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Abstract 

Lipids serve important biological functions in humans and their metabolic pathways are ubiquitous and 

interconnected, highlighting the importance of lipids in cellular homeostasis. Lipid dysfunction underlies the 

pathogenesis of many disorders. Extensive lipid profiling on a system-wide scale, so-called lipidomics, is a useful 

approach to monitoring the lipid composition of biological samples. With this approach, lipids can be identified as 

potential disease biomarkers and their role in health and disease can be elucidated. Through comprehensive 

characterization of cellular metabolism, including fluctuations of lipid levels in response to various internal and 

external stimuli, alterations of enzymatic activity and gene expression can be detected and bring about a further 

understanding of the biochemical processes in health and disease.  

 In this study, an already published lipid extraction method was further developed regarding urine, 

solvent, and reconstitution volumes, solvent composition, and extraction tubes, with the aim of obtaining a thorough 

and repeatable recovery of lipids from urine samples. Preliminary extractions were performed, comparing the lipid 

recovery of chloroform, n-hexane, and chloroform/methanol (2:1, v/v) as solvents. Polypropylene, Eppendorf, and 

glass tubes were tested, and varying extraction volumes were employed as appropriate. The samples were analyzed 

using liquid chromatography in conjunction with mass spectrometry. Ultimately, Eppendorf tubes were selected 

alongside 350 μl of centrifuged urine, 1 ml of chloroform/methanol (2:1, v/v) as the extraction solvent, 20 μl of which 

was used as the reconstitution volume. 

 The developed method was applied to the analysis of urine samples from the BioMargin EU Project, 

with the objective of identifying lipid profiles differentiating individuals with different types of kidney rejections from 

the control group with successful renal grafts. Univariate analysis revealed significant differences for 32 lipid species, 

mostly sphingomyelins and triglycerides, between the control group and the other groups, especially in patients with 

antibody-mediated rejection (ABMR) and glomerulonephritis form (GNF). Principal component analysis (PCA) 

corroborated the univariate analysis, with visible separation between the control group and groups with the 

aforementioned renal dysfunctions. It was concluded that there were significant differences in the lipid content of 

the urine samples between several, though not all, of the different patient groups and controls. 

 For future consideration, the method could be developed further, with the main focus on its upscaling, 

further optimization of the extraction parameters, and application of solid-phase extraction to enrich the lipids in 

the urine samples. The observed differences in lipid levels should be put into a biological context by determining 

which metabolic pathways were affected in the studied groups of samples, as well as by investigating whether or not 

these lipids could be used as biomarkers, supporting elucidation of the etiology of the respective diseases. 
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1. Introduction 

Alongside proteins, carbohydrates, and nucleic acids, lipids are one of the four overarching groups of biomolecules. 

Lipids consist of long chains of hydrocarbons, giving rise to overall hydrophobic or amphiphilic structures [1]. Based 

on the head group and its linkage to the aliphatic chains [2], lipids may be divided into eight categories, namely: 

sterol lipids, sphingolipids, saccharolipids, prenol lipids, polyketides, glycerophospholipids, glycerolipids, and fatty 

acids [3], each of which may be further divided into classes and subclasses. Due to the diverse character of the lipids’ 

biosynthetic pathways [1], each category encompasses hundreds to thousands of lipid species. These have been 

cataloged in detail in the LIPID MAPS consortium [3]. 

Lipids serve important biological functions involving cellular and organellar membrane structure, 

regulation of gene expression [1], energy storage, signal transduction [3], as well as in the regulation of autophagy, 

senescence, and apoptosis [4]. The enzymatic control of lipid metabolism is regulated by a network of coordinated 

signal transduction pathways under dynamic environmental influence. Due to the interdependence of the lipid 

metabolic pathways, a perturbation in one area is likely to be propagated across the whole metabolic network. The 

ubiquity of lipids in fundamental physiological processes [1] highlights the importance of lipids in the maintenance 

of cellular homeostasis and, equally, of lipid dysfunction in the pathogenesis of many disorders [5]. Inflammation 

processes, metabolic syndrome [3], neurodegenerative diseases, cancers, and cardiovascular diseases, count among 

those impacted by lipid metabolism [1]. The diseases most closely linked to lipids include diabetes, obesity, 

atherosclerosis, breast-, prostate-, and liver cancers, as well as Alzheimer’s disease [3]. 

 The elucidation of the pathology of such diseases relies on an extensive profiling of lipids [3]. Such a 

comprehensive task is best tackled using a system-wide approach, whereby the total lipid composition of a biological 

system, the lipidome, is investigated at multiple physiological levels [1]. Lipidomics is the study of the lipidome by 

comprehensively profiling and quantifying the entire spectrum of biogenic lipid molecules followed by elucidation of 

their biological functions [1,2,3,4]. In the last 15 years, lipidomics has emerged as a viable approach to studying lipid 

metabolism, accelerated by developments in hyphenated mass spectrometry (MS) methods, such as liquid 

chromatography- (LC) MS. Through the quantification of changes in lipid abundance on several levels, from 

individual species to entire classes, cellular metabolism as a whole may be characterized, and alterations of enzymatic 

activity and gene expression may be deduced, enabling lipids to serve as disease biomarkers [2]. As a complement to 

proteomics, metabolomics, and genomics, lipidomics paves the way toward an improved understanding of the roles 

of biomolecules in health and disease [1]. 
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2. Aim 

The aim of this project was to adapt a published lipid extraction method to the AcureOmics laboratory and further 

develop it with regard to the urine, solvent, and reconstitution volumes, choice of extraction solvent and tubes, 

validating the repeatability of the method along the way. The developed method was applied to the lipidomic analysis 

of urine from individuals from the BioMargin EU Project with the goal of identifying urinary lipid profiles 

differentiating individuals with different types of kidney rejections from controls with successful transplants. 
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3. Background 

Urinary lipidomics is a difficult subject due to the low concentrations of lipids in the samples. As such, the acquisition 

of adequate results in lipidomics is reliant on an understanding of the chemistry of the analytes and the methodology 

of their analysis, which are discussed briefly herein. 

3.1. Lipid classes in the human lipidome 

The interconnectedness of the lipid metabolic pathways results in that disruptions of are easily propagated. An 

understanding of the constituent lipid classes of the lipidome is a prerequisite for research in the field of lipidomics 

[1]. This study employs samples from human subjects, so an overview of the human lipidome is presented below.  

3.1.1. Sterol lipids 

Sterol lipids, or simply sterols, function as precursors of many biochemically important compounds, such as bile 

acids and steroid hormones. Sterols can also be found in cellular membranes. Cholesterol (Figure 1) is the most 

common sterol lipid in humans and is synthesized by bodily tissues, mostly in the liver. Cholesterol enters the 

cardiovascular system as a part of lipoproteins and may also be converted into bile acids [1]. Additionally, cholesterol 

uptake from chyme is possible in the small intestine, whereby cholesterol esters are cleaved, absorbed, re-esterified, 

and packaged into chylomicrons [7]. At low levels, cholesterol is synthesized in the cytoplasm and microsomes from 

acetyl-CoA, whereas cholesterol is degraded back into acetyl-CoA and acetoacetate at high levels [8]. As a precursor 

of steroid hormones, cholesterol is translocated to the mitochondrial matrix as a part of steroidogenesis [1].  

 

Figure 1. The structure and numbering of cholesterol. A through D denote cyclizations and 1 through 27 carbon atoms. Adapted from Dennis, E. (2010). [6] 

3.1.2. Sphingolipids 

Being pivotal molecules in the cell membrane, sphingolipids (Figure 2) also serve important functions in other 

cellular aspects, including lysosomal storage [2] and signaling mechanisms [4]. The cornerstone of sphingolipid 

structure is the sphingoid backbone, linked N-acyl chains [5]. Sphingolipid synthesis begins in the endoplasmic 

reticulum (ER) from serine and palmitoyl-CoA, eventually forming ceramide. Ceramide may be further modified into 

sphingomyelin, the major component of the myelin sheath of neurons, in the Golgi apparatus. Sphingolipids may be 

catabolized into ceramide and further into sphingosine in lysosomes, an important part of sphingolipid homeostasis 

[1]. Because sphingolipids are enriched in lipid rafts, their composition can be altered when changes in sphingolipid 

structure take place, which may affect cholesterol trafficking and cell-to-cell communication [2]. 
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Figure 2. Definitions and structures of some common sphingolipids. Adapted from Dennis, E. (2010). [6] 

3.1.3. Saccharolipids 

Saccharolipids are compounds in which fatty acids are connected directly to a sugar backbone. They are similar to 

lipids based on glycerol, replacing that backbone with a core of saccharide. Saccharolipids may exist in the form of 

phosphorylated derivatives. Saccharolipids are mostly found in bacteria, for instance as the precursors of the 

lipopolysaccharides in Gram-negative bacteria (Figure 3). Some acylated variants of sucrose- and glucose-derived 

saccharolipids also exist in certain plants [10].  

 

Figure 3. Example of a saccharolipid in E.coli. Adapted from Raetz, C. et al (2008). [9] 

3.1.4. Prenol lipids 

Prenol lipids are assembled from five-carbon isoprenoid subunits. Prenols include several biologically important 

groups of compounds (Figure 4). Quinones consist of a quinonoid core connected to an isoprene tail, and include 

ubiquinones, alongside vitamins K and E. Similarly, vitamin A and many of its precursors, such as C20 isoprenoids 

and carotenoids, are prenol lipids. Polyprenols are involved in the synthesis and translocation of polysaccharides 

across membranes, in bacteria as bactoprenols, in animals as dolichols, and in plants as phytoprenols [10].  

 

Figure 4. Examples of isoprenoid structures. Adapted from Dennis, E. (2010). [6] 
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3.1.5. Polyketides 

Polyketides are a group of lipid metabolites of considerable diversity (Figure 5). They are synthesized from the 

condensation of ketoacyl subunits [11]. The polyketide backbone is commonly modified, for instance by methylation, 

oxidation, glycosylation, or hydroxylation, as well as in some cases attached forming hybrid scaffolds with 

polypeptides. Polyketides include many therapeutic agents with antimicrobial effects, such as tetracyclines, 

erythromycins, and epothilones. The cytostatic effects of some polyketides make them into potent toxins [10]. 

 

Figure 5. Examples of polyketide structures. Adapted from Dennis, E. (2010). [6] 

3.1.6. Glycerophospholipids 

Phospholipids contain a phosphate functional group (Figure 6) and comprise the biggest class of lipids in eukaryotic 

cells, being the primary component of lipid bilayers. Phospholipids are also precursors of many secondary 

messengers in signal transduction and of lipid mediators in the regulation of cell homeostasis. The phospholipid 

composition of the cell is a significant indicator of cell viability. Phagocytosis of a cell is for instance induced by 

macrophages detecting phosphatidylserine residues that have been translocated to the outside of the cell membrane 

[1]. Glycerophospholipids specifically consist of a glycerol backbone connected to a variety of fatty acids. The polar 

head group and the components of the glycerol backbone define which class a glycerophospholipid belongs to [10]. 

Glycerophospholipids are synthesized from glycerol-3-phosphate, to which fatty acids are attached in a series of 

steps. The diversity of fatty acid tails that can be attached allow for a considerable variety of glycerophospholipids, 

and their composition varies between organelles. Some structures, such as those of phosphatidylinositol (PI) and 

phosphatidylcholine (PC) lipids, favor assembly into lipid bilayers. [1]. 

 

Figure 6. The general structure of a glycerophospholipid. Adapted from Dennis, E. (2010). [6] 

3.1.7. Glycerolipids 

Any lipid that contains glycerol, but not the phosphate group, is a glycerolipid (Figure 7). This class contains multiply 

substituted glycerols, including triacylglycerol esters, the main component of body fat in the form of lipid droplets 

[10]. Accumulation of triacylglycerols in body tissues is correlated with lipotoxicity and insulin resistance [2]. 

Triacylglycerols are synthesized through the esterification of diacylglycerols [12]. 

 

Figure 7. The general structure of a triglyceride, a common class of glycerolipids. Adapted from Dennis, E. (2010). [6] 
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3.1.8. Fatty acids 

Fatty acids are well-known lipids, being carboxylic acids with long, aliphatic carbon chains (Figure 8). Fatty acids are 

also a very diverse group of lipids, comprising varying degrees of saturation, branching, cyclization, and chirality. 

Seldom do fatty acids exist freely in the human body; they mostly appear as components of esters and amides, or 

with other functional groups attached to them [1]. Fatty acids play roles in both anabolic and catabolic processes, 

and so their structure and concentration provide crucial information about the state of lipid metabolism. There are 

several pathways that involve fatty acids [2], where they serve as a storage of energy. When there is a need, fatty acids 

are made available for oxidation to release this energy. Conversely, fatty acids may be synthesized for storage of 

energy from acetyl-CoA. Another role of fatty acids is as signaling molecules in the regulation of homeostasis, both 

as free fatty acids and via their composition in the plasma membrane, which directly affects the membrane fluidity 

and the activity of receptors in the membrane. Dysfunctional fatty acid metabolism is linked to many diseases [1]. 

 

Figure 8: Example structures of fatty acids. Adapted from Dennis, E. (2010). LIPID MAPS Lipid Metabolomics Tutorial, www.lipidmaps.org. [6] 

3.2. Lipidomics in health and disease 

The diversity of lipids in eukaryotic cells is immense, distributed into distinct profiles for each organelle. This lipid 

landscape is never constant, being reorganized due to extracellular and intracellular stimulation and lipid trafficking 

between organelles. Lipidomics aims to characterize and monitor this interconnected network of lipid species while 

it is subjected to different stimuli and physiological conditions in order to draw conclusions about which functional 

changes they may cause [13]. In conjunction with knowledge of the healthy human metabolism, this information may 

be used to assess disease onset and progression. As such, the roles lipids play in cells will be discussed next. 

3.2.1. Lipid functions and synthesis in human cells 

An important function that lipids serve in human cells is to compartmentalize organelles and the cells themselves by 

acting as barriers [13]. The plasma membrane is a bilayer primarily composed of phospholipids, sterol lipids, and 

sphingolipids, interspersed with proteins. A majority of cellular lipids reside in the plasma membrane [14]. Some 

membrane lipid species act as mediators in inflammatory responses, in which they are released as second messengers 

from the membrane surface [13]. There are also lipid rafts in the cellular membrane, composed of cholesterol and 

sphingolipids. The fatty acid chains of the phospholipids in lipid rafts are more saturated than outside of the rafts, 

so they have a lower fluidity than their surroundings. Lipid rafts also serve as platforms for signaling proteins [15]. 

The majority of a cell’s lipogenesis occurs in the ER, where phospholipids, sphingolipids, cholesterol, 

and triacylglycerols are synthesized. Cholesterol is shipped to the plasma membrane after synthesis. In the event of 

accumulation of free lipids in the ER, a stress response occurs, causing apoptosis. To prevent this, free lipids are 

modified to become neutral and stored in lipid droplets [13]. These are composed of a lipid monolayer that can grow, 

shrink and change composition according to metabolic demands [12]. Other organelles that deal with lipids include 

the Golgi apparatus, which both processes and transports lipids, the lysosome, which houses lipases to degrade lipids, 

and the mitochondrion, which can synthesize some lipid species that are necessary for its own development [14].  
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3.2.2. The human lipidome in diseases 

Since the lipidome changes in the course of many diseases, lipidomics is used to discover lipid metabolites related to 

these changes. There are many studies that reported specific lipid species as being indicative of specific diseases [13]. 

For instance, one study found an increased abundance of two diacylglycerols, DG 16:0/22:5 and DG 16:0/22:6, 

correlated significantly with increased blood pressure and hypertension in the measured population [16]. Another 

study found that phospholipids and sphingolipids occur in higher concentrations in the plasma of individuals with 

diabetes than in healthy individuals, whereas for high-density lipoprotein-cholesterol (HDL-C), it was the other way 

around [17]. Another study found that obesity significantly increases diacylglycerols containing oleates in the liver as 

compared to healthy individuals [18]. Another study on breast cancer found marked differences (Figure 9) in 

phosphatidylcholine (PC) and phosphatidylethanolamine (PE) levels in urine between controls and patients before 

and after surgery [19]. When taken together, these and other studies highlight the importance of studying the changes 

in lipid abundances in connection with diseases. 

 
Figure 9: Chromatograms of PC and PE species extracted from controls and patients before and after surgery. Adapted from Kim, H. et al (2009). [19] 

3.2.3. Lipids as biomarkers and therapeutic targets 

As a consequence of the observed alterations of the lipidome under pathological conditions, lipid molecules emerged 

as a class of molecules that have the potential to be disease biomarkers. Lipid levels are preferentially monitored in 

human biofluids, due to their ease of sampling through preferably non-invasive procedures. Examples of frequently 

studied lipid biomarkers are two oxygenated cholesterol derivatives, 24- and 27-hydroxycholesterol, which are 

associated with coronary artery disease [13]. Extensive lipidome profiling has also allowed for the discovery of novel 

lipid biomarkers, such as diacylglycerol and oxysterol species related to fatty liver disease progression [20], or 

sphingolipids potentially related to certain respiratory diseases [21].  

Lipids may also be used as targets in the prevention of metabolic diseases. Efforts to regulate lipid 

homeostasis focus on enzymes that metabolize lipids since the lipids are not genomically encoded. Moreover, since 

lipids function as regulators of signal transduction, particularly in the inflammatory response, lipids may themselves 

be employed as therapeutic agents [13]. An example of the application of lipids as therapeutic agents is the 

administration of omega-3 and omega-6 fatty acids in rheumatoid arthritis [22]. The usefulness of lipids in tracking 

disease progression and as therapeutic targets incentivize their profiling in clinical studies.  
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3.3. Urine as a sample 

As previously mentioned, biological fluids are preferential sources of lipids because of their relatively easy 

availability. Most biological fluids can be used in lipidomics. Amniotic fluid, blood, cerebrospinal fluid, tear fluid, 

saliva, and urine, are all reported to carry distinct lipid species of importance for different diseases [4]. Here, urine 

was employed, which is versatile due to the facile and non-invasive collection procedure. Normally, the lipid content 

of urine is minuscule, but the levels may increase in certain renal diseases, a phenomenon called lipiduria [23]. The 

concentrations of specific lipid species depend on the disease in question but are they are generally fairly low, making 

lipidomics a difficult subject to study. There is a number of reports presenting how urine lipid levels change in specific 

kidney diseases. For example, levels of lipids from phosphatidylcholine (PC), phosphatidylserine (PS), triglyceride 

(TG), and phosphatidylethanolamine (PE) classes were increased in patients with nephrotic syndrome as compared 

to controls [4]. Other studies have found that phospholipid (PL) species were detectable in the urine of patients with 

kidney stones, while sphingolipids were used to discriminate between different types of Fabry disease [23]. 

3.4. Workflow of lipidomics 

The structural diversity of lipids makes it impossible for a single analytical method to quantify all lipid species. To 

obtain as comprehensive a coverage as possible of the lipid species in a system, several orthogonal techniques must 

be applied [24]. The common steps of a lipidomic workflow (Figure 10) include experimental design, sample 

preparation, chemical analysis, data processing, analysis, and interpretation [25]. Since the method development 

was of particular interest here, discussion of the methodology of lipidomics is emphasized below. 

 

Figure 10. The steps involved in a lipidomic workflow. Adapted from the Swedish Metabolomics Centre (SMC). 

3.4.1 Sample preparation 

Before lipidomic analysis may take place, the samples must be collected and prepared. Concerning urine, sample 

preparation entails the extraction step [1]. There are two conventional approaches to lipid extraction: liquid-liquid 

extraction and solid-phase extraction (Figure 11). Liquid-liquid extraction is based on the solubility of the lipids in 

an organic solvent. Which solvent is appropriate depends on the polarity of the lipids in question, where chloroform 

and methanol are suited towards more polar lipids, while bigger apolar molecules are better extracted with less polar 

solvents [24]. Well-established methods include those developed by Folch [27] and Bligh & Dyer [28], which are 

based on chloroform-water mixtures. Recent developments include the replacement of chloroform with less toxic 

substitutes and using monophasic precipitation instead of a biphasic system [29]. The density of the solvent 

determines whether the lipid-containing phase is the upper or lower one. The collection of lipids is easier in the upper 

phase [24]. No single solvent cannot extract all species, so the choice of solvent depends on the lipids of interest [30].  
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Figure 11. A scheme depicting methods available for use in lipidomics urine profiling. Adapted from Rockwell, H., et al (2016). [26] 

Solid-phase extraction (SPE) is reminiscent of liquid chromatography in that lipids are retained on a column, 

whereas the polar matrix is not; the matrix is thus removed from the sample. Furthermore, a hydrophilic solvent 

applied to an SPE-cartridge elutes polar impurities from the sample that were retained on the column. The lipids 

themselves can then be eluted using nonpolar, organic solvents. Solid-phase extraction can take place using either 

normal-phase cartridges, gradually decreasing the solvent polarity, or reversed-phase cartridges, successively 

increasing the solvent polarity. This type of extraction can be applied directly to several biofluid samples, among 

them, urine [24]. The cartridges may also be used for fractionation of lipid subclasses. Solid-phase extraction is better 

suited toward targeted lipidomics, while the applications of liquid-liquid extraction favor more global profiling [1].  

In order to quantify analytes during the analysis step, appropriate internal standards must be added 

[24]. The lipid species are quantified using standard curves, derived from the ratio of the analyte peak area to the 

peak area of the internal standard in question. This process translates the instrumental readings into absolute 

quantities [1]. Internal standards are commonly analogous to the analyte regarding structure, ionizability, and 

fragmentation pattern, but should not be present in the sample beforehand, and should be added at the earliest 

possible step during sample preparation. The most commonly employed standards nowadays are isotopically labeled 

derivatives of the analyzed compounds. The dynamic range must be taken into consideration when deciding the 

concentration of the standard [31]. 

3.4.2 Liquid chromatography 

After extraction, the lipid mixture must be analyzed, which is most commonly done using a number of mass 

spectrometry (MS) techniques. There are two overarching methods that can be applied there [25]. The one technique 

is shotgun lipidomics, which involves the infusion of crude lipid extracts directly into an ionization source, without 

any separation beforehand, and as such relies purely on MS for analysis. The shotgun approach is a quick, high-

throughput method since there is no prior separation of the lipids, but as a consequence of the simultaneous injection 

of many species, which may compete for ionization, ion suppression can occur. Moreover, isobaric species are not 

resolved here either [24]. The other technique is lipidomics based on liquid chromatography (LC). LC separates the 

lipid species before they reach the MS source (Figure 12) [30].  
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Figure 12. Examples showing in which regions of a chromatogram different lipid classes are typically found. Adapted from Bird, S., et al (2011).  [32] 

High-performance liquid chromatography (HPLC) relies on the partitioning of the lipid analytes between the mobile 

phase and the stationary phase and in case of lipidomics involves mainly reversed-phase separations. The eluents 

vary depending upon the column material, the detector, and the analytes of interest and include alcohols, acetonitrile, 

alkanes, chloroform, and water [24]. HPLC has attained popularity due to its efficiency and selectivity, while also 

combining good reproducibility with ample resolving power [33]. This method has been refined into ultra-high-

performance liquid chromatography (UHPLC), providing higher separation efficiency, peak capacity, resolution, 

sensitivity, and analytical speed [3]. UHPLC was the technique of choice in this study. 

Also of specific interest to this study was reversed-phase liquid chromatography (RPLC), in which a 

mobile phase, whose polarity decreases over time, and a nonpolar stationary phase are used to separate lipids. For a 

certain class of molecules, the length of the carbon chain and the degree of unsaturation are the determining factors 

correlated with the retention time on the column. The column is commonly fashioned from octadecyl (c18), while 

isopropanol, acetonitrile, and chloroform are most commonly used solvents [24]. By employing gradient elution, 

different lipid classes are separated, while species of the same class are eluted within a narrower timespan. [30].  

3.4.3 Mass spectrometry 

In the chromatographic lipidomics approach, lipids must be detected and quantified following separation on the 

column, which is done predominantly using MS techniques (Figure 13), owing to the high sensitivity and high 

selectivity of the mass spectrometers [13]. Mass spectrometry involves the vaporization and ionization of the samples, 

whereupon the analytes are separated by their mass-to-charge ratio [24]. Ionization methods are divided into hard 

and soft categories depending on how energetic the processes are. Hard ionization methods, such as electron impact 

ionization (EI), and atmospheric pressure chemical ionization (APCI), supply more energy to the analytes than do 

soft ionization methods, and so result in a greater degree of analyte fragmentation [24]. Soft ionization techniques 

include matrix-assisted laser desorption ionization (MALDI) and electrospray ionization (ESI), which involve limited 

fragmentation. As such, the analyte molecular ion and its adducts are being the main ions in the spectrum. MALDI 

is often applied without chromatographic separation, whereas ESI is favorable where LC-MS is concerned [33]. ESI 

is mainly useful for ionization of polar lipid analytes because they are easily ionized in both positive and negative ion 

modes while keeping the molecular ions intact. [24]. 
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Figure 13. Overview of analytical MS techniques in lipidomics and workflows. Adapted from Hyötyläinen, T. and Orešič, M. (2014). [34] 

Mass analysis is carried out using mass spectrometers, which may have different principles of mass measurement 

and be operated in different modes. The quality-defining parameters of a mass spectrometer are mass accuracy, 

resolving power, sensitivity, linear dynamic range, acquisition speed, and tandem MS functionality [35]. Tandem 

MS, or MS/MS, is a technique that involves the fragmentation of precursor ions so that both the precursor ions and 

the fragment ions can be monitored [25]. Ion trap analyzers offer good sensitivity, capacity for high-throughput 

analysis, and several orders of tandem MS, but they lack in resolution. Triple quadrupoles (QQQ) are the most 

common analyzers in targeted lipidomics because of their versatility for quantitative purposes, providing both good 

selectivity and linear dynamic range, while also enabling sensitive quantitation. The limitations of triple quadrupoles 

include low mass accuracy and resolving power. There are also time-of-flight (TOF) instruments, but since they 

cannot perform tandem MS experiments, TOF mass analyzers must be coupled to other analyzers for this purpose, 

such as to a quadrupole in Q-TOF [36], the type of instrument employed in this study.   

3.4.4 Data processing, processing, and interpretation 

In LC-MS analysis, the three important analytical parameters are retention time, m/z value, and signal intensity. The 

data processing takes these parameters into account and involves several steps, including filtering of noise, feature 

detection, where all true ions and no false positives should be detected, and alignment, which combines data from 

different samples and accounts for retention time shifts. The data processing is conducted using a peak-processing 

software package which returns chromatograms and mass spectra of putatively identified compounds [36]. 

Verification of compound identities is performed using MS/MS spectra, whereby product ion spectra from select 

precursor ions are cross-referenced with previous knowledge of the targeted precursors and available MS/MS 

libraries. Quantification is executed using peak areas [27]. The entire analytical process is summarized in Figure 14. 

In the interpretation of data, univariate and multivariate statistical analyses complement each other 

well. Normalization of the data is commonly done to avoid systemic bias. Student’s t-test is a simple form of 

univariate analysis. The test is used to examine whether or not there is a significant difference between two 

independent sample means at a given confidence level [38]. Regarding multivariate analysis, principal component 

analysis (PCA) is used to reduce the dimensionality of large data sets, increasing the data interpretability while 

mitigating the loss of information. This is accomplished by calculating new, uncorrelated variables called principal 

components, which serve to maximize the variance.[39]. 
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Figure 14. Summary of LC-MS-based lipidomics. Adapted from Cajka, T. and Fiehn, O. (2014). [37]  

3.5. BioMargin project 

The clinical urine samples that were employed in this study belong to the BioMargin EU Project, a collaborative 

research project with the objective of discovering and validating robust and non-invasive biomarkers for the follow-

up of renal grafts. The project was executed by a consortium of 13 complementary partners (Figure 15), including 

small enterprises, academic laboratories, and university hospitals from France, Belgium, Germany, and Sweden. The 

project was coordinated by Professor Pierre Marquet at INSERM (Institut Institut National de la Santé et de la 

Recherche Médicale) in Limoges, France. The project stemmed from a stagnation in the increase of the long-term 

survival rate following renal transplantation, bringing about a need for better understanding of the mechanisms that 

drive the physiological processes related to graft success and rejection. Moreover, methods to predict and diagnose 

graft lesions with better accuracy and without relying on invasive biopsies were required in order to improve patient 

treatment, quality of life, and, ultimately, graft survival rate. To that end, the BioMargin EU Project coordinated and 

consolidated clusters of biomarkers associated with renal rejection and dysfunction post-grafting that have been 

discovered using the different omics approaches [40], among which lipidomics that was employed here. 

 

Figure 15. The BioMargin Consortium. Adapted from Biomargin.eu. (2018). [40]  
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4. Materials and Methods 

This project consisted of two distinct parts: the development of a suitable extraction method and the application of 

this method in the lipidomic analysis of urinary samples with clinical significance.  

4.1 Development of an extraction method 

To ascertain an adequate extraction of lipid species from the clinical samples, the prospective method had to be 

trialed to establish its applicability to the specific conditions at hand. The method had to be adapted to the available 

test samples, reagents, and equipment. Finally, the method had to be modified according to the set of parameters 

that provided the optimal extraction during the developmental phase. 

4.1.1 Test samples 

In the process of developing the extraction method for the clinical samples, test samples of urine were employed. 

These were collected from two healthy individuals, one male and one female, on the day of, or a few days before, the 

extraction the samples were used for. Where samples were collected beforehand, they were stored in a freezer at -80 

°C until the day of use and thawed on ice before use. A urine sample for the first extraction was obtained from one 

female individual, immediately before use. Pooled urine samples from two individuals, one male and one female, 

were used for the second extraction. These samples were collected immediately before use. For the third and fourth 

extractions, the same urine sample, collected from one male individual immediately before use, was employed. 

4.1.2 Reagents 

Acetonitrile (Optima™, LC/MS grade) was obtained from Fisher Scientific U.K. Ltd (Loughborough, U.K). 

Ammonium formate (Fluka™, HPLC grade) was obtained from Honeywell International Inc. (Morris Fields, New 

Jersey, USA). Chloroform (AnalaR NORMAPUR® ACS, Reag. Ph.Eur. grade) was obtained from VWR International 

S.A.S (Fontenay-sous-Bois, France). n-Hexane (AnalaR NORMAPUR® ACS, Reag. Ph.Eur. grade) was obtained 

from VWR International S.A.S (Fontenay-sous-Bois, France). Methanol (Optima™, LC/MS grade) was obtained 

from Fisher Scientific U.K. Ltd (Loughborough, U.K). Milli-Q water was obtained from a Milli-Q Integral Water 

Purification System for Ultrapure Water from Merck KGaA (Darmstadt, Germany). 2-Propanol (HiPerSolv 

CHROMANORM® for HPLC) was obtained from VWR International S.A.S (Fontenay-sous-Bois, France). Ceramide 

(868516P Avanti, N-palmitoyl-d31-D-erythro-sphingosine, 1.000 mg/ml in methanol) and Tripalmitin (425907 

Aldrich, Glyceryl tri(palmitate-1-13C)), 0.900 mg/ml in chloroform) internal standards were obtained Sigma-Aldrich 

(St. Louis, Missouri, USA). The same reagents were used for both the method development and the extraction of the 

clinical samples. 

For the first, second, and third extractions, the solvents were prepared and stored in 200 ml SIMAX 

bottles of borosilicate 3.3 glass from Bohemia Cristal (Sazava, Czech Republic), while for the fourth and fifth 

extractions, the solvents were prepared in DURAN® GL 45 laboratory bottles of borosilicate 3.3 glass from DWK 

Life Sciences GmbH (Mainz, Germany). Solvents with internal standards were employed for the extraction steps, 

while the chloroform/methanol (2:1, v/v) used for the reconstitution step did not contain any internal standards. The 

extraction of the clinical samples made use of identical glassware to the fourth and fifth extractions. In every instance, 

the LC-MS eluents were prepared in VWR® Media/Storage borosilicate 3.3  Bottles with GL Screw Caps from VWR 

International S.A.S (Fontenay-sous-Bois, France). 
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4.1.3 Equipment for sample extraction 

Urine was collected in 50 ml polypropylene (PP) screw cap tubes with high-density polyethylene (HD-PE) caps 

obtained from SARSTEDT AG & Co. KG (Nümbrecht, Germany), and centrifuged in 15 ml PP screw cap tubes with 

HD-PE caps, which were also obtained from SARSTEDT AG & Co. KG (Nümbrecht, Germany). Extractions were 

performed in the small screw cap tubes, in 6 ml Fisherbrand™ Disposable Borosilicate Glass Tubes with Plain End 

from ThermoFisher Scientific (Hampton, New Hampshire, USA), and in 1.5 ml Eppendorf tubes from SARSTEDT 

AG & Co. KG (Nümbrecht, Germany). Urine vortexing was carried out in 6 ml borosilicate glass tubes, 15 ml PP tubes, 

1.5 Eppendorf tubes and 300 µl Chromacol Screw Top Fixed Insert Vials (LC-MS vials) from ThermoFisher Scientific 

(Hampton, New Hampshire, USA) with Chromcl 9-SCK(B)-ST1 lids and septa from Scantec Nordic AB (Sävedalen, 

Sweden). During vortexing, the 6 ml borosilicate glass tubes were sealed using Finned Plugs for Disposable Tubes 

from KartellLABWARE (Noviglio, Italy). Evaporation of solvent and concentration of samples took place in 6 ml 

borosilicate glass tubes and 300 µl LC-MS vials. Reconstitution took place in 300 µl LC-MS vials.  

 Vortexing of singular tubes was performed using a Vortex-Genie 2 from Scientific Industries 

(Bohemia, New York, USA), while batches of tubes were vortexed in a VX-2500 Multi-Tube Vortexer from VWR 

International S.A.S (Fontenay-sous-Bois, France). Some samples were also homogenized using an MM400 mixer 

mill from Retsch (Haan, Germany). Centrifugation took place using an Allegra X-15R Centrifuge from Beckman 

Coulter Inc. (Brea, California, USA). Evaporation of solvent and concentration of samples was carried out using a 

GeneVac miVac QUATTRO concentrator (SpeedVac) from SP Scientific (Gardiner, New York, USA).  

4.1.4. Extractions of urine 

In the method development, several extractions were carried out. The first extraction aimed to obtain a catalog of 

lipids to expect in later on. The initial extraction method was adapted from Tipthara and Thongboonkerd, 2016 [23]. 

Two extraction solvents, chloroform and chloroform/methanol (2:1, v/v), containing 0.5 ng/µl tripalmitin and 2.0 

ng/µl ceramide internal standards, were used, alongside two sets of urine and solvent volumes. 100 μl and 200 μl of 

urine were used with three times the amount of solvent. For each combination of parameters, one replicate was used. 

200 μl of Milli-Q water was used instead for the method blanks, one blank per solvent. The samples were prepared 

in 1.5 ml Eppendorf tubes, shook for 2 minutes, incubated at room temperature for 30 minutes, and centrifuged for 

3 minutes at 14000 and 4 °C. 150 μl or 300 μl, corresponding to the initial volumes of urine, of the lower, organic 

phase were transferred to LC-MS vials and the solvent was evaporated. The samples were stored at -80 °C until they 

could be run in LC-MS. Then, they were thawed and reconstituted in 20 μl of chloroform/methanol (2:1, v/v). 

 The second extraction compared the lipid profiles obtained using different extraction solvents and 

reconstitution volumes. Since the initial lipid quantities were insufficient, larger volumes were used. Three solvents: 

chloroform, n-hexane, and chloroform/methanol (2:1, v/v), all containing 0.5 ng/µl tripalmitin and 2.0 ng/µl 

ceramide, were employed. 3 ml of the solvent was added to 1 ml of the urine sample in 15 ml PP tubes and the mixture 

was incubated at room temperature for 15 minutes, whereupon 0.5 ml of Milli-Q water was added. For the method 

blanks, 1 ml of Milli-Q water was used. The samples were vortexed for 15 seconds and centrifuged for 3 minutes at 

4000 rpm and 4 °C. 1.5 ml of the organic phase was collected, transferred to 6 ml borosilicate glass tubes, and 

evaporated in the SpeedVac for 20 minutes. The samples were resuspended in 200 µl of chloroform/methanol (2:1, 

v/v) and transferred to 300 μl LC-MS vials. The remaining solvent was evaporated in the SpeedVac for 20 minutes 

and the samples were stored at -80 °C until they were run in LC-MS. Then, the samples were thawed and 

reconstituted in 20 μl or 200 μl of chloroform/methanol (2:1, v/v). For each combination of solvent and 

reconstitution volume, 5 replicate samples and one blank were prepared.  
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The third and fourth extractions examined the contamination present in the previous extraction, following the same 

general steps but using different extraction tubes. The method blanks were prepared using Milli-Q water. n-Hexane, 

chloroform, and chloroform/methanol (2:1, v/v), all containing 5 ng/µl tripalmitin and 20 ng/µl ceramide internal 

standards, were employed. n-hexane and chloroform/methanol (2:1, v/v) were used in conjunction with centrifuged 

urine and a 20 μl reconstitution volume, whereas the pure chloroform was used for three setups: both centrifuged 

and uncentrifuged urine with a 20 μl reconstitution volume, and centrifuged urine with a 200 μl reconstitution 

volume. The third extraction combined 1 ml of urine with 3 ml of solvent in 6 ml borosilicate glass tubes, while the 

fourth extraction made use of 350 μl of urine and 1 ml of solvent in 1.5 ml Eppendorf tubes. In both cases, the samples 

were shook in the for 2 minutes at 30 Hz and incubated at room temperature for 20 minutes. In the third extraction, 

1.5 ml of organic phase was transferred to new 6 ml borosilicate glass tubes and dried for 25 minutes. The hexane 

samples were completely dry and therefore had to be resuspended in 50 ml of chloroform/methanol (2:1, v/v). The 

remaining liquid was transferred to LC-MS vials. In the fourth extraction, 300 μl of the organic phase was transferred 

to LC-MS vials immediately, without the first evaporation step. Then, the samples from both extractions had their 

solvents evaporated completely in the SpeedVac. The samples were stored at -80 °C until they could be run in LC-

MS, whereupon they were reconstituted in 20 μl or 200 μl of chloroform/methanol (2:1, v/v). 

4.1.5. LC-MS lipidomics analysis 

The LC-MS analysis procedure was adapted from Surowiec et al, 2016 [41]. The samples from all extractions were 

analyzed equally, using RPLC in conjunction with ESI in preparation of QTOF-MS/MS. A 1 μl aliquot of the sample 

was injected into a 1290 Infinity UHPLC system from Agilent Technologies (Santa Clara, California, USA) equipped 

with an ACQUITY UPLC CSH C18 packed column (2.1 x 50 mm, 1.7 μm particle size, 130 Å pore size), coupled to an 

ACQUITY UPLC CSH C18 VanGuard pre-column with the same specifications, both from Waters Corporation 

(Milford, Massachusetts, USA) (Figure 16). The gradient elution used two mobile phases: acetonitrile/water (60:40, 

v/v) with 10 mM ammonium formate and 0.1% formic acid (A), and 2-propanol/acetonitrile/water (89.1:10.5:0.4, 

v/v/v), also with 10 mM ammonium formate and 0.1% formic acid (B). The initial eluent contained 85 % A and 15 % 

B. A was gradually replaced with B according to the following protocol: B was increased to 30 % over 1.2 minutes, 

then to 55 % over 0.3 minutes, at which level B was held for a further 3.5 minutes. Next, B was increased to 72% 

during 2 minutes, further increased to 85% over the course of 2.5 minutes, and finally to 100 % over 0.5 minutes. 

Pure B was applied for a further 2 minutes. Over these 12 minutes, the flow rate was held constant at 0.5 ml/min, 

beyond which the spectrometer no longer acquired data, so the system was washed and reset. The flow rate was 

increased to 5 ml/min for 0.5 minutes to wash the injection valve and reset to 0.5 ml/min with 15 % B, equilibrating 

the system for 1.5 minutes. The autosampler had a temperature of 10 °C and the column oven 65 °C. 

 

Figure 16. Diagram of the MS system employed. Adapted from Agilent Technologies. 
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The MS/MS analysis was carried out in cation mode. 4 µM purine and 1 µM HP0921 (Hexakis(1H, 1H, 3H-

tetrafluoropropoxy)phosphazine) reference ions were employed, both from Agilent Technologies Inc. (Santa Clara, 

California, USA). They were administered at a flow rate of 0.08 ml/min. The monitored ions had, for positive and 

negative modes, respectively, m/z values of 121.05 and 119.03632 for purine, and 922.0098 and 966 for HP0921. 

The nebulizer pressure was 40 psi, the drying gas flow 8 l/min and the sheath gas flow 11 l/min. The drying gas had 

a temperature of 300 °C, while the sheath gas had a temperature of 350 °C. The capillary voltage was 4000 V, the 

nozzle voltage 0 V, the skimmer voltage 45 V, the OCT 1 RF Vpp voltage 750 V, and the fragmentor voltage 100 V. A 

m/z range of 70 – 1700 was employed, with an acquisition rate of data in centroid mode and 4 scans/s.  

4.1.6. Data processing 

The data processing procedure was adapted from Surowiec et al, 2016 [41]. Identification of the lipid compounds 

was carried out using the Profinder software package, version B.08.00 from Agilent Technologies Inc. (Santa Clara, 

California, USA). Targeted Feature Extraction was performed using a reference library of mass spectra and retention 

times. The specific settings varied by which lipid class was being analyzed. In general, +H, +Na, +K, and +NH4 were 

allowed ion species in positive ionization mode. The isotope model was common organic molecules, the charge state 

1, the mass tolerance 10 ppm, the retention time tolerance between 0.1 and 0.3 minutes, and the peak spacing 

tolerance 0.0025-7 ppm. After peak extraction, the compounds were checked for mass and retention time agreement 

with the standards. Peaks with poor appearances, such as noisy or non-Gaussian ones, were removed. The identity 

of the compounds was confirmed by comparing their MS/MS spectra with those of the corresponding standards. 

4.2 Lipidomic analysis of clinical samples 

The second part consisted of the application of the developed method to the analysis of clinical samples. The reagents 

and equipment were shared between the method development and the clinical extraction.  

4.2.1 Clinical samples 

The clinical urine samples in this project belong to the BioMargin EU Project, collected by the various collaborators 

across Europe and sent to AcureOmics for analysis. Urine samples were collected from patients with renal grafts and 

divided into groups based on how the transplantation had turned out. The control group consisted of six males and 

four females whose transplants were successful. The first group contained six patients with anti-donor antibody-

mediated rejections (ABMR). The second group contained five patients with T-cell-mediated rejections (TCMR). The 

third group was composed of five individuals with urinary tract infection (UTI) and the fourth group of three 

individuals with BK virus nephropathy. The fifth group consisted of six individuals with polyomavirus-associated 

nephropathy (PVAN). The sixth group contained six individuals with glomerulonephritis form (GNF). 

4.2.2 Extraction of urine 

Based on the preliminary tests, the following extraction procedure was selected: the samples were thawed at room 

temperature and 500 μl of each was centrifuged in 1.5 ml Eppendorf tubes for 5 minutes at 4000 rpm and 4 °C. 350 

μl of the supernatant was transferred to new 1.5 ml Eppendorf tubes, to which 1 ml of chloroform/methanol (2:1, 

v/v), containing 0.5 ng/µl tripalmitin and 2.0 ng/µl ceramide internal standards, was added. The samples were 

vortexed for 2 minutes at 30 Hz and incubated at room temperature for 15 minutes, after which 300 μl of the organic 

phase was extracted twice into LC-MS vials. Another 100 μl of the organic phases were pooled in a 4 ml borosilicate 

glass tube and ten 300 μl quality control samples were created. The samples were dried completely, after which they 

stored at -80 °C until the day of analysis. Then, they were reconstituted in 20 μl of chloroform/methanol (2:1, v/v). 
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4.2.3. Data analysis: t-tests and PCA 

The LC-MS analysis procedure was the same for all test samples and clinical samples. The Profinder software 

package, version B.08.00 from Agilent Technologies Inc. (Santa Clara, California, USA) provided total peak area for 

each detected compound in each sample which were imported into Microsoft Excel 2016, from Microsoft Corporation 

(Redmond, Washington, USA), for the data analysis. For each compound and group, signal-to-noise values were 

calculated as the mean peak area of all the samples in that group, divided by the mean peak area of all the blanks. 

Only compounds whose signal-to-noise ratio exceeded a threshold of 3 were retained; the others were disregarded. 

The remaining compounds had their peak areas normalized to account for the inherently varying concentrations of 

urine samples. The peak area for a specific compound in a specific sample was divided by the sum of the peak areas 

of all compounds in that sample.  

After the data normalization, two-tailed, heteroscedastic Student’s t-tests were then carried out for 

each compound, comparing each group of samples from individuals with renal dysfunction to the samples from the 

control group. Any compound that differed significantly between either of the groups with renal dysfunctional and 

the control group at a 95 % confidence level was considered significant for the between-group comparison. For these 

compounds, the mean value of the diseased groups was divided by the mean value of the control group, to determine 

whether the difference was an increased or decreased level of the lipid abundance. Finally, PCA was performed using 

SIMCA version 14 from MKS Data Analytics Solutions (Umeå, Sweden).   
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5. Results and Discussion 

This project consisted of two distinct parts: the development of a suitable extraction method and the application of 

this method in the lipidomic analysis of urinary samples with clinical significance. The method development 

consisted of obtaining a preliminary lipid profile, evaluating different solvent compositions and reconstitution 

volumes in order to maximize the number of identifiable lipids, as well as affirming the repeatability of the selected 

method. The lipidomic analysis consisted of applying the developed extraction method to the urine samples from the 

BioMargin EU Project, their LC-MS analysis to identify and quantify lipid species and statistical analysis in the form 

of PCA and t-tests to detect lipid species differing significantly between groups of clinical samples.  

5.1. Preliminary extraction to obtain a lipid profile 

With the aim of elucidating the number and type of lipid compounds that can be detected in urine with an LC-MS 

approach and determining an appropriate volume of urine to be used in the extraction of the clinical samples, the 

first preliminary extractions were carried out using chloroform and chloroform/methanol (2:1, v/v), both containing 

labelled ceramide and tripalmitin as internal standards. 100 μl and 200 μl of urine were used alongside three times 

that volume of extraction solvent. The preliminary list of identified lipids is presented in Table 1. 

 

Figure 17. Example chromatograms from the first preliminary extraction. The signal intensity on the y-axis correlates with the amount of lipids detected and the 

retention time on the column is on the x-axis. The red graph denotes a blank, the green graph a 100 μl urine sample, and the blue graph a 200 μl urine sample. 

 

A total of 74 lipid species were detected from the phosphatidic acid (PA), phosphatidylcholine (PC), ceramide (Cer), 

galactosylceramide (GalCer), lysophosphatidylethanolamine (LPE), sphingomyelin (SM), phosphatidylserine (PS), 

phosphatidylethanolamine (PE), phosphatidylinositol (PI), and triglyceride (TG) lipid classes. Aside from obtaining 

a preliminary lipid list of lipid species, the main goal of the first extraction was to determine a suitable concentration 

of urine. In the article [23] the method was adapted from, 2 ml of urine and 6 ml of solvent were used, a 1:3 ratio, so 

that ratio was adopted to this study. The expectation was that this ratio should be sufficient to obtain good lipids 

recovery, even as the volumes were reduced. However, it became apparent, irrespective of the initial urine-to-solvent 

ratio, that the 100 μl urine samples contained an insufficient quantity of lipids. The extraction was repeated with 200 

μl urine samples, showing better results (Figure 17). The conclusion was that, as expected, larger volumes of urine 

provided better recovery of lipid species than smaller volumes when the same urine-to-solvent ratio was employed. 

Therefore, it was examined whether the experiment could be upscaled with the aim of extracting higher amounts of 

lipid species. Because it was not possible to use significantly higher extraction volumes of urine in the 1.5 ml 

Eppendorf tubes 15 ml PP tubes were used instead. 
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Table 1. The lipids detected in the first extraction. Molecular mass denotes the actual value given by the reference library, whereas average mass denotes the 

mean measured value. The mass RSD signifies how the acquired masses differed from the actual ones. The average retention time relates to the separation in 

the column. The most abundant ion was determined by peak height in the mass spectrum. 

 

Compound Formula Molecular mass Average mass Mass RSD (ppm) Average retention time (min) 

Cer(d18:1/16:1) C34 H65 N O3 535.487 535.487 14.87 2.84 

GalCer(d18:1/14:0) C38 H73 N O8 671.530 671.531 18.46 2.56 

GalCer(d18:1/25:0ox) C49 H95 N O9 841.698 841.697 20.22 6.53 

LPE(22:6) C27 H44 N O7 P 525.287 525.289 9.83 0.34 

PA(36:1) C39 H75 O8 P 702.536 702.535 6.29 3.67 

PA(36:2) C39 H73 O8 P 700.524 700.519 12.16 3.26 

PA(38:4) C41 H73 O8 P 724.524 724.525 1.52 3.17 

PC(31:1) C39 H76 N O8 P 717.527 717.526 8.12 2.84 

PC(32:1) C40 H78 N O8 P 731.543 731.543 5.70 2.87 

PC(36:4) C44 H80 N O8 P 781.562 781.561 2.36 2.88 

PC(38:5) C46 H82 N O8 P 807.577 807.573 8.13 2.91 

PC(38:6) C46 H80 N O8 P 805.564 805.566 7.82 2.83 

PC(O-34:3) C42 H80 N O7 P 741.567 741.565 13.38 3.11 

PC(O-34:4) C42 H78 N O7 P 739.556 739.560 18.48 2.98 

PC(O-36:1) C44 H88 N O7 P 773.630 773.624 12.45 4.34 

PC(O-36:6) C44 H78 N O7 P 763.562 763.553 28.76 2.86 

PC(O-40:4) C48 H90 N O7 P 823.651 823.656 12.96 4.37 

PE(34:1) C39 H76 N O8 P 717.530 717.530 7.99 3.40 

PE(36:3) C41 H76 N O8 P 741.531 741.531 11.53 3.08 

PE(38:6) C43 H74 N O8 P 763.522 763.521 11.28 2.86 

PE(40:7) C45 H76 N O8 P 789.552 789.541 20.14 3.28 

PI(36:2) C45 H83 O13 P 862.554 862.555 5.23 2.87 

PI(38:4) C47 H83 O13 P 886.556 886.556 4.27 2.84 

PS(34:1) C40 H76 N O10 P 761.521 761.520 7.74 2.87 

PS(36:1) C42 H80 N O10 P 789.553 789.556 7.69 3.29 

PS(38:4) C44 H78 N O10 P 811.536 811.535 3.25 2.89 

SM(d18:0/16:1) C39 H79 N2 O6 P 702.569 702.571 11.01 2.83 

SM(d18:0/17:1) C40 H81 N2 O6 P 716.581 716.581 18.78 2.98 

SM(d18:0/18:1) C41 H83 N2 O6 P 730.598 730.596 7.29 3.20 

SM(d18:0/22:0) C45 H93 N2 O6 P 788.675 788.674 5.90 4.84 

SM(d18:1/14:0) C37 H75 N2 O6 P 674.536 674.540 11.80 2.48 

SM(d18:1/16:0) C39 H79 N2 O6 P 702.569 702.571 11.06 2.83 

SM(d18:1/19:0) C42 H85 N2 O6 P 744.611 744.609 21.09 3.62 

SM(d18:1/22:0) C45 H91 N2 O6 P 786.662 786.662 8.28 4.50 

SM(d18:1/23:0) C46 H93 N2 O6 P 800.676 800.677 5.97 4.98 

TG(44:0) C47 H90 O6 750.674 750.674 4.45 8.25 

TG(45:1) C48 H90 O6 762.671 762.672 1.63 8.11 

TG(46:1) C49 H92 O6 776.687 776.688 1.70 8.28 

TG(47:0) C50 H96 O6 792.718 792.718 1.89 8.70 

TG(47:1) C50 H94 O6 790.703 790.703 1.04 8.43 

TG(47:2) C50 H92 O6 788.688 788.688 0.86 8.15 

TG(47:3) C50 H90 O6 786.673 786.673 3.06 7.73 

TG(48:3) C51 H92 O6 800.689 800.688 2.07 7.89 

TG(49:0) C52 H100 O6 820.749 820.749 1.59 8.99 

TG(49:1) C52 H98 O6 818.733 818.733 1.78 8.72 

TG(49:2) C52 H96 O6 816.718 816.719 1.01 8.46 

TG(49:3) C52 H94 O6 814.703 814.702 1.42 8.17 

TG(51:0) C54 H104 O6 848.779 848.779 1.03 9.26 

TG(51:1) C54 H102 O6 846.765 846.765 0.96 9.01 

TG(51:2) C54 H100 O6 844.749 844.749 1.84 8.74 

TG(51:3) C54 H98 O6 842.734 842.734 1.53 8.48 

TG(51:4) C54 H96 O6 840.717 840.716 2.84 8.21 

TG(52:5) C55 H96 O6 852.715 852.714 6.65 8.07 

TG(53:1) C56 H106 O6 874.797 874.797 0.59 9.28 

TG(53:2) C56 H104 O6 872.782 872.782 1.11 9.02 

TG(53:3) C56 H102 O6 870.767 870.767 0.89 8.75 

TG(53:4) C56 H100 O6 868.751 868.751 1.50 8.48 

TG(53:5) C56 H98 O6 866.734 866.732 3.59 8.23 

TG(54:5) C57 H100 O6 880.751 880.751 1.41 8.38 

TG(56:2) C59 H110 O6 914.830 914.830 1.55 9.29 

TG(56:5) C59 H104 O6 908.782 908.778 7.47 8.69 

TG(56:7) C59 H100 O6 904.751 904.748 12.66 8.26 

TG(60:0) C63 H122 O6 974.923 974.923 0.93 10.37 

TG(61:2) C64 H120 O6 984.908 984.911 6.75 9.85 

TG(62:0) C65 H126 O6 1002.955 1002.955 1.09 10.43 

TG(62:1) C65 H124 O6 1000.940 1000.940 7.33 10.17 

TG(62:2) C65 H122 O6 998.924 998.928 11.21 9.99 

TG(63:1) C66 H126 O6 1014.955 1014.953 7.98 10.24 

TG(64:1) C67 H128 O6 1028.971 1028.971 9.49 10.29 

TG(64:2) C67 H126 O6 1026.955 1026.958 5.86 10.18 

TG(65:1) C68 H130 O6 1042.987 1042.985 7.33 10.33 

TG(66:1) C69 H132 O6 1057.002 1057.003 5.02 10.38 

TG(66:2) C69 H130 O6 1054.987 1054.987 5.22 10.29 

TG(68:2) C71 H134 O6 1083.017 1083.018 8.20 10.38 
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5.2 Evaluation of solvent and reconstitution volume 

With the initial lipid profile in hand, the objective of the method development was to evaluate which set of 

parameters, including choice of solvent, extraction tubes, and extraction volumes, would yield the best extraction of 

lipids. The second extraction compared chloroform, n-hexane or chloroform/methanol (2:1, v/v) as solvents and 20 

µl or 200 µl as reconstitution volumes. The selection of solvents was based on the available literature, and higher 

reconstitution volumes were tested to evaluate any possible matrix effects. As previously mentioned, the extraction 

was performed with larger volumes of urine to achieve a better recovery of lipid species. The applied extraction design 

is presented in Table 2. 

Table 2. The extraction parameters that were employed for the second extraction. Five replicates were used for each extraction method. 

 

During the LC-MS analysis, several instrumental problems arose, including retention time drift, noise, and pressure 

fluctuations, which ultimately were attributed to a contaminated batch of 2-propanol used to prepare the LC-MS 

eluents. As such, the experiment had to be disregarded. Nevertheless, it was evident that both samples and blanks 

displayed high background peaks, indicating the presence of some contaminant coming from the extraction 

procedure (Figure 18). It was suspected that the PP tubes used during the extraction contributed to the 

contamination, which was why the extraction was repeated in glass tubes and Eppendorf tubes, for the latter with a 

higher volume of urine than the one used in the preliminary test. 

 

Figure 18. A chromatogram from the second extraction using PP tubes, displaying considerable background due to contamination. The signal intensity on the y-

axis correlates with the amount of lipids detected and the retention time on the column is on the x-axis. All samples were prepared using chloroform:methanol 

(2:1,v/v) as the extraction solvent, where the red graph denotes the pure solvent, the green graph a blank, and the black graph a urine sample. 

 

5.3. Selection of the final extraction procedure 

The objective of this method development step was to re-analyze the design from the second extraction in order to 

maximize the lipid yield, culminating in the selection of an extraction procedure for the clinical samples. At the same 

time, the contamination observed in the second extraction had to be eliminated, if possible. The third and fourth 

extractions followed the same general steps as the second test, but the third used glass tubes and the fourth used 

Eppendorf tubes.  

Solvent 

Volume (ml) 

Solvent Urine MQ water Reconstitution 

Chloroform 1 3 0.5 20 

Chloroform 1 3 0.5 200 

n-Hexane 1 3 0.5 20 

n-Hexane 1 3 0.5 200 

Chloroform/methanol (2:1, v/v) 1 3 0.5 20 

Chloroform/methanol (2:1, v/v) 1 3 0.5 200 
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The LC-MS analysis revealed that application of Eppendorf tubes resulted in markedly lower background levels than 

in glass tubes (Figure 19). This observation was consistent across every solvent and reconstitution volume tested. 

Another aspect that was examined in these extractions was whether the centrifugation of urine that was carried out 

in the PP tubes impacted the background level. A comparison of extractions with centrifuged and uncentrifuged urine 

indicated that there was no difference between them (Figure 20).  

 

Figure 19. A chromatogram comparing the blanks from the third and fourth extractions. The signal intensity on the y-axis correlates with the amount of lipids 

detected and the retention time on the column is on the x-axis. The third set of blanks, in glass tubes, displayed greater levels of background than did the fourth 

set, in Eppendorf tubes. The lower, green graph is representative of the Eppendorf tubes and the upper, multi-colored graph of the glass tubes. 

 

Figure 20. A chromatogram comparing extractions of centrifuged and uncentrifuged urine with chloroform. The signal intensity on the y-axis correlates with the 

amount of lipids detected and the retention time on the column is on the x-axis. The uncentrifuged sample chromatogram is in red, the centrifuged one is in black. 

 

A list of the lipids detected in the third experiment is presented in Table 3. The signal-to-noise ratio threshold for 

inclusion was 3. Interestingly, many species, mostly triglycerides, that were detected in the preliminary extraction 

did not pass this threshold. A total of 29 lipids that exceeded a signal-to-noise ratio of 3 were detected, out of which 

twelve were used as examples to compare different extraction methods used (Figure 21). The relative standard 

deviation (RSD) values of the peak areas of the detected compounds were low; most lipids had values between 1 and 

20. Low RSD values are indicative of a method with good repeatability. 

In order to confirm the identities of the detected compounds, the compound list was used as the basis 

for ion fragmentation in an MS/MS analysis. The acquired spectra for the lipids were compared with their already 

known fragmentation patterns from published literature. Example MS/MS spectra of the detected compounds from 

the most prevalent lipid classes, PC and SM, are presented in Figure 22. 
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Table 3. The lipids detected in the third extraction. The molecular masses denote the actual values given by the reference library. The mass RSD signifies how the 

acquired masses differed from the actual ones. The average retention time relates to the separation in the column. The most abundant ion was determined by 

peak height in the mass spectrum. The signal-to-noise ratio was calculated as the mean peak area of all samples, divided by the mean peak area of all blanks, 

which was done separately for glass and Eppendorf tubes, denoted G and E respectively. 

 

In eleven out of twelve quantified species, chloroform/methanol (2:1, v/v) yielded the by far greatest peak areas when 

using glass tubes, the exception being LPC(14:0). Otherwise, the n-hexane and pure chloroform extractions provided 

similar results. Since there was no marked difference in chromatogram appearance and peak areas between 

centrifuged and uncentrifuged urine, these extractions were expected to provide similar results. More surprisingly, 

the 20 μl reconstitution volume provided similar results as the more diluted 200 μl volume for extractions done in 

glass tubes. This was, however, not the case with Eppendorf tubes, where, as expected, higher quantities of lipids 

were found in the less diluted urine samples. This discrepancy can possibly be attributed to the higher background 

influence for extractions done in glass tubes, as confirmed by visual analysis of the chromatograms, which obfuscated 

the expected difference between reconstitution volumes. The three extraction methods employing chloroform gave 

similar results for Eppendorf tubes, whereas n-hexane had consistently lower quantities than either chloroform 

method. With the exception of chloroform/methanol (2:1, v/v), the Eppendorf tubes resulted in quantities of lipids 

comparable to, in the case of n-hexane, or generally higher than, in the case of chloroform, the glass tubes. As 

mentioned before, a much higher background was also observed when glass tubes were used, the reason for which 

could be the polyethylene lids used with the glass tubes. As such, Eppendorf tubes were selected to be used for the 

extraction of the clinical samples. Eppendorf tubes yielded comparable results for both chloroform/methanol (2:1, 

v/v) and chloroform, but chloroform/methanol (2:1, v/v) was selected for the analysis of the clinical urine samples. 

The decision was made in favor of chloroform/methanol (2:1, v/v) since it was a standard mixture used for lipid 

extractions from other types of samples in AcureOmics.  

Compound Name Formula Molecular mass Mass RSD (ppm) Average RT (min) Most abundant ion S/N ratio G S/N ratio E 

LPC(14:0) C22 H46 N O7 P 467.297 9.49 0.42 (M+H)+ 1.27 3.16 

PC(32:0) C40 H80 N O8 P 733.553 9.27 3.27 (M+H)+ 2.83 3.38 

PC(34:1) C42 H82 N O8 P 759.572 2.92 3.28 (M+H)+ 6.58 16.40 

PC(36:1) C44 H86 N O8 P 787.604 2.46 3.88 (M+H)+ 3.44 3.99 

PC(34:2) C42 H80 N O8 P 757.562 1.37 2.94 (M+H)+ 4.57 10.01 

PC(36:3) C44 H82 N O8 P 783.576 2.32 3.04 (M+H)+ 4.55 7.89 

PC(36:4) C44 H80 N O8 P 781.556 7.24 2.91 (M+H)+ 5.10 25.71 

PC(38:4) C46 H84 N O8 P 809.611 16.65 3.34 (M+H)+ 1.92 10.03 

PC(38:5) C46 H82 N O8 P 807.576 12.16 2.97 (M+H)+ 2.24 5.30 

PC(O-35:2) C43 H84 N O7 P 757.612 12.79 3.79 (M+H)+ 6.77 6.09 

PC(O-36:5) C44 H80 N O7 P 765.574 16.99 3.07 (M+H)+ 2.04 3.42 

SM(d18:0/16:1) C39 H79 N2 O6 P 702.575 16.71 2.78 (M+H)+ 10.86 13.57 

SM(d18:0/18:1) C41 H83 N2 O6 P 730.597 10.39 3.26 (M+H)+ 6.72 8.33 

SM(d18:0/22:2) C45 H89 N2 O6 P 784.644 18.21 3.78 (M+H)+ 3.39 3.59 

SM(d18:1/14:0) C37 H75 N2 O6 P 674.537 19.46 2.47 (M+H)+ 2.33 3.02 

SM(d18:1/16:0) C39 H79 N2 O6 P 702.570 16.32 2.79 (M+H)+ 15.27 18.51 

SM(d18:1/18:0) C41 H83 N2 O6 P 730.598 11.10 3.26 (M+H)+ 6.94 8.73 

SM(d18:1/20:0) C43 H87 N2 O6 P 758.626 10.72 3.82 (M+H)+ 13.29 16.96 

SM(d18:1/22:0) C45 H91 N2 O6 P 786.661 8.78 4.59 (M+H)+ 20.06 19.17 

SM(d18:1/22:1) C45 H89 N2 O6 P 784.643 12.10 3.94 (M+H)+ 3.81 4.28 

SM(d18:1/24:1) C47 H93 N2 O6 P 812.677 11.45 4.77 (M+H)+ 3.47 2.95 

SM(d18:1/24:2) C47 H91 N2 O6 P 810.661 15.65 3.90 (M+H)+ 3.39 3.58 

PS(36:1) C42 H80 N O10 P 789.555 16.88 3.54 (M+Na)+ 3.89 2.86 

PE(36:4) C41 H74 N O8 P 739.509 12.13 3.00 (M+H)+ 3.26 2.44 

PE(38:4) C43 H78 N O8 P 767.539 11.53 3.62 (M+Na)+ 4.89 2.81 

LPE(22:6) C27 H44 N O7 P 525.284 13.81 0.34 (M+Na)+ 10.56 12.88 

PA(38:4) C41 H73 O8 P 724.519 8.40 3.18 (M+Na)+ 4.65 4.48 

GalCer(d18:0/16:0) C40 H79 N O8 701.587 23.19 3.21 (M+Na)+ 3.50 4.33 

GalCer(d18:0/18:0) C42 H83 N O8 729.617 2.54 3.75 (M+Na)+ 4.12 3.09 
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Figure 21. The average peak areas, obtained using different extraction methods, for a selection of lipids. C refers to chloroform, H denotes hexane, and C:M 

indicates a 2:1 (v,v) mixture of chloroform and methanol. 20 and 200 refer to reconstitution volumes in μl. Where no specification is given, 20 μl was used. U 

refers to uncentrifuged urine; otherwise, all urine samples were centrifuged. G denotes extractions performed in 6 μl glass tubes, whereas E signifies extractions 

in Eppendorf tubes. The error bars denote one standard deviation. 
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A.

 

B. 

 

Figure 22. MS/MS spectra at collision energy 40V (A) and 25V (B) of the example molecules from the main detected classes of compounds: A. [SM(tot34:1)+H]+ 

(m/z=703.5770) and B. [PC(36:3)+H]+ (m/z=784.5923) with characteristic phosphocholine group ion m/z=184. 

 

To summarize, the first extraction resulted in the detection of 74 lipid species. The 1:3 urine-to-solvent was adequate, 

but 200 μl was too small a volume of urine to use to obtain a wide coverage of lipid classes. As such, the subsequent 

experiments were upscaled. The second extraction had to be mostly disregarded due to instrumental problems, but 

it provided valuable information in that the PP tubes should not be used in the extraction because they had a higher 

baseline than the one observed in the Eppendorf tubes. The third and fourth extractions streamlined the extraction 

process, revealing that the application of glass tubes also results in high background, leaving Eppendorf tubes, in 

spite of their limited urine volumes, as the most appropriate tubes. Furthermore, centrifugation did not markedly 

affect the baseline, and 20 μl was deemed a sufficient reconstitution volume. Chloroform and the 

chloroform/methanol mixture yielded similar results in Eppendorf tubes, whereas chloroform/methanol excelled in 

glass tubes. Overall, Eppendorf tubes gave rise to better lipid recoveries. Given that centrifugation removes 

particulate matter, the selected extraction method would use centrifuged urine alongside chloroform/methanol (2:1, 

v/v) as the solvent, Eppendorf tubes as the extraction tubes, and 20 μl as the reconstitution volume, with the same 

urine and solvent volumes as in the fourth extraction, 350 μl of urine and 1 ml of solvent, respectively. Low peak area 

RSD values for most compounds were indicative of good repeatability of all tested extraction methods. 

It should be noted that further method development is possible, but not within the limited time 

allocated to this project. As noted in the article [23] the method was adapted from, larger volumes of urine and 

solvent were employed there than here. In keeping with the observation that the extraction tube impacts the baseline, 

more variants ought to be tested. Preferably, larger tubes made out of a material with a negligible baseline 

contribution should be found, such that the extraction may be upscaled. Upscaling would, in turn, allow for 

experimentation with both larger volumes of urine and different urine-to-solvent ratios, which was barely touched 

upon here. Another opportunity is the prospect of using an even higher volume of urine, for instance using more than 

10 mL, and enrichment of the urine lipids through solid-phase extraction. If any or all of these measures were taken, 

the method protocol would become more refined, hopefully enhancing the lipid recovery further. 
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5.4. Analysis of the urine samples from the BioMargin EU Project 

With the aim of elucidating differences in lipid abundances between urine samples from controls with successful 

kidney transplants and groups of individuals with different dysfunctions after their renal grafts, and thereby 

identifying lipids indicative of renal diseases, the method developed up until now was applied to the BioMargin 

samples. A total of 50 lipids with a signal-to-noise ratio above 3 were detected, out of which 32 had lipid abundances 

that differed significantly at a 95 % confidence level between the control group and either of the other groups. These 

lipid species belonged to the Cer, LPE, PC, PE, PS, SM, and TG classes and are presented in Table 4. All patient 

groups except the TCMR group exhibited at least one significant difference in lipid levels compared to the control 

group. The UTI, BK nephropathy, and PVAN groups exhibited only a few compounds at significantly different levels 

as compared to controls, mostly in the PS, PC, and PE classes. The UTI group manifested significant decreases of 

lipid levels as compared with the control group, while the other two groups had both lipids at significantly increased 

and decreased levels as compared to controls. The GNF group displayed the most significant changes, with consistent 

increases across several of the SM species and decreases across most of the TG species. The ABMR group exhibited 

significant decreases in lipid abundance in most of the TG species. 

Table 4. Lipids whose normalized abundances were significantly different at a 95 % confidence level in at least one of the groups of patients with complications 

as compared to the control group of individuals with successful renal grafts. The arrows indicate whether the difference was an increase or decrease of lipid level 

in the specific patient group in comparison with the control group.  

Compound ABMR TCMR UTI BK nephropathy PVAN GNF 

Cer(d18:1/16:0) - - - ↑ - - 

LPE(22:6) ↓ - ↓ ↓ ↓ ↓ 

PC(32:0) ↑ - - - - ↑ 

PC(38:0) ↓ - - - - - 

PE(36:3) ↓ - ↓ - - - 

PE(38:4) - - - - - ↑ 

PS(36:2) - - ↓ - - - 

PS(38:4) - - ↓ - - - 

SM(d18:0/16:0) - - - - - ↑ 

SM(d18:0/16:1) - - - - - ↑ 

SM(d18:0/18:1) - - - - - ↑ 

SM(d18:1/16:0) - - - - - ↑ 

SM(d18:1/18:0) - - - - - ↑ 

SM(d18:1/20:0) - - - - ↑ ↑ 

SM(d18:1/21:0) - - - ↑ - - 

SM(d18:1/22:1) ↑ - - - - - 

SM(d18:1/24:1) - - - - - ↑ 

SM(d18:1/24:2) ↑ - - - - - 

SM(d18:1/25:1) - - - ↑ - - 

TG(48:2) ↓ - - - - ↓ 

TG(48:3) ↓ - - - - ↓ 

TG(50:2) ↓ - - - - - 

TG(50:3) ↓ - - - - ↓ 

TG(51:2) ↓ - - - - ↓ 

TG(51:3) ↓ - - - - ↓ 

TG(52:1) ↓ - - - - ↓ 

TG(53:2) ↓ - - - - ↓ 

TG(53:3) ↓ - - - - ↓ 

TG(54:2) ↓ - - - - ↓ 

TG(54:4) ↓ - - - - ↓ 

TG(54:5) ↓ - - - - ↓ 

TG(54:6) ↓ - - - - ↓ 

Additionally, PCA was used to complement data in Table 4 and obtain a summary of the distribution of lipids in the 

studied samples (Figure 23). In the loading plot, there are general clusters of various compounds, one toward the 

left, one at the top and one on the right of the PCA loading plot. Most phosphatidyl-containing classes were gathered 

in the top of the plot, while all SM species except one clustered to the left. The clearest trend is that all TG species 

conglomerate in the rightmost part of the plot. When these observations are carried over to the score plot, they 

corroborate the trends observed in the univariate analysis (Table 4). When groups of patients and lipids are clustered 

near the same point both scatter plots, they correlate, signifying a high prevalence of those species in those group of 

individuals. Conversely, lipids that are clustered away from a patient group have low abundances in that group. 
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The control group is clustered toward the right in the score plot, which is where the triglycerides are located in the 

loading plot. Meanwhile, the ABMR and GNF groups are spread out across the left half of the score plot, which could 

be connected to a lower TG content than in the control group. These are also groups that are visibly separated from 

the controls as confirmed by univariate analysis (Table 4). Along the same line, the SM species are clustered on the 

left side of the loading plot and should thus be present in higher levels in the GNF group than in the control group. 

Again, this finding is consistent with the univariate analysis (Table 4). As for the TCMR group, which exhibited no 

significant differences compared to the control group in the table, this is also visible in the score plot since the 

individuals of the TCMR and control groups are clustered together. Regarding the other groups and lipid classes, the 

TCMR and PVAN groups are visibly separated from the ABMR group, as is the UTI group from the GNF group. The 

significance of these separations is ambiguous and should be examined further later on. Finally, there were no 

discernable differences between males and females in the control group. 

A. 

 

B.  

Figure 23. PCA of the lipidomics analysis of Biomargin samples. A. Score plot displaying individuals, colored by patient group. B. Loading plot displaying 

compounds, colored by compound class. 

In summary, a total of 50 lipid species were detected, out of which 32 had significantly different levels in either of 

the other groups compared to the control group. This suggests that the urine lipid profile is very indicative of kidney-

related diseases. This statement is also confirmed by the higher amount of lipids that were detected in this study than 

in the extraction tests where urine from healthy donors was used. The greatest differences compared to the controls 

were seen for the ABMR and GNF groups, while there were no discernable differences between the TCMR group and 

controls. These findings are corroborated by the PCA plots, which show similarities between the ABMR and GNF 

groups and a lower TG content in these groups compared to the control group. Similarly, the SM species appear more 

abundant in GNF group than in the control group.  
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6. Conclusions 

Lipidomics is an exploratory approach, where samples are analyzed for their lipid content without any a priori 

assumptions. Urinary lipidomics is a challenging area of study due to the low concentrations of analytes in the 

samples. Over the course of the project, it was possible to develop a method that allows for the extraction of several 

classes of lipids from urine samples with good repeatability. The method was applicable to the analysis of the samples 

from the BioMargin project, obtaining differential lipid profiles from patients with different types of kidney rejections 

as compared with the control group with successful transplants. While it was not possible at this stage to identify 

biochemical pathways affected by the disease, the fact that significant differences can be observed fulfills the primary 

objective of this study.  

 The method development could be continued to increase the lipid recovery by further optimizing the 

choice of solvent, extraction tubes, and extraction volumes. The observed significant differences in lipid levels in the 

patient samples should also be put into a biological context. If the biochemical pathways that are affected in the 

studied patient groups can be elucidated, some of these compounds may have the potential to be used as diagnostic 

biomarkers and support understanding of the disease etiology. Lipidomics mostly detects large lipids, while smaller 

lipid compounds like free fatty acids and cholic acids are not retained on the column with the applied elution 

methods. The developed extraction method could potentially yield small lipid compounds that could be analyzed 

with other approaches, for example with metabolomic profiling. While outside the scope of this project, a preliminary 

metabolomic analysis of the BioMargin samples detected some fatty acids, mainly hydroxylated ones, whose levels 

could be further elucidated in relation to the renal diseases.  
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