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Abstract

This essay is to provide my personal view of lipidomics for precision medicine and lipid 

metabolism on its experimental procedures, inherent limitations, assessment of cross-platform 

reproducibility, available resource, and future challenges.

Introduction

Lipidomics, a subdiscipline of metabolomics, is referred as to the studies of cellular lipids in 

a large scale based on the principles and technologies of analytical chemistry. It emerged in 

early 2000 [1–3] after numerous previous studies showed the importance of individual lipid 

species in cellular functions (see review [4] for references), and the complication of lipid 

metabolism and the differences between lipids and water-soluble metabolites were 

recognized. Lipidomics has rapidly evolved since then, largely due to the advances in mass 

spectrometry (MS). Its great power for lipid metabolism and precision medicine has been 

well demonstrated [5–11].

As one of the pioneers in lipidomics [1], the author has broad expertise in elucidating the 

underlying mechanisms responsible for the altered lipid metabolism, trafficking and 

homeostasis manifest under a variety of patho(physio)logical conditions in mammalian 

systems. Investigation of these underlying molecular mechanisms greatly facilitates 

understanding the pathogeneses of the diseases. As one of the inventors of shotgun 

lipidomics (SL) [4, 12], the author has extensive experience in analysis of a broad range of 

lipid classes, subclasses and individual molecular species after direct infusion using nominal 

and high mass accuracy/resolution MS. The author also had nearly ten-year experience in 

separation and analysis of lipids using various chromatographic techniques (e.g., TLC, GC, 

and HPLC) [13] prior to the lipidomics era.
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Your experience/opinion on experimental procedures

Sample collection from biological sources is one of the important issues in lipidomics. Since 

only a very small amount of sample is needed for lipidomics analysis, it is a big waste if 

more than needed is taken. However, when only a small amount of sample is taken, 

representation of the sample to the entire source material should be addressed. For example, 

blood vessels/capillaries, epidermis, fat pads, and other non-homogeneously distributed 

tissues always exist in mammalian organs. A small piece of sample randomly taken from 

such an organ unlikely represents the entire organ. It is advised to make the organ into a fine 

powder at the temperature of liquid N2 by a homogenizer prior to taking a small amount of 

sample. For a study focusing on a particular organ section, careful dissection is essential. For 

example, the brain is highly complicated and contains a variety of very different cell 

populations in different regions, thus leading to the presence of different lipid compositions 

[14]. Criteria for determining sample representation must be established prior to analysis 

[15, 16]

Lipid extraction is another key step in lipidomics and has been extensively discussed [6]. For 

any methods utilizing external standard(s), extraction recovery of lipid species should be 

determined during method validation. For any methods utilizing internal standards (IS), 

extraction recovery is less critical since the added IS can compensate the incomplete 

extraction to a great degree. SL can be affected by the presence of inorganic ions in lipid 

extracts (e.g., due to resultant ionization instability and ion suppression), whereas these 

effects are reduced by pre-separation (e.g., liquid/liquid partitioning, solid phase extraction) 

or chromatographic separation in LC-MS. A suitable type of salt should be used during lipid 

extraction to enhance the phase separation and extraction efficiency. It is better to add the 

salt that matches with the adducts preferred for analysis of lipids by MS. Detergents are 

problematic for lipid analysis and should be avoided in sample preparation when possible. 

Although acidic conditions are favorable in effective extraction of anionic lipids, they can 

lead to degradation of acid-labile plasmalogens. We found that a low-concentration of LiCl 
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solution is preferable for lipid extraction since its weakly acidic condition improves the 

extraction efficiency of anionic lipids without inducing plasmalogen degradation, and the 

lithium adduct of lipid species yield unique and informative fragmentation patterns after 

collision-induced dissociation [17], which are very useful for some SL platforms [6, 18, 19].

It is advised to introduce IS at the earliest step of lipid extraction for quantification in 

lipidomics [20]. The reasons include (1) minimizing the effects of incomplete extraction, (2) 

eliminating differential ionization efficiencies between lipid classes and subclasses, (3) 

normalizing MS data for comparison between sample groups, (4) reducing any fluctuation of 

MS analysis from unexpected variations of any experimental conditions, among others. The 

topics on what, how, and why to select IS have recently been extensively discussed [21].

Selection of an approach (shotgun vs. LC-based platform) for lipid analysis after sample 

preparation depends on personal preference, experience, the target of analysis, and 

throughput. A general consensus is that SL (particularly the platforms based on high 

accuracy/high resolution mass spectrometers) is more suitable for high throughput analysis 

of lipids and LC-based approaches are preferable for analyzing low abundance lipids. Of 

course, LC-based platforms for high throughput analysis also exist [22, 23] and SL has been 

applied for analysis of low abundance lipid classes [24].

In addition to adding IS in sample preparation, analyzing a lipid solution at a concentration 

circumventing lipid aggregation is also critical to accurate quantification [25]. Aggregated 

lipids cannot be ionized efficiently, and their ionization is molecular species dependent. 

Specifically, the species containing shorter acyl chains generally display higher ionization 

response factors than those containing longer ones [26]. Solvent can also affect lipid 

aggregation. For instance, the concentration (pmol/μL) where lipids start forming aggregates 

in the solvent system of CHCl3/MeOH (v/v) is ~100 in 2:1, 50 in 1:1, and 10 in 1:2. 

Presence of non-polar lipids (e.g., triacylglycerol, cholesterol and its esters) in a lipid 

solution could substantially lower this concentration. The effects of lipid aggregation on 

quantification by LC-based lipidomics have not yet been broadly recognized. Due to column 

enrichment, a species eluted from a column is substantially concentrated where lipid 

aggregation could happen. Moreover, the mobile phase used in reversed-phase LC is 

typically more polar than in normal-phase LC. The lipid aggregation formed in LC-based 

lipidomics potentially affects their response factors and consequently their quantification. 

Thus, stable isotope-labeled IS are always ideal for accurate quantification in LC-based 

lipidomics.

What are the inherent limitations of MS-based lipidomics?

First, unlike the analysis with optical devices, which follows the Lambert-Beer law, a 

relationship between the counts of a molecular ion as determined by MS and its 

concentration in a solution is more complicated. The ion intensity of an analyte determined 

by ESI-MS could be affected by many factors [21]. They range from sample preparation 

(e.g., the existence of inorganic contaminants), ionization conditions (e.g., flow rate, ion 

source temperature, and ionization voltage), tuning conditions (e.g., different solvent(s) used 

in experiments from tuning solution), instrumentation (e.g., analyzer and detector), solvent 
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gradient shift, etc. Minor changes of these factors could lead to significant changes in ion 

peak intensities. This inherent limitation of MS makes it difficult for scientists to virtually 

repeat a measurement of absolute ion counts for an analyte in a biological sample from time 

to time, from one instrument to another, or from one laboratory to the others. Therefore, 

addition of IS for relative comparison and normalization becomes essential for accurate 

quantification of lipid species in MS-based lipidomics. It should be recognized that as 

advances in MS instruments to higher sensitivity, the influences of these factors on 

determining ion intensities by MS become more and more evident.

Another limitation of MS-based lipidomics is that MS is unable to accurately analyze 

aggregated lipids. In addition to the non-efficient and species-dependent ionization as 

discussed above, aggregated lipids can possess very different polarity, geometry, size, etc. 

from lipid monomers, and thus lead to very different ionization process. Also, the aggregates 

can contain a different number of lipid species and form adducts with a variety of small ions. 

Thus, these aggregates can possess a different distribution of m/z, some of which may be out 

of the mass-detection range and not be realized. This limitation has to be resolved by 

adapting low concentrations of lipid solutions circumventing lipid aggregation.

Formation of multiple adducts of an individual lipid species is another possible limitation. 

The formed adducts depend on the availability of small ions as well as the concentrations 

and affinities of these ions. This limitation makes the lipid analysis extra complicated. The 

researchers should make efforts to minimize this limitation through introduction of an 

appropriate modifier. If no modifier is introduced, adducts associated with NaCl are often 

predominantly present because NaCl is ubiquitously present.

Although ESI and MALDI belong to soft ionization techniques, they generate fragment ions 

to a certain degree during ionization. These ion source-generated ions may be “identical” to 

the ions of endogenous species. This limitation complicates the lipid analysis, often leading 

to inaccurate results and incorrect conclusions. Some examples are that phosphatidylserines 

fragment to phosphatidic acids, triacylglycerols result in diacylglycerols, and small anionic 

adducts of phosphatidylcholines yield dimethyl phosphatidylethanolamines. This limitation 

should be eliminated through optimizing ionization conditions or closely monitored through 

addition of endogenously absent standards.

Are there any other limitations?

The advantages of SL include the analysis conducted under constant lipid concentration and 

its high throughput compared to LC-MS approaches. The constant concentration guarantees 

that all individual lipid species of a polar class are ionized under an identical condition, 

leading to virtually identical ionization response factors after correction for differential 13C 

isotope distributions [4]. The major limitations of SL include (1) the difficulties to analyze 

the lipid classes present in low abundance (e.g., (oxy)sterols, steroid hormones, and bile 

acids) due to ion suppression of abundant or readily ionizable lipid classes, despite some 

efforts have been made [27, 28]; and (2) being unable to determine the isomers possessing 

identical fragmentation patterns. However, the former could be solved through appropriate 

derivatization and the latter could be tackled through application of ion mobility technology.
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The advantage of LC-based approaches is the power of separation science. The major 

limitations include its relative slow throughput and dynamic ion suppression. The dynamic 

ion suppression results from the constantly changing lipid concentrations. Using isotope 

labeled IS or adding extra numbers of IS representing differential lipid species may resolve, 

at least partially, this limitation [21].

What is your assessment of cross-platform reproducibility?

In current lipidomics practice, there is a lack of comparison of results between platforms. In 

fact, it is hard to assess the cross-platform reproducibility. This difficulty is largely due to 

the lack of standardization in lipidomics. Such standardization includes the measurement of 

lipid amounts vs. composition, the normalizers (e.g., protein content, RNA level, wet weight, 

phosphorus content, etc.), and the IS including their numbers, levels, and structures.

In my opinion, the researchers should measure the amounts of individual lipid species as 

possible since their composition can be easily derived from the measured amounts and their 

mass levels can provide additional information for studying lipid metabolism and precision 

medicine. Protein content might be the best normalizer for analyzing lipidomes of tissue 

samples as previously described [6]. The topic on how to accurately quantify lipid species 

using IS has been extensively discussed [21].

Prior to making standardization of lipidomics for cross-platform comparison, it is important 

to validate a method in its development stage, particularly, by employing alternative 

approaches. For example, the data obtained by SL could be validated by LC-MS analysis 

and vice versa. Other alternative approaches, including NMR, GC-MS, or other 

chromatographic analysis, could also be employed for this purpose under certain situations. 

The bottom line is that the obtained data should make sense at the biological levels and 

agree with each other as a ballpark estimate.

Databases and data analysis tools

This topic has been extensively described in Chapter 5 (Bioinformatics in Lipidomics) of my 

monograph [6].

Current limitations and future challenges

Despite tremendous advances made in recent years, a few areas of progress on the 

technology are still desirable. Accurate quantification of lipid species is still under debate 

[21]. Quantitative analysis of signaling lipids to include chiral isomers for eicosanoids, 

phospholipids carrying modified fatty acids, a variety of sphingoids, and numerous 

intermediate metabolites, etc. are still not fully achievable. Coverage for the entire lipidome 

is still a dream. Definitive unraveling of the biochemical mechanisms responsible for a 

disease is still rare. Bioinformatics for lipidomics is largely limited to the levels of lipid 

classes currently.

Increase in coverage of lipid classes and molecular species is a key factor in lipidomics to 

better understand the inter-relationship between these classes and species within a metabolic 
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pathway or between the metabolic networks and to enhance the power for precision 

medicine. Derivatization appears very useful for development of targeted approaches to 

increase coverage for both SL and LC-based approaches [24]. Further increases in the 

coverage of lipid classes and individual species using an automated, high throughput manner 

in any platform remain demanding.

Bioinformatics for interpretation of lipidomics data based on mass spectral simulation or 

dynamic modeling is very useful and powerful [29, 30]. Similar modeling or novel 

approaches for analysis of a more comprehensive network or ideally for the entire lipidome 

are highly desired. As advances in lipidomics, interweaving of this discipline with other 

omics becomes demanding, which is critical for precision medicine. The reconstruction of 

lipid metabolic pathways require novel strategies for pathway mapping of lipid data at the 

molecular species levels instead of at lipid class/subclass levels [31].

Studies on assessing enzymatic activities, lipid turnover kinetics, and the effects of 

individual enzyme activation on lipid homeostasis in a metabolic pathway and/or network 

are missing. This type of work apparently requires the platforms possessing sensitive, high 

throughput, and broad coverage capabilities. More complex studies in the fluxomics scale to 

reveal the reaction rates in lipid metabolism are also needed.

Precision medicine, according to the NIH, is an emerging approach for disease treatment and 

prevention that takes into account individual variability in genes, environment, and lifestyle 

for each person. In practice, it depends on the availability of molecular profiling tests by 

omics including lipidomics. However, lipidomics for precision medicine is still at its infant 

stage. In addition to those outlined above, many aspects of lipidomics for precision medicine 

(e.g., standardized sample preparation, method validation, inter-laboratory comparison, and 

bioinformatic integration with other omics) have the limitations to serve the purpose and, 

therefore, also greatly challenge us.

Finally, as advances in instrumentation, detection sensitivity of lipids is greatly progressed, 

which is comparably for the analysis of single cells [32]. It can be foreseen that single cell 

lipidomics is achievable in the near future.

Recommended lipidomics resources

The websites lipidlibrary.aocs.org/ and www.lipidhome.co.uk/constantly update the 

publications including review papers that utilize modern MS methods for lipidomics. The 

Lipidomics Gateway site (http://www.lipidmaps.org/data/databases.html) maintained by 

LIPID MAPS, which provides a wealth of information about lipid database and analysis 

protocols, could be consulted. Useful references could be found from a few recent special 

issues on lipidomics: Biochimica et Biophysica Acta, Vol. 1811(11), 2011; Analytical 

Chemistry, Virtual Issue: Lipidomics, pubs.acs.org/page/vi/2014/Lipidomics.html; 

Analytical and Bioanalytical Chemistry, Vol. 407 (17), 2015. Recently edited books and 

monographs on the areas of lipid analysis and lipidomics [6, 33, 34] should be the useful 

resources.
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Concluding remarks

Since the emerging of lipidomics discipline in 2003 [1, 2], the field has already 

demonstrated the power for “visualizing” and understanding the changes of hundreds to 

thousands of individual species [35–37], thereby potentially allowing us to map the entire 

metabolic pathways of lipid classes, subclasses, and individual species of the system of 

interest. The accomplishments in lipidomics are due to not only the technique development, 

but also the nature of lipidomics for lipid metabolism and precision medicine. It can be 

foreseen that the discipline will resolve the challenges outlined above and leads to a 

revolution of lipid metabolism and precision medicine in the future.
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Highlights

A commentary on the experimental procedures, inherent limitations, assessment of cross-

platform reproducibility, available resource, and future challenges of lipidomics.

Han Page 10

Biochim Biophys Acta. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Key References

	Your experience/opinion on experimental procedures
	What are the inherent limitations of MS-based lipidomics?
	Are there any other limitations?
	What is your assessment of cross-platform reproducibility?
	Databases and data analysis tools
	Current limitations and future challenges
	Recommended lipidomics resources
	Concluding remarks
	References

