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ABSTRACT 

Multi-layered molecular (i.e. lipids, metabolites, and proteins) read-outs can provide deeper insights into 

biochemical cascades and disease mechanisms. Mass spectrometry (MS) has emerged as an invaluable and 

elemental analytical tool to study these molecular components in biological systems. Peroxisomes are small, 

omnipresent subcellular organelles that perform a wide range of functions in human health and disease. 

They participate in numerous degradative and biosynthetic processes, including lipid metabolism. 

Peroxisomal dysfunction leads to devastating genetic human disorders, namely peroxisomal biogenesis 

disorders (PBDs) and single peroxisomal enzyme deficiencies (PEDs). PBDs arise from mutations in Pex 

genes that encode peroxisomal biogenesis proteins (also named peroxins, PEX). The PEX11 protein family 

(α, β, and γ isoforms) regulates fission and proliferation of peroxisomes. However, detailed physiological 

and molecular functions of PEX11 protein isoforms, pathological and metabolic consequences owing to 

their defects are still being discovered. 

In this thesis, MS-guided molecular omics (i.e. lipidomics, metabolomics, and proteomics) workflows were 

developed and employed to ascertain the molecular compositional changes occurring due to Pex11α and 

Pex11β deficiencies, as well as during the postnatal lung development. The cutting-edge analytical 

technologies used for this purpose were ultra-high-performance liquid chromatography coupled with high-

resolution tandem mass spectrometry (UHPLC-HRMS/MS), atmospheric pressure scanning microprobe 

matrix-assisted laser desorption/ionization mass spectrometry imaging (AP-SMALDI MSI), and direct flow 

injection electrospray ionization tandem mass spectrometry (ESI-MS/MS). 

In the first article, altered molecular species and metabolic pathways were depicted in serum, liver, and 

heart tissues of untreated Pex11α knockout adult mice in comparison to the wild type controls. Primarily, 

a single-step liquid-liquid extraction (MTBE/MeOH/H2O) method was utilized and optimized for the 

parallel extraction of lipids (upper organic phase), polar metabolites (lower aqueous phase), and proteins 

(sediment pellet) from the same and limited amount of biological specimens. Later, the dried lipid, polar 

metabolite, and protein extracts were quantitatively analyzed using a reversed-phase UHPLC-MS/MS 

system individually in positive- and negative-ion mode. In addition, extensive data filtering and manual 

curation strategies were implemented and high-confidence molecular annotations were reported by 

removing/minimizing the false positives. Furthermore, comprehensive specimen-specific multiple 

molecular species and related metabolic pathway changes were uncovered in distinct biological specimens 

of Pex11α knockout mice. 

In the second article, MALDI MS imaging was used to characterize the full lipidome of late fetal mouse 

lungs at day 19 of gestation (E19) followed by semi-quantitative analysis of lipids in E19 WT and Pex11β 
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knockout mice lung tissue sections. Sample preparation protocol including tissue handling, sectioning of 

E19 mouse lungs without embedding material, homogenous deposition of matrices, instrumental and data 

processing framework were optimized. MS imaging experiments were carried out at a high resolution in 

mass (140,000 @ m/z 200) and space (10 µm per pixel) using an AP-SMALDI10 ion source. E19 mouse 

lung full lipidome was characterized based on accurate mass (≤ 2 ppm) and on-tissue tandem mass 

spectrometry experiments in both positive- and negative-ion mode. Additionally, data handling and analysis 

strategies including different normalization approaches were tested and optimized for direct comparison of 

relative signal intensities of lipids and endogenous metabolites among different tissue sections. 

Furthermore, the developed MSI workflow was employed and illustrated the molecular changes in Pex11β 

knockout mouse lung tissues in comparison to the E19 WT controls. 

In the third article, direct flow injection quantitative lipidomic analysis (also called shotgun lipidomics) 

was carried out to monitor the compositional changes in mouse lung lipidome during the postnatal 

development process, from birth to adulthood. Lipids were extracted from whole lung tissue homogenates 

of newborn (P1), 15-day-old (P15), and 12-week-old (P84) adult mice using CHCl3/MeOH/H2O liquid-

liquid extraction (Bligh and Dyer method). Then, the extracted lipids were quantified using electrospray 

ionization tandem mass spectrometry in positive-ion mode. Overall, an extensive quantitative (molar 

abundances) lipidome of mouse lung and significant stage-specific alterations of lipid classes and individual 

lipid molecular species were presented during the postnatal pulmonary development process. 
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ZUSAMMENFASSUNG 

Mehrschichtige molekulare Daten (z. B. Lipide, Metaboliten und Proteine) können tiefere Einblicke in 

biochemische Abläufe und Krankheitsmechanismen geben. Die Massenspektrometrie (MS) hat sich als 

unschätzbares und elementares Analyseinstrument zur Untersuchung dieser molekularen Komponenten in 

biologischen Systemen erwiesen. Peroxisomen sind kleine, allgegenwärtige subzelluläre Organellen, 

welche eine Vielzahl von Funktionen erfüllen, die bei Gesundheit und Krankheit des Menschen in 

Erscheinung treten. Sie sind an zahlreichen Abbauprozessen und biosynthetischen Prozessen beteiligt, 

einschließlich des Lipidstoffwechsels. Peroxisomale Funktionsstörungen führen zu verheerenden 

genetischen Störungen beim Menschen, nämlich zu Peroxisomen-Biogenese-Störungen (PBDs) und zu 

Defiziten einzelner peroxisomaler Enzyme (PEDs). PBDs entstehen durch Mutationen in Pex-Genen, die 

für peroxisomale Biogeneseproteine (auch Peroxine, PEX genannt) kodieren. Die PEX11-Proteinfamilie 

(α-, β- und γ-Isoformen) steuert die Spaltung und Vermehrung von Peroxisomen. Die detaillierten 

physiologischen und molekularen Funktionen der PEX11-Protein-Isoformen sowie die pathologischen und 

metabolischen Folgen ihrer Defekte sind Gegenstand der aktuellen Forschung. 

In dieser Arbeit wurden MS-gestützte molekulare „Omics-Workflows“ (d. h. Lipidomics, Metabolomics 

und Proteomics) entwickelt und eingesetzt, um die molekularen Veränderungen in der Zusammensetzung 

zu ermitteln, die aufgrund von Pex11α- und Pex11β-Mangel sowie während der postnatalen 

Lungenentwicklung auftreten. Zu diesem Zweck wurden modernste Analysetechnologien eingesetzt: Ultra-

Hochleistungs-Flüssigkeitschromatographie gekoppelt mit hochauflösender Tandem-Massenspektrometrie 

(UHPLC-HRMS/MS), Atmosphärendruck-Scanning-Mikrosonden-Matrix-unterstützte Laser-

Desorptions/Ionisations-Massenspektrometrie-Bildgebung (AP-SMALDI MSI) und Direktfluss-

Injektions-Elektrospray-Ionisations-Tandem-Massenspektrometrie (ESI-MS/MS). 

Im ersten Artikel wurden veränderte molekulare Spezies und Stoffwechselwege in Serum, Leber und 

Herzgewebe von unbehandelten erwachsenen Pex11α-Knockout-Mäusen im Vergleich zur Wildtyp-

Kontrolle verglichen. Im ersten Schritt wurde eine einstufige Flüssig-Flüssig-Extraktionsmethode 

(MTBE/MeOH/H2O) für die gleichzeitige Extraktion von Lipiden (obere organische Phase), polaren 

Metaboliten (untere wässrige Phase) und Proteinen (Sedimentpellet) aus derselben, minimalen Menge an 

biologischen Proben verwendet und optimiert. Anschließend wurden die getrockneten Lipid-, polaren 

Metabolit- und Proteinextrakte mit einem Umkehrphasen-UHPLC-MS/MS-System einzeln im Positiv- und 

Negativ-Ionen-Modus quantitativ analysiert. Darüber hinaus wurden umfangreiche Strategien zur 

Datenfilterung und manuellen Kuratierung implementiert und molekulare Annotationen mit hoher 

Konfidenz generiert, indem falsch positive Ergebnisse entfernt bzw. minimiert wurden. Darüber hinaus 

wurden in verschiedenen biologischen Proben von Pex11α-Knockout-Mäusen multiple probenspezifische 
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molekulare Spezies und damit zusammenhängende Veränderungen in den Stoffwechselwegen aufgedeckt 

und beschrieben. 

Im zweiten Artikel wurde die MALDI-MS-Bildgebung zur Charakterisierung des gesamten Lipidoms der 

spätfetalen Mäuselunge am 19. Tag der Trächtigkeit (E19) verwendet, gefolgt von einer semiquantitativen 

Analyse der Lipide in E19-Lungengewebeschnitten von WT- und Pex11β-Knockout-Mäusen. Das 

Probenvorbereitungsprotokoll, einschließlich der Handhabung des Gewebes, des Schneidens von E19-

Mauslungen ohne Einbettungsmaterial, der homogenen Ablagerung von Matrizen sowie der 

instrumentellen und datenverarbeitenden Rahmenbedingungen wurden optimiert. MS-

Bildgebungsexperimente wurden mit einer hohen Auflösung in Bezug auf Masse (140.000 @ m/z 200) und 

Raum (10 µm pro Pixel) unter Verwendung einer AP-SMALDI10-Ionenquelle durchgeführt. Das 

vollständige Lipidom der E19-Mauslunge wurde auf der Grundlage präziser Massen- (≤ 2 ppm) und On-

Tissue-Tandem-Massenspektrometrie-Experimente sowohl im Positiv- als auch im Negativ-Ionen-Modus 

charakterisiert. Darüber hinaus wurden Datenverarbeitungs- und Analysestrategien, einschließlich 

verschiedener Normalisierungsansätze, getestet und für den direkten Vergleich der relativen 

Signalintensitäten von Lipiden und endogenen Metaboliten zwischen verschiedenen Gewebeschnitten 

optimiert. Zusätzlich wurde der entwickelte MSI-Workflow vielfach angewandt und veranschaulichte die 

molekularen Veränderungen im Lungengewebe von Pex11β-Knockout-Mäusen im Vergleich zu den E19-

WT-Kontrolle. 

Im dritten Artikel wurde eine quantitative Lipidomanalyse mittels direkter Durchflussinjektion (auch 

Shotgun-Lipidomik genannt) durchgeführt, um die Veränderungen in der Zusammensetzung des 

Lungenlipidoms von Mäusen während des postnatalen Entwicklungsprozesses von der Geburt bis zum 

Erwachsenenalter zu verfolgen. Die Lipide wurden aus Homogenaten des gesamten Lungengewebes von 

neugeborenen (P1), 15 Tage alten (P15) und 12 Wochen alten (P84) erwachsenen Mäusen mittels 

CHCl3/MeOH/H2O Flüssig-Flüssig-Extraktion (Bligh und Dyer Methode) extrahiert. Anschließend wurden 

die extrahierten Lipide mittels Elektrospray-Ionisations-Tandem-Massenspektrometrie im Positiv-Ionen-

Modus quantifiziert. Insgesamt wurden ein umfangreiches, quantitatives Lipidprofil der Mauslunge und 

signifikante stadienspezifische Veränderungen der Lipidklassen und einzelner Lipidmolekülspezies 

während der postnatalen Lungenentwicklung dargestellt. 
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CHAPTER I 

1.1 An introduction to systems biology 

Systems biology is deep-rooted with an understanding of a large variety of molecular components within a 

cell and of interactions between cells that allow assembly of a multicellular organism. Approximately, 75-

80% of the living matter by weight is composed of water, inorganic ions, and numerous small organic 

molecules, specifically lipids, vitamins, amino acids, peptides, nucleotides, cofactors, carbohydrates, etc. 

The remaining 20-25% consist of macromolecules namely deoxyribonucleic acid (DNA), ribonucleic acid 

(RNA), and proteins [1]. The “central dogma of molecular biology” enunciated by Francis Crick elucidates 

the residue-by-residue transfer of genetic information and the relationship between these bio-

macromolecules [2]. Concisely, the pattern of genetic inheritance comprises three important phases 

including (i) replication, (ii) transcription, and (iii) translation. In the replication step, a double-stranded 

DNA is replicated to give identical copies, which preserves genetic information (DNA → DNA). In 

transcription, the genetic information encoded in the section of DNA is transcribed into small portable RNA 

messages (DNA → RNA; mRNA). During translation, mRNAs travel from the nucleus into the cytoplasm 

(ribosomes), where they are read to make a protein and/or a small group of proteins (RNA → proteins) [1, 

2]. The unique structural, biochemical, and functional properties of these macromolecules (i.e. DNA/gene, 

RNA/transcript, and proteins/enzymes) make them the principal components of the cell. Whereas, 

metabolites/lipids are often referred to as end products of the complex biochemical processes catalyzed by 

enzymes and connected with genes, transcripts, and proteins and represent the most downstream stage 

within the systems biology framework (Fig. 1) [3]. 

Over the past decades, high-throughput technological advancements (e.g. instrumentation, sample handling 

strategies, robust bioinformatics, and computational tools) have revolutionized modern biology and enabled 

systems biology methodologies for a better understanding of complex biochemical pathways. “Omics” is a 

branch of science that showcase a comprehensive or global assessment of chemical constituents that make 

up the cell, tissue, organ, and/or organism. Primarily, omics studies aim at the collective characterization 

and quantification of the molecular components present in a particular biological specimen to stipulate the 

current state (e.g. healthy or disease, normal or mutant) of the biological system [4]. This suite of 

technologies mainly encompasses genomics, transcriptomics, proteomics, metabolomics, and lipidomics. 

In addition, several other approaches such as epigenomics, glycomics, peptidomics, ionomics, 

microbiomics, exposomics, phenomics, fluxomics, metagenomics, and interactomics exist and are listed 

under the umbrella term “omics” (Fig. 1). Specialized and individual applications of all these omics 

approaches have been demonstrated to be beneficial in understanding and characterization of numerous 

biological processes. Nonetheless, integration of multi-level molecular omics data that are associated with 
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the genotype (e.g. genomics and transcriptomics) and those connected with the phenotype (e.g. proteomics, 

metabolomics, and lipidomics) along with the other omics data, spatial and temporal information, clinical 

data, advanced machine learning, mathematical modeling, and statistical approaches conceivably result in 

accurate prediction of health and disease states and also provide insights for effective therapeutic 

interventions (Fig. 1) [5, 6]. 

 

Fig. 1 Snapshot of systems biology approaches. The figure is prepared based on the collective scientific 

literature on different omics technologies. 

1.2 Mass spectrometry-guided molecular omics 

Mass spectrometry (MS) has turned out to be a valued and fundamental analytical technique in 

understanding the role of biologically active components at a cellular and molecular level. Simplified below 

are the MS-guided molecular omics (i.e. proteomics, metabolomics, and lipidomics) approaches that are 

frequently applied in biomedical research in a non-biased/non-targeted and/or targeted manner. 

1.2.1 Proteomics 

Proteins are the most versatile and imperative class of bioactive molecules that execute numerous 

biochemical reactions. In 1994, Marc Wilkins proposed the term “proteome” in analogy to the genome, 

with a native meaning (protein complement expressed by a genome) which implies the study of the total 

set of identifiable proteins in a given sample, at a particular time, under specified conditions [7]. The third 

downstream omics discipline in systems biology is proteomics (Fig. 1), and the current inclusive definition 

of proteomics deals with the identification, quantification, characterization of post-translational 



13 
 

modifications (PTMs), interactions, and cellular localization of proteins using high-throughput analytical 

approaches [8, 9]. 

 

Fig. 2 A classical workflow of mass spectrometry-guided bottom-up proteomics. The figure is obtained 

from a tutorial presentation listed in reference [10]. 

The proteomics field has progressed from two-dimensional electrophoresis (2-DE) visualization of a small 

group of proteins from a complex biological mixture [11] to the characterization of several thousands of 

proteins from a single cell [12, 13]. With the rapid technological developments, MS has arisen as a potential 

and universal analytical method of choice for high-throughput large-scale proteomics studies (Fig. 1 & 2). 

Depending on the scheme of the protein characterization, MS-based proteomics is sub-classified into three 

diverse analytical workflows; (i) top-down, (ii) bottom-up, and (iii) middle-down proteomics. In the case 

of top-down proteomics, proteins are identified and characterized by the fragmentation of intact proteins 

(i.e. no proteolysis before MS data acquisition). This approach has potential benefits to locate and illustrate 

PTMs, proteoforms, and access nearly complete protein sequence coverage [14]. However, the applicability 

of this method is confined to a single and/or a small number of purified proteins due to several technical 

challenges such as fractionation, purification, ionization, and fragmentation of intact proteins [15]. In 

contrast, peptides from the enzymatically digested proteins (i.e. proteolysis prior to the MS data acquisition) 

are identified and quantified in bottom-up proteomics (also called shotgun proteomics) (Fig. 2) [10, 16]. 
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The shotgun approach is largely adopted by the researchers in the proteomics community due to the fact 

that digested peptides are easier to separate (high-resolution) and analyze (high-sensitivity) than intact 

proteins with less sophisticated instrumentation, expertise, and well-established bioinformatics tools [17]. 

Recently, the middle-down approach has evolved as a novel scheme by linking the key features of bottom-

up and top-down methodologies, where relatively larger peptide fragments (preferably above 3 kDa) are 

analyzed with restricted proteolysis of proteins [18]. 

Based on the biological rationale, proteomics experiments aim at (i) the large-scale screening of proteins 

including PTMs (proteome profiling), (ii) quantitative analysis of proteins between multiple conditions 

(differential proteomics), (iii) localization, compartmentalization, conformations, and interactions with 

proteins and/or other biomolecules (structural proteomics), and (iv) biological networks, pathways, and 

disease mechanisms (functional proteomics) [16]. 

The routinely used MS-based bottom-up proteomics (particularly differential proteomics) workflow can be 

broken down into several steps (Fig. 2). In short, (i) appropriate sample collection and storage, (ii) protein 

extraction with MS-compatible lysis buffers and protein estimation (e.g. Bradford, Bicinchoninic acid, 

Lowry protein assays), (iii) optional fractionation/enrichment/depletion of proteins via 2-DE, size 

exclusion, and affinity chromatographic methods, (iv) enzymatic digestion (usually with trypsin or other 

proteases) of proteins into peptides, (v) peptide cleanup (e.g. ZipTip) and separation using liquid 

chromatography followed by MS data acquisition (e.g. targeted, DDA, DIA), (vi) peptide and protein 

identification with a database (e.g. species-specific proteome sequence from UniProt, 

https://www.uniprot.org/) search using search engines (e.g. SEQUEST HT, Mascot, Andromeda), (vii) 

labeling (e.g. chemical, metabolic) and/or label-free quantification (LFQ) of proteins, (viii) bioinformatics 

analyses such as mapping differentially abundant proteins (DAPs) onto known biological pathways and 

network analysis using various functional categorization tools including DAVID 

(https://david.ncifcrf.gov/), STRING (https://string-db.org/), Cytoscape (https://cytoscape.org/), BiNGO 

(https://www.psb.ugent.be/cbd/papers/BiNGO/Home.html), PANTHER (http://pantherdb.org/), and (ix) 

validation of certain DAPs with antibody-based methods (e.g. Western blot) and/or with targeted MS 

(MRM/PRM) approaches [8, 10, 19, 20]. Furthermore, in MS imaging workflows (where intact proteins 

and/or digested peptides are identified, quantified, and imaged directly from the biological specimens), 

additional antigen retrieval and washing steps are implemented to remove lipids, salts, and other ionic 

compounds [21, 22]. 

During the preparation of this thesis, LC-MS/MS-based label-free quantitative bottom-up proteomics 

(publications 1 & 5), a combination of bottom-up and top-down proteomics (publications 4 & 6) workflows 

were optimized and employed in diverse research projects. 
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1.2.2 Metabolomics 

Although metabolomics is regarded as a comparatively new branch in the omics disciplines, the basic idea 

of studying metabolites for potential biomedical applications is not new. For instance, in ancient Greek and 

China, urine sweetness (i.e. high levels of glucose in the urine) with the help of ants was used as a method 

to diagnose diabetes [23]. In the late 1960s, Dalgliesh et al. utilized gas chromatography together with a 

flame ionization detector for the identification of a broad spectrum of metabolites [24]. Later in 1971, 

Horning and colleagues utilized mass spectrometry (GC-MS) for the first time to characterize metabolites 

in urine and tissue homogenates [25] and proposed the term “metabolic profile”. Generally, these studies 

exemplified the beginning of the development of modern metabolomics. Thereafter in 1998, Steven Oliver 

coined the word “metabolome” in analogy to genome, transcriptome, and proteome [26]. Shortly after, 

Jeremy Nicholson introduced “metabonomics” and Oliver Fiehn used “metabolomics” to denote the 

comprehensive quantitative assessment of all possible metabolites in a given biological system [27, 28]. 

The synonyms metabolomics, metabonomics, metabolome analysis, metabolic profiling/profile, and 

metabolite profiling/profile are often used intertwined; nonetheless, the term “metabolomics” is most 

widely adopted by the community (https://metabolomicssociety.org/). 

Metabolites (small chemical entities, typically ≤1000 Da molecular weight) are the substrates, 

intermediates, and/or end products of the cellular metabolism that provide a functional readout (e.g. 

phenotype) of the biological system [29, 30]. Metabolomics is an uprising field of omics science, which 

can deliver absolute and/or relative quantities of numerous endogenous and exogenous compounds for 

example lipids, sugars, peptides, toxins, nucleotides, amino acids, vitamins, polyamines, organic acids, 

pharmaceuticals, dietary compounds, microbial metabolites, and environmental chemicals from a large 

variety of sample types including biological fluids (e.g. serum, saliva, urine, BALF, and CSF), cells, tissues, 

feces, and/or entire organism [5, 31]. Metabolomics studies have widely been applied in diverse domains 

such as clinical research (e.g. biomarker discovery), disease diagnosis (e.g. screening of inborn metabolic 

disorders including peroxisomal disorders) and treatment, drug discovery (e.g. pharmacokinetics and 

dynamics), animal, plant, nutritional, microbial, and environmental research [32]. 

Based on the study hypothesis, metabolomics workflows are broadly categorized into (i) untargeted 

(discovery), and (ii) targeted (validation) approaches [29]. Untargeted or global metabolomics is a powerful 

strategy that allows unbiased measurement of as many as possible metabolites from a given biological 

sample without any prior knowledge, which can unveil novel and unforeseen results. Targeted 

metabolomics, on the other hand, focuses on a set of specific, predefined metabolites and/or metabolic 

pathways, which can provide higher sensitivity, reproducibility, and lower false-positive rates than the 

untargeted approach [33]. The two-tiered or hybrid approach also exists, in which targeted metabolomics 
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(hypothesis-driven) is employed to validate the results derived from an untargeted metabolomics workflow 

(hypothesis generation). 

In principle, frequently employed analytical technologies in metabolomics experiments are nuclear 

magnetic resonance spectroscopy (e.g. 1H, 13C, and 31P NMR), and mass spectrometry (Fig. 1). NMR is a 

non-destructive method that offers fast and reproducible qualitative and quantitative results, while MS is 

more cost-effective and provides higher sensitivity towards a wide range of metabolites than NMR. Further, 

separation methodologies, especially liquid chromatography (LC), gas chromatography (GC), capillary 

electrophoresis (CE), and ion mobility spectrometry (IMS) hyphenated to MS can deliver higher sensitivity 

and comprehensive coverage of the metabolome. Furthermore, it is feasible to attain both the qualitative 

and quantitative molecular and spatial information of the metabolites directly within biological specimens 

(e.g. tissues, cells) using mass spectrometry imaging (MSI) approaches [22]. 

 

Fig. 3 A schematic representation of the mass spectrometry-guided metabolomics workflow [31]. 

Regardless of the approach and analytical setup, basic steps of the metabolomics workflow include (i) 

biological question formulation, (ii) suitable experimental design, (iii) appropriate sample collection and 

storage, (iv) sample preparation (comprises stopping/quenching of the metabolism/enzyme activity, tissue 

sectioning, homogenization, metabolite extraction, reconstitution of extracts, and optional chemical 

derivatization, etc.), (v) data acquisition using either NMR or MS (with or without separation techniques, 

MS imaging), (vi) data analysis (e.g. data import and alignment, peak picking, filtering, normalization, 

image generation, statistical analysis, metabolite annotation and structural elucidation), (vii) functional 

interpretation (e.g. correlation analysis, pathway mapping, network analysis) using several visualization 

tools and databases such as MetPA (http://metpa.metabolomics.ca/), iPath (https://pathways.embl.de/), 
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KEGG (https://www.genome.jp/kegg/pathway.html), Reactome (https://reactome.org/), MetScape 

(http://metscape.ncibi.org/), and BioCyc (https://biocyc.org/) (Fig. 3) [20, 31]. All these steps are uniquely 

valuable and the high-quality metabolomics data depends on the selection and implementation of the right 

choice. 

During the preparation of this thesis, LC-MS/MS-based untargeted semi-quantitative metabolomics 

(publications 1, 10 & 11), and targeted quantitative (publication 7) workflows were optimized and utilized 

in various research projects. 

1.2.3 Lipidomics 

Lipids are a key class of biologically active “metabolites”, which play a central role in numerous 

pathophysiological processes. The dysregulation of lipids and lipid metabolism are interlinked with several 

diseases, for instance diabetes, cancer, Alzheimer’s, pulmonary diseases, and several metabolic disorders 

that are related to peroxisome, mitochondria, and lysosome organelles [34, 35]. Lipidomics is a sub-branch 

of “metabolomics” that deals with large-scale profiling, quantitation and structural elucidation of lipid 

species in a given sample at a stipulated point of time and condition. 

 Lipid definitions 

Historically, the word lipid has matured from “lipine, lipin, lipoid, and lipide” and there is no satisfactory 

or universally accepted definition to date [36]. Some educational aids such as biochemistry textbooks and 

the International Union of Pure and Applied Chemistry (IUPAC) described lipids as “a group of naturally 

occurring substances that are soluble in non-polar and/or organic solvents”. But, the definition provided in 

terms of solubility is ambiguous and does not suit lipids (e.g. gangliosides, bile acid conjugates) which are 

soluble in water and/or other polar solvents [37]. Christie et al. proposed that “lipids are fatty acids and 

their derivatives, and substances related biosynthetically or functionally to these compounds” [38]. 

However, this definition does not cover isoprenoids, steroid hormones, and polyketides. Lately, Fahy and 

colleagues from the LIPID MAPS consortium broadly defined lipids as “hydrophobic or amphipathic small 

molecules that may originate entirely or in part by carbanion-based condensations of ketoacyl thioesters 

(i.e. fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, saccharolipids, polyketides) and/or by 

carbocation-based condensations of isoprene units (i.e. prenols, sterols)” [39]. 

 Lipid classification, nomenclature, and functions 

Bloor classified lipids (by then lipoids) into simple, complex, and derived lipids. Whereas, biochemists 

segregated them into the membrane, energy, and bioactive lipids according to their functions (Table 1) [36]. 
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In 2005, the LIPID Metabolites and Pathways Strategy (LIPID MAPS; https://www.lipidmaps.org/) 

consortium and the International Lipid Classification and National Nomenclature Committee (ILCNC) 

classified lipids into eight well-defined categories based on their chemical and biochemical properties 

(Table 2, 3 & Fig.4), which were further reviewed and updated in 2009 and 2020 [39-42]. 

Table 1 An overview of important functions of various lipid classes [36, 43]. 

Functions Lipid classes 

Membrane components PC, PE, PI, PS, PG, PA, SM, CL, GluCer, GalCer, ChE, ST, 

glycolipids, and gangliosides 

Energy storage & metabolism FA, MG, DG, TG, and AcCa 

Signaling Lysophospholipids, MG, DG, FA, AcCa, eicosanoids, Cer, 

SPH, and oxidized lipids 

Antioxidant 

Lipid (fatty acid) transport 

Mitochondrial respiration 

Plasmalogens 

Carnitine esters or acylcarnitines 

Cardiolipins 

 

Table 2 Lipid classification according to LIPID MAPS. Shown are the eight lipid categories, the number 

of lipid classes with a few examples, and the number of lipid structures for each lipid category compiled 

within the LIPID MAPS structure database [39, 40]. 

S. No Lipid categories Lipid classes A few examples of 

lipid classes 

Abbreviation (No. of lipid 

structures in LMSD) 

1 Fatty acyls 14 Fatty acids, AcCa FA (10761) 

2 Glycerolipids 08 MG, DG, TG GL (7739) 

3 Glycerophospholipids 26 PC, PE, PG, PS, PI GP (10097) 

4 Sphingolipids 10 SM, Cer, HexCer SP (4989) 

5 Sterol lipids 06 Cholesterol, Bile acids ST (3899) 

6 Prenol lipids 05 Isoprenoids PR (2485) 

7 Saccharolipids 06 Acylaminosugars SL (1345) 

8 Polyketides 16 Linear polyketides PK (7178) 
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Fig. 4 Representative structures of the eight lipid categories. Fatty acyls (activated fatty acids) and/or fatty 

acids (FA) are the simplest lipid categories and act as building blocks for several complex lipids. Fatty acids 

differ by carbon chain length (e.g. short-, medium-, long-, and very long-chain) and degree of unsaturation 

(e.g. saturated, monounsaturated, and polyunsaturated). Glycerolipids (GL) are fatty acid esters of glycerol 

in which either one, two, or three fatty acids are bound to a glycerol backbone via an ester linkage (e.g. 

mono-, di-, and triacylglycerol). Whereas, glycerophospholipids (GP; also termed as phospholipids) consist 

of an additional phosphate group and are subdivided into various classes based on polar headgroup (X; 

choline, ethanolamine, glycerol, serine, inositol, etc.). Lysoglycerophospholipids (e.g. LPC, LPE, LPG, 

LPS, and LPI) consist of a single fatty acid chain along with the polar head group. Sphingolipids (SP) 

contain a sphingosine backbone with a fatty acid chain (R) and vary by polar fraction (X). Sterols (ST) are 

tetracyclic ring structures (e.g. cholesterol, bile acids) [39-42, 44, 45]. These five (i.e. FA, GL, GP, SP, ST) 

are the frequently analyzed lipid categories (highlighted in light green color boxes) in conventional 

lipidomics studies. The above representative chemical structures are drawn using the ACD/ChemSketch 

program. 

Each of these lipid categories is further divided into main classes, subclasses, and substructures. In total (as 

of January 2024), 48,493 unique lipid structures (26,426 curated and 22,067 computationally generated) 

are covered in the LIPID MAPS Structure Database (LMSD). The LIPID MAPS In-Silico Structure 
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Database (LMISSD), on the other hand, consists of over 1.13 million lipid structures (among which roughly 

25,000 overlap with LMSD), created by the computational expansion of head groups and side chains of 

frequently occurring lipids including fatty acyls (1,795), glycerolipids (787,670), glycerophospholipids 

(304,139), and sphingolipids (38,886). In theory, the total number of lipid species is possibly far from those 

compiled in the LIPID MAPS and/or any other databases such as LipidSearch, Metlin, HMDB, 

SwissLipids, etc. 

Table 3 The hierarchy of lipid classification, shorthand notation, and characterization of lipid species, 

explained with an example of PC(P-34:1). The standard rules for shorthand nomenclature of lipid structures 

derived from mass spectrometric approaches are detailed in references [41, 46]. 

Nomenclature level Description Shorthand notation 

[Preferred analysis] 

Category Glycerophospholipid GP 

Main class Glycerophosphocholine (Phosphatidylcholine) PC 

Subclass 1-O-alkenyl-acylglycerophosphocholine PC(P-XX:YY) 

Sum composition Total number of carbon atoms and double bonds in 

the fatty acyl chains 

PC(P-34:1) 

[Full scan MS] 

Molecular 

composition 

Without sn-position confirmation 

(underscore separator) 

PC(P-16:1_18:0) 

[Tandem MS] 

Molecular 

composition 

With sn-position confirmation 

(slash separator) 

PC(P-16:1/18:0) 

[separation MS, MS3] 

Structurally defined 

lipid 

Double bond position confirmation PC(P-16:1(9Z)/18:0) 

[OzID, PB, UVPD] 

 Lipidomics workflow 

Although several strategies (including fluorescent dyes, enzyme kits, thin layer chromatography, NMR, 

etc.) have been employed in lipidomics, the field has greatly advanced with the developments in MS 

methodologies. Similar to polar metabolomics, the conventional lipidomics workflow comprises 

experimental design, sample collection and storage, sample preparation, MS data acquisition, data 

processing, and biological interpretation (Fig. 5) [35, 47, 48]. A draft of minimal guidelines and 
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recommendations for MS-guided lipidomics (covering pre-analytics, lipid extraction, lipid ion monitoring, 

lipid species identification and quantitation, quality controls, normalization, validation, and reporting of the 

lipidomics data, etc.), resources related to potential difficulties (such as isomeric overlap, isobaric overlap, 

and in-source fragmentation), and diagnostic fragment ions for various lipid classes and molecular species 

are concisely described in the Lipidomics Standards Initiative (https://lipidomics-standards-initiative.org/) 

web portal [49]. The utmost important steps of the lipidomics workflow are briefly described in the 

following sections. 

 

Fig. 5 An overview of mass spectrometry-guided lipidomics. The figure is modified from the original figure 

listed in reference [47]. 

Pre-analytics (measures prior to the actual lipidomics) include (i) study design, (ii) nature and origin of the 

study samples, (iii) sample collection (e.g. sample amount, collection tubes, collection time, number of cell 

passages, demographic and clinical data), (iv) sample quality (e.g. hemolysis, lipemia), (v) storage 

conditions, (vi) freeze-thaw cycles, (vii) fixative agents and MS-compatible embedding material in the case 

of tissue specimens, (vii) selection and optimization of MALDI matrices, and (viii) prevention of artefactual 

generation (e.g. hydrolysis, oxidation, peroxidation products), etc., are crucial which can influence the data 

quality and should be documented properly for the interpretation of lipidomics data [50]. 
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In general, direct infusion, direct flow injection, and LC-MS/MS-guided lipidomics studies utilize lipid 

extracts from biological matrices (e.g. serum/plasma, saliva, urine, cell pellets, tissues, feces), whereas MS 

imaging experiments mostly use non-extracted matrices such as intact tissue slices, whole organism, and/or 

single cells [35]. In sample preparation, homogenization (utilizing mortar and pestle, pebble mill with 

beads, etc.) is an important step to extract lipids from biological specimens such as tissues and cell pellets. 

To extract lipids, researchers have developed and optimized several extraction protocols depending on the 

analytes of interest (e.g. general lipid classes, polar lipids, eicosanoids, and fatty acids), biological matrices, 

and experimental conditions. To mention a few, liquid-liquid extraction (LLE) methods based on 

chloroform/methanol/water (CHCl3/MeOH/H2O) mixture such as Bligh & Dyer [51] and Folch methods 

[52], alternatively heptane/isopropanol/water (Heptane/IPA/H2O) mixture [53], and more recently less 

toxic methyl tert-butyl ether/methanol/water (MTBE/MeOH/H2O) [54], butanol/methanol/water 

(BuOH/MeOH/H2O) mixture [55] based LLE methodologies have been developed for global lipidomics 

analysis (Fig. 5). On the other hand, solid-phase extraction (SPE) and derivatization protocols (e.g. Girard’s 

Reagent P, methylation) were also demonstrated for specialized applications [47, 56]. Notably, none of the 

above-mentioned and/or any other protocols are capable of extracting all possible lipid classes and 

molecular lipid species in a single experiment due to the wide polarity range and diversity of the lipidome. 

Furthermore, the addition of appropriate internal standards (for instance naturally or biologically not 

occurring lipids, odd-chain fatty acid-containing lipids, isotopically labeled lipid internal standard mixtures 

such as SPLASH and UltimateSPLASH LIPIDOMIX) to the homogenates before the extraction step (in 

the case of shotgun and LC-MS/MS) [57], spotting of stable isotopically labeled internal standards, and/or 

serial dilutions of calibration standards on tissue sections (in the case of MS imaging) [22] is vital in 

quantitative lipidomics workflows. The added internal standards are then used to compensate inheritance 

variations in sample preparation and ionization efficiencies and to assist in the estimation of absolute and/or 

relative quantitative values of lipid classes/molecular lipid species [58]. 

In MS data acquisition, lipidomic datasets can be acquired either directly from the intact biological 

specimens using MS imaging methods (e.g. MALDI MSI, DESI MSI, SIMS, and NIMS) or by using crude 

lipid extracts with the help of organic solvents. The latter one includes direct infusion or direct flow 

injection analysis (also called shotgun lipidomics) and separation methodologies (e.g. normal-phase LC, 

reversed-phase LC, HILIC, GC, CE, and IMS) coupled to MS [48, 59]. As a subsection of metabolomics, 

lipidomics also uses similar analytical strategies depending on the study hypothesis. For instance, full MS 

or tandem MS (MS/MS) or both can be employed simultaneously either in a targeted (hypothesis-driven; 

validation) or untargeted (hypothesis generation; discovery) manner using unit/low mass resolution (e.g. 

QqQ) and/or high-resolution and high-mass-accuracy MS instruments (e.g. Orbitrap, Q-TOF). Moreover, 

specific methodologies namely ozone-induced dissociation (OzID), Paternò-Büchi (PB) functionalization, 
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ultraviolet photodissociation (UVPD), and electron impact excitation of organic ions (EIEIO) were 

developed for the structural elucidation of the molecular lipid species (e.g. determination of double-bond 

positions) (Fig. 5). 

A vast number of data processing and data analysis tools are available for qualitative and quantitative 

lipidomics data analysis, specific to the employed analytical strategies. Some of the frequently used data 

processing tools in lipidomics research are mentioned here for shotgun lipidomics (e.g. LipidXplorer, 

LipidPionner, LipidView, LipidProfiler, LipidQC, ALEX, LipidMatch, and LipidSearch), LC-MS/MS (e.g. 

LipidSearch, Progenesis QI, SimLipid, LipidMatch, LipidFinder, XCMS, MZmine, Lipidyzer, MS-DIAL, 

LIQUID, and Lipid Data Analyzer), and MS imaging (e.g. Mirion, MSiReader, METASPACE, Lipostar, 

BioMap, Mozaic, and ImageQuest) [60]. Lipid annotations can be attained by using customized precursor 

(MS) and diagnostic fragment ion (MS/MS) libraries derived from experimental or computational methods 

including vendor-specific databases (e.g. LipidSearch), or public respiratory databases such as LIPID 

MAPS (https://www.lipidmaps.org/), Metlin (https://metlin.scripps.edu/), Human Metabolome Database 

(https://hmdb.ca/), SwissLipids (https://www.swisslipids.org/), LipidBank (http://lipidbank.jp/), 

LipidHome (https://www.ebi.ac.uk/metabolights/lipidhome/), and LipidBlast 

(https://fiehnlab.ucdavis.edu/projects/LipidBlast). Although several automated data processing tools are 

available, an additional manual curation step is essential in lipidomics/metabolomics data analysis 

workflows to remove and/or minimize false-positive identifications that may arise due to isotopic, isomeric 

and isobaric overlap, in-source fragmentation, or contaminants. Furthermore, various statistical analyses 

including univariate (e.g. fold-change analysis, t-test, volcano plots, one-way ANOVA), multivariate (e.g. 

PCA, HCA, PLS-DA, OPLS-DA, MANOVA), and hierarchical clustering analysis (e.g. dendrogram and 

heat maps) are applied to reveal the differentially abundant lipids/metabolites among the study groups [20]. 

Lastly, integration of lipidomics data with other molecular-omics data, functional characterization, and 

pathway analysis is challenging but crucial to disclose the underlying molecular mechanisms associated 

with lipid metabolism in normal physiological and pathological conditions. 

During the preparation of this thesis, (i) LC-MS/MS-based untargeted semi-quantitative lipidomics 

(publications 1, 10 & 11), (ii) MALDI MS imaging-guided qualitative and relatively quantitative lipidomics 

(publications 2, 9 & 11), (iii) direct flow injection quantitative lipidomics (publication 3), and (iv) LC-

MS/MS-based targeted quantitative lipidomics (publications 8, 10 & 11) workflows were developed and 

employed in various research projects. 
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1.3 Mass spectrometry 

1.3.1 History and basic principles 

Mass spectrometry (MS) is an indispensable and sensitive analytical platform that provides qualitative, 

quantitative molecular and spatially-resolved information about compounds in a given sample. Regardless 

of the instrument configuration, a typical mass spectrometer comprises three basic components including 

(i) an ionization source, (ii) a mass analyzer, and (iii) an ion detector unit. The ionization source operates 

at atmospheric pressure (AP) or under vacuum conditions, whereas both the mass analyzer and ion detector 

units are operated under high-vacuum conditions (Fig. 6). Ions from various chemical compounds (i.e. 

organic or inorganic) are produced in the ionization source by different ionization mechanisms, including 

protonation, deprotonation, cationization, electron ejection, or electron capture, after transfer from the 

condensed phase into the gas phase. The generated ions are then electrostatically propelled into the mass 

analyzer where they are separated based on mass-to-charge-number (m/z) ratios. In tandem MS 

experiments, selected ions (precursor ions) are fragmented in a collision cell (e.g. HCD cell), and the 

fragment ions are then analyzed in a second mass analyzer and detected by a detector unit (e.g. electron 

multiplier). Finally, the data processing system generates a mass spectrum, which is a two-dimensional plot 

consisting of m/z values on the x-axis and relative abundances of the ions (i.e. signal intensities) on the y-

axis (Fig. 6) [61-63]. 

 

Fig. 6 Basic components of a typical mass spectrometer. The figure is prepared based on the information 

obtained from mass spectrometry textbooks listed in the reference [61-63]. 

In addition to the above-mentioned three basic components, mass spectrometers are also associated with a 

sample inlet system to introduce the sample (Fig. 6). For instance, the most frequently used methods are 
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direct insertion with a probe and/or plate usually in the case of MALDI MS, direct injection and/or infusion 

with the help of GC, LC, and CE separation techniques in EI, ESI, and APCI MS analyses [61, 62]. 

Mass spectrometry has undergone remarkable technological developments in the last decades and made a 

significant contribution as an analytical platform in many areas, particularly in biomedical research such as 

omics (e.g. proteomics, metabolomics, lipidomics, and glycomics), high throughput drug discovery, and 

drug metabolism [61]. The history of MS goes back to the early 1900’s and commences with the inventive 

work of German physicist W. Wien (i.e. deflection of rays of positively-charged particles by magnetic 

fields) followed by J. J. Thomson (i.e. discovery of the electron and the isotopes of neon) and his protégé 

F. W. Aston (i.e. atomic characterization of numerous elements using mass spectrograph). Since then, 

several researchers contributed enormously to the advancement of the field by developing (i) various 

ionization techniques (e.g. EI, CI, DCI, FI, FAB/LSIMS, SIMS, FD, LIFDI, PD, MALDI, LDI, ESI, APCI, 

APPI, DESI, DART, REIMS, TI, SS, GD, ICP), (ii) instrumentation methodologies including different 

mass analyzers (e.g. electric sector, magnetic sector, quadrupole, ion trap, TOF, FT-ICR, Orbitrap), (iii) 

hybrid mass spectrometers (e.g. QqQ, QIT-TOF, TOF/TOF, Q-TOF, ion trap Orbitrap, Q-Orbitrap), (iv) 

numerous fragmentation methods (e.g. CID, HCD, SID, ECD, ETD, UVPD, IRMPD), (v) MS imaging 

modalities (e.g. MALDI-MSI, DESI-MSI, Nano-DESI MSI, LAESI-MSI, LA-ICP MSI, SIMS, NIMS, 

LTP-MSI), (vi) coupling of separation technologies to the MS (e.g. HPTLC-MS, LC-MS, GC-MS, CE-MS, 

IMS-MS, FAIMS), and (vii) different data acquisition strategies including DDA, DIA, SWATH, SRM, 

MRM, and PRM. A snapshot of major milestones (not a complete list) highlights the key individuals and 

their inventions in the history of mass spectrometry and allied research topics, as detailed in Fig. 7 [61-63]. 

 

Fig. 7 Snapshot of major milestones in the field of mass spectrometry. The figure is prepared based on the 

collective information obtained from the scientific literature and mass spectrometry textbooks listed in 

reference [61-63]. 
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Abbreviations: EI: electron ionization; CI: chemical ionization; DCI: desorption chemical ionization; FI: field 

ionization; FAB: fast atom bombardment; LSIMS: liquid secondary ion mass spectrometry; FD: field desorption; 

LIFDI: liquid injection field desorption/ionization; PD: plasma desorption; LDI: laser desorption/ionization; APCI: 

atmospheric pressure chemical ionization; APPI: atmospheric pressure photoionization; DART: direct analysis in real 

time; REIMS: rapid evaporative ionization mass spectrometry; TI: thermal ionization; SS: spark source; GD: glow 

discharge; ICP: inductively coupled plasma; TOF: time of flight; FT-ICR: Fourier-transform ion cyclotron resonance; 

QqQ: triple-quadrupole; QIT: quadrupole ion trap; SID: surface-induced dissociation; ECD: electron capture 

dissociation; ETD: electron transfer dissociation; IRMPD: infrared multiple photon dissociation; FAIMS: field-

asymmetric ion mobility spectrometry; DIA: data-independent acquisition; SWATH: sequential window acquisition 

of all theoretical mass spectra, SRM/MRM/PRM: selected/multiple/parallel reaction monitoring; and remaining 

shortened forms are abbreviated in the main abbreviations list and/or respective sections in the text. 

1.3.2 Mass spectrometry imaging 

Mass spectrometry imaging (MSI) is a precise and informative bioanalytical technique that has clear 

advantages over other non-imaging MS and conventional imaging methods, since (i) labeling is not 

necessary (label-free), (ii) several hundreds of analytes are conceivably identified and quantified in a single 

experiment (untargeted), and (iii) spatial information of a wide range of endogenous and exogenous 

molecules including lipids, polar metabolites, peptides, proteins, glycans, toxins, pharmaceuticals in 

biological tissues (e.g. mammals, plants, insects, microorganisms) is provided [22, 34, 64]. Among the 

techniques are matrix-assisted laser desorption/ionization (MALDI), desorption electrospray ionization 

(DESI), nanostructure-initiator mass spectrometry (NIMS), secondary ion mass spectrometry (SIMS), laser 

ablation electrospray ionization (LAESI), laser ablation inductively coupled plasma (LA-ICP) MS imaging, 

and several others. Each method has its own merits and demerits, ranging from its applicability, achievable 

sensitivity, and resolution. To highlight a few, SIMS provides the highest spatial resolution down to the 

nanometer range but suffers from the severe fragmentation of molecular ions and lower sensitivity in the 

higher mass range [22]. A recently developed ambient ionization technique (i.e. DESI MSI) offers the 

advantage of little and/or no sample preparation but the spatial resolution is limited [65, 66]. MALDI MSI 

(introduced by Bernhard Spengler in 1994) offers high sensitivity and an outstanding lateral resolution for 

a large variety of compound classes, but the sample preparation and matrix application processes are 

laborious [22, 67]. Nevertheless, MALDI MSI has been the most commonly employed MS imaging 

methodology in the field of biomedical, clinical, and molecular biological research [64]. 

Sample preparation is the most essential step in any kind of MS imaging experiment. Parameters such as 

(i) biological specimens/tissue collection and storage, (ii) quenching of the enzyme activity to diminish 

delocalization and/or degradation of biomolecules (e.g. flash freezing, fixation), (iii) optional embedding 

with MS-compatible embedded material (e.g. gelatin, tragacanth, carboxymethylcellulose) in the case of 
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non-homogeneous, delicate, and/or fragile samples (e.g. insects, worms), (iv) sectioning (typically < 20 µm 

thick) and storage of the tissue slices, (v) washing, pre-spraying, and on-tissue proteolytic (e.g. trypsin) 

digestion in the case of protein/peptide analysis, (vi) thawing and matrix application (e.g. choice of the 

matrix, solvent, local matrix concentration, application method, homogeneity of the matrix on tissue 

surfaces, and matrix crystal size) are crucial and directly influence the MSI data quality [22, 34]. 

 

Fig. 8 A schematic representation of the MALDI MS imaging workflow. The figure is modified from the 

original figure listed in reference [64]. 

The basic workflow of the MALDI MS imaging experiment is depicted in Fig. 8. In brief, after carefully 

optimized sample preparation, the biological specimen is scanned with a pulsed laser (for instance nitrogen 

gas laser with a wavelength of 337 nm or a solid-state laser with 343 nm) in a grid array of fixed dimensions 

(i.e. ROI; region of interest), and the step size is defined and positioned over the section. For each pixel/spot, 

a single mass spectrum is recorded. Subsequently, spatial distribution and relative intensities of molecular 

ions can be visualized (i.e. MS ion images) using a color scale corresponding to the signal intensities of 

ions at each pixel (Fig. 8) [22, 64]. Diagnostic fragment ions resulting from on-tissue fragmentation 

(MS/MS) experiments can be used for compound identifications. Otherwise, molecular species annotations 

are based on high mass resolution (R ˃ 100,000) MSI measurements and accurate mass matching with 

databases comprising of curated/computationally-generated molecules within a certain mass error range, 

typically root mean square error (RMSE) value ≤ 2 ppm [34]. 
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Technological advancements, specifically (i) improvements in reproducible sample preparation and data 

processing workflow to enhance the reliable interpretation of quantitative MS imaging data (publication 2, 

current thesis) [34], (ii) developments in instrumentation such as lateral resolution close-to-physiological 

conditions (1.4 µm spot size, subcellular level) [68], molecular and topographical analysis of 3D surfaces 

[69], and (iii) easy-to-use bioinformatics and online respiratory tools for MSI data processing and 

evaluation [70] have further advanced the field. Furthermore, a combination of MSI with other analytical 

techniques including ion mobility MSI, LC-MS/MS, and/or complementary imaging modalities such as 

imaging with Raman spectroscopy, magnetic resonance imaging (MRI), positron emission tomography 

(PET), computed tomography (CT), microscopic and histological methods (e.g. H&E staining) possibly 

expand and validate the biological conclusions obtained from MS imaging. 

1.4 Peroxisomes and peroxisomal biogenesis disorders 

1.4.1 Background and general functions 

Peroxisomes are ubiquitous, multifunctional, and single membrane-bound subcellular organelles that exist 

in nearly every eukaryotic cell. Initially, they were reported as “microbodies” in epithelial cells of proximal 

convoluted tubules of the mouse kidney [71], and then in rat liver parenchymal cells [72]. Successively 

after a decade, De Duve coined the name “peroxisomes” due to their functional involvement in the hydrogen 

peroxide (H2O2) metabolism [73]. Further to mention, the granular electron-lucent matrix of peroxisomes 

consists of a wide range of FAD-dependent oxidases (e.g. D-amino oxidase, sarcosine oxidase, acyl-CoA 

oxidases, pipecolic acid oxidase, urate oxidase) which produce H2O2 during the conversion of their 

substrates (such as D-proline, sarcosine, pipecolate, and uric acid) and the antioxidative enzyme catalase 

that decomposes H2O2 (Fig. 9) [74]. Furthermore, peroxisomes encompass many other antioxidant enzymes 

(for instance peroxiredoxin 1 and 5, Cu/Zn-superoxide dismutase, glutathione peroxidase, Mn-superoxide 

dismutase, and epoxide hydrolase) which participate in the reactive oxygen (ROS) and reactive nitrogen 

(RNS) species metabolism [75, 76]. 

Peroxisomes are very dynamic and differ in their abundance, size (0.1-1µm), shape (e.g. spherical, 

elongated, tubular and angular), protein and enzyme composition depending on the cell type, organ, 

organism as well as metabolic needs and response to the external and/or pharmacological stimuli such as 

nutritional fluctuations and inflammatory responses [74, 77]. Mammalian peroxisomal proteomics studies 

revealed that these versatile organelles possess more than 190 different proteins, which mediate several 

degradative (catabolic) and biosynthetic (anabolic) metabolic processes [78]. To mention (i) breakdown of 

very-long-chain fatty acids and bioactive secondary lipid mediators via β-oxidation, (ii) degradation of 

branched-chain fatty acids and carboxylates via α- and β-oxidation, (iii) biosynthesis of ether-linked 
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phospholipids (plasmalogens), retinoic acid, docosahexaenoic acid, cholesterol and dolichol, (iv) formation 

of primary and conjugated bile acids, (v) purine and polyamine catabolism, (vi) detoxification of glyoxylate, 

and (vii) regulation of acyl-CoA/CoA ratio (Fig. 9) [79, 80]. Utmost of these indispensable metabolic 

functions is unique for peroxisomes, although some require cooperation with other subcellular organelles 

such as mitochondria, endoplasmic reticulum (ER), lysosomes, and lipid droplets [81, 82]. Described below 

are the selected specific functions of peroxisomes that are associated with lipid metabolism. 

 

Fig. 9 Major metabolic functions of peroxisomes. The figure is modified from the original figure provided 

by Prof. Dr. Eveline Baumgart-Vogt. 

 Fatty acid β-oxidation 

Fatty acids (FAs) undergo degradation through several mechanisms (e.g. α-, β- and ω-oxidation), and 

among the most common route is β-oxidation. The peroxisomal beta-oxidation process was first noticed in 

plant cells [83], and then in mammalian cells [84]. In mammals, β-oxidation occurs in both peroxisomes 

and mitochondria, whereas in yeasts and plants takes place only in peroxisomes [75]. Though the 

mechanistic principles of β-oxidation processes are identical with four subsequent enzymatic reactions, 

there are few exceptions between these two organelle systems. For instance, the primary step of the β-

oxidation process in peroxisomes is mediated by acyl-CoA oxidases (ACOX) in contrast to the acyl-CoA 

dehydrogenases (ACAD) in mitochondria. Another major difference is substrate specificity; as mentioned, 
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peroxisomes actively participate in the breakdown of very-long-chain fatty acids (VLCFAs, ≥ C22), long-

chain dicarboxylic acids, eicosanoids (e.g. prostaglandins, leukotrienes), branched-chain fatty acids (e.g. 

pristanic acid), bile acid intermediates (e.g. DHCA, THCA), xenobiotics, vitamins E and K. Mitochondria, 

on the other hand, are mainly responsible for the degradation of short-, medium-, and long-chain fatty acids 

(≤ C20). Further, FAs are transported as activated fatty acids (i.e. acyl-CoAs) across the peroxisomal 

membrane (Fig. 9), whereas in mitochondria they are transported as acylcarnitines (also called carnitine 

esters) via the carnitine shuttle. Moreover, mitochondria completely oxidize FAs via the citric acid cycle, 

while peroxisomes merely shorten the fatty acyl chain length and the end products need to be transferred to 

the mitochondria for complete breakdown [80-82, 85]. 

As detailed in Fig. 9, four sequential cyclic steps of the peroxisomal β-oxidation process include (i) 

dehydrogenation of fatty acyl-CoAs → 2‐trans‐enoyl‐CoAs mediated by acyl-CoA oxidases (i.e. ACOX1, 

ACOX2, and ACOX3), (ii) hydration of unsaturated intermediate enoyl‐CoAs → 3-hydroxyacyl-CoAs 

catalyzed by bifunctional proteins (i.e. L-bifunctional protein; LBP and D-bifunctional protein; DBP), (iii) 

dehydrogenation of 3-hydroxyacyl-CoAs → 3‐ketoacyl‐CoAs exerted by bifunctional proteins, (iv) and 

thiolytic cleavage of terminal acetyl‐CoA group leading to an acyl‐CoA, which is two carbon atoms shorter 

than the precursor molecule mediated by thiolase enzymes (i.e. pTH1 and pTH2; SCPx). 

 Fatty acid α-oxidation 

Branched-chain fatty acids comprising methyl and/or other groups at the third carbon cannot undergo a 

straight β-oxidation process. Degradation of such FAs (e.g. phytanic acid) requires a prior oxidative 

decarboxylation (i.e. removal of carbon atom) to generate 2-methyl branched-chain fatty acids (e.g. 

pristanic acid), which can be degraded by peroxisomal β-oxidation. The phytanic acid α-oxidation process 

takes place via the consequent action of various peroxisomal enzymes including (i) very long-chain acyl-

CoA synthetase (phytanic acid → phytanoyl Co-A), (ii) phytanoyl-CoA 2-hydroxylase (phytanoyl Co-A 

→ 2-OH-phytanol-CoA), (iii) 2-hydroxyphytanoyl-CoA lyase (2-OH-phytanol-CoA → pristanal), and (iv) 

pristanal dehydrogenase (pristanal → pristanic acid). The resulting pristanic acid undertakes three cycles 

of peroxisomal β-oxidation, and then the end products are shuttled to mitochondria for a complete oxidation 

process [75, 80, 81, 85]. 

 Ether-linked phospholipids biosynthesis 

Ether-linked phospholipids are a unique class of peroxisome-derived glycerophospholipids with an ether 

linkage at the sn-1 position and an ester linkage at the sn-2 position of the glycerol backbone [58]. They 

predominantly occur in two subgroups (i) 1-O-alkyl (plasmanyl phospholipids), and (ii) 1-O-alkenyl 

(plasmenyl phospholipids; plasmalogens) with ethanolamine and/or choline as head group, rarely inositol 
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and serine head groups have also been observed. In mammals, ether lipids constitute up to 18-20% of the 

phospholipid pool, and the highest levels were witnessed in the lung, heart, brain, spleen, kidney, white 

blood cells, skeletal muscles, and testis [81, 86]. 

Ether-linked phospholipid biosynthesis involves a series of enzymatic reactions in peroxisomes and ER. As 

shown in Fig. 9, the foremost step includes the esterification of dihydroxyacetone phosphate (DHAP) with 

fatty acyl-CoAs to produce acyl‐DHAP by the action of peroxisomal enzyme dihydroxyacetone phosphate 

acyltransferase (DHAPAT). In the following step, acyl-DHAP is converted to alkyl-DHAP by fatty alcohol 

and the enzyme alkyl-DHAP synthase (ADHAPS) (Fig. 9). Further, the third step is processed in both 

peroxisomes and ER, where alkyl-DHAP is reduced to alkylglycerol‐3‐phosphate (alkyl-G3P) by a 

membrane-bound enzyme acyl/alkyl-DHAP reductase. Finally, alkyl‐G3P undertakes subsequent reactions 

in the ER to synthesize various ether-linked phospholipid species [86-88]. 

 Synthesis of docosahexaenoic acid, bile acids, and cholesterol metabolism 

Docosahexaenoic acid (C22:6; n-3, DHA) is an important polyunsaturated fatty acid, predominantly found 

in the brain, cerebral cortex, and retina. DHA is synthesized from an essential fatty acid α-linoleic acid 

(C18:3; n-3, ALA) via a sequence of desaturation and elongation phases followed by peroxisomal β-

oxidation. As the last step in the biosynthetic pathway, docosapentaenoic acid (C22:5; n-3, DPA) is 

elongated to tetracosapentaenoic acid (C24:5, n-3) and desaturated to tetracosahexaenoic acid (C24:6; n-3, 

THA) in microsomes. Then, the THA undertakes one cycle of peroxisomal beta-oxidation to form DHA 

[89]. 

Cholesterol is transformed into primary bile acids through manifold enzymatic cascades in various 

subcellular compartments (Fig. 9). In peroxisomes, the bile acid intermediates such as 3α,7α-dihydroxy-

5β-cholestanoic acid (DHCA) and 3α,7α,12α-trihydroxy-5β-cholestanoic acid (THCA) undertake one cycle 

of beta-oxidation to produce primary bile acids including chenodeoxycholic acid and cholic acid. 

Furthermore, the formed primary bile acids are then converted into taurine and/or glycine conjugates by 

bile acid-CoA: amino acid N-acyltransferase (BAAT), and subsequently exported from peroxisomes and 

excreted into bile [90, 91]. Besides cholesterol oxidation, several important enzymes such as HMG‐CoA 

reductase (HMGCR; also localized in the ER), mevalonate kinase (MVK), phosphomevalonate kinase 

(PMVK), mevalonate diphosphate decarboxylase (MPD), isopentenyl diphosphate isomerase (IPP), and 

farnesyl diphosphate synthase (FPP) are localized in the peroxisomes and participate in the 

cholesterol/isoprenoid biosynthetic pathway (Fig. 9) [92]. 
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1.4.2 Peroxisome biogenesis 

Compelling evidence from different studies has shown that peroxisomes can form either (i) semi-

autonomously by deriving the matrix proteins from the cytosol, membrane proteins and phospholipids from 

ER or (ii) autonomously from pre-existing organelles through growth and division (Fig. 10) [82]. 

Regardless of the process, a set of heterogeneous proteins named peroxins (PEX) encoded by genes (Pex) 

mediates (i) the formation of peroxisomal membrane assembly including import of membrane proteins, (ii) 

import of matrix proteins, and (iii) proliferation of the peroxisomes. 

Thus far, more than 32 diverse peroxins have been recognized out of which at least 14 are well characterized 

in mammals, regulating various aspects of the peroxisomal biogenesis process (Fig. 10) [93]. The central 

phases of the peroxisomal biogenesis process are briefly described in the following sections. 

 Peroxisomal membrane assembly and import of PMPs 

Peroxisomal membrane proteins (PMPs) are translated on cytosolic polyribosomes and imported from the 

cytosol into the organelle membrane. Three peroxins (i.e. PEX3, PEX16, and PEX19) are known to be 

essential, facilitating the initial stages of biogenesis and being involved in the peroxisomal membrane 

assembly of various species including humans (Fig. 10) [94]. PEX19 is a major cytosolic protein, which 

forms a cargo complex with many different PMPs via an internal membrane protein targeting signal (mPTS) 

motif. PEX3 is situated at the peroxisomal membrane and serves as a membrane-anchoring site for the 

PEX19-PMPs cargo complex. Similarly, PEX16 is another peroxisomal membrane-bound protein that acts 

as a receptor for the PEX19 cargo protein complex loaded with PEX3 [75, 93, 94]. 

 Import of peroxisomal matrix proteins 

Similar to PMPs, peroxisomal matrix proteins are synthesized on ribosomes in the cytoplasm and 

subsequently transported into import-component (pre)-peroxisomes [85]. The import is mediated by the 

peroxisomal targeting signal 1 (PTS 1) and 2 (PTS 2) and various receptor proteins (peroxins) (Fig. 10). 

Several peroxisomal matrix proteins consist of a carboxy‐terminal tripeptide (PTS1) motif recognized by 

the soluble cytosolic receptor proteins PEX5S and PEX5L [95, 96], whereas a small subset of matrix 

proteins (e.g. 3-ketoacyl-CoA thiolase, phytanoyl-CoA hydroxylase, AGPS) conserved an amino-terminal 

nonapeptide (PTS2) motif, recognized by another cytosolic receptor protein PEX7 [97]. As stated, PEX5L 

and PEX5S receptors recognize the PTS1, and PEX7 recognizes the PTS2 signals of matrix proteins in the 

cytosol, forming a cargo complex upon binding and subsequently transporting them to the docking and 

translocation complex (PEX13 and PEX14) on the peroxisomal membrane [77, 85]. After docking, (i) the 

matrix proteins are delivered into the peroxisomal matrix (mediated by PEX2, PEX10, and PEX12), and 
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(ii) then the cytosolic receptors (PEX5 and PEX7) are released/recycled from the peroxisomal membrane 

into the cytoplasm for another import cycle (mono-ubiquitination, mediated by peroxisomal ATPase’s and 

PEX1-PEX6-PEX26 complex) and/or degraded (poly-ubiquitination) by proteasomes [75, 77]. 

 

Fig. 10 A schematic representation of the peroxisomal biogenesis process. The figure is modified from the 

original figure listed in reference [77]. 

 Proliferation of peroxisomes 

Peroxisomes are multiplied by the fission of pre-existing organelles (Fig. 10). Several studies on different 

model systems have revealed that the PEX11 protein family, dynamin-like proteins (DLP1/DRP1), 

mitochondrial fission 1 protein (Fis1), mitochondrial fission factor (Mff), and ganglioside-induced 

differentiation-associated protein 1 (GDAP1) collectively regulate the shape, size, and abundance of 

peroxisomes in a cell (Fig. 10) [98-101]. PEX11 is the highly conserved and most abundant peroxisomal 

membrane protein (α, β, and γ isoforms) that plays a key role in the elongation, tubulation, and constriction 

of pre-existing organelles, while DRP1/DLP1, Fis1, Mff, and GDAP1 are involved in the final fission event 

of peroxisomes as well as mitochondria [75, 77, 101]. 
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1.4.3 Peroxisomal disorders 

The functional importance of peroxisomes and their metabolism is emphasized by the discovery of 

numerous fatal peroxisomal disorders (PDs). The peroxisomal disorders are broadly categorized into (i) 

defects in specific metabolic pathways (i.e. peroxisomal enzyme deficiencies) and/or (ii) defects in 

functions and assembly of peroxisomes (i.e. peroxisomal biogenesis disorders). 

 Peroxisomal enzyme deficiencies 

Peroxisomal enzyme deficiencies (PEDs) are sub-classified according to the impairment of a specific 

metabolic pathway. For instance, PEDs are associated with defects in (i) fatty acid β-oxidation, (ii) fatty 

acid α-oxidation, (iii) glyoxylate metabolism, (iv) ether-linked phospholipid biosynthesis, (v) bile acid 

synthesis, (vi) H2O2 metabolism, and (vii) cholesterol biosynthesis [75, 80, 85, 102]. Table 4 provides an 

overview of PEDs along with the genes involved and the corresponding metabolic function abnormalities. 

Table 4: List of peroxisomal enzyme deficiencies (http://www.peroxisomedb.org/) 

Peroxisomal enzyme deficiencies (PEDs) Mutant gene Altered metabolic 

function 

X-linked adrenoleukodystrophy (ALD) ABCD1  

 

 

 

β-oxidation 

Acyl-CoA oxidase deficiency ACOX1 

Acyl-CoA oxidase deficiency ACOX2 

D-bifunctional protein deficiency HSD17B4 

Sterol-carrier-protein X deficiency SCP2 

2-methylacyl-CoA racemase deficiency AMACR 

Acyl-CoA binding domain containing 5 deficiency ABCD5 

Refsum disease PHYH/PAHX α-oxidation 

Primary hyperoxaluria type 1 AGXT Glyoxylate metabolism 

Primary hyperoxaluria type 2 GRHPR 

Primary hyperoxaluria type 3 HOGA1 

Rhizomelic chondrodysplasia puncatata 2 GNPAT Ether-linked 

phospholipid 

biosynthesis 

Rhizomelic chondrodysplasia puncatata 3 AGPS 

Rhizomelic chondrodysplasia puncatata 4 FAR1 
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ATP-binding cassette sub-family D member 3 

(PMP70) deficiency 

ABCD3  

Bile acid synthesis 

Bile acid-CoA: amino acid N-acyltransferase 

deficiency 

BAAT 

Acatalasemia CAT H2O2 metabolism 

Mevalonate kinase deficiency MVK Cholesterol biosynthesis 

 Peroxisomal biogenesis disorders 

Peroxisomal biogenesis disorders (PBDs) are a diverse group of multi-systemic genetic disorders that arise 

due to mutations in Pex genes, which encode PEX proteins required for the normal peroxisomal biogenesis 

process. Based on the clinical manifestations and biochemical abnormalities, PBDs are broadly categorized 

into (i) Zellweger spectrum disorders (ZSDs), (ii) rhizomelic chondrodysplasia puncatata type 1 and 5, and 

(iii) peroxisomal fission defects [103]. Table 5 summarizes the peroxisomal biogenesis disorders with 

information on the genes involved. 

Table 5: List of peroxisomal biogenesis disorders (http://www.peroxisomedb.org/) 

Peroxisomal biogenesis disorders (PBDs) Mutant genes 

Zellweger syndrome Pex1, Pex2, Pex3, Pex5, Pex6, Pex10, 

Pex11β, Pex12, Pex13, Pex14, Pex16, Pex19, 

Pex26 

Neonatal adrenoleukodystrophy Pex1, Pex3, Pex5, Pex6, Pex10, Pex12, 

Pex13, Pex26 

Infantile refsum disease Pex1, Pex2, Pex5, Pex6, Pex10, Pex12, Pex26 

Rhizomelic chondrodysplasia puncatata type 1 Pex7 

Rhizomelic chondrodysplasia puncatata type 5 Pex5L, Pex7 

Peroxisomal fission defects Pex11 (α, β), DLP1/DLR1, Fis1, Mff, GDAP1 

Zellweger syndrome (ZS), neonatal adrenoleukodystrophy (NALD), and infantile refsum disease (IRD) 

with an overlap of clinical symptoms are referred to as ZSDs. Among ZSDs, ZS exhibit the most severe 

phenotype with craniofacial abnormalities (for instance high forehead, large anterior fontanel, 

microcepahaly, long filtrum), hypotonia, neuronal migration defects, hepatic, and renal insufficiency with 

which patients rarely survive, and die within their first year of life. While, NALD is intermediate in severity, 
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and patients with NALD suffer from hepatomegaly, retinitis pigmentosa, hypotonia, seizures, 

polymicrogyria, and absence of visual and auditory responses with which usually die in late infancy. In 

comparison to these two disorders, IRD is a less severe phenotype with vision problems, hearing loss, 

developmental delay, and some degree of intellectual disability that may survive into late childhood. 

Nonetheless, liver diseases, neurodevelopmental delay, retinopathy, and peripheral deafness with onset in 

the early months of life are common among the ZSDs [94, 104]. Mutations in at least 13 genes (Table 5) 

have been reported to cause ZSDs, among which the majority of the patients are diagnosed with defects in 

the Pex1 [105]. 

Rhizomelic chondrodysplasia puncatata type 1 (RCDP1) is caused by defects in the Pex7 which acts as a 

receptor for the PTS2-mediated matrix protein import. RCDP1 is the second most common PBD 

characterized by skeletal abnormalities, marked rhizomelia, mental retardation, congenital cataracts, 

neurological impairments, and respiratory problems [106]. RCDP5 (similar phenotype as RCDP1) is a 

recently reported disease caused by the loss of Pex5L [75]. 

Peroxisomal fission defects in which peroxisomal maintenance is compromised are manifested due to 

mutations in Pex11, DLP1/DLR1, Fis1, Mff, and GDAP1 (Fig. 10). Mitochondrial encephalopathy, tubular 

peroxisomes and mitochondria in cells were observed in DLP1 [107] and Mff mutant patients [108], 

whereas elongated peroxisomes and mitochondria were noticed in GDAP1 deficient patients [109]. The 

Pex11 gene encodes the PEX11 protein family, which consists of three homologous isoforms (α, β, and γ) 

with distinct functions. Among them, Pex11β is expressed constitutively throughout the tissues, while α 

and γ isoforms are tissue-specific and are evident majorly in the liver, heart, kidney, and testis [77, 110]. Li 

and Baumgart et al. generated a Pex11β knockout (KO) mouse model, in which a reduced number of 

peroxisomes, neonatal lethality (die immediately after birth), and severe pathological features of ZS such 

as developmental delay, hypotonia, and neuronal apoptosis were observed [111]. Similar to the Pex11β 

deficient mouse model, ZS phenotype features including congenital cataracts, mild intellectual disability, 

progressive hearing loss, gastrointestinal problems, and cells with elongated peroxisomes were observed in 

a human patient diagnosed with mutations in the Pex11β gene [112]. Further, Li and Baumgart et al. 

demonstrated that (i) overexpression of Pex11α by 4-phenyl butyric acid (a non-classical peroxisome 

proliferator) resulted in peroxisomal proliferation, and (ii) in contrast to Pex11β, Pex11α KO animals 

developed normally (adulthood) and displayed a mild phenotype [110]. Furthermore, in a recent study, 

reduced peroxisomal abundance, accumulation of triglycerides in the liver (nonalcoholic fatty liver disease) 

[113], and elevated levels of palmitic acid and other fatty acids in brown adipose tissue were observed in 

Pex11α deficient mice challenged with a high-fat diet [114]. Nevertheless, in-depth molecular and 

physiological functions of the PEX11 protein family and their isoforms (Pex11α, β, γ), metabolic and 
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molecular alterations due to their deficiencies in different cell types/organs/organisms, and their 

implications in peroxisomal disorders are still poorly understood. 

1.4.4 Peroxisomal disorders – clinical and biochemical perspectives 

In general, (i) elevated levels of VLCFAs, pristanic acid, phytanic acid, DHCA, THCA, pipecolic acid in 

plasma, (ii) reduced levels of plasmalogens and DHA in plasma and skin fibroblasts, (iii) elevated levels of 

LPC(26:0) and CAR(26:0) in dried blood spots are some of the biochemical parameters that are proposed 

for clinical suspicion of peroxisomal disorders [75, 81, 115]. Further, (i) individual enzyme activity assays 

and immunoblot analyses of various proteins (e.g. ACOX1, DBP, DHAPT, PHYH), (ii) presence or absence 

of peroxisomes with immunofluorescence microscopy using antibodies against membrane proteins (e.g. 

ABCD3/PMP70) and peroxisomal matrix proteins (e.g. catalase), and (iii) molecular genetic analysis (e.g. 

transfection complementation assays, next-generation sequencing) of the relevant implicated Pex genes 

provide more prognostic information on peroxisomal disorders [75, 105, 116, 117]. 

Currently, there is no curative treatment for peroxisomal disorders, and disease management is limited to 

surveillance and developmental assessments. Over several decades, pathogenesis and pathophysiological 

consequences of deadly peroxisomal disorders, and the role of peroxisomes in health and disease states 

have been investigated by using specific cell types (e.g. oligodendrocytes, fibroblasts, hepatocytes, and 

neural cells), yeast, and mouse models by selective disruption of genes encoding either peroxisomal 

biogenesis or the metabolic functions. For instance, PBD mouse models were generated with disruption of 

genes responsible for PTS-1 and PTS-2 dependent matrix protein import (e.g. Pex5, Pex2, Pex13), only 

PTS-2 dependent matrix protein import (e.g. Pex7), peroxisomal proliferation (e.g. Pex11 α and β), and 

specific metabolic pathways (including Gnpat, Acox1, Hsd17B4, Scp2, Abcd1, Ehhadh, Slc27a2, Amacr, 

mThb, and cat) [81, 110, 111, 118, 119]. Although vast progress has been made in understanding 

peroxisomal biology, several fine details concerning the metabolic functions, biogenesis, morphogenesis 

of peroxisomes, and underlying molecular pathophysiology mechanisms of different peroxisomal disorders 

remain to be resolved. 

1.5 Summary and outline of the thesis 

This thesis focuses on mass spectrometry-guided (LC-MS/MS, MALDI MS imaging, and direct flow 

injection ESI-MS/MS) molecular omics (lipidomics, metabolomics, and proteomics) performed in the 

distinct biological specimens of peroxisome biogenesis factor 11α (serum, liver, and heart), peroxisome 

biogenesis factor 11β (lung) knockout mouse models, and at different stages of mouse postnatal pulmonary 

development process. The first part of this thesis (chapter I) familiarizes with the systems biology, an 

overview of mass spectrometry-based molecular omics technologies including proteomics, metabolomics 
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and lipidomics, the history and basic principles of mass spectrometry, and mass spectrometry imaging 

methodologies. In addition, chapter I summarizes a brief review of the biochemistry of peroxisomes 

including the background of peroxisome organelles, major metabolic functions connected with lipid 

metabolism, peroxisomal biogenesis process, and diseases associated with peroxisome dysfunction, clinical 

and biochemical perspectives of the peroxisomal disorders. 

The second part of the thesis (chapter II, publication 1) focuses on semi-quantitative lipidomic, 

metabolomic, and proteomic analyses of various biological specimens (i.e. serum, liver, and heart) from 

peroxisomal biogenesis factor 11α (Pex11α) deficient mice. 

 

Fig. 11 Graphical representation of the sequential molecular-omics (lipidomics, polar metabolomics, and 

proteomics) analyses of distinct biological specimens from Pex11α knockout mice [20]. 

Briefly, serum and tissue homogenates (i.e. liver and heart) from adult three-month-old wild type (WT) and 

Pex11α knockout (KO) mice were subjected to MTBE/MeOH/H2O liquid-liquid extraction and optimized 

an integrated workflow for the simultaneous extraction of lipids (upper organic phase), polar metabolites 

(lower aqueous phase), and proteins (sediment pellet) from the same and very minimal amount of sample. 

After extraction, distinct phases were processed and subjected to relative-quantitative molecular omics 

analyses using a reversed-phase ultra-high-performance liquid-chromatography coupled with high-

resolution tandem mass spectrometry (UHPLC-HRMS/MS). Lipidomic datasets were obtained individually 
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in positive- and negative-ion mode in a data-dependent manner (Full MS/ddMS2, Top15) and processed 

with LipidSearch software. Similarly, polar metabolomics datasets were attained independently in positive- 

and negative-ion mode (Full MS/ddMS2, Top10) and analysed with Progenesis QI software, while bottom-

up proteomics datasets were acquired in positive-ion mode (Full MS/ddMS2, Top10) and processed with 

Proteome Discoverer software. Further, statistical and pathway interpretation of the molecular-omics data 

were performed with MetaboAnalyst, PANTHER, and BINGO bioinformatics tools (Fig. 11). 

False-positive identifications are a major concern in regular untargeted lipidomics and metabolomics 

experiments. In this work, we optimized and used a series of filtering criteria and manual curation (i.e. 

accept, reject, or reassign) strategies to reduce false positives and provided unambiguous lipid/metabolite 

identifications. For instance, signal-to-noise ratio, peak shape and quality, number of data points per peak, 

mass accuracy, isotopic profile and fatty acid distribution pattern, lipid class and molecular species-specific 

diagnostic fragment ions, characteristic retention times based on the polarity, area relative standard 

deviation, confirmation in both-ion modes, etc. measures were cautiously monitored for each precursor ion. 

After minimizing several false positives, a total of 690, 908, and 939 lipid species were annotated in serum, 

liver, and heart tissue homogenates. Collectively, these lipid species represent 22 distinct lipid classes, and 

the majority of them are grouped into three main lipid categories, namely glycerophospholipids, 

sphingolipids, and glycerolipids. Among them, 102 (64 increased, 38 decreased) in serum, 145 (80 

increased, 65 decreased) in liver, and 102 (12 increased, 90 decreased) lipid species in heart exhibited 

significant (FDR-adjusted p-value ≤ 0.05) differential abundances (ratio threshold ± 2) in the Pex11α KO 

mice, in comparison with their WT controls. Of note, a greater number of ether-linked and docosahexaenoic 

acid-containing lipid species exhibited lower abundances in the Pex11α KO mouse specimens. In the case 

of polar metabolomics, 123 (serum), 98 (liver), and 80 (heart) metabolites were annotated, and among 25, 

12, and 11 metabolites revealed statistically significant differences in the abundances (FDR-adjusted p-

value ≤ 0.05, ratio threshold ± 2) of Pex11α KO mice. Collectively, metabolic pathway enrichment analyses 

uncovered that these differentially abundant lipid species and metabolites are linked with lipid metabolism 

(glycerophospholipid, sphingolipid, glycerolipid, linolenic acid, α-linolenic acid and arachidonic acid 

metabolism, and fatty acid degradation), amino acid metabolism (tryptophan, purine, tyrosine, cysteine and 

methionine metabolism, and lysine degradation), carbohydrate and nucleotide metabolic pathways, etc. 

Furthermore, label-free relative quantitative proteomics data revealed significant changes in abundances 

(p-value threshold ≤ 0.05, ratio threshold ± 2) of 54 proteins (42 increased, 12 decreased) in liver and 29 

proteins (14 increased, 15 decreased) in heart tissue homogenates of Pex11α KO mice. The gene ontology 

enrichment analysis of these differentially abundant proteins indicated that they were involved in 

translation, protein folding, amino acid metabolism, nucleotide metabolism, fatty acid processing, 

carbohydrate metabolism, steroid biosynthesis, electron transport chain, and ROS metabolism. Overall, an 
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integrated workflow was optimized for simultaneous molecular-omics analyses from the same sample and 

demonstrated significant specimen-specific changes in the relative abundances of lipids, polar metabolites, 

proteins, and metabolic pathways in different biological specimens of Pex11α KO adult mice. This 

comprehensive molecular omics study could serve as a reference for a better understanding of the roles of 

Pex11α and molecular mechanisms of peroxisomal disorders. 

In the third part of this thesis (chapter III, publication 2), high-resolution in mass and space atmospheric-

pressure scanning microprobe MALDI MS imaging (AP-SMALDI MSI) was employed for the first time 

to characterize the lipidome of late fetal mouse lungs at day 19 of gestation (E19). Further, an optimized 

sample preparation and data processing framework was developed for reliable relative comparison of the 

signal intensities of lipids and other endogenous metabolites directly from distinct (e.g. WT control and 

Pex11β KO) biological specimens (Fig. 12). 

 

Fig. 12 Schematic representation of the optimized AP-SMALDI MS imaging workflow [34]. 

The most critical part of this study was the handling and cryosectioning of E19 mouse lung tissues due to 

their typical fetal structure and differences in consistency among divergent tissues. After several efforts, 

optimal tissue processing and cryosectioning procedures were optimized for E19 mouse lungs without using 

any tissue-embedding material. Then, 12-µm thick cryosections were obtained and scanned at a high mass 

resolution (140,000 @ m/z 200) and high spatial resolution (10 µm per pixel) using an AP-SMALDI10 

imaging ion source coupled to an orbital trapping mass spectrometer (Q Exactive). Lipid species from 

different lipid classes (i.e. fatty acids, glycerophospholipids, lysoglycerophospholipids, sphingomyelins, 

ceramides, triglycerides, carnitine esters, sulfatides) and other endogenous metabolites (e.g. CDP-Choline) 

were identified with different charge carriers (i.e. protonated, sodiated and potassiated in positive-ion mode, 
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deprotonated in negative-ion mode). The lipid species were characterized based on accurate mass (RMSE 

≤ 2 ppm) and on-tissue tandem mass spectrometry (lipid class and lipid species-specific diagnostic fragment 

ions) experiments in both positive- and negative-ion mode. In mammals, lung development (e.g. the 

alveolarization process) continues postnatally until adult age (publication 3, current thesis). However, in 

this study, late fetal mouse lungs at day 19 of gestation (E19, before birth) were used, in which the lungs 

are not completely developed, type I and type II cells in the alveolar region, as well as club cells in the 

bronchiolar region are not fully differentiated. Moreover, the tissue is not extended by inflation with “air” 

therefore it is still very dense and cells are very closely neighbouring to each other. Therefore, at this stage, 

it would be relatively difficult to resolve distinct cell types in the tissue, and thus the majority of the 

identified lipid species were ubiquitously distributed in the whole E19 mouse lung tissue sections. 

 

Fig. 13 An overview of the optimized MALDI MS imaging semi-quantitative data processing and 

evaluation framework [34]. 

It is worth mentioning that deficiencies of most peroxisomal biogenesis genes lead to early death of the 

pups after birth (e.g. Pex 5, Pex11β, etc.). Due to this reason, the E19 lung (gestation period of laboratory 

mice is 19-21, average 20 days) is an optimal model to study molecular differences occurring due to 

peroxisomal deficiency or any of the gene deficiency models leading to neonatal death of the pups. After 

characterization of the E19 mouse lung lipidome, a dedicated sample preparation strategy and data 

processing framework were optimized to compare the direct relative signal intensities of analytes among 
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different tissue sections (Fig. 13). Briefly, 12-µm thick tissue sections from WT control and Pex11β KO 

E19 mouse lung tissues were analysed successively with identical instrumental and experimental conditions 

in both positive- and negative-ion mode. Care was taken to spray homogenous distributions of matrix (i.e. 

2,5-dihydroxybenzoic acid in positive-ion mode, para-nitroaniline in negative-ion mode) onto tissue 

surfaces. Sprayed matrix crystal sizes were monitored with an optical microscope before MS data 

acquisition, and the matrix homogenous distribution pattern was confirmed with matrix-cluster ion signals 

(MS ion images) across different tissue sections. Among the annotated species, several lipids (e.g. 

lysophospholipids, plasmalogens, sulfatides, and carnitine esters) and endogenous metabolites (e.g. UDP-

N-acetyl glucosamine) showed differential abundances between WT and Pex11β KO E19 mouse lung tissue 

sections. To validate these biological findings, and to distinguish the technical and biological variances, 

differentially abundant lipid MS ion images were generated (i) without normalization, (ii) with TIC 

normalization, (iii) normalized with homogeneously spread matrix-cluster ion signals, and (iv) normalized 

with uniformly distributed endogenous signals. Regardless of the normalization approach, MSI data 

generated with the optimized sample preparation and instrumental setup showed consistent results and 

normalization did not induce any major changes in the differential abundance patterns of the 

lipids/metabolites across different tissue sections. Furthermore, differentially abundant molecular species 

were corroborated with different ion adducts in positive-ion mode, with biological and technical triplicates, 

and on-tissue tandem mass spectrometry experiments. 

To address the lipid molecular changes, occurring over the course of postnatal pulmonary development 

(chapter IV, publication 3), a comprehensive quantitative lipidomic analysis of mouse whole lung tissue 

homogenates was carried out at different stages of the postnatal development process (Fig. 14A). Concisely, 

snap-frozen lungs from newborn (P1), 15-day-old (P15), and 12-week-old adult (P84) male mice were 

homogenized, two naturally not occurring lipid species for each lipid class (except for SM and PE P) and 

deuterated cholesterol were added as internal standards, and then the lipids were extracted, employing a 

chloroform/methanol/water (CHCl3/MeOH/H2O) mixture-based liquid-liquid extraction protocol (Bligh 

and Dyer method). After extraction, dried lipid extracts (i.e. chloroform phase) were subjected to direct 

flow injection (shotgun lipidomics) analysis using a triple-quadrupole mass spectrometer equipped with an 

electrospray ionization source in positive-ion mode. The diagnostic fragment ions (e.g. m/z 184 for PC, 

PCO, LPC, and SM; m/z 364, 390, and 392 for PE-based plasmalogens; m/z 264 for Cer; m/z 369 for 

cholesterol and CE lipid species) and neutral loss scans (e.g. m/z 141 and 185 for PE, PS; m/z 189 and 277 

for PG and PI) were used for identification and quantitation of lipid species. The lipid species were 

quantified by plotting the standard calibration curves of naturally occurring lipid species. 
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Fig. 14 Overview of the quantitative lipidomics analyses of mouse whole lung tissue homogenates during 

postnatal pulmonary development [58]. 

In total 203 lipid species spanning 160 glycerophospholipids (GP; 24 PC, 11 PC O, 23 PE, 33 PE P, 16 PG, 

15 PI, 23 PS, 15 LPC), 24 sphingolipids (SP; 15 SM, 7 Cer, 2 HexCer), 18 cholesteryl esters (CE), and 

cholesterol from mouse lung whole tissue homogenates were quantified (Fig. 14B) and provided (i) total 

lipid quantity (nmol/mg wet weight), (ii) detailed overview and distribution patterns of analyzed lipid 

classes (mol%), (iii) molar abundances (nmol/mg wet weight) of individual lipid species, (iv) molar ratios 

of the selected lipid classes, and (v) distribution patterns of GPs according to carbon chain length (total 

number of carbon atoms) and degree of unsaturation (total number of double bonds). Briefly, total 

glycerophospholipid (sum of all analyzed GP species) and cholesterol levels were elevated during the 

development process from P1 to P84. Further, stage-specific variations were witnessed in the case of 

individual molecular species of various lipid classes (detailed in chapter IV). To mention a few, the majority 

of the monounsaturated (total number of double bonds = 1) lipid species were elevated in newborn lungs, 

and adult lungs exhibited high levels of polyunsaturated (total number of double bonds ≥2) lipid species. 

Whereas, high levels of myristic and palmitic acid containing lipid species were noticed in two-weeks-old 

mouse lungs. Collectively, this study provides a quantitative (molar concentrations) snapshot of mouse 

whole lung lipidome during postnatal development, which offers a unique resource for a better 

understanding of organ (lung) development and pulmonary diseases connected with lipid metabolism. 
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To sum up, with the help of mass spectrometry-guided molecular omics approaches, the results described 

in this dissertation revealed that several molecular signatures and metabolic pathways were altered in the 

distinct biological specimens of Pex11α and Pex11β KO mouse models. These results might serve as a 

unique reference for follow-up validation studies with independent large cohorts, which opens new avenues 

to identify diagnostic biomarkers and also facilitates understanding the molecular underpinnings of 

peroxisomal disorders. In addition, the optimized single-sample sequential molecular omics workflow 

could be seamlessly adapted to a large variety of other studies, particularly in disease models with limited 

sample availability such as inborn errors of metabolism. It is worth mentioning that, the developed 

workflow was used to comprehend the role of peroxisomes in idiopathic pulmonary fibrosis (unpublished 

data, manuscript 10), and modulation of immune-to-brain communication in systemic inflammation 

(unpublished data, manuscript 11). Similarly, the optimized semi-quantitative MALDI MS imaging 

workflow for direct comparison of signal intensities of analytes was utilized to unveil the molecular 

compositional changes in Pex11α−/− mouse heart (unpublished data, manuscript 9), and organum 

vasculosum laminae terminalis of fat-1 transgenic mouse brain under the influence of ω-3 fatty acids during 

systemic inflammation (unpublished data, manuscript 11). 
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