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Lipidomics should still be considered as an emerging “-omics” field in view of 
the ongoing rapid development of technical possibilities and its potential use 
for future applications in basic and applied research. The current technical 
“routine” allows us to extract and detect the most common lipid species with a 
certain identification level concerning their structures. However, new lipidomics 
workflows are still in demand when information is required on the detailed 
structure and composition of lipids, their distribution over the different organs, 
the constituting cell populations and even the different subcellular organelles. 
This information has been proven to be vital in understanding the pathology 
of certain diseases, such as chronic kidney disease and myelin disease1–3. 
Additionally, standardized computational processing pipelines to handle 
such complex datasets are still under development. Next to the processing of 
lipidomics data, another major challenge is to extract useful messages from the 
huge datasets that are needed to answer different types of biological questions. 
The aim of the studies presented in this thesis is to establish an untargeted 
lipidomics workflow and to apply this technique in a series of biomedical 
studies to identify key lipid changes that may represent cause or consequence 
of metabolic alterations. In addition, we combined the lipidomics workflow 
that was developed with other omics workflows (transcriptomics, proteomics) 
to explore the possibilities of combining the information extracted from lipid 
profiles with the other layers of information and to explain (patho)physiological 
phenotypes in lipid metabolism. In this chapter, I will discuss the major findings 
of the thesis and share my thoughts on future perspectives and challenges for 
lipidomics and its application in (pre)clinical studies.

Pre-analytical steps are crucial for the success of lipidomics 
experiments
The pre-analytical steps in any lipidomics workflow are of vital importance but 
are often neglected in the description of the experimental design. There are 
many concerns that require special attention with respect to sample type and 
the target lipids. In Chapter 2 we discuss the lipids that are potentially affected 
by pre-analytical factors during sample preparation, storage and lipid exraction 
procedures. However, several issues were not addressed in our reports, 
because some of them only have been recognized recently. One of these issues 
is the conversion between lipids during sample handling and storage which can 
strongly affect the outcome of lipidomic analyses. For instance, lysophospholipid 
species and monoacylcardiolipins in cell materials can be generated artificially 
from phospholipids and cardiolipins by enzymatic reactions4,5. This effect can 
be minimized by avoiding sample handling at room temperature and immediate 
snap-freezing of samples at −80 °C. Isomerization of lysophospholipids was 
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also observed to occur at room temperature, even when the lipids were stored 
in methanol6. This transition can lead to erroneous results when particular 
lysophospholipids are being used as standards for quantification purposes. 
Thus, lipid standards should be aliquoted properly to avoid unnecessary freeze 
and thaw cycles. Oxidation of unsaturated lipid species may occur through 
enzymatic and free radical-mediated reactions, so antioxidants, metal chelating 
agents and reducing agents are considered essential for long-time storage. 
These procedural details should be taken into consideration when planning 
an experiment. Another topic which is not covered in our report is the optional 
derivatization step after lipid extraction. Derivatization is usually applied for 
targeted and semi-targeted detection of certain lipid species. This additional 
step in sample work up is designed to improve ionization efficiency for MS 
detection or to generate lipid derivatives to aid the identification of isobaric lipids 
in a complex sample. Although detection of certain lipid species can be partially 
achieved by LC-MS method optimization, in some cases, lipid derivatization 
helps to improve the quality of the measurements by better separating isobaric 
lipids chromatographically. Several published derivatization methods have 
been summarized in a recently published review7.

In Chapter 3, we specifically evaluated several lipid extraction procedures, 
including a single phase extraction and two-phase extraction methods of 
plasma samples, and showed the pros and cons of these methods. Plasma is 
the preferred bio-fluid for clinical diagnostics and biomarker development. 
Lipid signatures in plasma show great potential to understand disease-
associated phenotypes at the molecular level. We reported the extraction 
efficiencies of frequently used extraction solvent systems (Folch method88, 
Bligh and Dyer method9, MTBE method10 and MMC method11) towards different 
lipid classes. This evaluation helps the selection of the optimal extraction 
method according to the aim of the specific study. Recently, new or adapted 
lipid extraction procedures have been developed for lipidomics workflows, yet, 
we did not include these in our comparisons. Some are protein precipitation-
based one phase extraction methods and others are two phase or three phase 
extraction methods12–15. These new methods either claimed better extraction 
efficiency for specific sample types or improved compatibility with other -omics 
measurements such as metabolomics and proteomics. These new methods 
should be tested and evaluated to be applied in large collections of clinical 
samples or in multi-omics pipelines.
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Potential predictive role of plasma lipid profiles for different genetic 
causes of extreme LDL-c levels in humans
Abnormally elevated level of plasma LDL-c is a well-established risk factor for 
atherosclerotic cardiovascular disease in humans. Genetic causes and unhealthy 
lifestyle are the main underlying reasons for alterations of LDL-c levels16. Among 
subjects with extreme levels of LDL-c, genetic defects are considered as the 
major determinants. Although presenting with a similar LDL-c level, the genetic 
causes underlying abnormal LDL-c may be diverse. Common gene variants 
affecting LDL-c levels are mutations in apolipoprotein B (APOB), apolipoprotein 
E (APOE), low density lipoprotein receptor (LDLR), proprotein convertase 
subtilisin/kexin Type 9 (PCSK9), microsomal triglyceride transfer protein 
(MTTP) and others17. New or rare potential gene variants, which also result in 
an abnormal LDL-c level, are continuously being reported18,19. In Chapter 4, we 
measured plasma lipid profiles of two subsets of participants of the LifeLines 
population cohort with either extremely high or extremely low LDL-c levels. 
Within each group with either high or low LDL-c, we observed very different 
lipid profiles although the subjects shared similar LDL-c levels. Interestingly, in 
the extremely low LDL-c subjects, the plasma lipid profiles tended to be similar 
when they shared the same genetic defect in the APOB gene. However, the lipid 
profiles did not separate according to the genetic backgrounds in the extremely 
high LDL-c population. A major possible reason is the complexity of the many 
confounding factors involved. For instance, the use of statins can affect the 
plasma lipid profiles. Other than genetic background and medication, factors 
that contribute to high LDL-c, such as smoking and high age, were present in 
the relatively small population studied (n=23). This brought up the necessity of 
classifying the subjects prior to analysis to properly minimize the interference 
of confounding factors. So a larger and “better-defined” population will be 
required for more accurately testing the efficacy and clinical applicability of 
plasma lipid profiling to evaluate the mechanism underlying elevated LDL-c 
levels.

Lipidomic analysis revealed the adaptative strategies of mice with a 
single genetic defect in fatty acid metabolism 
Inborn errors of metabolism (IEMs) are groups of inherited disorders with 
mutations in genes encoding key enzymes of metabolic pathways. One of the 
prominent harmful consequences of such mutations is the accumulation of 
intermediate metabolites when a certain enzyme activity is reduced. Thus, 
targeted metabolic assays have been developed to detect these circulating 
metabolites and are widely used for standard diagnostic procedures of IEMs in 
specialized laboratories around the globe. However, there is still a broad interest 
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in seeking for novel metabolic markers to reduce the rate of false diagnoses or 
to help predicting the severity of the symptoms over time. Moreover, insight in 
potential adaptative metabolic strategies in IEM patients may help to explain 
the well-known diversity in phenotypes: this would be highly instructive for 
personalized medicine purposes. In this case, a comprehensive untargeted 
metabolomics approach could provide a broader vision on the consequences 
of a certain mutation on prevailing concentrations of a series of metabolites. 
Lipidomics is particularly attractive when studying IEMs related to lipid 
metabolism. In Chapter 5, we systematically evaluated the lipidomes of different 
tissues of MCAD KO mice after fasting and exposure to cold. Interestingly, we 
found that Triglyceride appeared to serve as a sink preventing the accumulation 
of toxic medium-chain fatty acids and their secondary metabolic products. This 
mechanism was found to exist in liver and brown adipose tissue under the applied 
stress conditions. Some of the medium chain fatty acyl containing TGs were also 
detected in blood of MCAD KO mice in very high concentrations compared to WT 
mice. Although the changes of TGs were observed in mice under cold exposure 
and fasting conditions, similar changes were also seen in BAT of MCAD KO mice 
under fasting conditions only (unpublished data). This indicates that the “TG 
sink” may represent a common strategy adopted by mice with a genetic defect 
in the MCAD enzyme. It will be particularly interesting to test for the presence 
of these TG species in MCAD patients. It was reported previously that very long 
chain lysophospholipids were enriched in patients with peroxisomal disorders20. 
These lipid signatures were also closely correlated with the severity of the 
peroxisomal disorder and should be evaluated further for diagnostic purposes. 
Therefore, the medium chain TGs or other lipid signatures in plasma of MCAD 
patients are worth to be evaluated for their value in diagnostics, as they might 
have the potential to distinguish patients with mild symptoms from severe cases. 
Of course, this hypothesis needs to be tested in a relatively large population of 
patients. 

An emerging multi-omics approach to study (dys)regulation of lipid 
metabolism 
The development of novel lipidomics methodologies now offers the chance 
to measure diverse lipid species, but also offers the possibility to assess the 
cross-talk with other omics data. This is particularly beneficial in the evaluation 
of complex metabolic diseases that affect lipid metabolism, such as non-
alcoholic fatty liver disease (NAFLD), since the identified lipid species may fill 
the information gap between altered expression of genes/proteins and clinical 
phenotypes related to disturbed lipid metabolism. The advantage of a multi-
omics strategy lies in the comprehensive evaluation of potential mechanisms 
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underlying changes in different aspects of lipid metabolism. Evidence collected 
from multiple layers of information will also improve the reliability of the 
observations. For a complex disease phenotype that is driven by multiple factors, 
it is very challenging to decipher the most affected signaling pathways or the 
underlying molecular mechanisms. Hypothesis-based classical biochemical 
measurements provide targeted observations, yet, they are biased by prior 
knowledge and (personal) insights. Single untargeted omics approaches 
that measure a broader range of molecular features are useful but sometimes 
prove insufficient to set focus due to an overwhelming amount of changes 
sorted from data without biological explanations. Cross-talk between different 
-omics layers will likely improve the efficiency of information sorting when 
subsets of changes captured at different levels are supporting each other . In an 
effort of integrating lipidomics with other –omics techniques, in Chapter 6 we 
explored the regulatory role of the transcription factor LRH-1 on hepatic lipid 
metabolism in an Lrh-1 knockdown mouse model challenged with a Western-
type diet known to induce NAFLD in mice. We combined the information from 
gene transcripts, proteins and lipids through omics integration models and 
pathway networking and, thereby, were able to unravel new links between the 
regulatory networks of LRH-1 and hepatic lipid metabolism. The validity of this 
approach was proven by the identification of well-known targets of LRH-1 such 
as Scarb1 and Fads2 as determined in other studies with LRH-1-deficient mouse 
models21,22. This validation step emphasized the general reliability of the multi-
omics integrative strategy and its value for hypothesis generation. The newly 
identified regulatory axis of LRH-1 and sphingolipid biosynthesis reported in 
our study designated a distinct role of LRH-1 in controlling ceramide production 
via ORM-like (ORMDL) proteins23. 

A multi-disciplinary study as described in Chapter 6 offers an individual 
researcher the opportunity to access large amounts of information and also 
calls for close collaboration between researchers and extensive knowledge 
exchange. Untargeted omics techniques and the corresponding “big-data” 
are still not very familiar for clinical scientists and for a large proportion of 
biomedical researchers. On the other side, researchers active in the various 
-omics fields are generally struggling with choices concerning optimal ways 
of organizing the data and, particularly, with biological interpretations of their 
findings. Therefore, multi-disciplinary collaborations are recommended to 
advance this kind of studies to a next level and to help in translating findings to 
mechanistic insights and, eventually, to clinical applications.
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Current applications of clinical lipidomics 
In this thesis, I described the considerable potential of applying lipidomics 
for disease phenotyping, identifying metabolic adaptations and multi-omics 
integrations. One of the ultimate goals is to apply lipidomics in clinical 
diagnostics including the development of lipid biomarkers and their use in 
clinical phenotyping. Determination of disease stage, severity and subtype 
is very important for precise characterization of the individual patient and for 
design of a personalized treatment strategy. Traditional lipid measurements 
such as plasma TG and LDL-c levels have been used for decades as risk 
factors or indications of cardiovascular disease24, yet, the value of single lipid 
species or disease-related lipid profiles have not been fully appreciated. 

Current clinical application of lipidomics has a strong focus on cohort 
comparison. Cohorts of patients with well-described clinical phenotypes are 
compared with apparently healthy volunteers. Next to this type of studies, 
associations have been explored between differences in lipid profiles and 
severity or heterogeneity in cohorts of patients with complex diseases, 
like the study presented in chapter 4. Xiangdong Wang and coworkers 
recently merged clinical phenomics with lipidomics in several multi-omics 
studies in patients with various lung diseases and lung cancer after clinical 
diagnosis25–27. They analyzed the individual lipid species in plasma samples 
of a cohort of patients with various forms of critical pulmonary illnesses. 
Diagnostic accuracy of the identified lipid species was evaluated by receiver 
operating characteristic (ROC) analysis of the individual species. The area 
under the curve (AUC) was used to evaluate the diagnostic accuracy and 
was found to vary between 0.64 for PG40:5 and 0.86 (significant at P<0.05) 
for PS34:2, compared to a maximal variability of the AUC in ROC analysis of 
0.50 – 1.00. They did not test whether diagnostic accuracy improved by taking 
combinations of lipid species. 

Gene-lipid linkages in plasma are now also being explored28,29. Genome-wide 
association studies (GWAS) were performed in large populations of humans 
or mice from diversity outbred strains or multiparent populations derived from 
highly diverse founder strains whose plasma lipidome was also measured. 
The resulting databases based on Quantitative trait locus (QTL) mapping are 
becoming publicly available, some of which can be approached from either 
side, i.e., from the gene-centered or the lipid-centered view30. Plasma lipid-
species-associated loci were identified and were also proven to associate 
with metabolic traits such as body mass index (BMI) and cardiovascular 
disease (CVD) risk. These data provide new understanding of genetic control 
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of lipid molecules together with potential prediction ability of those single 
lipid species on complex metabolic phenotypes29. 

Screening and assessing lipid signatures in the studies presented in this thesis 
as well as published work show the potential of lipidomics to improve the 
risk prediction of complex diseases. However, translating lipidomics data to 
clinical lipidomics still faces multiple challenges at the analytical and the post-
analytical side. 

Challenges and opportunities of Clinical lipidomics 
Challenges in analytical aspects

Integrating lipidomics into clinical testing and analysis requires stable 
and standardized operation procedures to ensure the reliability and the 
reproducibility of results. As a new branch of omics science, various sample 
preparation protocols and analytical methods have been developed across 
different laboratories. Lacking consistency of the procedures sometimes 
results in poor transferability or comparability of the results between different 
laboratories. Studies showed that even using the same set of samples and 
the same extraction and analytical methods, different LC-MS instrumentation 
systems could lead to slightly different outputs31. All of the above mentioned 
concerns need to be addressed before applying lipidomics in the clinical work-
up of a patient with an undiagnosed disease. What should also be emphasized 
is the issue to assign the lipid structure in detail by improving both analytical 
method and data preprocessing pipelines for lipid identification. Current 
analytical and data processing workflows allow rapid analysis to the level of 
the lipid species or the constituent fatty acids (Figure 1, orange box). However, 
there is still a technical barrier to reach more precise annotation levels such as 
the position of double bonds in a given fatty acid and their cis/trans geometry 
in large scale or routine lipidomic studies. However, this information might 
be vital for biomarker discovery and for establishing the physiological role 
of the lipids. As a consequence, several recently published works, especially 
designed to address those issues in more detail32–34, were restricted due to 
the lack of efficient data processing solutions. Figure 2 summarizes the major 
analytical challenges for the current lipidomics workflow. I believe that the 
development of the technique and the standardization of the protocol will solve 
the reproducibility and specificity issues and forward a more broad application 
of clinical lipidomics.
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Figure 1. Current lipid identification hierarchy according to the resolution of lipid structures. 
The top three levels indicate the lipid class and subclass information. The identification levels 
within orange boxes are the most common identification levels used in current large scale 
lipidomics analysis. Lipids identified with sub species, isomer and geometric isomer levels 
usually require additional sample preparation and/or analytical steps. The figure is modified 
from Foster JM et al with permission. “LipidHome: A Database of Theoretical Lipids Optimized for 
High Throughput Mass Spectrometry Lipidomics”. PLoS One. 2013;8(5):e61951. doi:10.1371/
journal.pone.006195135

Challenges of post-analytical processing of multi-omics data

In addition to the discovery of lipid biomarkers, the other, more integrative 
application of clinical lipidomics is to merge lipidomics with other omics data as 
well as with clinical information to achieve comprehensive clinical phenomes 
to provide a more precise diagnosis and to understand disease pathology. 
One of the first steps is to merge acquired lipid information with the known 
pathways in lipid metabolism. However, this step requires improvements in 
bio-informatics of metabolic pathways and their regulation next to the above 
mentioned improvements in lipid identification. For many enzymes involved 
in lipid metabolism, substrate specificity and mechanism of action are only 
partially understood. The lipid substrates participating in the various enzymatic 
reactions are, in general, poorly annotated. Correspondingly, the construction 
of enzymatic pathways in lipid metabolism in current public pathway databases 
is still incomplete. For instance, databases which are commonly used, such as 
the KEGG and the Wiki pathway databases, only include few lipid molecules 
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at accurate structural levels, while the rest of lipids are annotated at the level 
of their subclass. So accurately integrating lipids into the current trans-omics 
functional mappings still needs development of both lipid identification and the 
advance of biological understanding.

Figure 2. Current analytical and data-preprocessing challenges. Multiple steps are in need of 
standardization in order to be used for clinics. The challenges in bold require more attention. 
Colors of the terms indicate different stages of a lipidomics workflow. Adopted from Liebisch G 
et al with permission. “Lipidomics needs more standardization”. Nat Metab. 2019;1(8):745-747. 
doi:10.1038/s42255-019-0094-z 36

Challenges and Opportunities of Clinical lipidomics in patient diagnosis

Application of lipidomics to diagnose a disease and to define a treatment 
strategy for the given patient is still a major challenge. Diagnosis was commonly 
established by comparing the analytical results of body fluids (e.g., plasma, 
urine) of an individual patient with a large dataset of apparently healthy 
volunteers. For diagnosis of IEMs, metabolites were considered pathognomonic 
when they resulted in the unequivocal identification of the affected metabolic 
enzyme reaction, directly linked to the mutated gene. Metabolite-gene 
associations are thus established by virtue of the possibility to identify 
abnormal metabolites based on datasets of humans not affected by an IEM and 
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an extensive and detailed knowledge of metabolic pathways. For lipids, both 
are lacking to an appreciable extent. The building of datasets of analysis results 
of many humans over many years is at this moment an important impediment, 
because required methodologies are basically lacking. Knowledge of lipid 
metabolism, particularly that of complex lipids, is still at a rather cursory 
level compared to classical metabolic pathways of other metabolites. As a 
consequence, automated pipelines to associate lipid species/metabolites with 
specific genes are lacking. At this moment, a gene-centered approach is usually 
applied and lipidomics and metabolomics are requested when a mutation has 
been identified in a gene of unknown function. The project that underpins 
this thesis and started from the idea to apply multi-omics analysis on a single 
plasma sample to establish a diagnosis (SysMed) is further away than originally 
anticipated. But I also see progress in mapping lipid traits on genes and vice 
versa, improving detailed knowledge on metabolism of complex lipids and 
methods to ‘stitch’ datasets from different population studies together offering 
us a glimpse of a not so distant future. 

Concluding remarks
In the last few years, I have witnessed a rapid development of lipidomics 
workflows and of a general acceptance of applications of the technique. 
Researchers are exploring different possibilities of using lipidomics to answer 
different biological and/or clinical questions. In this thesis, we made our steps 
in merging lipidomics with different types of lipid-related research. I firmly 
believe that lipidomics will become more standardized and integrated in 
different types of studies to solve important puzzles in lipid metabolism and to 
assist in clinical diagnostics.
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