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Abstract 

Widespread sedentary lifestyle and unhealthy eating habits in the last few decades have resulted 

in a dramatic increase of the number of people affected by obesity, type 2 diabetes, and 

cardiovascular diseases. The study of these pathological conditions revealed that impaired 

metabolism often causes these disorders. Lipid metabolism research has contributed significantly 

to determining mechanisms underlying metabolic disorders. Omega-3 fatty acids are an interesting 

target for lipidomics studies because they were shown to lower risk of cardiovascular diseases and 

are hypothesized to regulate lipid metabolism. In this work, I optimized lipid extraction and 

chemical modification methods for analysis of fatty acids profile of tissue samples and biofluids 

using comprehensive two-dimensional gas chromatography coupled to mass spectrometry 

(GCxGC-MS). 

At first, I evaluated the relative amount of omega-3 fatty acids in red blood cells (Omega-3 index) 

of people living in Czech Republic in either the capital city (n=476) or the rural region (n=388). 

For this large-scale project, I extracted phospholipids from red blood cell (RBC) membranes, 

transesterified them into fatty acid methyl esters (FAMEs), and measured their profile by 

GCxGC-MS. The mean Omega-3 index was 3.56 mol % and I detected no significant difference 

in the index value between rural and urban/industrial regions. Participants who self-reported the 

regular consumption of fish or fish oil supplements had a higher value of the Omega-3 index 

compared to those who lacked fish in their diet. 

Next, I tested the bioaccumulation of omega-3 fatty acids from omega-3-containing 

triacylglycerols, phospholipids, and wax esters in humans and mice. I found that omega-3-

containing triacylglycerols positively affect the level of omega-3 fatty acids in serum, white 

adipose tissue, RBC, and liver. Furthermore, the consumption of omega-3 fatty acids in a form of 

phospholipids increased omega-3 fatty acids content in liver and RBC. The analysis of the 

Omega-3 index in the experiment with omega-3 fatty acids esterified into wax esters did not show 

any significant difference between the test and the control group of human subjects. 

Beside omega-3 fatty acids studies, I also examined lipid metabolism using stable isotope labeling. 

I used heavy water as a source of deuterium to track the changes in lipodome in response to 

bioactive lipid PAHSA and cold exposure in mice. I detected higher amounts of deuterium 

incorporated in fatty acids associated with lipogenesis in mice that were kept at low temperature 
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and this effect was enhanced by PAHSA administration in comparison to other cohorts kept at 

thermoneutrality. In cell studies, I showed that PAHSA promoted the release of triacylglycerol 

breakdown products. Therefore, PAHSA affected both lipogenesis and lipolysis processes.  
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Abstrakt 

Sedavý životní styl a nezdravé stravovací návyky v posledních několika desetiletích vedly k 

dramatickému nárůstu počtu lidí trpících obezitou, cukrovkou 2. typu a kardiovaskulárními 

chorobami. Studium těchto patologických stavů odhalilo, že tyto poruchy často způsobuje narušení 

metabolické rovnováhy. Výzkum lipidového metabolismu významně přispěl k určení 

mechanismů, které jsou základem metabolických poruch. Omega-3 mastné kyseliny jsou 

zajímavým tématem pro lipidomické studie, neboť se ukázalo, že snižují riziko kardiovaskulárních 

onemocnění a podílejí se na metabolismu lipidů. V této práci jsem optimalizovala postupy extrakce 

lipidů a jejich chemické modifikace za účelem analýzy profilu mastných kyselin ve vzorcích tkání 

a krve pomocí metody komplexní dvourozměrné plynové chromatografie spojené s hmotnostní 

spektrometrií (GCxGC-MS). 

Nejprve jsem hodnotila relativní množství omega-3 mastných kyselin v červených krvinkách 

(index Omega-3) lidí žijících v České republice buď v hlavním městě (n = 476), a nebo na venkově 

(n = 388). Pro tento rozsáhlý projekt jsem extrahovala fosfolipidy z membrán červených krvinek 

(RBC), transesterifikovala je na methylestery mastných kyselin (FAME) a změřila jejich profil 

pomocí GCxGC-MS. Průměrný index Omega-3 byl 3,56 mol% a nezjistila jsem žádný významný 

rozdíl v hodnotě indexu mezi venkovskými a městskými (průmyslovými) regiony. Účastníci, kteří 

sami nahlásili pravidelnou konzumaci ryb nebo doplňků obsahujících rybí olej, měli vyšší hodnotu 

indexu Omega-3 ve srovnání s těmi, kteří takovou stravu nepreferují. 

Dále jsem testovala bioakumulaci omega-3 mastných kyselin v organismu u myší a lidí po 

podávání triacylglycerolů, fosfolipidů a esterů vosků obsahujících omega-3 mastné kyseliny. 

Zjistila jsem, že triacylglyceroly obsahující omega-3 pozitivně ovlivňují hladinu omega-3 

mastných kyselin v séru, bílé tukové tkáni, RBC a játrech. Dále konzumace omega-3 mastných 

kyselin ve formě fosfolipidů zvýšila obsah omega-3 mastných kyselin v játrech a RBC. Analýza 

indexu Omega-3 v experimentu s omega-3 mastnými kyselinami esterifikovanými na voskové 

estery neprokázala žádný významný rozdíl mezi testovanou a kontrolní skupinou lidských 

subjektů. 

Kromě studií omega-3 mastných kyselin jsem zkoumala také metabolismus lipidů pomocí značení 

stabilními izotopy. Jako zdroj deuteria jsem použila těžkou vodu a sledovali jsme změny lipodomu 

v reakci na bioaktivní lipid PAHSA a na chladovou expozici u myší. Změřila jsem vyšší množství 
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deuteria zabudovaného v mastných kyselinách spojených s de novo lipogenezí u myší, které byly 

chovány při nízké teplotě, a tento účinek byl zvýšen podáváním PAHSA ve srovnání se skupinami 

udržovanými v termoneutralitě. V buněčných studiích jsem prokázala, že PAHSA podporuje 

remodelaci triacylglycerolů a zasahuje do procesů lipogeneze i lipolýzy.  
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ABBREVIATIONS 

 

AA  arachidonic acid 

ALA alpha-linolenic acid 

ATGL  adipose triglyceride lipase 
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BSA N,O-Bis(trimethylsilyl)acetamide 

BSTFA  N,O-Bis(trimethylsilyl)trifluoroacetamide 
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eWAT  epididymal white adipose tissue 
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FAME fatty acid methyl ester  

FASN  fatty acid synthase  

GC  gas chromatography  

GC-MS gas chromatography coupled to mass spectrometry 

GCxGC  comprehensive two-dimensional gas chromatography  
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GCxGC-MS comprehensive two-dimensional gas chromatography coupled to mass 

spectrometry 

HFD  high-fat diet 

HPLC  high performance liquid chromatography  

HSL  hormone-sensitive lipase  

LA  linoleic acid  

LC liquid chromatography  

LHF  lard-based high-fat (diet) 

m/z  mass-to-charge ratio 
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MeOH  methanol  

MRM  multiple reaction monitoring (mode) 

MS  mass spectrometry 

MTBE methyl-tert-butyl ether 

MUFA monounsaturated fatty acid 

NEFA non-esterified fatty acids 

PAHSA  palmitic acid ester of hydroxystearic acid 

PC  phosphatidylcholine 

PL  phospholipid 

PUFA polyunsaturated fatty acid  

QQQ  triple quadrupole  

RBC  red blood cell, erythrocytes 
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RF  radio frequency 

RP  reversed-phase (mode) 

RT  retention time  

SCOT  support-coated open tubular (column) 

SFA  saturated fatty acid  

SIM  selected ion monitoring  

SPE  solid-phase extraction 

SRM selected reaction monitoring (mode)  

TAG  triacylglycerol  

TCA  tricarboxylic acid  

TMCS  trimethylchlorosilane  

TMS trimethylsilyl (group) 

TN  thermoneutrality 

TOF Time-of-Flight (mass analyser) 

UHPLC  ultra high performance liquid chromatography 

UPLC  ultra performance liquid chromatography 

Veh vehicle 

WCOT  wall-coated open tubular (column)  

wt  weight 
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INTRODUCTION  

1. Lipids 

 

Lipids are a diverse class of organic compounds that are commonly insoluble in water due to 

hydrophobic parts. They can perform different tasks throughout the body: energy storage, 

formation of membranes, hormonal roles, a vehicle for fat-soluble vitamins and protection of 

internal body organs as a fat layer. They are the vital nutrients. 

 

Fig. 1. Short survey of the different classes of lipids [1] 

1.1. Fatty acids 

 

Fatty acids are the major constituent of lipids. They mainly determine the physicochemical and 

physiological properties of lipids. Fatty acids consist of an aliphatic chain and a carboxyl group. 

Two features, the length of the chain and the degree of saturation, define the physical and 

biological properties of fatty acids. Concerning the length of the chain, fatty acids can be divided 

into short-chain fatty acids (less than six carbons), medium-chain fatty acids (from 6 to 12 

carbons), long-chain fatty acids (from 14 to 20 carbons), and very long-chain fatty acids (over 22 

carbons). The most common length of naturally occurring fatty acids varies from 14 to 22 carbon 
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atoms. The other important characteristic of fatty acids is the degree of saturation. The degree of 

saturation stands for the presence or absence of double bonds in fatty acid chains.  

One of the most common fatty acids is hexadecanoic acid in IUPAC nomenclature, or palmitic 

acid CH3(CH2)14COOH. It is 16-carbon saturated fatty acid (means zero double bonds) that also 

can be designated ‘FA 16:0’.  

1.1.1. Unsaturated fatty acids 

 

The degree of saturation of fatty acids is often related to the source of lipids. Saturated fatty acids 

(containing no double bonds – SFAs) account for 30-50% of fatty acids of animal fat (except for 

the most of the fish oil [2, 3]) and the rest is the sum of monounsaturated and polyunsaturated [4]. 

Meanwhile monounsaturated (one double bond – MUFAs) and polyunsaturated fatty acids (two or 

more double bonds – PUFAs) correspond to approximately 80-90% of fatty acids in most plant 

oils. Exceptions are cocoa butter (Theobroma cacao), palm oil (Elaeis guineensis), and cottonseed 

oil (Gossypium spp.) [5, 6]. 

Unsaturated fatty acids have long hydrocarbon chains containing one or more double bonds, thus, 

they exist in cis- or trans- forms. Naturally derived unsaturated fatty acids come almost exclusively 

in cis- transfiguration [7]. Fatty acid in trans- configuration can be a byproduct of reverse reaction 

that can occur during chemical reaction (e.g. oil hydrogenation). The presence of double bonds 

makes unsaturated fatty acids more prone to autoxidation than saturated ones.  

1.1.1.1. Polyunsaturated fatty acids 

 

Polyunsaturated fatty acids have 2 or more double bonds. The main PUFAs families are omega-3 

(ω-3), omega-6 (ω-6), and omega-9 (ω-9) fatty acids. The position of the first double bond starting 

from the methyl group at the end (omega or n-end) of a hydrocarbon chain is one of the major 

characteristics of PUFAs. The numbers (e.g., ‘3’) stand for this double bond position.  
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1.1.1.1.1. Omega-3 fatty acids 

 

Omega-3 (ω-3) fatty acids are polyunsaturated fatty acids, also called n-3 fatty acids. Three of 

omega-3 fatty acids are of major interest in mammalian physiology research, namely 

alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA).  

 

 

Structures of omega-3 fatty acids [8] 

The source of ALA is plant oil, mainly linseed, rapeseed, and canola oils [9]. EPA and DHA can 

be found in marine products and game meats. The highest content of these omega-3 fatty acids has 

been detected in marine oily fish [10]. 

Omega-3 fatty acids are essential and have a positive impact on health [11, 12]. ALA serves as a 

precursor for EPA and DHA synthesis [13]. EPA and DHA, in turn, serve as precursors of 

anti-inflammatory molecules, resolvins and docosatrienes [14, 15]. Higher levels of EPA and DHA 

in whole blood is related to lower risk of sudden cardiac death [16], coronary heart and 

cardiovascular diseases [17]. DHA as a part of membrane phospholipids, which comprise two fatty 

acids in the 1 and 2 positions and a phosphorylated functional group in the 3 position on the 

glycerol, is the major omega-3 fatty acid in the brain. High levels of DHA in the brain can protect 

it from neuroinflammation [18]. Patients with Alzheimer's disease showed a considerable decrease 

of DHA content in gray matter and in the hippocampus compared to healthy controls [19]. 

However, the DHA supplementation did not slow the progression of the disease in the patients 

with mild-to-moderate Alzheimer’s disease [20].  



17 

 

Unfortunately, mammals lack enzymes to synthesize long-chain PUFAs de novo [21]. They also 

show low rates of conversion of ALA to EPA and DHA [22]. Therefore, dietary intake of 

omega-3 fatty acids is the only way to replenish the physiological needs. 

1.1.1.1.2. Omega-3 index 

 

EPA and DHA as omega-3 fatty acids showed a positive effect on the state of the cardiovascular 

system. In 2004 William S. Harris and Clemens von Schacky proposed a new biomarker based on 

the EPA and DHA content because fatty acids profile of red blood cell (RBC) membranes is similar 

to cardiac membrane [23]. They named it “Omega-3 index” and stated that the Omega-3 index 

reflects the relative amount of EPA and DHA in RBC. RBC have been chosen for omega-3 fatty 

acids content analysis due to ease of sample collection from patients and also due to ability of RBC 

membranes to maintain composition of fatty acids (accumulated partly from diet) up to 2-3 months 

[24]. They estimated the Omega-3 index of ≥8% as desirable for lowering the risk and of ≥4% as 

undesirable. The Omega-3 index represents a novel risk factor for death from coronary heart 

disease and sudden cardiac deaths. Harris and von Schacky additionally showed correlation 

between dietary intake of EPA and DHA and increase of the Omega-3 index in healthy adult 

volunteers.  

Later Ken D. Stark and his collaborators made a comprehensive worldwide survey on the Omega-3 

index [25] based on 298 studies published from 1980 to 2014 (Fig. 2). Countries that mostly follow 

the Western diet with a low amount of fish and seafood show the least Omega-3 index (≤4%). In 

contrast, countries and regions where people have fish and marine products in their diet on a daily 

basis display the highest Omega-3 index (>8%). 
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Fig. 2. Global blood levels of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) 

content. All the data were recalculated to relative weight percentages (wt. %) [25]. 

1.1.1.1.3. Dietary omega-6/omega-3 fatty acid ratio 

 

An early study of bioactive lipids found the relationship between a lower rate of cardiovascular 

diseases and an increased level of omega-3 fatty acids in plasma in Greenland Eskimos compared 

to Caucasian Danes. Moreover, diminution of omega-6 (ω-6) fatty acids was detected in the 

Eskimo patients [26]. This research prompted scientists to study not only the physiological 

function of omega-3 fatty acids but also the meaning of the omega-6/omega-3 fatty acid ratio in 

the body.  

Like omega-3 fatty acids, omega-6 fatty acids are defined as essential [27]. Linoleic acid (18:2n-

6; LA) is the dietary precursor of arachidonic acid (20:4n-6; AA). AA-derived eicosanoids serve 

as a pro-inflammatory agent important for immune response [28].  
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Structures of omega-6 fatty acids [8] 

Our modern diet (Western diet) is based on cereals, vegetable oils and meat of animals fed corn 

and grains. This food is rich in omega-6 fatty acids but poor in omega-3 fatty acids [29]. This 

nutrition pattern results in omega-6/omega-3 ratio of 10-20:1 in Western diet [30]. Omega-3 fatty 

acids and omega-6 fatty acids compete for the same set of enzymes [13]. The shift to the higher 

amount of omega-6 fatty acids can boost the synthesis of pro-inflammatory AA derivatives and 

conversely, inhibit the anti-inflammatory omega-3 fatty acids derivatives production. The 

imbalance in the omega-6/omega-3 fatty acid ratio can lead to elevated inflammatory status due to 

increased level of pro-inflammatory cytokines and higher risk of the metabolic syndrome [27]. It 

has been proposed that a ratio of omega-6 to omega-3 fatty acids between 1:1 and 5:1 is supposedly 

favorable to health [10]. 

1.2. Fatty acids derivatives  

 

Typically, fatty acids remain unesterified in the body for a relatively short time and they are 

predominantly linked to a glycerol backbone forming acylglycerol. The most abundant type of 

acylglycerols is triacylglycerol (TAG), or sometimes referred to as triglyceride, the derivative 

made of three fatty acids esterified to glycerol. If only two fatty acids are attached to glycerol 

moiety, it is termed diacylglycerol (DAG). If glycerol is esterified solely to one fatty acid, they 

form monoacylglycerol (MAG). 

If one of the fatty acids in TAG is substituted for a phosphate group head modified with 

nitrogenous bases of choline, ethanolamine, or serine, such compound is termed a phospholipid or 

a phosphoglyceride. This change in structure makes the phospholipids less hydrophobic than 

TAGs. The phosphate heads are polar while fatty acids are non-polar; thereby, phospholipids can 
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form lipid bilayers due to their amphiphilicity. These bilayers are crucial components of cell 

membranes. 
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Acylglycerols and phospholipids structures, where R1, R2, and R3 are fatty acids; 

X is nitrogenous base of choline, ethanolamine, or serine 

1.2.1 Palmitic acid esters of hydroxystearic acid 

 

Palmitic acid esters of hydroxystearic acid (PAHSAs) are newly found endogenous lipids showing 

anti-inflammatory and anti-diabetic properties [31]. Since these lipids are recently discovered, the 

study of PAHSAs is still ongoing. 
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Examples of PAHSA structures 
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PAHSA is a lipid that consists of palmitic acid and hydroxystearic acid, which are linked together 

by the ester bond. 5 and 9 are numbers that represent the position of ester bond related to palmitic 

acid. 

2. Biochemistry of lipids 

 

Metabolism is a highly complex process with myriads of reactions occurring constantly in cells. 

Most of the reactions are reversible, thus, many substances are created and then degrade. Lipids 

are also involved in these processes, mainly in de novo lipogenesis and lipolysis. During de novo 

lipogenesis (DNL), fatty acids are synthesized via carbohydrates breakdown. Lipolysis is a 

combination of reactions in which lipids decompose releasing free fatty acids. The balance 

between both processes indicates unimpaired energy metabolism.  

DNL starts with carbohydrate digestion. Catabolism (i.e. destructive metabolic reactions) of 

dietary carbohydrates provides glucose, which undergoes glycolysis and transforms into pyruvate. 

The latter enters the tricarboxylic acid (TCA) cycle transforming into citrate, the intermediate of 

TCA cycle. Citrate converts into acetyl-CoA, which is a substrate for palmitoyl-CoA synthesis. 

Palmitoyl-CoA, acyl-Coenzyme A thioester, is a final product of the reaction sequence because it 

is regulated by fatty acid synthase (FASN), the key rate-limiting multi-complex enzyme [32], and 

serves as a precursor of a 16-carbon saturated fatty acid, palmitic acid (FA 16:0). Thus, palmitic 

acid is the main product of DNL. Following the synthesis, it can undergo elongation and 

desaturation leading to formation of other fatty acids, such as palmitoleic acid (FA 16:1n-7), cis-

vaccenic acid (FA 18:1n-7), stearic acid (FA 18:0), and oleic acid (FA 18:1n-9) [33]. 

Under normal conditions, DNL is promoted by the excess of glucose in cells. Consequently, fatty 

acids generated via DNL can be converted to TAGs. Glycerol-3-phosphate, which can be derived 

from glucose during glycolysis, reacts stepwise with 3 molecules of FA-CoA resulting in TAG 

molecule. 
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A simplified pathway of TAG 48:0 de novo synthesis 
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TAGs are mostly stored in adipocytes, which are building blocks of an adipose tissue. The main 

function of TAG in living organisms is energy storage. The energy obtained from the 

decomposition of 1 g TAGs reaches 9 kcal [34]. To produce this amount of energy fatty acids are 

needed to be liberated. TAG undergoes a series of reactions, in a process called lipolysis, breaking 

down into fatty acids and glycerol. The first step of lipolysis requires an enzyme, adipose 

triglyceride lipase (ATGL). As a result of the hydrolysis involving ATGL, one molecule of fatty 

acid releases and triacylglycerol turns into diacylglycerol (DAG). To convert DAG into 

monoacylglycerol (MAG) and one more fatty acid, another enzyme, hormone-sensitive 

lipase (HSL) is needed. Finally, monoacylglycerol lipase (MGL) breaks the MAG into a fatty acid 

molecule and a glycerol molecule. 

3. Omics sciences 

3.1. Lipidomics 

 

Hundreds of various species of lipids can be found in cells throughout the whole body. Their study 

on a large scale, lipidomics, became possible with the progress of mass spectrometry. The 

concentrations of lipids and their distribution in cells may vary depending on a shift in 

physiological, pathological, and environmental conditions.  

The first step in lipidomics studies is the sample preparation. Proper collection of biomaterial and 

sample storage is crucial [35]. Instant deep freezing in liquid nitrogen of the collected tissues stops 

enzymatic reactions, prevents oxidation and degradation of the majority of metabolites. After the 

samples are frozen, the following storage at -80°C allows to preserve the lipids and metabolites 

[36]. By contrast, storage of red blood cells at -20° promotes degradation of fatty acids, and 

especially PUFA; however, keeping the red blood cells sample at -80°C significantly slows all 

decomposition processes [37]. 

The next step is extraction of lipids from a biological matrix. All the procedures must be done 

using ice-cold solvents, on ice if possible. Commonly, 10–100 μl or 1–100 mg of biomaterial is 

sufficient for lipidomics screening [36]. The recovery can be different depending on the lipid class, 

thus the appropriate procedure for the lipids of interest should be established. The main principle 

is to create a mixture of liquids insoluble in each other due to different solvent polarity. The vast 

majority of lipids are hydrophobic and they tend to accumulate in a non-polar phase.  
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In a procedure called derivatization, researchers modify lipid molecules to alter their physical 

properties or defragment the structure. This is followed by mass spectrometry-based analysis 

(alone, or coupled to chromatographic separation). The resolving power (i.e. the ability to separate 

two individual peaks) of modern mass spectrometry machines is noticeably high.  

3.2. Metabolomics  

 

The analysis of organic compounds in tissues and biofluids can give us information on metabolic 

pathways. Metabolomics is an approach that focuses on simultaneous detection of a big number 

of metabolites. Metabolites are the molecules formed as end products or intermediates in the body 

during metabolic processes. Modern types of mass-spectrometry provide an opportunity to create 

metabolic profiles in both control and test animals and humans allowing qualitative and 

quantitative analysis. The usage of stable isotopes as tracers makes it easier to track which 

metabolites are downregulated or upregulated. Also, new pathways can be discovered. This applies 

only to untargeted metabolomics, i.e. an approach allowing detection of every possible analyte in 

a sample simultaneously, if m/z values have been listed in the database.  

In a case of targeted metabolomics, one chooses the metabolites of interest beforehand. Some types 

of mass analyzers provide the selection of daughter ions followed by the filtering of an exact 

product ion of interest. 

The choice of experimental model is an important part of lipidomics and metabolomics studies. 

For example, studies of cell-based models are carried out under controlled conditions and known 

as in vitro, literally meaning “in the glass”. Researchers often add stimulating or inhibiting agents 

to imitate the activity taking place in real living organisms [38]. Although in vitro models can 

provide only limited information about the ongoing processes, they are cheaper and results can be 

obtained much faster compared to in vivo (Latin for “within the living”) models. In vivo studies 

involve whole living systems such as test animals or human subjects. Experiments in vivo allow 

to test drugs or other compounds or to explore metabolism in pathophysiological and normal 

conditions, providing a more comprehensive outlook of the processes occurring in the organism. 

However, a living organism is a complex system and it can be difficult to predict random changes. 

In human studies, it is almost impossible to monitor and control all the aspects of lifestyle such as 

diet, physical activity, taking medication, bad habits, etc. Moreover, laboratory animals are 
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expensive to take care of. Therefore, researchers have to consider which experimental model, e.g. 

cell lines or laboratory mice, fits the experimental design. 

3.3. Isotope labeling 

 

Analyzing reactions of interest in a living organism presents a challenge due to a vast number of 

reactions occurring simultaneously. This complication can be overcome this complication by using 

tracers, the molecules or atoms that are chemically indistinguishable from the naturally occurring 

objects of interest but can be recognizable due to physical properties. Isotopes, i.e. the atoms with 

the equal numbers of electrons (and protons) but different numbers of neutrons, have the same 

chemical properties, which allows to utilize them as tracers. 

The first tracers contained radioactive isotopes for the ease of detection [39, 40]. Unfortunately, 

this advantage goes along with complications. Later the development of mass spectrometry 

methods made it possible to use stable, non-radioactive isotopes of carbon 13C, hydrogen 2H (alias 

deuterium D), oxygen 18O, etc. They are safe and have the same chemical properties as the most 

abundant isotopes but different masses. This feature makes it possible to detect molecules involved 

in synthesis and turnover by mass spectrometry. To study metabolism, researchers use compounds 

that already exist in the body. 13C-labeled acetate, 13C-labeled glucose, or heavy water (D2O) are 

the most common precursors. High doses of these compounds do not alter metabolism and are safe 

to introduce in a living organism.  

D2O is a stable and cheap isotope tracer and easy to handle. The distribution of deuterium in the 

body can be estimated by measuring D2O level in plasma. This tracer is involved only in 

endogenous synthesis of fatty acids but not PUFAs (in mammalian cells) [41], which makes it 

highly useful for the study of lipogenesis. 

It should be noted that every chemical element has known isotopic forms. Some isotopes can be 

found in nature while others (usually radioactive) can be produced by nuclear fusion and 

radioactive decay. Commonly natural isotopic abundances follow the pattern, which is represented 

as a ratio of naturally occurring isotopes. 
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Table 1. Natural isotopic abundance (adopted from [42]) 

Element Mass 

number 

Representative isotopic 

composition (mole fraction), % 

Observed range of natural 

variations (mole fraction), % 

Hydrogen, H 1 

2 

99.9885(70) 

0.0115(70) 

99.9816 – 99.9974 

0.0026 – 0.0184 

Carbon, C 12 

13 

98.93(8) 

1.07(8) 

98.853 – 99.037 

0.963 – 1.147 

Nitrogen, N 14 

15 

99.636(20) 

0.364(20) 

99.579 – 99.654 

0.346 – 0.421 

Oxygen, O 16 

17 

18 

99.757(16) 

0.038(1) 

0.205(14) 

99.738 – 99.776 

0.037 – 0.040 

0.188 – 0.222 

 

Thus, molecules can be composed of not only the most abundant isotopes. If no additional 

treatment was applied, the profile should correspond to the natural isotopic distribution.  

In the Fig. 3 the natural isotopic profile of unlabeled palmitic acid is shown. 13C contributes the 

most to the intensity of the second highest peak M+1 because other isotopes such as deuterium or 

17O are even less abundant (Table 1). If the intensity of the first peak (monoisotopic mass of the 

most abundant isotopes) is set as 100% then the intensity of the second peak equals about 20%. 

This isotopic distribution profile was computed theoretically.  
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Fig. 3. Natural isotopologue profile of unlabeled palmitic acid (created with enviPat web interface 

[43]). 

Molecules can be labeled, partially labeled, and unlabeled. The molecules of the same chemical 

formula that differ only in isotopic composition are called isotopologues. The examples are CH4, 

CH3D, CH2D2. Isotopologues should not be confused with isotopomers. Isotopomers are isomers, 

i.e. molecules having the same isotopic composition but different positions of isotopic atoms. For 

example, CDH2CH2CH2CH3 and CH3CHDCH2CH3 are isotopomers of n-butane. Not all the mass-

spectrometric methods are able to distinguish isotopomers from each other.  

Calculation of the peak intensities in a natural isotopic distribution profile is relatively easy if the 

number of atoms in a molecule is small. For the rough estimation of the peak intensities of fatty 

acids, it is possible to ignore isotopes other than 12C and 13C. The absolute abundances for each 

isotopologue can be calculated as: 

A = 
𝑛!(𝑎)!×(𝑏)!×(𝑐)!⋯(r1)

a×(r2)
b×(r3)

c… (1) 

where n is the number of atoms of the element, r1, r2, r3, etc. are the abundances of each isotope, 

and a, b, c, etc., are the number distribution of the atoms in a given molecule [44]. 
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For example, the values of absolute abundances for palmitic acid can be obtained by following 

equations: 

A(12C16
13C0H32O2) = 

16!16!×0!(0.9893)16×(0.0107)0 = 0.842 

A(12C15
13C1H32O2) = 

16!15!×1!(0.9893)15×(0.0107)1 = 0.146 

If we set the abundance of unlabeled palmitic acid 12C16
13C0H32O2 as 100% then the relative 

abundance of palmitic acid-1-13C would be 17.3%, which corresponds to the height of the 

measured M+1 peak of palmitic acid presented in the Fig. 3.  

More precise estimation of an isotopic profile of fatty acids or more complicated molecules can be 

obtained by special calculators such as “Isotope Distribution Calculator and Mass Spec Plotter” 

available on the Scientific Instrument Services website [45] or enviPat web interface [43]. 

To estimate the enrichment of a selected isotope used as a tracer, a natural isotopic distribution 

profile of a control sample (treated with only a vehicle or not treated at all) or a theoretically 

calculated isotopic profile should be subtracted from a profile of a labeled sample. 

IsoCor is a software for isotope correction of raw mass spectrometry data, i.e. mass fractions of 

the group of isotopologues, for evaluation of isotopic enrichment provided by a tracer during the 

experiment. 
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Fig. 4. The IsoCor window [46] 

In the Fig. 4 the IsoCor window is presented. Prior to the start of data processing, it is required to 

choose the type of a tracer, parameters of mass spectrometry measurement, upload the raw mass 

spectrometry data for each molecule of interest, the database with the exact mass and natural 

abundance of each isotope, and the elemental formulas used for correction.  

The IsoCor software calculates the mean isotopic enrichment of molecules based on parameters a 

user inputs. The final data represents a subtraction of theoretically calculated natural abundances 

of the isotopologues from the profile of isotope-labeled samples measured in the experiment. 

IsoCor uses the following formula for calculation of the mean enrichment: 

ME=
∑ 𝑀𝑖𝑛𝑖=0𝑛  (2) 
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where ME is the mean enrichment of the molecule, Mi is the relative proportion of the isotopologue 

containing i atoms of the isotopic tracer, and n denotes the number of atoms of the chemical 

element in the molecule [47]. 

 

Fig. 5. Isotopologue profile of phosphatidylcholine 34:1 extracted from A549 cells grown on 

13C6-glucose (marked as labelled) and monoisotopic glucose (marked as unlabelled) created after 

IsoCor isotope correction [48] 

In the Fig. 5 the data from the isotope labeling experiment in cells is shown as an example. The 

raw mass spectra were corrected with Isocor software. After isotope correction for natural 13C 

abundance, the isotopologue profile of labeled phosphatidylcholine 34:1 shows that less than half 

of the molecules remained totally unlabeled after the isotope labeling experiment, while in the 

experiment with the cells grown on monoisotopic glucose the intensity of the M+0 peak 

(corresponds to unlabeled molecules) was 100% as expected. 

4. Preparation for the analysis 

4.1. Extraction 

 

Since most of the lipids are water insoluble, the first step of lipid analysis of biological samples is 

the isolation of hydrophobic compounds. Various combinations of nonpolar organic solvents, polar 

organic solvents and water can be used for the separation of different classes of lipids. Bligh and 

Dyer [49] and Folch [50] procedures are considered as “gold standards” for the extraction of lipids. 

Both of the methods are suitable for total lipid recovery using a chloroform-methanol-water 

mixture. However, chloroform has higher density compared to water thus the chloroform phase 

containing lipids moves down at the bottom when mixing with water. Limited access to the bottom 
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phase leads to complications during the isolation of the chloroform phase if the aspiration of the 

organic fraction from the glass tube is applied. The re-extraction by adding another portion of 

chloroform-methanol mixture to the remaining water phase may help to increase the recovery of 

lipids. This step predictably increases the total time required for the sample preparation. These and 

other disadvantages (e.g. high toxicity of chloroform) of Bligh and Dyer and Folch methods 

pushed researchers to change chloroform or chloroform-methanol system for less hazardous 

compounds. Methyl-tert-butyl ether (MTBE) [51], ethyl acetate [52], butanol (BUME method) 

[53], hexane [54], dichloromethane [55] have been proposed as safer and faster approaches for 

lipid isolation. Not all of them are suitable for high-efficiency recovery of total lipids [36]; 

however, it is possible to choose a right solvent system depending on a experiment. 

Some tasks of lipid analysis require separation of different lipid classes from each other. The most 

frequently used approach is the solid-phase extraction (SPE). SPE columns contain silica-based 

packing material, which can be modified with different groups, e.g., with chemically bonded 

octadecyl (C18) groups. Separation is based on the affinity of a compound of interest to the 

stationary phase while sample matrix and undesired components are letting through the column 

with the mobile phase. Then the column is washed with the other solvent (e.g. different polarity) 

and the retained component is removed by the change of solvent nature. For the isolation of polar 

lipids, it is important to maintain the specific pH [36]. Moreover, SPE can be used for the removal 

of non-lipid contaminants from crude extracts of polar lipids [56].  

4.2. Derivatization of acylglycerols and phospholipids 

 

For some types of analysis, it is necessary to modify compounds of interest chemically. 

Derivatization improves their chemical and physical properties. The most significant changes are 

decreasing the boiling point temperature, increasing the chemical stability, and simplification of 

detection.  

As stated before, acylglycerols and phospholipids contain ester linkages between glycerol and 

molecules of fatty acids. To figure out which kinds of fatty acids are bonded to the glycerol 

backbone, it is necessary to break down the bonds between them. Chemical reactions such as 

transesterification and derivatization are commonly used prior to the analysis of fatty acids. 
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Reaction of fat hydrolysis is called saponification. This process was known from ancient times 

when people mixed and boiled oil or fat with ashes to produce soap. Later ashes were replaced by 

strong alkali. The reaction is based on the attack of a hydroxide ion on the molecule with ester 

bonds followed by liberation of glycerol and fatty acids in a form of salt. Sodium and potassium 

salts of fatty acids are soluble in water, they are the major components of soap; however, free fatty 

acids are insoluble. This makes the fatty acid analysis more complicated. Moreover, the 

saponification procedure is time consuming [57]. 

CH2

CH

CH2

O

O

O

CH2

CH2

CH2R
3

R
2

R
1

+ NaOH3

O
–

CH2R
1

O
–

CH2R
2

O
–

CH2R
3

+

CH2

CH

CH2

O

O

O

H

H

H

Triacylglycerol Salts of fatty 

acids 

Glycerol

OH2

Na
+

Na
+

Na
+

 

Saponification of triacylglycerol 

Another approach is to perform transesterification, i.e. substitute glycerol moiety in glyceride 

molecule for another alkoxy group. The most common strategy is to convert triacylglycerols to 

methyl esters of fatty acids. As a result of this modification, the boiling point of the product is 

lower compared to the initial compound. Since only one fatty acid is connected to the methyl 

group, fatty acid methyl ester (FAME) has lower molar mass compared to acylglycerol. Thus, 

FAMEs can be transferred to the gaseous phase, separated, and detected.  
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Transesterification of triacylglycerol 

The reaction of transesterification is reversible. The excess of a reagent may help to get a higher 

yield of a product. Thus, an extra amount of a reactant is highly required. The reaction mixture 

should contain lipid extract, methanol (MeOH) and a catalyst. However, a large portion of a non-

polar lipid like triacylglycerol does not fully dissolve in methanol. The addition of a sufficient 

amount of non-polar solvent (e.g. n-hexane [58]) may improve it and subsequently increase the 
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yield of the product. Moreover, heating the reaction mixture increases reaction efficiency as well. 

At the same time, elevating temperature of the system promotes the oxidation of lipids. 

Polyunsaturated fatty acids are the most susceptible to oxidation among the common lipids due to 

numerous unsaturated bonds [59]. To protect PUFAs from alteration and autoxidation, it has been 

advised to add n-butylated hydroxytoluene (BHT) as an antioxidant [60, 61].  

The transesterification process requires the addition of an alkali or acidic catalyst, in particular: 

NaOH, KOH, and sodium methoxide CH3ONa as alkali-based catalysts, or formic acid, 

hydrochloric acid, acetyl chloride, sulfuric acid, and boron trifluoride in methanol as acidic-based 

catalysts [62]. The latter catalyst is the most common among the acidic-based catalysts [24]. When 

using a BF3-based catalyst, the reaction time is brief. However, a short shelf-life of BF3-methanol 

solution limits the its use. 

The transesterification reaction proceeds considerably faster in the presence of alkali-based 

catalysts compared to acidic-based catalysts [63]. The acid-catalyzed transesterification reaction 

demands higher temperature, equal to or exceeding 100°C [64, 65]. Since PUFAs can undergo 

oxidation at high temperatures, it is more reasonable to keep the temperature as low as possible at 

which the reaction proceeds quantitatively. Thus, the usage of alkali-based catalysts is preferable. 

Sodium methoxide (CH3ONa) is the most frequently used basic transesterifying agent. Ten 

minutes at 50°C in the presence of a 100-fold excess of 0.5 to 2M sodium methoxide solution are 

the sufficient conditions to carry out the TAGs and phosphoglycerides transesterification [66]. 

Moreover, 0.5% (~0.07 M) CH3ONa promotes significant FAMEs generation at 40°C even with 

the stoichiometric molar ratio of TAG/MeOH [67]. The addition of a diluted acid solution or 

NaHSO4 (15% solution) stops the reaction by neutralizing sodium methoxide [24]. However, if 

non-esterified fatty acids present in a sample, they remain intact in basic conditions [68]. 

After transesterification procedure, FAMEs should be separated from the reaction mixture. 

FAMEs are non-polar thus they show affinity to non-polar solvents. Liquid alkanes such as n-

pentane, n-hexane, or iso-octane are suitable for FAMEs extraction [62, 69]. Addition of water 

helps to create a two-phase mixture; thus, FAMEs concentrate in the organic non-polar phase. 

Extraction with a mixture of n-pentane and water in a ratio 2:1 gives 97-99% recovery of FAMEs 

[65]. 
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4.3. Derivatization of glycerol 

 

The main by-product of the transesterification reaction is glycerol. It can also be partially or fully 

deuterated during isotope labeling procedure. Thus, the analysis of glycerol can be an additional 

source of information about lipid metabolism.  

Glycerol, 1,2,3-propanetriol, is a polyol compound. It is highly polar due to hydroxyl groups, 

therefore it has good water solubility and considerably lower solubility in organic non-polar 

solvents. This feature allows the separation of glycerol from FAMEs after reaction of 

transesterification. Apart from the glycerol, in the water phase, there is NaCl, salt, which was 

generated before by the neutralization reaction between acid and the excess of sodium methoxide. 

The high concentration of the salt does not allow the use of liquid chromatography coupled to mass 

spectrometry for glycerol detection. Modification of glycerol can help to overcome this problem. 

The hydroxyl groups of glycerol can be altered to create volatile derivatives of glycerol.  

Silylation, a process of incorporation of a silyl group (R3Si), has been proposed as one of the ways 

to make non-volatile molecules bearing an active hydrogen (–OH, –SH, –NH2) suitable for gas 

chromatography due to the loss of hydrogen bonds. The most common silylating agents for GC 

are BSTFA [N,O-Bis(trimethylsilyl)trifluoroacetamide] and BSA 

[N,O-Bis(trimethylsilyl)acetamide], which introduce trimethylsilyl (TMS) groups to the molecules 

of interest. A catalyst such as trimethylchlorosilane (TMCS) is widely added for improving the 

derivatization process [70]. The silylation reaction driven by BSTFA proceeds faster and more 

completely than by BSA [71]. Hence, BSTFA with addition of TMCS is an optimal choice for 

glycerol derivatization. 
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The reaction between glycerol and BSTFA 

BSTFA and silyl derivatives are sensitive to moisture, i.e. unstable in presence of traces of water 

[70]. Glycerol is hygroscopic so the water should be excluded from the reaction mixture as much 

as possible. Thus, water from the aqueous phase collected after the transesterification must be 

vaporized. Glycerol is thermally stable and does not evaporate under 120°C at atmospheric 

pressure [72]. After evaporation of water, there is a dry residue containing mainly glycerol and salt 

crystals at the bottom of the flask. Using a portion of pyridine, glycerol is transferred to a new 

glassware leaving the impurities behind in the evaporation flasks. The choice of pyridine as a 

solvent is based on two reasons of principle. Firstly, glycerol is soluble in pyridine, whereas NaCl 

does not dissolve in it. Therefore, it would not be present in the reaction mixture. Secondly, 

pyridine is often used as a solvent in the silylation reactions [70, 71, 73]. BSTFA is added to 

glycerol dissolved in pyridine. After moderate heating of the mixture in a sealed vial, the sample 

is ready for measurements. 

4.4. Acetone labeling for heavy water enrichment assessment 

 

As discussed before, lipidomics and metabolomics methods usually require the usage of stable 

isotopes. Introduction of D2O, heavy water, to a living system provides deuterium for tracking 

metabolic pathways. To incorporate deuterium in DNL, it is necessary to maintain a sufficient 

amount of it in body fluids. Moreover, the excess of deuterium in the organism can affect the rate 

of metabolism due to stronger carbon–deuterium (C-D) bonds compared to carbon–protium (C-H) 

[74]. To not disturb the experiment, the amount of deuterium should be controlled.  
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Determination of D2O level in plasma corresponds to its relative amount in the body. One of the 

methods established for the heavy water enrichment measurement is preparation of labeled acetone 

via exchange reaction. Acetone exists in keto and enol forms. Under basic conditions, deuterium 

from heavy water can be incorporated in acetone while it is in an enol form. Acetone reacts with 

unlabeled water as well but the products are indistinguishable from the reagents. With an increase 

of D2O to H2O ratio the exchange reaction tends to produce more deuterium-labeled acetone. 

According to this, a set of solutions with the exact percent of heavy water can be prepared and 

mixed with acetone to create a calibration curve.  
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The simplified reaction of formation labeled acetone  

With the addition of heavy water, not all the molecules of acetone are completely modified with 

deuterium, yet after a while acetone becomes proportionally deuterated. When the equilibrium of 

the exchange reaction is reached, i.e. the concentrations of reagents and products remain stable, 

acetone (both labeled and unlabeled) should be extracted with organic non-polar solvent. Hexane 

can be used for D-acetone extraction from plasma samples to avoid coagulation of proteins [75]. 

The extraction is an essential step prior to gas chromatography analysis to isolate acetone from the 

reaction mixture. 

5. Separation and analysis 

 

Chromatography is the widely used technique for separation and isolation of compounds in 

complex mixtures. Chromatographic columns coupled with various detectors are a powerful tool 

for clinical, pharmaceutical, environmental and food analysis.  
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Chromatography is a physical method of separation in which the components to be separated are 

distributed between two phases, one of which is stationary (the stationary phase) while the other 

(the mobile phase) moves in a definite direction. The first chromatographic separation was 

performed by M. S. Tswett. He used calcium carbonate as a polar stationary phase and petrol ether 

as a non-polar mobile phase [76]. His experiment was a forerunner for the modern method of liquid 

chromatography (LC). Another approach is to use gas as a mobile phase instead of liquid. This 

method is called gas chromatography (GC). 

Interaction between analyte and stationary and mobile phases underlines the principle of 

chromatography. Since different compounds have different affinities for the stationary and mobile 

phases, they tend to travel differently in a chromatographic column (or plate in a case of planar 

chromatography). As a result, compounds leave the column at different times (i.e. retention 

time, RT). 

Retention time can be used as a parameter for lipid identification; however, it is incomplete for 

full detection and should be supported by other methods of analysis. One of the most 

comprehensive methods of lipid qualification and quantification is mass spectrometry. Mass 

spectrometry (MS) is an analytical technique that enables detection of the mass to charge (m/z) 

ratio of molecules and their fragments. A mass spectrum is the intensity plotted against m/z. 

Characteristic peaks give important information for identification of compounds. 

5.1. Gas chromatography 

 

Lipid molecules are non-volatile and boiling them results in their oxidation and degradation. 

Nevertheless, there are options to adopt gas chromatography (GC) for lipid separation as well; 

even the mobile phase here is gas. The chemical modification of lipids makes lipid molecules 

volatile so they can be transferred to the gas phase. The gas itself should be pure and inert (helium, 

nitrogen, less often hydrogen) to not react with the molecules of interest and not compromise the 

result.  

Stationary phase in GC generally is a liquid siloxane-based polymer with different functional 

groups such as methyl, methyl phenyl, methyl trifluoropropyl, methyl cyanoethyl, etc. [77]. 

Another polymer used as a stationary phase is polyethylene glycol [78]. These polymers are stable 

at high temperatures maintained inside the column oven. High temperature (up to 250°C [79, 80]) 
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in GC is required to transfer FAMEs and other compounds to a gas phase and to keep them volatile 

during the separation process. 

The materials of stationary phases in GC can be of different polarity, similarly as in LC. Since a 

mobile phase is an inert gas, the nature of a stationary phase significantly influences the way 

analytes are retained in the column. Polar stationary phases allow separating fatty acids having the 

same number of carbons but different saturation degrees with saturated fatty acids first to emerge 

and then unsaturated fatty acids in ascending order of number of double bonds [68]. 

There are two ways of stationary phase organization, namely packed columns and capillary 

columns. They are made of glass, fused-silica, or stainless steel. Glass is more inert than metal so 

it can be used in highly precise analyses. Columns in GC are substantially longer than in LC 

because of the higher speed of a mobile phase. Packed columns contain fine inert solid particles 

(commonly diatomaceous earth) itself or covered with non-volatile polymeric, chemically inert, 

and thermally stable liquid. The common length of packed columns is 1.5–10m in length, and an 

internal diameter is 2–4mm [81]. Although they have low resolution, their capacity is higher 

compared to capillary columns, which makes packed columns suitable for preparative 

chromatography. Capillary columns are hollow and named open-tubular. The carrier gas is going 

through them easily without the resistance. The length of capillary columns ranges from 5 to 100 

m; columns of 25–30 m are the most common in practice. The internal diameter of capillary 

columns is a few tenths of a millimeter [78]. The inner walls of open-tubular columns are coated 

with the stationary phase, which can be viscous liquid applied directly on walls or sorbent without 

chemical binding. Furthermore, it can be chemically bonded onto the inner walls of the tube and 

cross-linked throughout the polymer matrix.  

There is another way to distinguish open-tubular columns: there are wall-coated open tubular 

(WCOT) and support-coated open tubular (SCOT) columns. Walls of WCOT are coated with a 

thin layer of a liquid stationary phase. In the SCOT columns, a stationary phase is absorbed on 

support material such as diatomaceous earth, for instance. The separation efficiency of WCOT 

columns is higher than SCOT columns [82].  
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5.1.1 Comprehensive two-dimensional gas chromatography 

 

The longer the column, the higher the resolution can be achieved. However, long columns still can 

be inefficient if analytes are of a similar nature. In planar chromatography, it is possible to increase 

resolution by rotating a plate 90° after the first development and redeveloping with the second 

mobile phase. In GC the change of the mobile phase during the separation process is impossible; 

however, the first column and the additional one mounted sequentially may improve the resolution. 

Coupling two or more columns is a complicated task; however, it gives greater separation in a case 

of compounds of similar nature. It also requires a specific way of connection between the columns. 

The heart cutting technique has been the first approach of the connection. A portion of the gas 

stream with analyte is taken from the first column and focused into the second one. The polarity 

of the second column can differ from the first one; moreover, the second column can be set at 

higher or lower temperature compared to the first column. This technique makes the separation of 

compounds more efficient. However, it allows to separate only a few compounds in a sample. 

Thus, it is suitable only if the analysis of an entire sample is not required. Additionally, the valve 

between the columns should be at the same operating temperature as columns but also should be 

manually operated from the outside [83]. Moreover, it is necessary to trap the analyte in the first 

column before entering the second column to produce the final peaks sharper. 

In 1991, Phillips and Liu published an article on comprehensive two-dimensional gas 

chromatography (GCxGC) [84]. In this method, all the substances are passing through both open-

tubular columns with different stationary phases. To create this technique, they placed a special 

modulator at the interface between the columns. The modulator keeps the portion of the gas stream 

with analytes emerging from the first column for a few seconds and then releases it into the second 

column. While the next portion is kept, the previous one passes through the columns and goes to 

the detector. In the Fig. 6 the principal parts of the GCxGC instrumentation are shown. Typically, 

the primary column phase is less polar than the secondary column phase [69]. The second column 

is shorter than the first one making the chromatographic development is rapid enough for analytes 

to leave the second column.  
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Fig. 6. GCxGC instrumentation 

After detection and data processing, a two-dimensional contour plot chromatogram is created. 

Axes represent retention times on columns, i.e. one axis is retention time on the primary column 

and the other is retention time on the secondary column. In the Fig. 7 GCxGC 2D chromatogram 

of the standard mixture of 45 FAMEs is shown as an example. The separation power of this method 

is strong enough to develop isolated peaks of different cis and trans isomers of unsaturated fatty 

acids. The height of a peak corresponds to the intensity of the signal. 

 

Fig. 7. GCxGC 2D chromatogram of the standard mixture of 45 FAMEs (adapted from [69]) 
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5.2. Liquid chromatography 

 

The most common type of chromatography used for lipid analysis is liquid (i.e. liquid 

chromatography, LC), since lipids are non-volatile and the size of molecules is relatively large. 

LC is an effective method for lipid separation and identification. For this task, the reversed-

phase (RP) mode is used. In this approach, a stationary phase is non-polar and a mobile phase is 

polar. There is a great variety of stationary phases: chemically modified silica-based or organic 

polymer-based materials. The most common ligand is n-octadecyl (C18); it is satisfactory for the 

most routine tasks. Due to the intermolecular forces, lipid molecules have an affinity to this non-

polar material so they can be retained in the column. 

Chromatographic columns in LC are much shorter compared to GC because of the difference in 

viscosity of liquid and gas. The higher viscosity of liquid results in a lower flow rate of the liquid 

mobile phase in comparison to the gas mobile phase. Thus, the chromatographic separation might 

be time consuming which is not optimal for a big set of samples. 

As stated before, the mobile phase should be much more polar. In case of lipid separation, mobile 

phases based on acetonitrile, methanol, water, and isopropanol are generally used [35]. The 

solvents should be completely miscible; otherwise, the droplets of the one phase can cause 

instability of the separation. The solution in which extracted lipids are dissolved also should be 

compatible with the mobile phase. Some lipid identification methods require using gradient elution 

when one solution of the mobile phase is gradually replaced by the other mixture of solvents.  

The efficiency of chromatographic separation inversely correlates with a particle size of the 

stationary phase [85]. The change of particle size entails the shift of the other characteristics of the 

system. To compensate for this, the flow rate must be adjusted to the desired efficiency. The flow 

rate is inversely proportional to the particle size: as the particle size decreases, the flow rate 

increases, the analysis time decreases, the width of the peaks becomes narrower, and more 

resolution is achieved. However, according to the Van Deemter equation, the flow rate of the 

mobile phase itself is inversely proportional to the efficiency [86]. With the increase the flow rate, 

not all the molecules have enough time to move into and out of the pores of the stationary phase. 

The increase in the flow rate also broadens the peaks in a chromatogram. Therefore, the optimal 

flow rate should not be too low or too high. All these considerations resulted in the two types of 
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modern column LC: High Performance Liquid Chromatography (HPLC) and Ultra Performance 

Liquid Chromatography (UPLC), or Ultra High Performance Liquid Chromatography (UHPLC). 

In HPLC the size of the adsorbent particles is smaller compared to the traditional LC and ranges 

from 2 to 20 μm. The HPLC setup requires using high operational pressure (up to 400 bar or 

40 MPa) [87]. In UPLC the size of the particles is sub-2 µm, which provide the better resolution, 

higher efficiency and reduced time of analysis. However, to achieve the optimal result it is 

necessary to build up higher back pressure in the system because smaller particles have stronger 

resistance to flow. The pressure in UPLC reaches up to 100 MPa [88]. Despite the advantages 

of UPLC, the UPLC machine is more expensive than HPLC; thus, HPLC is still widely used. 

5.3. Mass spectrometry 

 

Chromatography coupled to mass spectrometry is a comprehensive method for analysis of organic 

molecules. It is fast and accurate and even complex samples can be examined thoroughly. The 

molecules that are possible to transfer to the gas phase and ionize afterwards move to a mass 

analyzer. In a mass analyzer, ionized molecules and their fragments migrate at different velocities 

under the influence of electric and magnetic fields. The difference of mass and charge between 

various ions leads to their segregation. Eventually, ions are detected by an electron multiplier. 

As a result of the ionization process, ions are generated. Most methods provide formation of 

positive ions; however, negatively charged molecules can be produced and detected by other 

means as well. The ion Mn+ (or M n•+) is called the molecular ion, or the parent ion. The formed 

ions are not entirely stable and they show the tendency to decay into smaller particles. Some of 

them are not charged and consequently do not participate in the separation and detection. The other 

particles that carry some charge travel through the instrument and can be observed in the mass 

spectrum. These ions are named daughter ions. 

There are numerous ion sources providing ionization of molecules in mass spectrometry. One of 

the major distinctions between all of them is how hard the ionization proceeds. Hard ionization 

methods produce daughter ions due to a high degree of fragmentation. Generally, break of bonds 

follows some rules and can be characterized. Thus, the pattern of the fragmentation is mainly 

predictable and serves as a good approach for structural identification. However, some spectra are 
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too complicated to interpret. Soft ionization methods provide less energy to the ionization process 

so it generates molecular ions with only a few daughter ions. 

The most widely used ionization techniques for lipid analysis are Electron Impact Ionization (EI) 

and Electrospray Ionization (ESI). EI is the hard ionization technique causing analytes 

fragmentation. EI is mostly used in gas chromatography-mass spectrometry (GC-MS) since 

analytes need to be volatile. The process of ionization is as follows: a molecule (mass range of it 

should not exceed 1000 Da) comes into an ionization chamber, the beam of high-energy electrons 

(70 eV) knocks electrons out of the molecule, generating the positive ions. In contrast, ESI is a 

soft ionization technique suitable for non-volatile and thermally labile molecules. This method is 

suitable for molecules of high molecular weight as long as the sample is completely dissolved. The 

flow of liquid from a chromatographic column enters inside of a stainless steel or quartz silica 

capillary. The fine capillary (nebulizer) maintained at a high voltage (e.g. 2.5‒6.0 kV) [89] releases 

the charged droplets. Due to elevated temperature and low pressure in a chamber, solvent 

evaporates leaving ionized molecules in the gas phase. Additionally, the coulombic forces in drops 

are too high for them to remain stable and they eventually explode to create gas state analytes. 

Nebulizer can be charged positively or negatively, thus the emitted ionized particles can have a 

positive or negative charge (i.e. [M+H]+/[M−H]−), respectively. The positive ESI ionization is 

more commonly used for routine studies of the majority of lipids [90]. The modifiers such as 

ammonium acetate, ammonium formate, and formic acid or acetic acid added in the mobile phase 

in prior chromatographic separation of lipids provide stable adduct ions using ESI in positive or 

negative modes. TAGs mostly form [M+NH4]+ or [M+Na]+ adduct ions [35]. Other positive 

adduct ions are possible as well depending on modifiers presence in the mobile phase. 

Moving from the ionization chamber, ions are accelerated and focused into the mass analyzer by 

the electric field. There are several types of mass analysers to be used for the analysis of biological 

samples. They all have the thing in common: they sort the ions according to their mass-to-charge 

ratio. The most common analyzer is a quadrupole made of four cylindrical metal rods placed in 

parallel. The opposing rods are connected to each other electrically; the constant DC (direct 

current) voltage and alternating RF (radio frequency) voltage are applied to each pair of rods of 

different polarities. Passing from the ion source, ions enter the space between the rods. Ions start 

to oscillate by the electric field within an abruptly varying phase.  



44 

 

The ions that are in resonance move in a stable trajectory and then they will be spotted and counted. 

Meanwhile, the others leave the quadrupole without detecting. The segregation happens because 

only the ions with the selected m/z can travel through the space between rods and not be neglected. 

If you keep the constant voltage applied to the rods, the only one m/z value will be measured. The 

name of this mode is Selected Ion Monitoring (SIM). Another mode is the Scan mode where the 

voltage is increasing so all the m/z range is scanned.  

The other type of mass analyzer is a triple quadrupole (QQQ or QqQ). QqQ MS is a tandem mass 

spectrometer consisting of 3 parts connected in series: 2 quadrupoles working on the same 

principle as described before and a cylinder between them. The first quadrupole Q1 usually selects 

a precursor ion with the single m/z. Q2 is a collision cell filled with inert gas (Ar, N2, He) where 

precursor ions are breaking down to generate daughter ions. The third quadrupole Q3 can select 

and separate the specific ion [Selected Reaction Monitoring mode (SRM) or Multiple Reaction 

Monitoring (MRM) mode] or scan all the ions generated during fragmentation of the precursor ion 

(Product Ion Scan). Beside these modes, it is possible to use Precursor Ion Scan (precursors ions 

are not selected but daughter ions of the exact m/z are focused to the detector after the 

fragmentation) and Neutral Loss Scan (no ion selecting occurs, detecting of all ions).  

Orbitrap is another type of mass analyzer. It consists of an outer barrel-shaped electrode and an 

inner electrode. The ions entering inside the Orbitrap start to oscillate around the axis. The ions 

with different m/z oscillate at different frequencies, resulting in their separation. When the voltage 

on the central electrode changes, ions with a specific m/z value are ejected from the ion trap and 

detected by an electron multiplier. Moreover, the Orbitrap can be both a mass filter and a detector. 

By measuring the oscillation frequencies induced by the ions on the outer electrodes, the mass 

spectra of the ions are obtained using image current detection. The acquired data is processed by 

the Fourier transform method.  

Time-of-Flight (TOF) mass analyzer does not select the exact m/z; the full scan can be done. All 

the ions are pushed and accelerated from the ion source into the vacuum tube. Escaping from the 

ion source, the ions have the same kinetic energy but distinct masses. The velocity of flight is 

related to the mass-to-charge ratio. Therefore, close to the end of the tube, the ions are moving at 

different speeds.  



45 

 

Time-of-Flight = 
𝐿𝜐 = L( 𝑚2𝑧𝑒𝑉)½ (3) 

where L is a distance to travel (i.e. the length of the vacuum tube), υ is the velocity of the ion, m is 

mass of the ion, z is the charge on the ion, e is the charge of an electron, V is the magnitude of the 

high voltage. 

The equation (2) shows that the time of flight of an ion depends on the length of the tube and mass 

and charge of the ion. A group of ions with the same m/z comes at the same time point, while it 

takes a longer time for the heavier ions to arrive. The resolution increases with the increase of the 

path that the ions should pass. Mass spectrometer equipped with a TOF mass analyzer lacks 

resolution compared to the mass analyzers discussed before but it is the simplest setup among 

them. TOF measures all the range of m/z practically simultaneously, no ion is discarded as it occurs 

in quadrupole mass analyzers.  
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AIMS OF THE THESIS 

 

Obesity, type 2 diabetes, and cardiovascular diseases, which are largely associated with impaired 

lipid metabolism, have become major public health problems worldwide. Dietary habits and 

lifestyle can affect the lipidome – the total composition of lipids in the body. Modern analytical 

methods allow to monitor the lipidome as well as selected lipids to control the impact of exogenous 

factors on normal or pathological state of lipid metabolism. This thesis focuses on optimization of 

biological sample preparation for lipidomics analysis by comprehensive two-dimensional gas 

chromatography coupled to mass spectrometry.  

Here I aimed to (1) assess the Omega-3 index in Czech population because it represents the relative 

amount of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), bioactive fatty acids, 

linked to lower risk of type 2 diabetes and cardiovascular diseases, in red blood cells. Since EPA 

and DHA, omega-3 fatty acids, are found predominantly in an esterified form, I also explored (2) 

how bioavailable omega-3 fatty acids esterified in triacylglycerols, phospholipids, and wax esters. 

Furthermore, using a stable isotope of hydrogen, I examined (3) the impact of PAHSA, a novel 

bioactive lipid, on lipid metabolism. 
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RESULTS AND DISCUSSION 

 

Omega-3 fatty acids are vital substances for human well-being. I used the Omega-3 index as an 

indicator of the omega-3 fatty acid content in the human body. The Omega-3 index represents the 

relative amount of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) in red blood 

cells. Previously, it was reported that EPA and DHA positively affect lipid metabolism. To 

estimate EPA and DHA content, I optimized the method of extraction and following 

transesterification of lipids from biological samples and measured fatty acid methyl esters 

(FAMEs) profile by comprehensive two-dimensional gas chromatography coupled to mass 

spectrometry (GCxGC-MS). In a large-scale experiment, I tested a group of volunteers from Czech 

Republic to determine the Omega-3 index in Czech population. In the second study I controlled 

the Omega-3 index in overweight/obese type 2 diabetic patients before and after omega-3 fatty 

acids treatment. For this research, I used EPA and DHA esterified into triacylglycerols obtained 

from marine fish oil. EPA and DHA can also be found in a form of phospholipids and wax esters. 

To test its bioavailability, we fed mice with a diet containing omega-3 phospholipids from krill 

oil. After the diet administration, I measured the level of EPA and DHA in RBC and liver as a 

marker of omega-3 fatty acids accumulation from krill oil. In the other experiment, we provided 

calanus oil as a source of wax esters of omega-3 fatty acids to a group of human females who 

performed physical exercises. To examine the synergic effect of calanus oil and physical activity, 

I estimate the Omega-3 index before and after the study. I used a similar approach of lipidomics 

analysis to examine the effect of PAHSA (a novel lipid class with a potential beneficial effect on 

mammalian health) administration on lipid metabolism in mice and cell culture (3T3 L1 

adipocytes).  

 

Article I 

Omega-3 index in the Czech Republic: No difference between urban and rural populations 

Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are essential fatty acids. The 

Omega-3 index reflects the relative amount of EPA and DHA in red blood cell membranes. In this 

study, I estimated the Omega-3 index in Czech Republic. We hypothesized that people may have 

different values of the Omega-3 index depending on whether they live in a city or a rural area.  
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476 volunteers from the capital city (Prague) and 388 volunteers from the rural region (České 

Budějovice and surrounding countryside), 864 human subjects in total donated blood samples. 

Additionally, the participants responded to the survey concerning their lifestyle and eating habits. 

The blood sample collection was processed in a slightly different manner in these areas due to the 

lack of equipment in small medical facilities in the rural region compared to the capital city. In 

Prague central laboratory the samples were immediately frozen and stored at -80°C, whereas the 

medical workers in České Budějovice countryside had to refrigerate samples in -20°C freezers and 

then within 1-2 days transfer them on dry ice to the central laboratory for storage. 

From the donated blood, red blood cells were isolated by centrifugation. Phospholipids, building 

blocks of red blood cell membranes, were extracted with methyl-tert-butyl ether. Then separated 

lipids were transesterified with sodium methoxide in methanol. Fatty acid methyl esters, the 

principal products of the reaction, were isolated with hexane. The FAMEs profile was measured 

by the means of comprehensive two-dimensional gas chromatography coupled to mass 

spectrometry. The Omega-3 index was calculated as a ratio of EPA and DHA to the total amount 

of detected fatty acids (expressed as mol %).  

The mean Omega-3 index of the study population was 3.56%. The value ranged from 1.12% to 

8.10%. The Omega-3 index in Czech Republic is relatively low compared to global statistics.  

Considering the number of participants and the large studied area, the chosen approach of blood 

collection was optimal but not ideal. The different methods of freezing and storage of the samples 

immediately followed by the blood collection could lead to fluctuations in results. Moreover, the 

limited number of laboratory workers can reduce the probability of random errors. Unfortunately, 

based on the design of the experiment, we had to seek assistance from numerous medical workers. 

They were fully instructed on the experiment; however, if errors occurred during this part of the 

project, they remained unrecorded.  

To reduce the risk of other inaccuracies during the extraction, derivatization, and chromatographic 

measurement, I added phosphatidylcholine 19:0 (PC 19:0) as an internal standard for data 

normalization prior to the extraction procedure. PC 19:0 comprises nonadecanoic acid (C19H38O2), 

a saturated fatty acid, that is nearly undetectable in the human body [91]. Thus, methyl ester of 

nonadecanoic acid derived from PC 19:0 does not affect the overall fatty acids profile.  
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For quality control, I used blood samples aliquoted prior to the entire extraction process donated 

by the only person. I processed an aliquot for each set of samples as if it was a real sample. 

Some impurities, e.g. plastic residues, long hydrocarbon chains, can interfere and affect the result. 

To eliminate this outcome, I used a blank sample, i.e. an empty plastic Eppendorf tube was filled 

with solvents needed for the extraction but an aliquot of RBC was excluded. Then I performed the 

whole procedure as if the real sample was present there. 

We hypothesized that the region of living would affect the Omega-3 index. Moreover, České 

Budějovice and its surroundings are famous for local ponds and fish farms. However, I could not 

detect a significant difference between urban and rural cohorts. 

 

Fig. 8. Omega-3 index in Czech population (left) and Omega-3 index in rural and urban regions 

of Czech Republic (right) expressed as mol % 

As a part of the project, participants filled the questionnaires that included questions about their 

fish consumption and omega-3 supplements intake. People were divided into six groups related to 

the frequency of fish dishes in their diet. Subjects who reported eating fish at least two times per 

week had the average Omega-3 index 4.10%. Moreover, The Omega-3 index within the groups 

showed a tendency towards decrease when less fish was consumed. People who avoid fish in their 

diet had the lowest Omega-3 index (2.58%) within the cohorts. 

In addition, participants were divided into groups according to their self-reported intake of 

omega-3 supplements. I found that people who consumed pills with omega-3 fatty acids had a 
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higher Omega-3 index (4.22%) comparing to people who did not take any fish-oil 

supplements (3.46%). 

 

Fig. 9. Omega-3 index expressed based on the frequency of fish meal consumption. ANOVA on 

ranks: a, statistically significant from the 1st group; b, statistically significant from the 2nd group, 

etc. up to e, statistically significant from the 5th group (left). Omega-3 index of participants who 

reported omega-3 supplementation (omega-3) or no supplements (NS) (right). 

 

Article II 

Differential modulation of white adipose tissue endocannabinoid levels by n-3 fatty acids in 

obese mice and type 2 diabetic patients 

Type 2 diabetes is a metabolic disorder accompanied by chronic inflammation. So far, there is no 

cure for this disease. Even so, a diet, physical activity and weight management may beneficially 

affect the condition. EPA and DHA as marine omega-3 fatty acids are known for their anti-

inflammatory properties. In this study 69 overweight/obese type 2 diabetic patients were treated 

for 24 weeks with a dose of omega-3 fatty acids concentrate or corn oil as a placebo. Serum and 

white adipose tissue were collected before and after the treatment to control the Omega-3 index. 

To measure the relative amount of EPA and DHA by comprehensive two-dimensional gas 

chromatography coupled to mass spectrometry, I modified fatty acids incorporated in 

triacylglycerols into FAMEs. In both types of samples, I detected increase of the Omega-3 index 

in relation to the EPA and DHA administration. In serum it was increased ~2.5-fold and 
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in WAT ‒ 2.2-fold. On the contrary, the placebo group did not show any significant change in the 

Omega-3 index.  

In this study the number of participants (n=29) was considerably smaller than in the project 

concerning the Omega-3 index in Czech Republic, which allowed the experiment to be more 

controlled. The sampling of human samples was under strict monitoring in the hospital where 

biopsies and blood collection were made. 

Article III 

Omega-3 Phospholipids from Krill Oil Enhance Intestinal Fatty Acid Oxidation More 

Effectively than Omega-3 Triacylglycerols in High-Fat Diet-Fed Obese Mice 

Fish oil, the most available omega-3 supplement, mainly comprises triacylglycerols. However, 

there are other lipid classes that can be administered as a source of EPA and DHA. Krill oil 

contains omega-3 fatty acids in the form of phospholipids. In this study of intestinal metabolism, 

we fed C57BL/6N mice with 4 different high-fat-based (HFD) diets [lipids ~35% (wt/wt)]: 

1) HFD; 2) HFD-based diet, in which 15% (wt/wt) of lipid content were substituted by TAG-based 

EPA and DHA (ω3TG diet) compound to reach ~30 mg/g EPA and DHA concentration; 

3) HFD-based diet, in which 45% (wt/wt) of lipid content were substituted by Atlantic krill oil 

containing PL-based EPA and DHA (ω3PL-H diet) compound to reach ~30 mg/g EPA and DHA 

concentration; and 4) HFD-based diet, in which 15% (wt/wt) of lipid content were substituted by 

Atlantic krill oil containing PL-based EPA and DHA (ω3PL-L diet) compound to reach ~10 mg/g 

EPA and DHA concentration. 

As a test of their bioavailability, after 8 weeks of the diet administration, I measured the Omega-3 

index in the cohorts. For this purpose, mice RBC were collected to analyze omega-3 fatty acids 

content. After GCxGC-MS analysis of FAMEs followed by phospholipids extraction and 

derivatization, I calculated the Omega-3 index. The group of mice fed with HFD was considered 

as a control since they were not treated with omega-3 supplements. ω3TG and ω3PL-L mice 

showed a similar Omega-3 index (7.5% and 6.5%, respectively), although the ω3PL-L diet 

contained 3 times less EPA and DHA. The ω3PL-H mice had the highest Omega-3 index (12.5%) 

despite consuming the same amount of dietary omega-3 fatty acids as ω3TG mice. Thus, EPA and 
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DHA in a phospholipid form are more prone to be incorporated into the body than 

omega-3-containing triacylglycerols. 

 

Fig. 10. Omega-3 index within the cohorts based on their diets. Data are mean percentage ± SEM 

(n = 8). *, significantly different vs. HFD; #, significantly different vs. ω3TG; †, significantly 

different vs. ω3PL-L (p < 0.05, one-way ANOVA). 

 

Article IV 

Krill Oil Supplementation Reduces Exacerbated Hepatic Steatosis Induced by Thermoneutral 

Housing in Mice with Diet-Induced Obesity 

Liver synthesizes and metabolizes a lot of lipids. Moreover, impaired hepatocytes tend to store 

increased amounts of triacylglycerols. Thus, liver can be a target tissue in a study of omega-3 fatty 

acids accumulation.  

In this study, C57BL/6N mice were fed with 3 different diets: 1) lard-based high-fat diet LHF, 2) 

LHF-based diet supplemented with krill oil as a source of omega-3 fatty acids-containing 

phospholipids (ω3PL diet), 3) LHF-based diet supplemented with omega-3 fatty acids in the form 

of triacylglycerols (ω3TG diet). Total content of EPA and DHA in both supplemented diets was 
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adjusted to ~30 mg/g. The duration of the diet administration was 24 weeks; one cohort of mice 

received a LHF diet, the other one received an ω3PL diet. Besides these groups, two other cohorts 

were fed with LHF for 8 weeks and then the diet was replaced with omega-3-enriched diets (ω3PL 

or ω3TG) until the end of the experiment. These groups were labeled as ω3PL-R and ω3TG-R, 

respectively. After 24 weeks of administration of mentioned diets, the mice were dissected. 

Collected liver samples were flash frozen and stored for analysis.  

Using MTBE-based extraction, I obtained total lipid extract, which was divided into the neutral 

lipid fraction (mostly TAGs) and the polar lipid fraction (mostly phospholipids) by solid-phase 

extraction (SPE). Extracted lipids were transesterified for the following GCxGC-MS analysis. 

Table 2. Omega-3 fatty acids content in the polar and neutral fraction of liver lipids  

 LHF group 

(control) 

ω3PL group ω3PL‐R group ω3TG‐R group 

 Molar percentage of omega-3 fatty acids in the polar lipid fraction, % 

EPA 0.14±0.01 9.48±0.20a 8.86±0.48a 6.75±0.14abc 

DHA 7.20±0.23 12.1±0.3a 12.2±0.4a 12.1±0.5a 

 Molar percentage of omega-3 fatty acids in the neutral lipid fraction, % 

EPA 0.060±0.004 2.09±0.37a 2.70±0.26a 2.00±0.11a 

DHA 0.58±0.07 3.33±0.57a 3.92±0.44a 3.28±0.17a 

where a,b,c different from LHF, ω3PL, ω3PL‐R, respectively (one‐way ANOVA or Kruskal‐
Wallis test). 

The content of EPA and DHA was higher in the all liver samples (both the polar and neutral 

fraction) taken from mice fed omega-3 supplemented diets compared to mice fed the control lard-

based high-fat diet (in the Table 2). Thus, I showed that liver accumulates omega-3 fatty acids 

from dietary sources. However, the form of omega-3 fatty acids (TAGs or PLs) does not 

significantly affect the level of EPA and DHA. 

For the confirmation of omega-3 fatty acids presence in diets, I isolated total lipids by two-step 

extraction with hexane and mixture of methanol and dichloromethane. I used this approach to 

maximize the number of lipid classes and increase lipid recovery. Extracted lipids were converted 

into FAMEs for GCxGC-MS analysis. FAMEs profile showed the absence of a detectable amount 
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of EPA and DHA in LHF diet samples. In case of omega-3 supplemented diets, EPA (3.74±0.02 

for ω3PL diet and 3.93±0.20 ω3TG diet) and DHA (1.32±0.04 for ω3PL diet and 1.76±0.13 ω3TG 

diet) concentrations were comparable. 

 

Article V 

Exercise training induces insulin-sensitizing PAHSAs in adipose tissue of elderly women 

Aging is a complex process accompanied by changes in metabolism. Often they give rise to 

low-grade inflammation and metabolic disorders. Healthy lifestyle, i.e. balanced diet and physical 

activity, may diminish the effects of negative changes in elderly people. 

To test the combinatorial effect of physical training and omega-3 supplementation, woman 

aged 65-80 (n=55) exercised with professional trainers for 4 months. During this period, they also 

obtained capsules with Calanus oil as a source of omega-3 fatty acids, or capsules with sunflower 

oil as a placebo. Calanus oil provided omega-3 fatty acids in a form of wax esters. To control 

bioavailability of Calanus oil, I analyzed the fatty acid profile of RBC samples taken before and 

after the treatment and physical activity program. For this purpose, I extracted phospholipids from 

RBC with methyl-tert-butyl ether and then transesterified them with sodium methoxide in 

methanol. FAMEs formed in the reaction of transesterification were analysed by GCxGC-MS. The 

Omega-3 index was determined as a ratio of EPA and DHA to the total amount of detected fatty 

acids (expressed as mol %). 

The Omega-3 index did not show a significant difference between the Calanus group and the 

placebo group. The results are presented in the Table 3. 

Table 3. Omega-3 index within the Calanus oil group and the control group 

Experimental group Calanus  Placebo  

Experimental status before  after before after 

Omega-3 index, mol % 5.1±1.4 6.1±1.7 5.0±1.0 6.4±1.2 

 

Comparing this research to the study of the Omega-3 index in Czech Republic, I found out that the 

Omega-3 index of aged women was higher than overall in the country. The possible explanation 
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is the different approaches of sample collection and storing. In this project, the blood sampling 

was done in a more controlled environment, immediately frozen at -80°C, stored for a short time 

period, and then quickly processed. Thus, degradation of omega-3 fatty acids could occur in the 

big comprehensive study due to limitations discussed before.  

 

Article VI 

Lipokine 5-PAHSA Is Regulated by Adipose Triglyceride Lipase and Primes Adipocytes for De 

Novo Lipogenesis in Mice  

Lipid metabolism is based mainly on lipolysis and de novo lipogenesis. Under normal conditions, 

these processes are in balance if calorie intake is equal to calorie expenditure. Thus, the change in 

conditions (e.g. shift in temperature conditions, change in diet) can affect fat accumulation and its 

loss. Supplementation of bioactive compounds is another way to modify lipid metabolism.  

In this study I wanted to test the impact of cold exposure, bioactive lipid 5-PAHSA, and a 

combination of both on lipid metabolism in C57BL/6J mice and in 3T3-L1 adipocytes. For this 

purpose, mice were divided into 2 groups and each group was kept either at 30°C 

(thermoneutrality) or at 6°C (cold exposure) for 7 days before dissection. These groups were 

divided into 2 subgroups based on planned treatment of either 5-PAHSA oral gavage or saline 

gavage as a placebo. Gavage treatment was performed for 3 days before dissection. To track the 

changes in lipid metabolism after cold exposure and/or 5-PAHSA administration, I used heavy 

water as a source of deuterium. Two days before dissection mice were injected with D2O and the 

drinking water was substituted for 10% (v/v) D2O solution to reach the constant D2O level in the 

organism.  

After mice were dissected, collected epididymal white adipose tissue (eWAT) samples were 

processed for GCxGC-MS analysis of labeled FAMEs and labeled glycerol. Prior to gas 

chromatography analysis, glycerol was silanized by BSTFA in pyridine to make it volatile. To 

evaluate the change in lipids due to lipogenesis, I calculated the deuterium enrichment in the 

collected samples. For mass isotopomer analysis, the raw MS spectra were corrected for 

background natural abundances with Isocor software to obtain isotopologue profiles. As a control, 

I used eWAT of mice that were not involved in D2O treatment. They did not receive any deuterium-
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containing injection and heavy water solution for drinking. Therefore, their lipidomic profile is of 

the natural isotopic distribution. The amount of deuterium involved in metabolism can be 

measured indirectly by estimation of D2O content in plasma. For this task, a portion of plasma was 

mixed with acetone in acetonitrile and concentrated alkaline solution. The reaction is based on 

keto-enol tautomerism of acetone. This conversion is a rate-limiting reaction, and thus, for the 

reaction to reach the equilibrium, it is recommended to incubate the mixture overnight. When the 

concentration of D-acetone remains stable, the reaction is considered being completed. Acetone 

extracted by hexane should be analyzed by GCxGC-MS as soon as possible due to volatilization 

of acetone. The value of deuterium enrichment in plasma is required for calculation of fractional 

synthesis of fatty acids and glycerol to estimate DNL. Fractional synthesis equals the ratio of 

deuterium mean enrichment of the molecule to deuterium enrichment in plasma since we consider 

the level of heavy water as pseudo steady-state [92]. Mass isotopomer analysis revealed that cold 

exposure (CE) promotes the higher rate of palmitic and stearic acids synthesis. Palmitic acid is the 

major product of de novo lipogenesis and can be elongated to stearic acid. Moreover, PAHSA 

enhances this effect except for stearic acid synthesis at thermoneutrality. Measurement of 

deuterium enrichment in glycerol showed the effect of cold exposure on glycerol synthesis but 

PAHSA administration did not have an impact on it.  
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Fig. 11. 5-PAHSA stimulated DNL in eWAT during cold exposure. (A) Fractional synthesis of 

palmitic and stearic acid measured in hydrolysates of TAG fraction of eWAT. Two-way ANOVA 

with multiple comparison test (Sidak). Letters within the graphs denote a statistically significant 

effect of 5-PAHSA (P), temperature (T), or interaction of factors (I); *, planned multiple 

comparison of the effect of 5-PAHSA at the given temperature statistically different at p < 0.05. 

(B) Deuterium enrichment of glycerol measured in hydrolysates as above. Data are mean±SEM. 

*P < 0.05 by Student t test (n = 8-9). TN, thermoneutrality; Veh, vehicle; CE, cold exposure. 

As a part of the experiment, I examined the effect of 5-PAHSA on 3T3-L1 adipocytes metabolism. 

To mimic the processes ongoing in vivo, we used various agents as insulin, isoproterenol, and 

forskolin. Insulin promotes DNL and inhibits lipolysis. By contrast, isoproterenol induces lipolysis 

releasing free fatty acids and glycerol from TAGs. Like isoproterenol, forskolin stimulates 

lipolysis.  

In this experiment, we first treated adipocytes with insulin, 5-PAHSA, or their combination and 

then a half of plates with cells were incubated with isoproterenol. After the incubation, I took the 

medium above the cells. Commercial colorimetric kits provide reagents for enzymatic-based 

methods of determination of non-esterified fatty acids (NEFA) and glycerol content in the medium 

samples. The enzymatic reactions are highly specific, and thus each metabolite should be measured 

by a specific kit. Reaction products in both cases are of purple color; hence, the absorbance can be 



59 

 

measured at the wavelength of 550 nm for NEFA and 520 nm for glycerol. All assays were run 

twice in duplicates. 

As a result of the measurements, I could detect that 5-PAHSA enhanced the glycerol release in all 

the setups. The NEFA concentration did not alter in the presence of 5-PAHSA in adipocytes treated 

by forskolin. However, it was elevated in the presence of 5-PAHSA when isoproterenol was used 

as a lipolysis-inducing agent. Therefore, 5-PAHSA affects the lipolysis mechanisms resulting in 

increased concentration of TAGs breakdown products. 

 

  



60 

 

CONCLUSIONS 

 

Here I studied fatty acids involved in human and mice metabolism by extraction of fatty-acids-

containing lipids and their derivatization to generate volatile fatty acid methyl esters suitable for 

GCxGC-MS analysis.  

For the large-scale study of the Omega-3 index in Czech population, I processed 864 red blood 

cells samples from people living in urban areas or countryside. I found out that no significant 

difference in the Omega-3 index was detected between urban and rural regions: the mean Omega-3 

index in Czech Republic was 3.56 mol%. Values below 4 mol% are associated with the highest 

risk for death from coronary heart disease [23]. The self-reported data about dietary habits of 

participants showed that EPA and DHA content in red blood cells correlated with omega-3 fatty 

acids consumed as fish and/or omega-3 supplements. 

I tested bioavailability of EPA and DHA acids esterified in triacylglycerols, phospholipids, and 

wax esters in human and mice studies. Administration of omega-3 fatty acids in a form of 

triacylglycerols increased the content of EPA and DHA in serum, WAT, RBC, and liver. The 

consumption of EPA and DHA acids esterified in phospholipids positively affected the level of 

omega-3 fatty acids in RBC and liver. EPA and DHA in a phospholipid form are more prone to be 

incorporated into RBC than omega-3-containing triacylglycerols; however, consumption of EPA 

and DHA in a form of triacylglycerols resulted in a similar level of omega-3 fatty acids in liver 

compared to consumption of omega-3-containing phospholipids. In the experiment with 

administration of omega-3 fatty acids in a form of wax esters, I detected nearly the same levels of 

EPA and DHA in both control and test groups, thus, no observable incorporation of omega-3 fatty 

acids in RBC occurred. 

In the lipid metabolism study, I used a deuterium-labeling method to track changes in mice 

lipidome in response to cold exposure and/or PAHSA treatment. The rate of fractional synthesis 

of palmitic acid, stearic acid, and glycerol, the major products of lipogenesis, showed that PAHSA 

stimulates DNL, and this effect is more pronounced at low temperatures. In murine adipocytes, 

PAHSA promoted the release of glycerol and fatty acids, the products of triacylglycerol 

breakdown. Therefore, PAHSA affects both lipogenesis and lipolysis processes. 
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