly reflected in two points: (1) how to expand the
scope of analysis with the view to achieving full and unbiased
coverage of all lipid species and (2) how to quantitate individual
lipid molecules accurately.

The first challenge is determined by the huge number of the
biological lipids and the intrinsic limitations of the existing sepa-
ration techniques. The complexity and diversity of lipids in bio-
logical matrices make it impossible to analyze all lipids in a single
method. On the one hand, the existing chromatographic methods
separate lipids based on either classes or fatty acyl chain length and
unsaturation level, often leading to one chromatographic peak
containing a certain number of isomeric lipids. Even a two-
dimensional (2D) orthogonal chromatographic system is not able
to separate lipids one by one. On the other hand, MS has its own
limitations on elucidating the lipid structures by full scan and MS/
MS fragments, it usually can only provide the structural informa-
tion on the head groups, the link types of the covalent bond and the
fatty acyl compositions. The finer structural information of the fatty
acyl position, the unsaturated double bond position and the cis-
trans geometries, requires other auxiliary facilities (e.g., ion
mobility spectroscopy, IMS). Taking PC (P-16:1(9Z)/18:0) as an
example, Fig. 3 displays its annotation hierarchy by MS and IMS
[12]. Another intractable problem for high coverage lipidome
analysis is that some bioactive lipids are often easily obscured on
account of their low abundance, instability or low ionization effi-
ciency. For example, lipids serving as intermediates of lipid meta-
bolism and signaling molecules are usually present at a very low
abundance in biological systems [13,14]. Some highly bioactive
lipids are not only at low level but also unstable, and easily attacked
by free radicals to form oxidized lipids [15]. The sterol lipids, having
vital biological functions, cannot be detected in the regular lipid
extracts due to their low ionization efficiency in MS. All of these
factors impede the comprehensive analysis of lipids [16].

The second challenge is mainly attributed to that there is no
explicit quantitative relationship between the ion intensity and the
concentration. It is well recognized that the ion intensity of a peak
is influenced by the sample preparation, the ionization efficiency,
the ion transmission efficiency and the detector response [17].
Therefore, the ideal way to fulfill the accurate quantitation of lipids
is to use stable isotope labelled standards corresponding to the
lipids to be measured for intensity correction. However, the com-
mercial availability of isotope labelled lipids is limited. It is also not
realistic for researchers to buy a huge number of isotope labelled
lipid standards. As an alternative, a novel technique called lipidome
isotope labelling of yeast (LILY) has recently been proposed for a
relatively accurate quantitation via growing Pichia pastoris on 13C-
labelled glucose. This technique showed some potential in accurate
quantification with the labelling degree of 13C-labelled yeast lipids
up to 99.5% [18]. However, the complicated experimental proced-
ures of LILY may restrict its wide usage. In practice, multiple
external or internal standards from different lipid classes are often
used for the (semi-)quantitation of the detected lipids. As it is
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Fig. 1. Basic structural information of eight lipid categories classified by Fahy et al. [3].
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hardly guaranteed the same experimental conditions for the sam-
ples as for the external standards, lipid internal standards are
routinely used in most cases. Detailed information on the type, the
number and the amounts of internal standards for lipid quantifi-
cation was well described in a review by Wang et al. [19].

Facing above challenges, lipidomics is developing at a rapid pace
because of innovations in chromatographic techniques and the
advances in mass spectrometric tools. So far, three analytical stra-
tegies including untargeted, targeted and pseudotargeted lip-
idomics, have been applied in lipidomics. Each has its own merits
and demerits. Lipid investigators can choose an appropriate one
according to their research requirements. The following sectionwill
highlight the recent advances in these analytical strategies.

3. Advances in analytical strategies for mass spectrometry-
based lipidomics

Recent advances in detection techniques including nuclear
magnetic resonance (NMR) and MS have greatly expanded the
depth and breadth of lipid analysis. MS is superior to NMR in virtue
of its extremely high sensitivity, high resolution and molecular
specificity and thereby has been a mainstream technique in current
lipidomics. Fig. 4 illustrates the workflow of MS-based untargeted,
targeted and pseudotargeted analytical strategies in the field of
lipidomics. Due to the space limitation, techniques of NMR, gas
chromatography (GC)-MS and SFC-based lipidomics will not be
included in this review.

3.1. Untargeted lipidomics

Untargeted lipidomics, also called global lipidomics, aims at
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comprehensive and unbiased analysis of the lipidome in a biolog-
ical matrix. High-resolution MS (HRMS), that is particularly favor-
able for the elucidation of lipid structural composition due to its
powerful mass resolution and high mass accuracy, is preferred for
untargeted lipidomics analysis [17]. (Quadruple) time-of-flight MS
(Q-TOF MS), Orbitrap MS, and Fourier Transform Ion Cyclotron
Resonance MS (FTICR MS) are the outstanding representatives of
HRMS.

Untargeted lipidomics is eximious for discovering novel lipids
and defining differential lipids. Therefore, it is well suited for
screening novel lipid biomarkers in relation to diseases. The most
popular platforms in untargeted lipidomics include direct
injection-HRMS (DI-HRMS) and liquid chromatography-HRMS (LC-
HRMS), depending on whether separation techniques are needed
prior to HRMS detection.

3.1.1. DI-HRMS-based untargeted lipidomics
DI-MS-based lipidomics is usually called shotgun lipidomics, in

which lipids extracted from biological samples are directly intro-
duced into the ion source at a constant concentration either by an
LC autosampler or by a chip-based automated syringe (e.g. Advion
TriVersa NanoMate) [20]. Such technique avoids the time-
consuming separation step and enables high quality data acquisi-
tion of hundreds of thousands of lipids only in minutes. It has
shown a high-throughput analysis ability with great potential in
untargeted lipidomics [21].

Nevertheless, the ion suppression effect caused by the injection
of complex lipid extracts into the ion source simultaneously trig-
gered the signal of low abundance or low ionization level lipids to
be undetectable [22]. Diluting the sample appropriately is helpful
to reduce the ion suppression to some extent and also to prevent



Fig. 2. The illustration of the diversity and complexity of lipid structures by taking GPs and SPs as examples. GPs structure diversity lies in the variety of head group, fatty acyl chains
at the sn-1 and sn-2 positions as well as the linkage between glycerol backbone and sn-1 fatty acids. The head group generally represents phosphate group, phosphatidylcholine,
phosphatidylethanolamine, phosphatidylglycerol, phosphatidylinositol and phosphatidylserine, which respectively defines the classes of GPs as PA, PC, PE, PG, PI and PS, etc.
Another aspect of diversity stems from three different linkage: ester (acyl-), ether (alkyl-) and vinyl-ether (alkenyl-). Besides, the fatty acyl chains also vary in chain length, level of
unsaturation, double bond location and cis-trans geometries. Similarly, combinations of different structures of head group, sphingoid based type and N-acyl chain constitute tens of
thousands of SPs.
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the lipid aggregation from impairing the ionization efficiency. It is
recommended that serial analysis should be performed according
to the lipid type in the extracts and the resuspending solvents to
obtain optimal concentration with the maximum peak number
[23,24]. Utilizing the differential charge properties of various lipid
categories under specific experimental conditions could achieve
selective ionization of specific lipids. Therefore, adding acidic, basic
modifiers or chemical derivatization reagents to the multiple ex-
tracts of lipids for positive and negative ionization modes, respec-
tively, helps to identify more lipids, such as anionic, weakly anionic,
and electrically neutral lipids [16,25]. In addition, “spectral stitch-
ing” technique in which data are collected as a serial continuously
overlapping narrow windows instead of a wide m/z window to
cover the entire mass range, can effectively improve the detection
sensitivity. Southam et al. described a complete spectral-stitching
nano-electrospray ionization (nESI) DI-HRMS workflow for untar-
geted metabolomics and lipidomics analysis. A fivefold increase in
the number of the detected peaks obtained by this spectral-
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stitching nESI DIMS method as compared with that by standard
wide-scan DIMS made it efficient to detect low-abundance lipids,
thereby achieving extended coverage of lipids [23].

Lacking of effective identification of isomers and isobars was
once considered as a limitation for DI-MS techniques. However,
HRMS-based MS/MS data acquisition exploiting specific fragmen-
tation patterns of different lipid species could achieve in-depth
structural identification of isomers and isobars with high reli-
ability and credibility [16]. Additionally, combining ionmobility MS
(IM-MS) with DI-HRMS provided an additional separation dimen-
sion for untargeted lipidomics, thereby simplifying the complexity
of lipid extracts and facilitating more explicit isomer and isobar
structural elucidation [26e28].

3.1.2. LC-HRMS-based untargeted lipidomics
LC-HRMS, benefiting accurate identification of individual lipid

molecular species, has been extensively used in untargeted lip-
idomics. Owing to LC separation prior to MS detection, LC-HRMS



Fig. 3. Annotation hierarchy of PC (P-16:1(9Z)/18:0) by high resolution mass spectrometry and ion mobility spectroscopy (HRAM: high resolution and accurate mass; UHRAMS:
ultrahigh resolution and accurate mass spectrometry). Reproduced with permission from literature [12].

Fig. 4. A workflow of MS-based analytical strategies for untargeted, targeted and pseudotargeted lipidomics.
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can alleviate the ion suppression and provide explicit identification
of isomeric or isobaric lipids to a great extent. Normal-phase LC
(NPLC), hydrophilic interaction liquid chromatography (HILIC) and
reversed-phase LC (RPLC) are the three most frequently used
chromatographic techniques in untargeted lipidomics. RPLC is the
most applicable LC due to its high separation efficiency, high
reproducibility and high robustness. The elution order of lipids on
RPLC is related to carbon-chain length and unsaturation degree.
NPLC and HILIC both utilize polar stationary phases and are well
suitable for the separation of the lipid classes with different
headgroups. However, NPLC requires nonaqueous eluting solvents
(e.g., n-hexane and ethyl acetate) and is limited in separating polar
and hydrophilic compounds, while HILIC uses the mobile phase
consisting of high polar organic solvents with small portion of
water and allows highly efficient separation of polar compounds
which usually have poor retention on the RPLC system.

Recent efforts in LC-HRMS-based untargeted lipidomic analyt-
ical strategies are mainly in two aspects: 1) shortening the analysis
time as much as possible to achieve a high-throughput analysis of
lipids, and 2) improving the peak capacity and resolution to achieve
a high coverage of lipids. A faster flow rate [29,30], a higher column
tolerant temperature [31] and a bi- or ternary gradient with high
solvent strength [31,32] have positive effects on shortening the
analysis time and thus improving the throughput. Lorenzen et al.
developed a fast RPLC-HRMS untargeted lipidomics method and
detected 166 lipids inMyxocoxxus xanthuswithin 14min [30]. Xuan
et al. shortened a 20 min binary gradient for lipidomics profiling to
13min and detected nearly 500 serum lipids covering 20 lipid (sub)
classes. This UHPLC-HRMS-based untargeted lipidomic method
enhanced the analysis throughput on the premise of ensuring the
separation performance [31]. A rapid untargeted lipidomic method
based on Q Exactive HRMS developed by Lagerborg et al. realized
the relative quantitation of 350 identified lipids in plasma only in
8.5 min [32].

In addition, multi-dimensional LC (MDLC) with orthogonal
separation properties is the optimal choice for the increase of peak
capacity, in which the complex lipids can be separated by different
mechanisms. The separation of TAG lipid species in biological
matrices is rather difficult due to their complex structural compo-
sitions and very similar physicochemical properties. In a pioneering
study, Dugo et al. developed a silver-ion reversed-phase compre-
hensive two-dimensional liquid chromatography - mass spectro-
metric method for the triacylglycerol analysis in a rice oil sample
[33]. Our group also developed several MDLC separation techniques
for untargeted lipidomics. Initially, a comprehensive Ag-LC � RPLC
2D method was used for the analysis of TAGs, in which the first and
second dimensions were separated according to the unsaturation
and the fatty acyl chain length, respectively. However, the differ-
ences in the 2D flow velocity caused a loss of sensitivity [34].
Subsequently, a stop-flow HILIC � RPLC 2D system was developed
to reduce the dilution effect [35]. Further, a parallel-column
switching 2D system coupled with pre-fractionation was pro-
posed to further extend the separation window and increase the
coverage. It enabled to achieve a simultaneous untargeted analysis
of metabolome and lipidome within a single run [36]. Other recent
advances in untargeted lipidomics analysis based on MDLC tech-
niques can be referred to a newly published review [37].

The integration of IM-MS into conventional LC-MS workflow,
can provide a third dimensional separation satisfactorily orthog-
onal to LC-MS, and improve peak capacity by separating isomeric
and isobaric lipids [38e40]. The innovative IM-MS design [41],
optimized instrument parameters [42] and gas-phase ion reaction
(e.g. ozonolysis) [43] help to further improve lipid separation and
increase the specificity of lipid identification in complex samples.
Baglai et al. evaluated LC-IMS-MS and LC � LC-MS-based
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untargeted lipidomic performances in terms of the number of
molecular features, analysis time and structural characterization.
From this study, one can see that although a higher number of
identified lipids were obtained in LC � LC-MS through improving
the separation of co-eluting lipids, LC-IMS-MS is overperformed in
the faster analysis and accurate lipid identification [44]. It is rec-
ommended to complement the advantages of both techniques for
untargeted lipidomics of large-scale complex samples, i.e., con-
ducting comprehensive lipids profiling on the LC � LC-MS platform
followed by IM-MS for detailed structural characterization [44].

3.1.3. MS/MS scan modes in untargeted lipidomics
Data-dependent acquisition (DDA) and data-independent

acquisition (DIA) modes are the two major MS/MS scan modes in
untargeted lipidomics. As a classic MS data acquisition technique
for untargeted analysis, DDA only obtains fragment information of
specific precursor ions above ion intensity threshold. Although the
narrow isolation window for precursor ion selection contributed to
a high-quality MS2 spectrum [45], the low MS/MS information
coverage was not conductive to structural annotation. Many efforts
have been devoted to providing more MS2 information. Targeted-
directed DDA with pre-selected precursor ions filtered by 80%
rule and ion fusion have been proposed to trigger MS2 targeted
fragmentation [46,47]. Iterative exclusion (IE) strategy, where
precursor ions selected previously would be iteratively excluded
during each MS2 analysis [48], has shown an increase in lipid
coverage of over 50% [49] and great benefits for detecting trace
lipids [49,50]. Various ionization mode and activation energy
would be another choice for increasing the coverage of MS2 data in
untargeted lipidomics. The integration of ionization mode, such as
collision-induced dissociation (CID) and high-energy collisions
dissociation (HCD), provided more than 60% of metabolite com-
plementary information. More possibilities to obtain abundant
precursor ion fragments could be further achieved through the
comprehensive use of low,medium and high activation energy [51].

As an alternative MS/MS acquisition, DIA is enabled to provide a
comprehensive secondary spectrum, thereby improving the
coverage of precursor ions. All-ion fragmentation (AIF) scanning
represented by MSE [52] or AIF [53] and segmentation scanning
represented by sequential windowed acquisition of all theoretical
fragment ion (SWATH) are two different acquisition modes using
DIA strategies [54]. Since comprehensive MS/MS data covering the
entire mass range is generated through continuous isolation win-
dows instead of a single wide window, SWATH overperforms all-
ion fragmentation method in terms of spectral quality and anno-
tation coverage [45,55]. Therefore, SWATH-based DIA technique
has gained widespread popularity in untargeted lipidomics
[56e59]. However, SWATH encounters a big challenge, i.e., the
complexity of MS2 spectra destructs the direct association between
precursor ions and fragments [60]. Deconvolution of MS2 spectrum
is needed to reconstruct the correlation between precursor ions
and product ions. At present, deconvolution-based pseudo MS2
spectra reconstruction strategy represented by MS-DIAL [61] as
well as DecoMetDIA [62] and MS2 spectra library-based targeted
extraction strategy represented by MetDIA [63] as well as Metab-
oDIA [64] have been utilized to reconstruct precursor ions and
fragments connection. We firmly believe that as data complexity
alleviates, DIA technique will surely have wider applications in
untargeted lipidome analysis.

Notably, accurate identification and quantification of lipids are
the key to untargeted lipidomics. Efforts should be made to avoid/
eliminate some artefacts potentially included in the analyses, such
as lipid aggregation, ion suppression, and in-source fragmentation.
In high-concentration and highly polar lipid solution, especially in
the presence of salt, lipids tend to form aggregations, which cannot
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be well ionized and detected. High-concentration lipid solutions
can also trigger space and charge competition during the ionization
process, which significantly reduces the ionization efficiency.
Diluting the sample appropriately or reducing the injection volume
is helpful to reduce the ion suppression to a certain extent.With the
increasing ionization temperature and voltage, the fragmentation
reaction in the ion source possibly occur, for example, some
phosphatidylserine species become phosphatidic acid species.
Fine-tuning the instrument using lipid standard mixture to define
appropriate ionization conditions can help eliminate in-source
fragmentation. Readers can refer to recent reviews to have more
related information [65e67].

3.2. Targeted lipidomics

Targeted lipidomics focuses on the accurate quantification of
specific lipid species usually involved in one or several lipid path-
ways. Lipids to be measured in targeted lipidomics are often those
prescreened or predefined to be key targeted molecules and/or
potential biomarkers via an untargeted lipidomics analysis. MS-
based multiple reaction monitoring (MRM) and parallel-reaction
monitoring (PRM) acquisition modes are the most widely used
techniques in both shotgun and LC-MS-based targeted lipidomics.

3.2.1. MRM MS-based targeted lipidomics
Triple quadrupole (QQQ) MS or quadrupole linear-ion trap

(QLIT) MS with MRM acquisition are the two predominant tech-
niques applied in targeted lipidomics owing to their superiorities in
wide linear range, high sensitivity and great stability [68], in which
Q1 is used to acquireMS data of predefined precursor ions based on
known or assumed information and Q3 monitors the characteristic
fragments generated by CID in Q2 [4,17]. In MRM-MS strategies,
selective monitoring of precursor ions and corresponding product
ions that are closely related to the structure would aid in isomers
discrimination. For example, PC (16:0_20:4) and PC (18:2_18:2)
were successfully distinguished based on fatty acyl-derived tran-
sition s [69]. In addition, chemically specific transitions were also
effective in discriminating co-eluting lipids [70]. Moreover, the
quantitation of low-abundance analytes benefits from the high
sensitivity of MRM. In a 5 min UPLC-MS/MS targeted lipidomics
study, over 120 eicosanoids have been identified in 20 mL plasma
sample, showing a linear range of multiple orders of magnitude
[71].

In particular, QQQ-MRM-based MDMS shotgun lipidomics
(MDMS SL) platform equipped with nESI is very powerful in tar-
geted analysis of the majority of lipid classes in biological samples
owing to its high sensitivity, resolution and efficiency as well as its
wide coverage. It enables lipid investigators to make good use of
the special advantages inherited in MS for lipid analysis and
maximally exploit the unique physicochemical properties of lipid
species to obtain the maximal separation and ionization, and the
minimal ion suppression [72].

However, the inherent disadvantages of MRM restrict its success
in some specific fields due to the unit resolution of the quadrupole,
resulting in false positive discoveries and incorrect quantitation
[73]. The measurement of at least two MRM transitions for each
analyte improved the credibility of analyte confirmation in targeted
lipidomics [74]. Restricted by the dwell time, there is an upper limit
on the number of detectable ion pairs in each MRM data acquisi-
tion. The current technological advancements are capable of hun-
dreds of MRM transitions [75]. A further increase in the number of
transitions is still expected, which means large-scale and high-
throughput quantitation of lipids in a single experiment, thereby
placing higher demands on MRM technology. Ultra-fast scanning
QQQ MS, such as Shimadzu LCMS-8060 and Waters Xevo TQ-S
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micro, makes it possible to conduct wide MRM transitions with
minimum dwell time (1 ms) and maximum polar switching speed
(5e15 ms) [69]. Besides, more efficient MRM acquisition method
has been developed, namely, dynamic MRM (dMRM) or time-
scheduled MRM, which is used to monitor specific transitions
only within the preset retention time (tR) windows. This technique,
on the one hand, avoids unnecessary scans realizing wider MRM
transition coverage in a single run; on the other hand, reduces the
number of simultaneous ion pairs achieving higher sensitivity and
accuracy [76e78]. A targeted lipidomics approach has demon-
strated that dMRM allowed the quantification of 483 ceramides
with a tenfold signal response higher than MRM [79]. In another
example of targeted lipidomics, large-scale quantification of 413
lipid species belonging to 22 lipid classes has been conducted un-
der optimized collision energy and transition settings [69].

3.2.2. PRM MS-based targeted lipidomics
Although QQQ-based MRM has been recognized as a gold

standard for lipid quantification, PRM implemented on HRMS
represents an alternative technique. PRM (also referred to as HR
MRM or MRMHR) can achieve selection of interested precursor ions
in the quadrupole and detection of characteristic fragments
generated in the HRMS including Orbitrap and TOF, which has been
widely used in the field of proteomics for large-scale quantification
of peptides [80e83]. Recently, several PRM-based targeted lip-
idomics platforms have been applied for lipid discovery and
quantification in human serum [84], zebrafish [85], barley root [86],
yeast [87] and enterococcus faecalis [88]. For instance, Yu et al.
developed a HR-HPLC-QqTOF-based targeted lipidomics platform
using PRM and realized the analysis of more than 600 lipids
including FAs, STs and long chain base in the barley root [86].
HRMS-based PRM method has also been used to detect and
quantify cardiolipins with low ionization efficiency, realizing an
increase in lipidomics coverage [88].

Thanks to the HRMS, the acquisition of high-quality precisionm/
z enabled more accurate identification of precursor ions and frag-
ments to eliminate false positives, which was impossible for MRM
performed on the QQQ MS with unit mass resolution. Besides, the
entire MS2 information corresponding to specific precursor ions
could be collected without preselection of ion pairs, instead of
providing precursor ions-product ions list under optimized colli-
sion energies before conducting MRM experiments, reflecting the
flexibility of PRM [86]. Nevertheless, the disadvantage of PRM is
relatively low scan rate which might be time-consuming for large-
scale MS2 experiments when compared with MRM. To overcome
this deficiency, it is needed to upgrade the scan speed of HRMS.
Fortunately, current QTOF are capable of up to 100 PRM experi-
ments per cycle achieving large-scale precursor and product ions
monitoring [86]. Besides, each lipid was monitored only within the
predetermined tR window, which allows richer MS2 information in
a single experiment [89]. However, this was based on the premise
of maintaining stable reproducibility of the chromatographic sys-
tem [81]. Adding internal standards to the samples to establish a
reference elution time and compensate for time drift contributed to
achieving real-time collection of tR of the predetermined lipids
[81,82]. For extremely complex sample systems, “multiplex mode”
could be enabled to scan co-eluting precursor ions within the same
tR window. Up to ten precursor ions were sequentially isolated and
fragmented, and all product ions were simultaneously transferred
into the Orbitrap to generate a complex MS2 spectrum [81].
However, deconvolution was required to establish a correlation
between precursor and product ions in the later date processing.

Taking the respective advantages of these two techniques into
consideration, some researchers have proposed that it would be
wise to complement the superiorities of high-quality precision in
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PRM and high scan speed in MRM. Once the MS2 spectra have been
identified by PRM, we can transfer the ion pairs list to MRM at fast
scanning speed to achieve large-scale quantitative determination
[89].

3.3. Pseudotargeted lipidomics

Pseudotargeted lipidomics integrates the untargeted and tar-
geted lipidomics strategies, i.e., using the targeted techniques based
on the information from untargeted methods to achieve a high
coverage lipidomics data acquisition. The complete pseudotargeted
lipidomics analytical procedures include: 1) HRMS-based untar-
geted lipidomics techniques are used to analyze mixed biological
matrices of interest in full scan or IDA-based auto MS/MS scan to
collect rich MS/MS fragment ions; 2) lipid ion pairs are defined
based on the characteristic fragment ions and the corresponding
parent ions generated from untargeted lipidomics analyses; and 3)
QQQ-MS is used to realize high-coverage dynamic MRM analysis of
the constructed lipid ion pairs. Pseudotargeted lipidomics pos-
sesses the advantages of both untargeted and targeted lipidomics,
showing a high sensitivity, good reliability, wide linear range,
higher coverage, and easy data treatment.

The conception of pseudotargeted metabolomics was first pro-
posed by our group in 2012 [90], a GC-MS-based untargeted
metabolomics approach was established by combining an opti-
mized algorithm to select ions from all of the detected analytes.
This method enables to measure the abundance of both known and
unknownmetabolites in biological samples using the tR locking GC-
MS-selected ion monitoring (RTL-GC/MS-SIM). In 2013, this strat-
egywas further extended to LC-MS via obtaining ion pairs of known
and unknown metabolites by LC-HRMS and measuring their
abundances by targeted LC-MRM MS [91]. In the same year, a
widely targeted metabolomics strategy was also proposed by Chen
et al. in which the authors used a strategy named step-wise mul-
tiple ion monitoring-enhanced product ions (stepwise MIM-EPI) to
construct a MS/MS spectral tag library comprising 698 non-
redundant metabolite signals from rice leaf tissues [92]. To raise
the efficiency of selecting the ion pairs for the subsequent MRM
acquisition, an in-house software called MRM-ion pair picking
software (i.e., MRM-Ion Pair Finder) was developed, and can be
used to execute precursor ion alignment, MS/MS spectrum
extraction and reduction, characteristic product ion selection and
ion fusion automatically [93], which greatly reduces the time to
establish a pseudotargeted method. Meanwhile, a novel correction
strategy for large-scale pseudotargeted metabolomics studies was
developed for GC-MS, which enabled to integrate metabolomics
data frommultiple batches and different instruments by calibrating
gross and systemic errors, to make the metabolomics data from
different batches and different instruments practicable [94,95].
Furthermore, a novel pseudotargeted metabolomics approach was
developed based on SWATH MS acquisition to increase the
coverage of the ion pairs to a maximum extent [96].

All these pseudotargeted analytical strategies for metabolomics
are also suitable for lipidomics. In a recent study, we developed a
pseudotargeted lipidomics approach and fulfilled a high coverage
lipidomic analysis. Untargeted UHPLC-HRMS lipidomics analyses of
mixed matrices were firstly performed to obtain as much infor-
mation on molecular structures and tR of lipids as possible. Sec-
ondly, the quantitative structure and the chromatographic
retention relationshipwas constructed for each lipid (sub)class, and
used to i) confirm the entity of the detected lipids; ii) recognize the
identity of the lipids that showed no MSMS fragments but could be
obtained by EIC; and iii) extend the structures of the lipids that
were not detected by the untargeted method but could theoreti-
cally exist in the biological matrix. A total of 3377 targeted lipid ion
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pairs containing over 7000 lipid molecular structures were defined
for the MRM data acquisition [97].

MDLC-MS is an effective way to extend the separation window
of HPLC. A pseudotargetedmethod based on parallel column 2D LC-
MS has recently been established for broad coverage of metab-
olome and lipidome [98]. In total, 1294 and 687 ion pairs could be
detected in positive and negative ion modes, respectively.

The importance of pseudotargeted metabolomics/lipidomics
has been more and more recognized by researchers for it can
provide high quality data and high coverage of analytes. To make it
be applicable in more laboratories, taking the standard reference
material (SRM) 1950 plasma as an example our group has recently
released an entire protocol for LC-MS-based pseudotargeted
metabolomics method in which some related software and tools
are provided [99]. It is hoped that this protocol can provide refer-
ence for readers interested in pseudotargeted metabolomics/
lipidomics.

Pseudotargeted metabolomics approach has also some limita-
tions. For instance, i) some metabolites detected in the pseudo-
targeted method are not identified although the MRM transitions
were known, their identification is to be performed by UHPLC-
HRMS/MS; and ii) the number of metabolites that can be detec-
ted in a pseudotargeted metabolomics approach is limited by the
TQMS scan rate; and iii) two instruments and special data treat-
ment are needed to define the ion pairs and perform subsequent
MRM data acquisition.

4. Applications of MS-based lipidomics in diseases

The essential biological functions of lipids and the advances in
MS-based lipidomics have greatly impelled the research progress of
many fields such as disease, nutrition, food and pharmaceuticals. In
this section, we will summarize some applications of MS-based
lipidomics published in recent 5 years in disease biomarker dis-
covery as well as pathogenic mechanism and therapeutic strategy.

4.1. Disease biomarker discovery

Lipid metabolism in biological systems is strictly regulated, and
therefore, the lipid metabolic process has been disturbed or
disordered to varying degrees before and during diseases onset.
Therefore, lipidomics can provide evidence linking malignant tu-
mors with specific lipid abnormalities. In several recent studies,
lipidomic profiles of patients’ matched tumor tissues and adjacent
non-tumor tissues were compared directly for the purpose of
identifying differential lipid markers that were not affected by in-
dividual differences. Eight GPs containing palmitic acyl (C16:0)
successfully distinguished hepatocellular carcinoma (HCC) tissues
from nontumor tissues [100]. Elevated pre-diagnostic level of PC
(30:0) as well as reduced LPC (18:0) was defined to be potential
biomarkers for breast, prostate and colorectal cancer [101]. Several
sphingomyelins (SMs) and phophatidylinositols (PIs) expressed
significantly different levels in malignant and paired nontumor
tissues of non-small cell lung cancer (NSCLC) patients [102]. A
prospective lipidomics analysis of prostate cancer showed the
negative correlation between aggressive cancer progression and
several GPLs, cholines and FAs [103]. Our group observed that
aberrant accumulation of CEs in patients with prostate cancer
based on a lipidomics study of the paired prostate cancer tumor
tissues (PCT) and adjacent nontumor tissues (ANT). Independent
external verifications further demonstrated that CEs were the most
predictive lipids in discriminating between PCTand ANTor prostate
hyperplasia (BPH) [104].

Type 2 diabetes (T2D) and cardiovascular disease (CVD) are two
most prevalent metabolic diseases globally. A handful of recent
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studies have indicated that abnormality in lipidmetabolism is a risk
factor for these diseases. For instance, Cer (d18:0) lipid class was
identified and verified as an indicator of metabolic deregulation in
the progressing of T2D in view of its impact on impaired glucose
tolerance and altered insulin secretion in a population-based pro-
spective cohort study [105]. Similarly, Cer (d18:1) lipid class was
quantified as potential risk-related molecules for CVD [106]. Given
the diverse and complex factors leading to the disease progressing,
a combined biomarker formed by the synergic changes of several
lipid species may improve the accuracy of prediction [107]. Lu et al.
identified serum lipid predictors for T2D via detecting changes in
lipid metabolism before T2D onset using a HPLC-MRM-based high-
coverage targeted lipidomics method. Six serum lipids including
LPI (16:1), PC (34:3), PE (18:0p/20:4), TAG 50:2(16:2), TAG
51:0(17:0) and TAG 54:7(22:6) were regarded as biomarkers to
improve prediction accuracy of diabetes based on a large scale of
discovery and validation cohorts from six regions of China [108]. It
needs to point out that although the combination of markers will
theoretically show better predictive performance than a single
marker, from the perspective of economic cost and efficiency, the
number of markers should be minimized while ensuring high
predictability [109].

Alzheimer’s disease (AD) is a devastating neurodegenerative
disease that affects hundreds of millions of people throughout the
world. The difficulty in early diagnosis and the lack of effective
treatment result in the urgency to determinate AD biomarkers. Cell
biological and genetic studies have proved that lipids are exten-
sively involved in the pathogenesis of AD [110,111]. In a UPLC-
HRMS-based untargeted lipidomics study, Proitsi et al. identified
a panel of 10 plasma lipids as a “fingerprint” to distinguish AD
patients from controls, of which 6 were identified as long chain
cholesteryl esters (CEs), with approximately 80% accuracy [112].
Another targeted study on brain and bloodmetabolite signatures of
pathology and progression in AD, showed that higher level of
sphingolipids (SLs) was positively correlated with AD, indicating
SLs could be biologically relevant biomarkers for the early diagnosis
of AD [113].

In addition, many lipids were considered to be risk factors for
disease aggravation. For instance, the higher concentration of MAG
(16:0) combining with the lower concentration of DAG (32:0) and
DAG (36:0) would drive kidney disease to end-stage [114]. Prog-
nostic model consisting of Cer (d18:1/24:1), SM (d18:2/16:0) and PC
(16:0/16:0) was related to shorter survival of patients with
castration-resistant prostate cancer (CRPC) [115]. The combination
of Cers with PCs has demonstrated good CVD mortality prediction
effect in multiple large-scale cohorts, and the synergistic perfor-
mance with high-sensitivity troponin-T could be more effective in
risk classification [116].

It is well known that lipidmetabolism is a systematic interaction
process of gene, protein, metabolite, lipid and enzyme. Therefore,
integration of multi-omics technology is indispensable for better
understanding the body’s systemic response during treatment and
better prognosis. In a multi-omics study based on metabolomics,
lipidomics and proteomics, Eisfeld et al. analyzed plasma samples
from patients with Ebola virus disease (EVD) over the process from
diagnosis to recovery or fatality. They reported that 11 biomarkers
including 4 lipids, 2 metabolites, 2 cytokines, 2 proteins and 1
clinical index exhibited outstanding predictive ability of survival at
the early stage of diagnosis, thereby helping to improve the prog-
nostic treatment of those high-risk patients [117].

Table 1 summarizes recent representative studies of MS-based
lipidomics on biomarker discovery for disease prediction, diag-
nosis and prognosis.
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4.2. Pathogenic mechanism and therapeutic strategy

As lipids play vital roles in many physio-pathological activities,
lipid metabolic disorders are closely connected with pathogenic
processes [118]. Consequently, lipidomics can be used to reveal the
underlying mechanisms of physio-pathological processes. Inte-
grated multi-omics technique also helps to seek novel potential
lipid-related targets for treatments by combining inhibitors of
these targets [119].

In a recent study, Thangapandi et al. investigated the pathogenic
mechanism of liver fibrosis based on a combined genetic and lip-
idomic analysis of human liver biopsies across the spectrum of
NAFLD and a mouse model with hepatocyte-specific membrane-
bound O-acyltransferase domain containing 7 (Mboat7) deletion.
The results demonstrated that lipid mediators such as PI and lysoPI
may serve as pathogenetic drivers of fibrosis, and indicated that
targeting lysoPI and PI signaling may be effective for treatment of
NAFLD and liver fibrosis [120]. Compared with non-tumor tissues,
the expression of fatty acid synthase (FASN) associated with FA
production was upregulated in liver tumors. Silencing of FASN
severely impaired AKT-driven HCC progression [121]. Recent
studies have shown that ablation of FASN significantly delayed HCC
instead of completely inhibiting tumor proliferation. Hepatocytes
can take up exogenous FA and promote the absorption through li-
poprotein lipase (LPL) to compensate for the blocking of endoge-
nous FA synthesis. A research demonstrated that overexpression of
LPL induced poor prognosis of HCC patients. Silencing of LPL
enhanced HCC cell growth inhibition and accelerated cell apoptosis
in vitro experiments [122]. Modulating cholesterol synthesis was
another mechanism. Che et al. reported an increase in CEs, upre-
gulation of the corresponding genes involved in its synthesis and
overexpression of the synthetic rate-limiting enzyme HMGCR in
FASN knockout mice [123].

Currently, the coronavirus disease 2019 (COVID-19) pandemic, a
severe inflammatory disease with no specific drugs or vaccines, is
affecting more than 18 million of infected patients and causing
widespread mortality. It is of great urgency to find out the patho-
logic mechanisms behind its great damage to human body. It is well
recognized that the eicosanoid class of signaling molecules are
implicated in many devastating inflammatory diseases, and
therefore may also play functional roles in COVID-19. Schwarz et al.
reported that a loss of specific immune regulatory eicosanoids and
docosanoids lipid mediators and increased pro-inflammatory spe-
cies such as AA-derived products of ALOX5 and cytochrome P450
(CYP) contribute the progression from moderate to severe disease
based on a combination of LC-MSMS targeted lipidomics, cytokine
and chemokine quantitative analysis and single cell RNA
sequencing analysis [124]. This study provided not only mecha-
nistic insights into the immune regulation in COVID-19 but also a
potentially targetable therapy option for COVID-19.

Bietti’s crystalline dystrophy (BCD) is an autosomal recessive
disease characterized by progressive loss of vision due to chorior-
etinal degeneration. It is caused by mutations in CYP4V2 gene and
no effective therapy is available. Inspired by the fact that CYP4V2
gene belongs to a member of the CYP which involved in lipid
metabolism, Isobe et al. explored the mechanisms underlying the
onset and progression of BCD via LC-MS/MS-based lipidomics,
morphological and functional analysis of BCD patient-specific
induced pluripotent stem cells with retinal pigment epithelium
(iPSC-RPE cells) together with analysis of related enzyme activities.
The accumulation of glucosylceramide (GlcCer) and free cholesterol
was found to contribute to the RFE damage in BCD. The outcome of
the therapeutic experiment on phenotypes in BCD iPSC-RPF cells



Table 1
Representative applications of disease biomarkers for prediction, diagnosis and prognosis.

(1) Prediction

Category Disease Sample Analytical
strategy

Analytical
platform

Up-regulated lipids Down-regulated lipids Ref.

Metabolic
syndrome

Type 2 diabetes (T2D) Plasma Targeted UHPLC-MS/MS,
shotgun

Cer (d18:0) e [105]

Serum Targeted HPLC-MS/MS LPI 16:1, PC 34:3, TAG 50:2(16:2),
TAG 51:0(17:0),
TAG 54:7(22:6)

PE (18:0p/20:4) [108]

Serum Targeted GC-MS/MS e linoleic acid [128]
Cardiovascular disease (CVD) Plasma Targeted UHPLC-MS/MS Cer(d18:1) e [106]

Cancer Prostate Serum Untargeted UHPLC-MS/MS,
GC-MS

e GPs, choline, FFAs [103]

Colorectal Serum Targeted HPLC-MS/MS PC (30:0) LPC (18:0) [101]
Breast Serum Targeted HPLC-MS/MS PC (30:0) LPC (18:0) [101]

(2) Diagnosis and classification
Metabolic

syndrome
T2D Serum Pseudo-

targeted
UHPLC-MS/MS TGs, DGs, PEs, LPEs HexCers, PE-Os, PC-Os, LPC-

Os
[97]

Nonalcoholic fatty liver
disease (NAFLD)

Tissue, plasma,
urine

Targeted LC-MS/MS, GC-
MS

SPs GPs [129]

Neurological
disorder

Alzheimer’s disease (AD) Plasma Untargeted UHPLC-MS/MS e CEs [112]
Tissue, serum Targeted HPLC-MS/MS SMs e [113]

Cancer Breast Tissue Untargeted UHPLC-MS PCs, PEs, PIs, SM, Cer TAGs [130]
Kidney Plasma Untargeted UHPLC-MS/MS Saturated C12eC16 FFAs, TAGs e [131

e133]
Hepatocellular carcinoma
(HCC)

Tissue, cell Untargeted HPLC-MS/MS e C16:0-containing GPs [100]

Prostate Tissue Untargeted UHPLC-MS/MS CEs e [104]
Non-small cell lung cancer
(NSCLC)

Tissue Targeted Shotgun PI (38:2), PI (38:3),
PI (40:3)

SM (40:1), SM (42:1), SM
(36:1)

[102]

Viral disease Lassa Serum Untargeted HPLC-MS e PAFs [134]

(3) Prognosis evaluation
Metabolic

syndrome
CVD Plasma, serum Targeted UHPLC-MS/MS Cer, PCs e [116]

Neurological
disorder

Stroke Plasma Untargeted LC-MS e LPC (20:4) [135]

Cancer Breast Tissue Untargeted UHPLC-MS/MS PC(30:0), PC (32:0), PC (32:1), PC
(32:2)

e [130]

Kidney Serum Untargeted Shotgun MAG (16:0) DAG (32:0), DAG (36:0) [114]
Prostate Plasma Untargeted LC-MS/MS Cer(d18:1/24:1), SM(d18:2/16:0),

PC(16:0/16:0)
e [115]

Ovarian Plasma Untargeted UHPLC-MS e LPG(20:5) [136]
Viral disease Ebola virus disease (EVD) Plasma Untargeted UHPLC-MS/MS PG(18:1/22:6) PI(18:0/20:4), Cer(d18:0/

24:0), LPC(20:0)
[117]
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showed that compounds that enable to reduce the accumulation of
free cholesterol could be therapeutic agents for BCD [125].

Colon cancer is one of the leading tumors worldwidewith a high
mortality rate. Many efforts have been made to explore the path-
ogenesis and seek the specific lipid regulators for therapeutic
intervention of colon cancer. Elevated CYP monooxygenase-
generated epoxyoctadecenoic acid (EpOME) was observed both in
the plasma and colon tissues of mice model by Wang et al. Treat-
ment with EpOME not only induced inflammation in colon cancer
cells, but also exacerbated tumor growth in vivo. Furthermore,
ablation of corresponding regulatory genes and treatment of
enzyme inhibitors effectively suppressed colon tumorigenesis,
which demonstrated the effectiveness of CYP monooxygenase
eicosanoid pathway as a therapeutic strategy for colon cancer tu-
mors [126]. The CYP oxidized eicosanoid-associated signal network
also modulated the development of metastatic triple negative
breast cancer (TNBC). Epoxyeicosatrienoic acid (EET) showed a
significantly high level in breast tumors, and its promotion effect on
the metastasis of TNBC cells was verified in vitro, which was
consistent with the overexpression of upstream CYP epoxygenase.
Therefore, modulating the signal network of CYP epoxygenase-EET
may provide an effective intervention strategy for TNBC patients.

To sum up, we have reasons to believe that MS-based lipidomics
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combined with other omics techniques has a bright prospect in
studying the pathogenic mechanism and potentially targetable
therapy.
5. Conclusion remarks and perspectives

Advances in MS and chromatographic separation facilities have
greatly driven the development of lipidomics as a part of metab-
olomics. Current MS-based analytical techniques allow fast, reliable
and sensitive determination of hundreds to thousands of lipids over
a broad dynamic range. However, the extreme complexity in lipid
structures is an insuperable barrier for the achievement of high-
throughput and high-coverage analysis of the complete lipidome.
A realistic solution is to choose an appropriate analytical strategy
according to the purpose of the study. Untargeted, targeted and
pseudotargeted approaches enable effective measurements of the
lipidome fromvarious aspects. Untargeted lipidomics is excellent in
detection and discovery of novel lipids, and therefore is well suited
for the discovery of differential lipids and screening of lipid
biomarker candidates. Targeted lipidomics, favorable for accurate
quantification of specific or predefined lipid species, is powerful for
authenticating the effectiveness of the defined lipid biomarkers
and studying lipid molecular mechanisms. Pseudotargeted
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lipidomics, merging advantages of untargeted and targeted lip-
idomics, enables to monitor hundreds to thousands of lipids by
dynamic MRM. It is appropriate for high-coverage and semi-/ac-
curate-quantitative analysis, therefore, it can be used in the dis-
covery and confirmation stages.

Nevertheless, great efforts are still needed to cope with the
complexity of lipids so that the full characterization of the lipidome
is approachable. Firstly, innovative MS techniques for comprehen-
sive lipid structural elucidation (e.g., determination of positional
isomers of PLs, position of double bonds, position of acyl chain
branching and stereo-structure) are required in routine lipidomic
analysis. Secondly, HRMS with faster data acquisition speed hy-
phenated to highly efficient chromatographic separation tools
(especially 2D-/3D-LC-based facilities and nano-LC devices) will
favor high-throughput, accurate qualitative and quantitative anal-
ysis of lipids. Thirdly, the combination of HRMS with other
analytical facilities (e.g., IMS) that enables to provide a supple-
mentary separation dimension, will facilitate the discrimination
between lipid isomers, thereby greatly improving the lipid
coverage. Last but not least, the interlaboratory studies on evalua-
tion of the detected lipids in commercially available SRM 1950
plasma using nonstandardized laboratory-independent workflows,
helpful for finding out the metrological questions and/or gaps in
current lipidomic measurement, will provide valuable insights into
the issues of quantitative accuracy and repeatability of lipidomics
analysis [127].

Current state-of-the-art technologies provide wide application
prospects for lipidomics. The great potentials of lipidomics in dis-
ease biomarker discovery, pathogenesis and therapeutic strategy
investigations have been shown over the past years. However,
integration of multi-omics analytical techniques is highly essential
for better understanding the relationships between individual
lipids and lipid classes within a metabolic network and uncovering
the role of specific lipid molecules in cellular functions as meta-
bolism process in human body is intertwined with the interactions
between genes, proteins, metabolites, lipids, and enzyme. Multi-
omics analytical strategies can maximize the power of lipidomics
in finding novel lipid biomarkers, understanding disease pathology
and monitoring efficacy of drug therapy. To our delight, multi-
omics joint research has drawn increasing attention. However,
novel tools that can efficiently integrate the lipidomics data with
other omics data are still limited. Efforts from statisticians with rich
biological background are needed to overcome this issue.
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