
1 

 

 

 

Analysis of fatty acids in human 
kidney biopsies   

 
Comparing gas chromatography with liquid 

chromatography mass spectrometry  

 
Martin Eide 

 

 

 

 

 
 

 
 
 
 
 
 
 
 

 
 
 
 
 

Experimental project, Department of Medical 
Biochemistry 

 
UNIVERSITETET I OSLO  

 
09.02.2018 

 

 

 



2 

 

 

 



3 

 

Analysis of fatty acids in human kidney 
biopsies   

Comparing gas chromatography with liquid 
chromatography mass spectrometry  



4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Forfatter – Martin Eide 

År – 2018 

Tittel – Analysis of fatty acids in human kidney biopsies 

Forfatter – Martin Eide 

http://www.duo.uio.no/ 

Trykk: Reprosentralen, Universitetet i Oslo 

http://www.duo.uio.no/


5 

 

Abstract: 
Background: We wanted to develop a method for analysing fatty acids in human kidney 

biopsies from renal transplant recipients in the ORENTRA-study (omega-3 fatty acids in renal 

transplantation) using liquid chromatography mass spectrometry (LCMS). A new method was 

needed because the gas chromatography (GC) method used in collaborating laboratory, 

Lipidklinikken in Aalborg, required a larger tissue sample than the 8-12 mg kidney biopsies. 

Material and methods: Extraction of lipids, isolation of phospholipids (PL) and analysis 

with LCMS was performed on mouse kidney tissue (N=4), pig kidney tissue (N=7) and 

human plasma samples (N=291). Different methods for lipid extraction, isolation of PL and 

analysis with LCMS was tried and evaluated based on the findings. For the pig kidney 

sections and most of the human plasma (N=283) samples we compared the fatty acid 

composition with results obtained with GC at Lipidklinikken, Aalborg. 

Results: LCMS results was used to determine the relative composition of the fatty acids 

expressed as percentage by weight (wt%). In pig kidney sections we found a very similar 

result as Lipidklinikken concerning the marine ω-3 fatty acids, but this method examined total 

lipid extract. In the 283 human plasma samples our method precipitated the proteins from 

plasma and discarded the protein pellet. Fatty acids from lipoproteins were therefore not 

present when analysed. 

Conclusion: Further investigations are required to determine the role of LCMS in analysing 

fatty acids in human kidney biopsies. LCMS is able to detect fatty acids from tissue samples 

with size 10 mg. 

Abbreviations: 

LCMS: Liquid chromatography mass spectrometry, GC: Gas chromatography, HLC: High 

performance liquid chromatography, EPA: Eicosapentaenoic acid, DPA: Docosapentaenoic 

acid, DHA: Docosahexaenoic acid, ALA: α-Linoleic acid, LA: Linoleic acid, ARA: 

arachidonic acid, PL: Phospholipid, PE: Phosphatidylethanolamine, PC: Phosphatidylcholine, 

SM: Sphingomyelin, ORENTRA: Omega-3 fatty acids in renal transplantation, ESI: 

Electrospray ionization, SPE: solid phase extraction, ACN1%FA: Acetonitrile with 1% 

formic acid, CID: Collision induced dissociation, TAG: Triacylglycerol, ACE1950: Akeshus 

hjerteundersøkelse 1950,  
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1 Introduction 

1.1 The aims of the project 

The main aim of this project was: 

- To develop a method of analysing fatty acids in human kidney biopsies.  

To achieve the main aim, the following specific aims of the project were: 

- To evaluate the use of LCMS for analysing fatty acids in the phospholipid fraction 

from kidney sections from pig and mouse. 

- To evaluate the use of LCMS for analysing fatty acids in the phospholipid fraction 

from human plasma samples. 

The randomized double blinded placebo controlled interventional study ORENTRA – 

Omega-3 fatty acids in renal transplantation examined the effect of omega-3 fatty acids 

against placebo on renal graft function (ClinicalTrials.gov number NCT 01744067) (3). The 

study population was 132 renal transplant recipients with an eGFR > 30 included 8 weeks 

after transplantation. Participants were randomized into an intervention group who received 

2.6g of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) or placebo (3g of olive 

oil) daily for 44 weeks. After 44 weeks the participants were evaluated for renal function, 

renal fibrosis, cardiovascular risk markers, bone mineral density, body mass composition, 

immunosuppressive drug pharmacokinetics and incorporation of EPA and DHA in plasma 

and transplanted kidney. 

The analysis of fatty acid composition in plasma was performed at the Lipidklinikken in 

Aalborg. They have an established research team with more than 30 years of experience 

focusing on lipids which was founded by pioneer in omega-3 research, Dr. Jørn Dyerberg (4). 

In the ORENTRA study, renal graft biopsies were performed at inclusion and at study 

completion after 44 weeks of treatment. Initial analysis of these biopsies was planned for 

renal graft fibrosis and fatty acid analysis. Preliminary results from determining fatty acids in 

renal tissue showed good results in pig kidney tissue. Further testing of the method showed 

that the method of analysis used in Aalborg required a large tissue sample, 20-30 mg, while 

the size of the kidney biopsies from ORENTRA were 8-12mg. Before discussing how to 

analyse kidney biopsies there will be a short introduction to the molecules of interest: Omega-

3 fatty acids and their properties. 

1.2 Lipids 

Lipids can be loosely defined as molecules that are insoluble in water but soluble in other 

lipids and non-polar solvents such as hexane. They typically contain long hydrocarbon chains, 

for instance in fatty acids and triacylglycerol (TAG) or multiple linked carbon rings as in 

steroids (5) Phospholipids (PL) are made of two fatty acids, glycerol and a phosphate group 

which is bound to a modifying organic molecule like choline. The glycerol acts as a backbone 

for the phosphate group and the fatty acids. The fatty acids bind to the glycerol molecule with 
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ester bonds. PL are divided into different subclasses determined by which modifying organic 

molecule is bound to the phosphate group, called polar head group. Examples of PL are: 

phosphatidylethanolamine (PE), phosphatidylserine (PS), sphingomyelin (SM), 

phosphatidylcholine (PC), and phosphatidylglycerol (PG). The fatty acid component of PL 

will be discussed in detail later. 

 

1.3 The cell membrane 

The cell membrane is essential for life and has many more functions other than the obvious 

separation of the intracellular environment from the extracellular. They allow selective 

permeability, provide substrate for inflammatory mediators, allow deformation and movement 

and provide multiple other functions (6, 7). The cell membrane represents a universal method 

of creating biological membranes. It is roughly five nm and is made up of amphipathic 

molecules. Amphipathic molecules are characterized by having a hydrophilic (from Greek: 

water loving), water soluble head and a hydrophobic (from Greek water-fearing), insoluble in 

water tail. In PL, the most abundant amphipathic molecule in biological membranes, the 

hydrophobic tail is the fatty acids and the hydrophilic part is the phosphate and the polar head 

group.  

Because of the amphipathic nature of the PL they will arrange in a very specific way when in 

an aqueous environment. The hydrophobic hydrocarbon tail can not form favourable 

interactions with the water molecules and will tend to position themselves next to each other. 

Conversely the hydrophilic heads will readily create favourable interactions with the water 

molecules. As a consequence, the energetically most favourable arrangement of PL creates a 

bilayer with the polar phosphate heads facing the water and the nonpolar hydrocarbon tails 

facing each other on the interior of the bilayer. To further avoid water-hydrocarbon 

interactions the sheet must not have free edges. Therefore, the sheet folds into a vesicle, 

creating a boundary around an enclosed space of water. Thus, the basic principle of living 

cells is based upon physical interactions of how amphipathic molecules interact with water 

(6).  

Another important constituent of the cell membrane of animal cells are cholesterols. They are 

bulky, rigid and fill in the space between the fatty acids in the bilayer. This increases the 

stiffness and strength of the membrane and decreases the permeability. 

 

Figure 1: Phosphatidylcholine (PC) with glycerol 

(black), choline (red) and the fatty acids oleic acid 

(green) and palmitic acid (blue). 

Figure 2:TAG with glycerol backbone and the fatty acids palmitic 

acid (top), oleic acid (middle) and alpha linoleic acid (bottom). 
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Figure 3: Structural representation of how a cell membrane separates the cytoplasm from the extracellular fluid. 

1.4 Fatty acids 

Fatty acids are made up of a carboxyl group (-COOH) at the beginning of a hydrocarbon 

chain. The carboxyl group of the fatty acid binds to the glycerol backbone of the phospholipid 

with an ester bond. If the fatty acid has a double bond between two carbon atoms it is 

unsaturated. If it has no double bonds, it is saturated. There is a reduced amount of hydrogen 

atoms in unsaturated fatty acids compared to saturated fatty acids of equal lengths, hence 

unsaturated. In unsaturated fatty acids the hydrocarbon chain gets bent to an angle at the 

double bonds, as there is no free rotation in the double bond. This bend in the fatty acids of 

PL makes it harder for them to pack tightly together and increases the fluidity of the cell 

membrane (6). If the fatty acids have more than one double bond between carbon atoms it is 

called polyunsaturated. With increasing amounts of double bonds there is an increase in 

membrane fluidity. 

1.5 Polyunsaturated fatty acids 

Polyunsaturated fatty acids are 

named according to the 

position of their double bonds 

and length of their chain. One 

of the methods for naming 

them is by counting the 

number of carbon atoms from 

the methyl end of the carbon 

chain, also known as the 

omega (ω) end. This gives the 

ω-n notation. The number of 

carbon atoms is also noted together with the number of double bonds. For example, 

docosahexaenoic acid (DHA) can be written: 22:6 all cis Δ4,7,10,13,16,19. The number 22 is the 

number of carbon atoms in the chain and the 6 after the colon indicates that it has six double 

bonds (figure 4). The numbers in superscript indicate the position of the double bonds in 

relation to the delta (Δ) end of the carbon chain (the end with the carboxylic acid). In the 

Figure 4: The first double bond from the ω-end of this fatty acid is carbon 

number 3, making this an ω-3 fatty acid. More specifically: Docosahexaenoic 

acid (22:6 Δ4,7,10,13,16,19). 
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majority of naturally occurring fatty acids there are usually no trans-isomers of 22:6 and it is 

therefore often just referred to as 22:6 or DHA. The ω-n notation is mostly used to describe if 

a fatty acid is ω-3 or ω-6 as there are different physiological implications regarding the 

position of the first double bond from the ω-end. 

With different numbers and positions of double bonds the properties of fatty acids change. An 

important example of this became evident when George and Mildred Burr fed rats a diet 

completely devoid of fat in the 1920s. They discovered that linoleic acid (LA, an ω-6 fatty 

acid, 18:2 ω-6) was essential for life for rats and thus changed how the world viewed fat 

forever (8, 9). Today we know that the human body lacks the desaturase enzyme to convert 

oleic acid (18:1, ω-9) to ω-6 or ω-3 fatty acids (10). This means that we are unable to 

synthesize long chain ω-3 fatty acids de novo and need to consume them. LA and α-linoleic 

acid (ALA, 18:3 ω-3) are both essential fatty acids. A limited amount (1-5%) of ALA can be 

converted to the important polyunsaturated fatty acids DHA and EPA (20:5, ω-3) through 

Sprechers shunt (11). Because of this limited degree of conversion from ALA to EPA and 

DHA we must consume EPA and DHA in the diet. This makes them, by definition, essential. 

1.6 EPA and DHA 

Ischemic heart disease is the leading cause of death worldwide (12). Starting in the late 1960s 

Bang and Dyerberg made a series of expeditions to study Greenland Eskimos (Inuits). They 

discovered that they had lower rates of myocardial infarction, an antiatherogenic blood lipid 

pattern and reduced platelet reactivity (11). As the Inuit diet consisted of high amounts of 

marine ω-3 fatty acids Dyerberg and colleagues presented the hypothesis that ω-3 fatty acids 

might provide protection against atherosclerosis and thrombosis.  

As years have passed since this hypothesis was 

presented there has been done enormous amounts of 

research on ω-3 fatty acids. Especially DHA and 

EPA have been shown to be biologically relevant. 

Their function can broadly be placed into three 

categories: 1 – release as a bioactive mediator. 2 – 

direct effect on ion channels that modulate a number 

of events (eg. arrhythmogenesis). 3 – direct effect on 

cell membranes when incorporated as a 

phospholipid. 

Inflammation is highly dependent on fatty acids 

from the cell membrane. Arachidonic acid (ARA, 

20:4, ω-6) is an important precursor for 

inflammatory metabolites like prostaglandins, 

leukotrienes etc. through metabolism by 

phospholipase A2, COX-1, COX-2 and different 

LOX- and Cytochrome P 450 enzyme pathways. 

EPA (20:5, ω-3) may also serve as a substrate for 

these pathways and produce leukotrienes and 

prostaglandins that are less potent inflammatory 

mediators than ARA does. By increasing EPA intake 

Figure 5: From P. C. Calders review article (1). 

Shows the proportion of the fatty acids EPA 

(squares) and ARA (triangles) in human 

mononuclear cells after introducing daily fish oil 

supplements over a period of 12 weeks. 
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in the diet, one can therefore reduce the 

inflammatory potency as EPA competes with ARA 

as substrate for inflammatory mediators (1). 

An important factor in chronic diseases with 

inflammation as a driving force is inadequate 

inflammatory resolution. Molecules called 

resolvins, derived from EPA and DHA, and 

molecules called protectins and maresins, derived 

from DHA, are anti-inflammatory and 

inflammation resolving. Their anti-inflammatory 

mechanisms for example include inhibiting 

transendothelial migration of neutrophils and thus 

preventing infiltration of neutrophils from the 

blood to the inflamed tissue and inhibition of TNF-

α and IL-1β production. In animal studies, it has 

been shown that resolvins has a protective effect 

on arthritis, colitis and asthma. On Rheumatoid 

arthritis there is also robust clinical evidence for 

efficacy of marine ω-3 fatty acids in humans (1). 

Inflammation is interesting in the setting of 

transplanted kidneys. Short term survival for transplanted renal grafts has improved 

drastically after introduction of immunosuppressants like Cyclosporin A in 1969 (4). Long-

term function of the graft has remained largely unchanged as the increase in graft survival has 

been due to increased graft survival in the first year (13). As inflammation is a driving factor 

in development of fibrosis in the transplanted kidney, treatment options that affect 

inflammation is therefore of great interest. In a study done by Eide et al. it was found that 

there was an inverse association between plasma marine ω-3 fatty acids and development of 

interstitial fibrosis in renal grafts during the first year after transplantation (2). 

1.7 Liquid chromatography mass spectrometry 

LCMS was used to analyse the fatty acids in tissue samples (mouse kidney, rat kidney and 

plasma). 

The liquid chromatography, more specifically: high performance liquid chromatography 

(HPLC), part of the analysis separates the components of a liquid mixture based on their 

interaction with two distinctly different phases. The stationary phase and the mobile phase. In 

reverse phase chromatography, which is used here, the stationary phase is a non-polar 

substance like silica particles coated with long chain alkyl groups and the mobile phase is 

often polar consisting of a mix of water and polar solvents (14). The sample is pumped into a 

stream of the mobile phase which holds a constant speed and then flows through the column, 

which contains the stationary phase. As the components of the sample will have different 

affinity with the mobile and stationary phase the components will be retained differently and 

leaves the column at different times. For example: a component that has a high affinity with 

the mobile phase will have a short retention time while components with high affinity with 

the stationary phase will have a longer retention time. In addition, gradient flow can increase 

the precision and reduce the time requirement for liquid chromatography. Gradient flow 

Figure 6: Kidney biopsies from study done by Eide et 

al. (2). A: biopsy from transplanted kidney showing 

almost no inflammation or fibrois (1%). B: biopsy 

from transplanted kidney showing a high degree of 

inflammation and fibrosis (60%). Plasma sample from 

patient A showed much higher marine ω-3 fatty acids 

than patient B. 
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achieves this by programming the mixture of the mobile phase to change it from polar to 

nonpolar and then back to polar for each analysis. 

Figure 7: Chromatogram from HPLC demonstrating retention times for a selection of fatty acids. From above: 16:0, 18:1, 

18:0, 20:4 and 22:6. 
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Transitioning from liquid 

chromatography to mass spectrometry 

was an issue for a long time(15). The 

pressure in liquid chromatography is 

very high and the analyte is liquid. In a 

mass spectrometer the analyte need to 

be a gas and the pressure needs to be 

very low. This transition with 

traditional mass spectrometry methods 

would invariably shatter large 

molecules (like DHA). With 

electrospray ionization (ESI) one omits 

this issue. The sample is injected through a needle which is kept at a few kilovolts (kV) 

relative to the electrospray chamber wall. This causes the liquid to be dispersed as a fine spray 

of charged droplets which are rapidly evaporating due to high temperature of a 

counterflowing drying gas and high flow rate. As the droplets shrink the repulsive coulombic 

forces reaches the same order as the surface tension, causing the droplet to fragment into 

smaller droplets. This process occurs multiple times, producing droplets of decreasing size, 

and is referred to as a coulombic explosion. The result is charged molecular ions which are 

not decomposed and suitable for mass spectrometry analysis. The molecule is then led 

through chambers with electrostatic lenses where the pressure gradually decreases as the 

analyte enters the mass spectrometer. 

The mass spectrometer is equipped with an orbitrap (16, 17), an ion trap mass analyser which 

has an outer barrel-like electrode that surrounds an inner spindle-like axial electrode (figure 

9). First the ion is trapped in a curved linear trap and is then injected into the orbitrap where 

electrostatic attraction and inertia causes the ions to fall into trajectories around the inner axial 

electrode that are proportional with the equation: 

 

Figure 9: Angular frequency (ωx) is determined by the m/z of the ion. k is the force-constant. 

Thus, the m/z-ratio can be calculated when measuring the angular frequency of the ion and 

presented in a mass spectrum. 

A mass spectrum is a representation of what has been analysed where the mass to charge ratio 

is shown on the x-axis while the relative intensity is shown on the y-axis. Determining sample 

composition is achieved by using the mass of the components to deduce what the sample has 

contained. By measuring the area under the curve for each spike in the mass spectrum, one 

can determine the proportions of the different components in the sample. 

Figure 8: Electrospray Ionisation. 
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Figure 10: Example of mass spectrum of plasma sample showing intact PL m/z 600-1000 (above) and free fatty acids m/z 

200-350 after collision induced dissociation (below).  

 

Figure 11: Mass spectrometer from Thermo Scientific. 
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1.8 Gas Chromatography 

The principles of GC involve that a gas is used as a mobile phase and a non-volatile liquid as 

a stationary phase. The injected compounds are eluted by running a temperature gradient over 

the column. The less volatile, the longer the retention time of an analyte. As the analytes are 

leaving the column they are recorded by for instance flame ionization detection or mass 

spectrometry. The extraction of lipids, isolation of phospholipid fraction and transmethylation 

and quantification was performed in Lipidlaboratoriet, Aalborg. A description of the process 

is given in the supplementary appendix: 1. 

 

Figure 12: Schematic of GC as performed in Lipidlaboratoriet, Aalborg). 

 

Figure 13: Example of chromatogram from Lipidklinikken Aalborg. The peaks corresponding to the retention time of EPA, 

DPA and DHA are labelled. 
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2 Materials and Methods 
This project has been experimental with the aim of developing a method for analysing PL in 

human plasma samples and kidney tissue. In this section the experimental process of creating 

a method for analysis will be described chronologically and in detail. 

2.1 Extraction of lipids and isolation of PL 

The extraction of lipids and isolation of PL was performed on several different tissues. Mouse 

kidney tissue was kindly provided by Hilde Nilsen, EpiGen, Ahus. Seven pig kidney sections 

were sent to us from Rikke Bülow Eschen, Lipidklinikken, Aalborg Universitetshospital. One 

human plasma sample was volunteered from a healthy subject. Seven plasma samples used 

for quality control at Section for Medical Biochemistry was provided by Morten Moe. And 

283 human plasma samples from the ACE1950 (Akershus hjerteundersøkelse 1950) study 

was analysed. 

2.1.1 Extraction of lipids in mouse kidney tissue 

A 40 mg section of a mouse kidney was divided into four pieces of 10 mg each and the lipids 

were extracted with two different methods before analysing them with LCMS. 

Method 1: Modified Folch extraction (18) provided by Lipidklinikken in Aalborg with slight 

alterations (supplementary appendix: 2) 

Homogenization of the tissue was performed by adding 1 pcs 5 mm steel bead (Qiagen 

Hilden, Germany), 1 mL of chloroform – methanol (2:1) with 50 µg/mL butylated 

hydroxytoluene as an antioxidant, approximately 10 mg of kidney tissue, 90 µL of 0.9% NaCl 

to a micro tube, 2 mL, PP (Sarstedt, Germany). Bead beating steps were performed using 

FastPrep®-24 (MP Biomedicals, Santa Ana, CA, USA). After homogenization an additional 

150 µL of 0.9% NaCl was added making a ratio of 8 : 4 : 3, v/v of chloroform – methanol – 

water. The sample was then vortexed for 3 min. at maximum speed and centrifuged at 3220g 

for 3 min. at 4 °C. The lower organic phase, containing the lipids, was collected for analysis. 

The lipid extracts were kept at –80 °C. 

Method 2: Modified version of Bligh Dyer extraction (19) from Edmondon et al. (20) 

Homogenization of the tissue was performed by adding 1 pcs 5 mm steel bead (Qiagen 

Hilden, Germany), 900 µL of a 2:1 solution of Methanol and 5 mM EDTA, pH 8, and 

approximately 10 mg of kidney tissue to a micro tube, 2 mL, PP (Sarstedt, Germany). Bead 

beating steps were performed using FastPrep®-24 (MP Biomedicals, Santa Ana, CA, USA). 

After homogenization 600 µL of chloroform was added and the sample was then vortexed for 

three min. at maximum speed. 196 µL of 0.9% NaCl was then added. When estimating the 

aqueous contribution from the kidney tissue the total ratio of chloroform : methanol : water 

was 5 : 5 : 4.2, v/v. The sample was briefly mixed before being centrifuged at 3220 g for 3 

min. at 4 °C. The lower organic phase, containing the lipids, was collected for analysis and 

kept at –80 °C.  
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Extracted lipids were analysed with tandem mass spectrometry after being redissolved in a 

solution of methanol and 10 mM ammonium acetate 9:1 (v/v). 

2.1.2 Extraction of lipids in pig kidney tissue 

We received 7 pig kidney sections from Aalborg. The sections came from the same pig as 

Lipidklinikken had analysed earlier. The modified Folch method used to extract the lipids 

from mouse kidneys, described in section 2.1.1, was used to extract the lipids from these 

tissue samples. 

Extracted lipids were analysed with tandem mass spectrometry after being redissolved in a 

solution of methanol and 10 mM ammonium acetate 9:1 (v/v). 

After reviewing the results from the first analysis the extracted lipids were prepared for 

another analysis. Lipids were then redissolved in 60 µL 2% NaOH in methanol and incubated 

at 60 °C for two hours before the free fatty acids were analysed with LCMS. 

2.1.3 Extraction of lipids and isolation of PL in human plasma 
samples from volunteer. 

A blood sample was obtained from a healthy volunteer to test different methods for fatty acid 

analysis from plasma samples. The sample was centrifuged at 3220g for 10 min. at 4 °C. 

Three aliquots of 250 µL of plasma was then analysed to determine which method to use for 

plasma from ACE1950. 

The lipids were extracted from two of the aliquots with the same principle as from the Folch 

extraction from section 2.1.1. Method differed from 2.1.1 in that there was no need for 

homogenization before extraction. The two aliquots were added 2.5 mL chloroform – 

methanol (2:1, v/v) with 50 µg/mL butylated hydroxytoluene as an antioxidant and then 

vortexed vigorously for 15 min. 375 µL of 0.9% NaCl was added making a ratio of 8 : 4 : 3, 

v/v of chloroform – methanol – water. The aliquot was then vortexed vigorously for 2.5 min. 

The sample was then centrifuged at 3220g for 10 min. at 4 °C. The lower organic phase was 

carefully collected. The same process was repeated with the protein disk and the organic 

phase from the protein disk was added to the organic phase collected first. 

To isolate the PL from the three aliquots (two of total lipid extract and one of unaltered 

plasma), three methods were tested: 

1. Lipid extract sample was dried under nitrogen for 45 min. at 40 °C. Lipids were 

redissolved in 300 µL acetonitrile with 1% formic acid (ACN1%FA) and 100 µL of water. 

The PL were isolated by HybridSPE® explained in detail in the next section. The sample 

was saponified by adding 60 µL 2% NaOH in methanol at 60 °C for 2 hours to hydrolyse 

the fatty acids from the PL. The free fatty acids were then analysed with LCMS. 

2. Lipid extract sample was dried under nitrogen for 45 min. at 40 °C. Lipids were 

redissolved in 300 µL ACN1%FA and 100 µL of water. The sample was saponified by 

adding 60 µL 2% NaOH in methanol at 60 °C for 2 hours to hydrolyse the fatty acids from 

the PLs. The free fatty acids were then analysed with LCMS. 
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3. 100 µL of the plasma sample was added 300 µL of ACN1%FA. The PL were isolated 

by HybridSPE®. The sample was saponified by adding 60 µL 2% NaOH in methanol at 60 

°C for 2 hours to hydrolyse the fatty acids from the PL. The free fatty acids were then 

analysed with LCMS. 

Method 3 was then tested on another 7 plasma samples to confirm its reliability. 

2.1.4 Isolation of PL in human plasma from ACE1950 study. 

Isolation of PL was performed after principles provided from product information sheet for 

the HybridSPE® (solid phase extraction) small volume 96-well plate, bed wt. 15 mg, volume 

0.8 mL (Sigma-Aldrich, United States). (See supplementary appendix: 3). adding 150 µL of 

ACN1%FA to 50 µL of the plasma samples earlier analysed in Aalborg with GC. This caused 

precipitation of the proteins. The samples where briefly vortexed on maximum speed before 

they were centrifuged on 3200g for five min. at 4 degrees Celsius separating the precipitated 

protein from the supernatant. The supernatant was carefully transferred into a new tube and 

stored in –80 degrees Celsius. 

To isolate the PL from total 

lipids a HybridSPE® small 

volume 96-well plate, bed wt. 

15 mg, volume 0.8 mL 

(Sigma-Aldrich, United 

States) was used. The 

HybridSPE® plate was placed 

on a vacuum manifold with 

negative pressure underneath 

the plate, facilitating drainage 

through it. In addition, 

positive pressure was applied 

manually with a silicone mat 

and a 1 mL syringe from atop 

of the wells. The desired PL 

would now be stuck to the zirconium atoms in the HybridSPE® plate. The columns were then 

washed with 200µL water on the manifold. A 96 well collection plate was then placed under 

the vacuum manifold to collect the PL. To eluate the PL from the HybridSPE® plate 400µL of 

5% ammonium in methanol was added to the wells before negative and positive pressure was 

applied to drive the fluid through the plate. The sample was dried under nitrogen for 45 min. 

at 40 °C. The plate with the PL was stored at –80 °C. 

Lipids were redissolved in 60 µL 2% NaOH in methanol and incubated at 60 °C for two hours 

before being analysed with LCMS. 

2.2 LCMS analysis 

The LCMS analysis consists of two steps: HPLC and mass spectrometry. 

 

Figure 14: HybridSPE® on vakuum manifold. 
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2.2.1 High performance liquid chromatography 

Performed using an Accela 1250 UHPLC-system from Thermo Scientific with a Polaris 

C18A 10x3 mm (Agilent) column. 2µL of the sample was injected and analysed.  

Mobile phases were: 

A: 10 mM ammonium acetate. 

B: Isopropanol programmed to gradient flow as shown in table 1. 

Table 1: Relative concentrat ion of mobile phase B, isopropanol on different timepoints during gradient 

flow UHLPC. 

Time (min.) Concentration of B in A (%) 

0 20 

0.5 20 

2.5 60 

3 60 

3.01 20 

5 20 

2.2.2 Mass spectrometry  

Tandem mass spectrometry of extracted PL: 

A QExactive mass spectrometer (Thermo Scientific) apparatus was used. The sample was 

transferred from the UHPLC-system and ionized with negative electrospray ionization. All 

ions in the range m/z 600-1000 were isolated. Then a 20% collision energy was used to 

fragment the molecules. Spectrum of the product ions within the range m/z 200-350 (the fatty 

acids dissociated from the PL) was collected. Data was processed with a Xcalibur 2.2 

software. 

LCMS of free fatty acids after saponification: 

A QExactive mass spectrometer (Thermo Scientific) apparatus was used. The sample was 

transferred from the UHPLC-system and ionized with negative electrospray ionization. 

Spectrum of the ions in the range m/z 200-350 was collected. Data was processed with a 

Xcalibur 2.2 software. 

For all recorded data a m/z error range of 10 ppm was used in the further processing. 
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3 Results 
Fatty acids from phospholipid fraction of mouse kidney tissue was analysed with tandem 

LCMS after extraction of lipids, pig kidney tissue and was analysed by both tandem LCMS 

and LCMS before being compared with GC results from Lipidklinikken Aalborg. Human 

plasma samples were analysed with different methods  

Fatty acids are presented as proportion of the total amount – percentage by weight (wt%).  

The program Excel 2016 was used to create tables of the data sets. 

3.1 Mouse kidney sections: LCMS (section 2.1.1) 

 

Figure 15: Fatty acid distribution of phospholipid fraction in mouse kidney tissue. The methods Folch and Bligh Dyer 

(described earlier) were compared against each other. The fatty acids 16:2, 17:0, 18:4, 22:1, 22:2 and 22:3 are not shown 

(each of them contributed with less than 0.2% of total fatty acid content).  
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3.2 Pig kidney sections: GC vs LCMS (section 2.1.2) 

 

Figure 16: Fatty acid distribution of phospholipid fraction in pig kidney tissue. Results from GC (blue) and LCMS (red) 

compared. The fatty acids (certain fatty acids have been omitted due to amounts < 1 wt%, exceptions for ALA (18:3), EPA 

(20:5), DPA (22:5) and DHA (22:6). 

 

Figure 17: Fatty acid distribution of total lipid fraction in pig kidney tissue. Results from GC (blue) and LCMS (red) after 

saponifying the sample before LCMS analysis. Same fatty acids represented as in figure 16. 

3.3 Human plasma samples with LCMS (section 
2.1.3) 

3.3.1 Sample from volunteer 

The samples were prepared for analysis with three different methods as described in section 

2.1.3/2.1.4. The LCMS was performed on free fatty acids after saponification of the PL and 

on PL with tandem LCMS. Results from LCMS on free fatty acids is presented here, results 

from tandem LCMS are not shown. 

2
4

,6

1
3

,8

2
3

,7

1
3

,3

0
,4 1

,3

1
4

,3

0
,6 1
,2

0
,7 1
,1

1
3

,6

1
4

,3

2
5

,9

1
6

,7

0
,4

2
,6

1
9

,1

0
,4

2
,4

0
,8

0
,4

1 6 : 0 1 8 : 0 1 8 : 1 1 8 : 2 1 8 : 3 2 0 : 3 2 0 : 4 2 0 : 5 2 2 : 4 2 2 : 5 2 2 : 6

GC LCMS

2
4

,6

1
3

,8

2
3

,7

1
3

,3

0
,3 1

,3

1
4

,3

0
,6 1
,2

0
,7 1
,1

2
6

,9

1
8

,8

1
5

,5

9
,8

0
,4 1

,5

1
6

,1

0
,6 1 0
,7 1
,2

1 6 : 0 1 8 : 0 1 8 : 1 1 8 : 2 1 8 : 3 2 0 : 3 2 0 : 4 2 0 : 5 2 2 : 4 2 2 : 5 2 2 : 6

GC Aalborg Saponified LCMS



25 

 

 

Figure 18: Mass spectrum of the fatty acids from volunteer plasma. Lipids extracted from plasma with chloroform-methanol, 

sample was evaporated, redissolved in ACN1%FA. PL isolated with HybridSPE®, saponified and then analysed with LCMS. 

(Method 1 from section 2.1.3). 

The mass spectrum of where the free fatty acids analysed with LCMS shows the peaks 

corresponding to the different fatty acids in the m/z interval 255-335. The peaks are identified 

by their mass and relative composition can be calculated based on their abundance. In all 

these experiments, an equal ionization yield was assumed. As the fatty acids are hydrolysed 

from the PL before the analysis, there are no PL in this mass spectrum. 

 

Figure 19: Mass spectrum of the fatty acids from volunteer plasma. Proteins were precipitated with ACN1%FA, PL isolated 

with hybridSPE®, saponified and then analysed with LCMS. (Method 3 from section 2.1.3/2.1.4). 

Method 2 from section 2.1.3 failed in saponifying the PL and the LCMS did not detect the 

fatty acids in the m/z interval 255-335.  
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3.3.2  Seven plasma samples with LCMS 

 

Figure 20: Stacked bar plot of the average fatty acid distribution in plasma samples from seven individuals. (Method 3 from 

section 2.1.3/2.1.4 was used to extract and isolate free fatty acids. Analysed with LCMS). 

 

Figure 21: Average fatty acid distribution of the same seven plasma samples as in figure 20 with standard deviations. 
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3.3.3 Plasma samples from ACE1950 

Fatty acids distribution of PL fraction analysed at Ahus with LCMS: 

 

Figure 22: Fatty acid distribution as stacked bar plot in 13 random plasma samples from the ACE1950 study analysed with 

LCMS. Protein precipitation with ACN1%FA, PL isolation with hybridSPE® and saponification before analysis. 

Fatty acid distribution of PL fraction analysed at Lipidlaboratoriet in Aalborg with GC: 

 

Figure 23: Fatty acid distribution from PL fraction as stacked bar plot in the same 13 samples as in figure 22. 

1 2 3 4 5 7 112 113 114 115 116 117 118

16:0 16:1 18:0 18:1 18:2 18:3 20:0 20:1 20:2 20:3 20:4 20:5 22:4 22:5 22:6

1 2 3 4 5 7 112 113 114 115 116 117 118

16:0 16:1 18:0 18:1 18:2 18:3 20:0 20:1 20:2 20:3 20:4 20:5 22:4 22:5 22:6
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4 Discussion 

4.1 Mouse kidney sections 

The analysis of mouse kidney sections was the first step towards developing a method for 

analysing kidney biopsies from the ORENTRA-study. When applying the modified Folch 

(18) and modified Bligh Dyer (20) methods for lipid extraction the PL separation and analysis 

of the fatty acids with tandem LCMS gave a very similar result between the two different 

methods of extraction (section 3.1). The largest difference in wt% was for 18:1 (LCMS cannot 

separate the different isomers of 18:1, but oleic acid (18:1 ω-9) is the most abundant) and the 

Bligh Dyer method yielded 0.5 wt% more than the Folch method (8.9% vs 9.4%). This 

suggests that the method used on the mouse kidney sections can give repeatable results when 

analysing fatty acids and that the Folch and Bligh Dyer methods give a similar extraction of 

fatty acids in this setting. 

The LCMS method we used for these samples was not ideal. With tandem LCMS, after the 

PL are isolated, the different phospholipid classes require different conditions to hydrolyse 

the ester bonds between the glycerol molecule and the fatty acids (21). In the PL, PG and PC 

there is an increased tendency that the fatty acid in the second position of the glycerol (sn-2-

FA) are hydrolysed. In addition to this, with collision induced dissociation (CID) there is a 

loss of CO2 (decarboxylation) from the polyunsaturated ω-3 fatty acids like DHA and EPA 

(22), making the resulting fatty acid quantification more unreliable. There is no 

decarboxylation from the saturated fatty acid, mono- or diunsaturated fatty acids or from 

ARA (20:4). 

4.2 Pig kidney sections 

With the pig kidney sections, we could compare our results with Lipidlaboratoriet in Aalborg. 

As seen in figure 16 of section 3.2. the distribution of the fatty acids we obtained was not the 

same as what was found with GC. As mentioned in section 4.1, the method had limitations 

concerning fatty acid analysis. Instead we tried saponifying the samples to hydrolyse the fatty 

acids from the PL. The free fatty acids were then analysed with LCMS to avoid CID. The 

resulting fatty acid distribution was a lot more similar, especially in DHA, DPA and EPA. 

However, there were still differences in the quantity of 16:0, 18:0, 18:1, 18:2 and 20:4.  

Some explanation for the difference in fatty acid profiles may be related to that the method we 

used to isolate the PL from total lipids was different from Lipidklinikkens. In the procedure 

from Lipidklinikken they isolate the PL by solid phase extraction as described in Burdge et al. 

(23). In our first analysis we used tandem LCMS. First, a mass spectrum recorded the PL, the 

PL were then fragmented with CID and a spectrum of the resulting fatty acids from the 

phospholipid was recorded. The method had weaknesses related to decarboxylation of DHA 

and EPA and it is uncertain how this affected the resulting fatty acid distribution. 

In the second analysis the total lipids extracted from the kidney section was saponified, 

hydrolysing the fatty acids from the glycerol before analysing the resulting free fatty acids 

with LCMS. A weakness with this method is that it does not isolate the PL from the total 
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lipids. Thus, the resulting fatty acid distribution will be from the 

total lipid fraction and not necessarily representative for the fatty 

acid distribution in phospholipid found in kidney tissue as there 

are other sources of fatty acids in the kidney. In 1971 Per Otto 

Hagen examined the fatty acids composition in the lipid classes 

TAG, PC and PE (24) in pig kidney tissue. The results clearly 

show that the different lipid classes have different fatty acid 

composition and explains why the results from 3.2 are not 

representative for the phospholipid fractions fatty acid 

distribution. 

In all our LCMS analyses an equal ionization yield was assumed. 

Equal ionization yield means that an equal proportion of the 

analysed fatty acids analysed gets a charge from the electrospray 

ionization. Since equal ionization yield is not certain the amount 

of a fatty acid in our sample does not necessarily correspond with 

the amount detected with LCMS. we could have corrected for 

potential differences in ionization yield by analysing equal 

amounts of the fatty acids in question and then check if equal 

amounts of fatty acids are detected with LCMS.  

LCMS is a very sensitive method of analysis. In fatty acid 

analysis there are multiple sources of contamination that might 

affect the results. For instance, 16:0 and 18:0 are very common in 

detergents, hand creams, in plastic etc. and it is difficult to avoid 

some degree of contamination. This can cause the amount of 16:0 and 18:0 to be 

systematically too high. Because of this we analysed an extraction blank (a sample of high 

purity water) when analysing the plasma samples from the ACE1950-study (figure 24). This 

confirms that contamination in that analysis was mainly 16:0 (32,3 wt%) and 18:0 (63,3 wt%). 

 

Figure 24: Fatty acid distribution in the lipid classes TAG, PC and PE from pig kidney tissue in results published by Hagen. 

Figure 25: Fatty acid distribution 

from sample of extraction blank 

(high purity water analysed with 

LCMS). 

Blank extraction

16:0 18:0 20:0

22:1 22:2 22:4
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In addition to all this, the analysis of the kidney section is performed on different tissue 

samples from the same pig. The kidney is not a homogenous organ and there might be a 

difference in the fatty acid distribution in different regions of the kidney. 

4.3 Human plasma samples method development 

In the human plasma samples, we first tried different methods of lipid extraction and 

phospholipid isolation (described in section 2.1.3 and 2.1.4).  

4.3.1 Volunteer plasma 

Method 2 failed to saponify the samples. The reason for this was that the plasma was added 

formic acid (300 µL ACN1%FA) to precipitate the proteins. When attempting to saponify the 

fatty acids afterwards, too little NaOH (60 µL 2% NaOH in methanol) was added to achieve 

hydrolysation of the PL. Adding more NaOH would help in achieving hydrolysation and 

would probably have given a result. The sample analysed with method 2 would have been 

very interesting to examine as it did not have its proteins precipitated and discarded like 

method 3 had. Even though the analysis with method 2 would be of a total lipid extract it 

would still point towards that something had gone wrong with samples prepared with method 

3. 

Methods 1 and 3 gave results when the free fatty acids were analysed with it. It appeared that 

there was little difference between the methods when comparing their mass spectrums 

visually. Method 3 was chosen to go forward with as it was more convenient. There is only 

shown a mass spectrum of the analysis of methods 1 and 3. It should have been determined 

the exact fatty acid distribution as using method 3 later clearly showed that it gave a different 

fatty acid distribution than what is found elsewhere in the literature (see section 4.4).  

When re-examining method 1, it appears that it would be better suited for the analysis of PL 

fraction in plasma samples than method 3. Method 1 extracts total lipids from the plasma, 

then it isolates PL with hybrid SPE®, the resulting PL are then hydrolysed by saponification 

and the free fatty acids are then analysed with LCMS. Considering this, we should not have 

analysed the 283 plasma samples from ACE-1950 with method 3 before examining all the 

methods more closely. 

4.3.2 Plasma samples used for quality control 

Resulting mass spectrums appeared promising concerning the analysis as the largest standard 

deviation calculated was 1.66% for any of the 22 fatty acids examined when we did three 

parallel protein precipitations, PL isolation with hybrid SPE®, saponification’s and LCMS 

analyses on the seven samples. 

In retrospect the fatty acid distribution should have been compared to what has been found 

earlier in relevant literature (see section 4.4). The proportion of DHA was extremely high, 

EPA was also higher than what is normal. As for the fatty acids 16:0, 18:0, 18:1 and 18:2 the 

levels were considerably lower than what is normal. 
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4.4 Human plasma from ACE1950-study 

The analysis of human plasma from the ACE 1950-study was by far the largest part of the 

study. 283 samples were analysed using method 3 described in section 2.1.3/2.1.4. Comparing 

the result from our LCMS analysis with the GC done in Lipidklinikken showed that there was 

a difference in the fatty acid distribution in the corresponding plasma samples (section 3.3.3). 

In samples analysed with LCMS the fatty acids with shorter chains (especially 16:0, 18:0, 

18:1 and 18:2) contributed with a lot less than in the GC samples. In the GC samples they 

contributed to approximately 80% of the total fatty acids and there was very little variation 

between the samples, whereas in the LCMS the same fatty acids contributed with 25-50% and 

there were large variations between the samples. This could suggest that we have lost some of 

these fatty acids when preparing the lipids for analysis. 

 

Figure 26: Comparison of fatty acid distribution as stacked bar plot in four samples analysed with GC and LCMS and the 

average fatty acid distribution of 292 healthy Danish controls analysed by Crowe et al. 

In a paper published by Crowe et al. the fatty acid composition from PL in the plasma of 292 

healthy Danish people were analysed with the same principles as used at Lipidklinikken (25). 

As figure 26 shows, the samples analysed with GC are corresponding very well with the 

average from the healthy Danish population. 

As Lipoproteins contain PL it is likely that we have discarded some of our fatty acids when 

precipitating our proteins and then discarding the protein pellet. In a study done by Dashti M. 

et al. five PL were detected in the plasma lipoproteins. The PL were: 

phosphatidylethanolamine (PE), phosphatidylinositol (PI), sphingomyeline (SM), 

phosphatidylcholine (PC) and lyso-phosphatidylcholine (L-PC). The distribution of the PL in 

the different lipoproteins is shown in the table below. 

1 GC 2 GC 3 GC 4 GC Crowe et al. 1 LCMS 2 LCMS 3 LCMS 4 LCMS

16:0 16:1 18:0 18:1 18:2 18:3 20:0 20:1 20:2 20:3 20:4 20:5 22:4 22:5 22:6
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Figure 27: Concentrations (measured in nmol/mL) of different PL found in the different lipoprotein fractions of plasma. CM 

= chylomicron, VLDL = very low density lipoprotein, IDL = intermediate density lipoprotein, LDL = low density lipoprotein, 

HDL2 = high density lipoprotein2, PLFF = Plasma lipoprotein free fraction, LP-a = lipoprotein small a, HDL3= high 

density lipoprotein 3, VHDL = very high density lipoprotein. 

In a study done by Phillips and Dodge in 1967, the phospholipid distribution in human plasma 

was determined in ten healthy subjects (26). As is shown in figure 28 PC and SM are by far 

the most common PL in the plasma, making up 87.8% of the total amount of PL. 

In figure 29 the fatty acid profile of the major PL classes is compared with samples from 

Lipidklinikken and samples from our analysis with LCMS. The profile from Crowe et al and 

the four GC samples presented here are almost identical to the distribution found in PC. This 

is not surprising, as PC is 

by far the most dominant 

phospholipid found in 

plasma (26). When 

considering the LCMS 

samples we analysed, 

they seem to have a 

remarkable low amount 

of 16:0 and 18:0. In 

contrast, there is quite a 

big proportion of 20:4 

and 22:6. The fatty acid 

distribution seems most 

similar with PE. 

Figure 28: Distribution of different phospholipids in plasma. 

Figure 29: Fatty acid distribution in phospholipids PE, PS, PC, SM and LPC from Phillips and Dodge as a stacked bar plot next to the fatty acid 

distribution in plasma PL analysed with GC, LCMS and by Crowe et al. from figure 26. 
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5 Conclusion 

5.1 Mouse and pig kidney tissue analysis 

One of the specific aims of the project was to evaluate the use of LCMS for analysing fatty 

acids of the phospholipid fraction from kidney sections from a pig and mouse. The results 

from our analysis of kidney tissue from mouse and pig showed us that the LCMS was able to 

detect the fatty acids from a biopsy size of 10 mg. When comparing our method with an 

established method it did not give the same results. In pig kidneys we used a different method 

for sample preparation that did not isolate the PL from the total lipids. In the future, 

modification of the method should aim to isolate phospholipid fraction from total lipid 

extract. 

5.2 Human plasma analysis 

One of the specific aims of the project was to evaluate the use of LCMS for analysing fatty 

acids of the phospholipid fraction from human plasma samples. As with the kidney tissues the 

LCMS method was able to detect the fatty acids from plasma. When compared with the 

results from Lipidklinikken and from other published materials there was a difference in fatty 

acid distribution. Because our method precipitated the proteins and discarded the protein 

pellet without extracting lipids from it we will most likely have discarded the PL found in 

lipoproteins. In the future, modification of the method should aim to extract the PL from the 

lipoproteins before precipitating and discarding them. Method 1 from section 2.1.3 should be 

investigated further. The fatty acid distribution from plasma analysis with method 1 and 

LCMS needs to be determined and compared to fatty acid distribution in PL found in the 

literature. 

This project has shown that how samples are prepared is crucial for the results of the analysis. 

That LCMS analysis can detect fatty acids from kidney sections with sample size 10 mg. That 

there will be a contamination from fatty acids 16:0 (palmitic acid) and 18:0 (stearic acid) 

when analysing with LCMS. Further investigations are needed to determine LCMSs role in 

fatty acid analysis from human kidney biopsies. 
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 Supplementary appendix 
 

1. Extraction, separation and methylation of fatty acids from renal tissue, Lipidklinikken 

Aalborg. 

2. Extraction, separation and detection of fatty acids from plasma samples, 

Lipidklinikken Aalborg. 

3. Instructions and Troubleshooting for HybridSPE Phospholipid (PL) 96 well Plates 

and Cartridges. 


