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Abstract 

 

Apolipoprotein E (APOE) has been widely studied, as common gene variants can predispose 

towards a range of conditions, including late-onset Alzheimer’s disease (LOAD). The rarest 

variant, APOE ε2, lowers risk of LOAD, whilst APOE ε4 raises the risk of developing this 

disorder. APOE ε3, which is the most common variant, does not alter risk of LOAD. Plasma 

from human homozygotes for all 3 common APOE alleles (described herein as APOE 22, APOE 

33 and APOE 44) was analysed using lipidomics for the first time. Initial method optimisation 

and testing of methods investigated extraction efficiency, which is the recovery efficiency of 

the total lipid in the sample. Also, coefficient of variation (CV) was tested, which is variation 

within the method of measurement when identical samples are injected. Optimisation 

demonstrates that extraction efficiency is high and CV low, and both are in accordance with 

other publications.  

 

In the first experiment, LC-MS analysis of plasma from APOE homozygotes revealed 

sphingolipids and glycerophospholipids are reduced in APOE 22, both before and after 

Benjamini-Hochberg (BH) correction. Multivariant analysis can separate APOE 22 plasma from 

APOE 33 . There are very few differences between APOE 44 plasma and APOE 33, and BH 

correction removes all significant differences between alleles. Multivariate analysis can 

separate both APOE 22 and APOE 44 from APOE 33 plasma. Targeted LC-MS/MS analysis of 

cholesterol and select cholesterol ester and triacylglycerol species demonstrates few species 

which differ between the alleles. Unexpectedly, some cholesterol esters are higher in APOE 

33 participants, however, total cholesterol was also unexpectedly high in this group.  

 

In a second experiment, the effect of ApoE and 12/15-lipoxygenase (12/15-LOX) deficiency 

(ApoE-/- and Alox12/15-/-, respectively) was tested in two behavioural models, the “novel 

object test” and the “object-in-place test”. The “novel object test” measures recognition 

memory, which is the ability to distinguish a novel object from a known object. The “object-
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in-place test” measures recollection memory, which is a test of spatial memory. ApoE-/- is not 

associated with a deficit in recognition memory but does cause impairment of recollection 

memory, as measured by the above tests. In line with previous research, these data indicate 

that ApoE supports recollection memory. A protective effect of 12/15-LOX inhibition has been 

observed in mouse models of Alzheimer’s disease, however, variability in the ApoE-/-

/Alox12/15-/- double knock out mouse data prevents any conclusions being drawn about this 

group. Some 12/15-LOX esterified products are significantly higher in the ApoE-/- mice, and 

these may correlate with recollection memory. Further experiments are needed to confirm 

this finding.  
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Chapter 1: Introduction 

 

1.1 An introduction to lipidomics 

 

Lipids are a large and diverse group of hydrophobic molecules, which are highly conserved 

between species (Fahy et al., 2005, Khrameeva et al., 2018). Lipids play a wide range of 

biological roles, but are less well characterised than either genes or proteins (Lander et al., 

2001, Kim et al., 2014). The lipidome is therefore the sum of all lipids contained within a tissue 

or cell. The lipidome varies across tissue or cell types, and between subjects (Sales et al., 2016, 

Slatter et al., 2016, Pradas et al., 2018, Grzybek et al., 2019, Leuthold et al., 2017, Wood and 

Woltjer, 2018, Ishikawa et al., 2014). Lipid metabolism is tightly regulated, and many lipids 

are conserved across species, due to their functional roles in homeostasis (Drin, 2014, 

Khrameeva et al., 2018).  

 

Lipidomics is the study of all of the lipidome, commonly coupling analytical chemistry and 

mass spectrometry to separate and identify lipids (Yang and Han, 2016). Lipidomics is 

distinguished from lipid measurements such as total cholesterol or total triglycerides by (i) 

the separation of lipids, (ii) the identification of individual species and (iii) the techniques 

used.  

 

 

1.1.1 LIPID MAPS lipid classification system 

 

In this thesis, I used the LIPID MAPS lipid classification system (Fahy et al., 2005, Fahy et al., 

2009), which describes 8 lipid categories, each of which is divided into lipid classes and 

subclasses (Table 1.1). Lipids are defined as small molecules, which are soluble in nonpolar 

solvents and which may be amphipathic or hydrophobic (McNaught and Wilkinson, 1997, 

Fahy et al., 2009). Throughout this thesis, I have categorised lipids according to LIPID MAPS 

categories, which build upon previous guidelines, and are assigned according to lipid 

backbone, fatty acyl groups and presence of functional groups (Fahy et al., 2005, 1978). Each 

category contains several classes and subclasses of lipid. Below are brief descriptions of each  
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Table 1.1: LIPID MAPS lipid categories. There are 8 categories in the LIPID MAPS lipid classification 
system, 6 of which are listed above. The 2 categories not listed are polyketides and saccharolipids, 
which are not found physiologically in humans under normal circumstances. Categories are then 
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category, and exemplar lipids are shown (Figure 1.1). Fatty acyls comprise of a methyl group, 

repeating methylene groups and carboxylic acid (Figure 1.1A). Fatty acyls tend to have low 

molecular weight and are a component of many other lipids. Glycerolipids are made up of a 

glycerol headgroup and one to three fatty acyls Figure 1.1B). Glycerophospholipids (GPs) are 

comprised of a glycerol headgroup, phosphate group, and one or two fatty acyl chains (Figure 

1.1C). Prenol lipids are products of the mevalonic acid pathway and contain several or many 

C5 units (Figure 1.1D). Sphingolipids contain a sphingosine headgroup and two fatty acyl 

chains (Figure 1.1E). Sterol lipids all contain four C5 units (Figure 1.1F). The last two LIPID 

MAPS lipid categories, polyketides and saccharolipids, are produced exclusively by plants and 

bacteria (Figure 1.1G and Figure 1.1H, respectively) (Fahy et al., 2009).   

 

1.1.2 The plasma lipidome is dependent on many factors 

 

As previously mentioned, many studies have profiled lipids from tissues and plasma or serum 

(Table 1.2). The studies selected have been chosen to illustrate the diversity of lipid species 

and the lipidome. For example, gender and use of contraceptives are both associated with 

changes in the plasma lipidome (Sales et al., 2016). The platelet lipidome is highly variable 

between individual donors and across tissue types (Slatter et al., 2016, Leuthold et al., 2017, 

Pradas et al., 2018, Grzybek et al., 2019, Wood and Woltjer, 2018, Ishikawa et al., 2014). 

 

1.1.3 Mass Spectrometry for lipidomics 

 

1.1.3.1 Principals of mass spectrometry 

 

There are three principal steps in mass spectrometry (MS) (Figure 1.8). The first is ionisation, 

the second is analysis, and the final stage is detection. There are varying methods which can 

be employed to complete each stage. Below, the principals of each stage are discussed, 

alongside alternative methods.  

 

 

split into classes, which are based on lipid structure. Examples of structure from each category are 
found later on.  
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An overview of selected lipidomics studies which investigated tissue lipid profiles 

Study 
Participant 

demographics 
Sample type Relevant findings 

Sales et al., 
2016 

71 healthy 
Caucasian 
subjects 

Male (36) and 
female (35) 

Plasma 

→ 112 of 281 lipids measured 
differ between males and 

females 
→ PEs higher in females 

→ Hormonal contraceptives 
change plasma lipidome 

Slatter et al., 
2016 

3 healthy 
subjects 

Male (2) and 
female (1) 

Platelets 

→ Great diversity between 
individuals 

→ Roughly half of lipids were not 
found in lipid databases 

Leuthold et al., 
2017 

Human and 
porcine 

Kidney 
→ Over 1,000 lipids measured 
→ SPs, GPs, DAGs and TAGs 

measured in kidney 

Pradas et al., 
2018 

Adult rat 

Kidney, 
skeletal 

muscle, heart, 
white adipose 

tissue and 
liver 

→ 1,916 lipids measured in 
total 

→ Tissue-specific patterns in 
lipid levels 

→ E.g. PG is the predominate 
GPL in heart muscle 

→ High concentration of SP 
and cholesterol in kidney 

Grzybek et al., 
2019 

Lean and 
obese adult 

mice 

White (WAT) 
and brown 

(BAT) adipose 
tissue 

→ Approximately 99 % of 
adipose tissue lipids are 

TAGs 
→ DAGs and GPs detectable 

in BAT but not WAT 
→ Obese mice demonstrate 

higher cholesterol in BAT 
but lower in WAT than lean 

mice 

Wood et al., 
2018 

Human 
Cerebrospinal 

fluid (CSF) 

→ Numerous lipids in CSF, from 
categories including fatty acyls, 

GPLs and SPs 

Ishikawa et al., 
2014 

Human 
Plasma and 

serum 

→ Levels of polyunsaturated 
fatty acyls, PCs, DAGs and 

TAGs are significantly 
changed between plasma 

and serum 
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Table 1.2: Lipidomics studies profiling a range of tissue types. A select number of studies were 
included above to demonstrate the variability between tissues, individuals and genders.  
 
 
 

 

Figure 1.1: Lipids from each LIPID MAPS category. Exemplar lipids from the (A) fatty acyl, (B) 
glycerolipid, (C) glycerophospholipid and (D) prenol lipid categories. A. Fatty acyls are comprised of 
a methyl group, followed by one or more methylene groups and a carboxylic acid. Fatty acyls are 
also a constituent of lipids from other categories. B. Glycerolipids contain glycerol headgroups, from 
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which they derive their name, attached to up to three fatty acyls. C. Glycerophospholipids are 
comprised of glycerol, with a phosphate group at sn3, and one or two fatty acyl groups. D. Prenol 
lipids contain one or more C5 units, which are supplied by the mevalonic acid pathway as 
prescursors isopentenyl diphosphate and dimethylallyl diphosphate. 
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1.1.3.1.1 Ionisation 

 

Prior to analysis using MS, lipids can be ionised using a variety of different techniques, and 

the most commonly used are discussed below. Ionisation techniques can be ‘hard’ or ‘soft’ 

depending on the amount of energy used. Hard ionisation techniques confer a large amount 

of energy to the analyte, and therefore result in more fragmentation. Soft ionisation uses less 

energy and yields fewer fragments. Soft ionisation makes data easier to analyse later on, as 

‘parent’ mass (i.e. the mass of the ionised lipid) can be compared directly to lipid databases, 

without first matching fragments to produce a complete molecule. Data analysis for soft 

ionisation is simpler, and absolute quantification is more accurate.  

 

Electrospray ionisation (ESI) is an ionisation technique in which mist of electrically charged 

liquid droplets, containing the analyte and solvent, is released from a charged capillary.  

(Whitehouse et al., 1985) (Figure 1.2). The solvent containing the analyte is evaporated by 

heat on the source and flowing nitrogen gas, then when the droplet is small enough, it reaches 

the Rayleigh limit and splits into smaller droplets, each of which contains one analyte 

molecule and one charge. The remaining solvent is evaporated, and the charged lipids are 

drawn into the aperture, which is also charged. If ionisation mode is positive, then lipids are 

positively ionised, and the sweep cone is negatively ionised to draw ions towards the inlet. If 

ionisation mode is negative then lipids are negatively charged, and the sweep cone is 

positively charged. ESI is a soft ionisation technique, and little or no lipid fragmentation takes 

place (Table 1.3). However, matrix effects can occur in ESI, during which lipids and matrix 

molecules compete for ionisation (Taylor, 2005). Matrix effects in biological samples can 

enhance or reduce lipid ionisation (King et al., 2000).   

 

Another possible ionisation method is matrix‐assisted laser desorption (MALDI) (Karas et al., 

1987) (Table 1.3). A lipid is mixed with an abundance of matrix, which normally consists of 

small organic molecules. A laser is used to vaporise the matrix and analyte, which exchange 

H+ and other ions to form charged particles, which are then injected into the MS. MALDI is 

commonly linked to a time of flight (TOF) analyser (Fuchs et al., 2010).  
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Figure 1.2: The 3 stages of electrospray ionisation mass spectrometry (ESI-MS). Electrospray 
ionisation in the source is pictured in positive mode. A positive charge on the spray capillary attracts 
negative ions, leaving positive ions to be ejected into the source. Solvent is then evaporated using 
heat and source gases, before Coulomb fission occurs and the remaining solvent is evaporated. 
Positive ions are drawn into the negatively charged aperture. In negative mode, the current is 
reversed. Positively charged ions are attracted to the electrospray probe and negative ions are 
drawn towards the positively charged aperture. After ionisation, ions are selected (and fragmented 
if applicable) and sent to the detector for analysis.  
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Ionisation 
method 

Advantages Disadvantages References 

Electrospray 
ionisation 

(ESI) 

• Soft ionisation 
method with 

little/no 
fragmentation of 

lipids 

• Ion signal 
proportional to 

lipid concentration 

• Matrix effects 

• Some doubly or 
triply charged ions 

produced 

(Whitehouse et al., 
1985, Ho et al., 

2003, Taylor, 2005, 
King et al., 2000) 

Matrix‐
assisted laser 

desorption 
(MALDI) 

• Not as vulnerable 
to matrix effects as 

ESI 

• Most ions 
produced are 
singly charged 

• Can analyse solid 
state samples and 

provide spatial 
information 

• Rapid in source 
fragmentation of 
PLs and TAGs can 
make it difficult to 
quantify individual 

species 

• Separation into 
lipid classes aids 
study of complex 

mixtures 

• Less sensitive to 
negative ions 

(Karas et al., 1987, 
Harvey, 1995, Al‐
Saad et al., 2002, 
Fuchs et al., 2010) 

Desorption 
electrospray 

ionization 
(DESI) 

• Can analyse solid 
state samples and 

provide spatial 
information 

• No matrix needed 

• Can give spatial 
information 

• Less reproducible 
than ESI 

• Lower spatial 
resolution than 

MALDI 

(Takáts et al., 
2004, Abbassi-

Ghadi et al., 2016, 
Ifa et al., 2010) 

APCI 
• Soft ionisation 

method 

• Relative intensity 
of ions related to 
lipid saturation as 

well as 
concentration 

• Some 
insource/near 

source 
fragmentation 

(Horning, 1973, 
Byrdwell, 2001) 

Table 1.3: Advantages and disadvantages of varying ionisation techniques. Ionisation 
techniques prepare ions for injection into the MS. The most appropriate technique should be 
chosen according to the qualities of the analyte.    
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Desorption electrospray ionization (DESI) is also commonly used to study lipids (Table 1.3). A 

spray of charged droplets, shot directly onto a sample, ionises analytes on the surface (Takáts 

et al., 2004). Droplets are aqueous and exert electrostatic and pneumatic forces upon the 

sample to desorb ions from the surface.  

 

Finally, in atmospheric-pressure chemical ionisation (APCI), a heated vaporiser tube desorbs 

lipid molecules from a sample, which are then ionised by a discharge needle and collected 

using a vacuum behind a pinhole entrance  (Horning, 1973). APCI is also a soft ionisation 

method, although more fragmentation takes place than when using ESI (Byrdwell, 2001).  

 

ESI was used throughout this thesis as (i) the soft ionisation yields fewer fragments of lipid 

molecules, aiding identification, (ii) relative intensity is directly related to lipid concentration 

and (iii) ESI is highly reproducible (Whitehouse et al., 1985, Ho et al., 2003, Abbassi-Ghadi et 

al., 2016).  

 

1.1.3.1.2 Analysis 

 

The second step of MS is analysis, in which ions are selected and accelerated by electrical 

currents. Two MS systems were used in this thesis (untargeted and targeted) and analysis 

differs between the two. In the Orbitrap (ThermoFisher), ions are selected by an ion trap for 

analysis. The ion trap contains a high-pressure cell for ion selection (mass range or specific 

masses for fragmentation) and a low-pressure cell for ion ejection further into the MS. The 

ions move into a rotated quadrupole (C trap), which is charged and affects ion trajectory, 

causing the ions to move around the C Trap and neutral atoms to fly directly into a central 

block. Ions are concentrated within the C Trap and then forced into the Orbitrap for detection. 

Separately, a QTrap 4000 (Sciex) was used for targeted MS methods. The Qtrap 4000 contains 

three quarupoles, known as quadrupole 1 (Q1), quadrupole 2 (Q2) and quadrupole 3 (Q3). Q2 

can be used as a collision cell, depending on which method of analysis is used. After passing 

through Q1-3, ions are injected into the detector.  

 

During the analysis portion of MS, there are various methods for selecting which ions are 

measured. In an untargeted analysis, an upper and lower mass limit are chosen, and all ions 
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present in this range are detected. Whilst this method is suitable to analyse complex samples, 

and samples of an unknown composition, untargeted methods are less sensitive as the 

number of ions which can be trapped in the detector is finite. Therefore, low concentration 

lipids may be missed in a complex sample. Also, more post-acquisition data analysis is 

required to filter the data and identify lipids.  

 

Information-dependant acquisition (IDA) cycles through masses or a mass range several or 

many times over a MS analysis, selecting ions in Q1. If a specified mass is found, it is 

fragmented in Q2 and fragments are collected in Q3. IDA is useful if a smaller group of lipids 

are being targeted, but fragmentation patterns and retention time are unknown. Sensitivity 

of IDA is dependent on the total cycle time, with a smaller cycle time providing a more 

sensitive analysis.  

 

Selected reaction monitoring (SRM) is a suitable MS method when you already have extensive 

information on lipids of interest (Liebler and Zimmerman, 2013). A ‘parent’ mass is selected 

in Q1, ions collected in Q2, and a ‘daughter’ mass is then selected in Q3.  

The ‘parent’ mass is the mass of the ionised lipid, whilst the ‘daughter’ mass is the mass of an 

expected fragment. If both ‘parent’ and ‘daughter’ mass are present, you can be reasonably 

confident that you are measuring the lipid of interest. A retention time window is also 

required, during which the MS will scan for the ‘parent’ and ‘daughter’ masses. SRM becomes 

multiple reaction monitoring (MRM) when multiple windows are used to scan for multiple 

‘parent’ and ‘daughter’ ions. MRM provides an increased sensitivity compared to untargeted 

methods, as only chosen species are passed along to the detector. However, MRM cannot be 

used when the fragmentation pattern and retention time of the lipid are unknown.  

 

If lipids being analysed are similar in structure, for example if only the position of a double 

bond differs, further fragmentation of the lipid can aid identification. In MS/MS, the ‘parent’ 

and ‘daughter’ ion are monitored, alongside the ‘product’ ion, which is a fragment of the 

‘daughter’ ion. In this case, the ‘parent’ ion is selected in Q1, the ‘daughter’ ion in Q2 and the 

‘product’ ion in Q3.  
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An alternative to the ion trap and triple quadrupole MS systems detailed above would be a 

TOF analyser/detector, which was first developed in the 1950s (Wolff and Stephens, 1953). In 

TOF analysis, ions are released into a flight tube, each with an equal amount of kinetic energy. 

TOF uses the relationship between kinetic energy and velocity to calculate exact mass. TOF is 

commonly linked to MALDI (Fuchs et al., 2010). MALDI-TOF has a faster acquisition rate than 

liquid chromatography coupled to ESI-MS and a low limit of detection (Schiller et al., 2004). 

However, MALDI-TOF is associated with more lipid fragmentation, which complicates the 

analysis of complicated mixtures such as plasma (Al‐Saad et al., 2002). The use of two analysis 

systems was deemed most appropriate for this work, the ion trap and Orbitrap for untargeted 

and accurate mass measurements, and the triple quadrupole for to follow up with targeted 

MS/MS experiments.  

 

1.1.3.1.3 Detection  

 

The final step is detection. Collision of ions with the detector causes an electron pulse, which 

is converted into a spectrum by attached software. In the Orbitrap Elite, lipids enter the titular 

Orbitrap and oscillate around a highly charged inner electrode. Current is measured across 

split outer electrodes, the signal amplified and Fourier Transformation (FT) is used to change 

the amplified signal into a frequency spectrum and then a mass spectrum is produced. FT is 

an extremely accurate method of mass detection (ref). Detection in the QTrap relies on one 

electric field, into which ions are propelled. Mass detection is less accurate than the Orbitrap 

(ref).   

 

1.1.3.3 Liquid chromatography coupled with MS allows the detection of more species 

 

The methods to be used in this work separate lipids using reverse phase LC and analyse them 

using MS and bioinformatics tools (Section 2.5) to allocate an accurate mass and retention 

time (RT). Coupling MS with liquid chromatography (LC) allows more species to be profiled 

than just using MS alone. The analyser and detector within the MS both have a finite volume, 

in which a certain number of ions can be stored. An injection of lipids extracted from the 

whole sample could cause the detector to be swamped, which could prevent lower 

abundance ions from being measured as few ions would enter the detector. Separating the 
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sample over time using LC causes fewer ions to enter the MS at any one time, therefore 

reducing the risk of swamping the analyser/detector and missing lower abundance species 

(ion suppression). Also, lipids are separated due to their intrinsic physical properties and 

therefore exit the LC column with other lipids with similar characteristics in a predictable 

pattern, aiding identification. Therefore, retention time (RT) can be a useful tool in assigning 

putative lipid identifications.  

 

The RT at which lipids come off the LC column to be analysed by the mass spectrometer is 

modulated by the interaction of the lipid with the stationary and mobile phases (Figure 1.3). 

The stationary phase in the global analysis method is silica beads, 2.6 µm in diameter, with 

C18 carbon chains projecting from the outside. Lipids can interact with the beads in several 

ways. Non-polar lipids remain longer in the non-polar C18 chain matrix around the silica 

beads. Hydrophilic polar lipids move along the LC column faster and enter the MS sooner and 

have earlier RTs. As solvent A (aqueous) decreases and B (organic) is ramped, the non-polar 

lipids are drawn off the column for analysis. Also, lipids with longer chain fatty acyls are more 

likely to interact with the C18 chains, slowing their progress along the LC column (ref). 

Therefore, lipids are separated according to polarity and m/z. 

 

Lipid chromatography/mass spectrometry (LC/MS) provides a powerful tool for accurate lipid 

analysis due to its ability to read extremely accurate mass and due to its high sensitivity. 

Further analysis of LOAD using ‘omics’ technologies such as lipidomics could provide 

important mechanistic insights and allow the development of novel preventative treatments 

(Orešič et al., 2009, Lista et al., 2016).  

 

1.1.4 Using bioinformatics to analyse MS data 

 

Bioinformatics is the development of software methods or tools which allow analysis of 

biological data. The field uses coding, maths and statistics to treat data and mine results.  

The field of lipidomics requires the analysis of complex and large-scale data, therefore 

automated systems of data processing prevent manual errors and facilitate in depth data 

mining (Pauling and Klipp, 2016). Bioinformatics tools for lipid analysis can have many 
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functions, including statistical analysis, lipid classification, data visualisation or biological 

pathway mapping (Fahy et al., 2007).  

 

In this thesis, an in-house-built software called LipidFinder, which uses the Python 

programming language, was used to extract lipid data from raw, untargeted MS output 

(Section 1.1.4.1) (O'Connor et al., 2017, Van Rossum and Drake Jr, 1995). Lipid Finder 

combines mass spectra into lipid peaks using complex algorithms and allows the user to 

define and optimise parameters for their own data (O'Connor et al., 2017, Fahy et al., 2018).  

 

After data treatment using XCMS, followed by LipidFinder, statistics and figures will be 

produced in the coding language R using RStudio (Smith et al., 2006). Targeted MS data is 

smaller and simpler than untargeted MS data. In this thesis, targeted data was analysed 

manually.  

 

1.1.4.1 Using Lipid Finder to process MS data 

 

Lipid Finder is a package of open access software, available in Python and on the Lipid Maps 

website (Van Rossum and Drake Jr, 1995, O'Connor et al., 2017). Python is a free and open 

source programming language with a huge library of readily available functions and code. It 

is considered easy to learn and is embeddable in other code such as html. Lipid Finder is 

written in Python and  transforms raw MS data frames into peaks. Each peak represents a 

lipid, with an intensity value and retention time for each.  Lipid finder can then perform 

optional data analysis and data visualisation. The program contains several modules to 

support these functions. Firstly, the PeakFilter module creates peaks from the raw data. After 

removing background ions, which are present in extracted blanks or throughout the analysis, 

data frames are clustered according to mass, using a mass window set by the user. Peaks are 

produced by combining frames within set mass and retention time windows. Contaminants 

and adducts from a preset list are removed and retention times aligned across samples. 

Where there are small differences in recorded mass between samples, mass is taken to be 

the mean mass recorded. PeakFilter output is a peak list, produced in either positive or 

negative mode. The Amalgamator module then combines positive and negative analyses by 
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using accurate mass differences to predict which ions are from the same species. The output 

is a list of peaks, with replicates removed where lipids were measured in both modes. 

WebSearch then compares recorded mass for each lipid to online lipid databases. If a match 

is found, putative lipid identity is recorded, as well as lipid category and subcategory (Fahy et 

al., 2009). Finally, the FileProcessing module combines searches from different lipid databases 

to standardise lipid nomenclature and file layout. Any duplicates or database matches with a 

mass error (difference between database mass and recorded mass) larger than a set value 

are removed. There is also an optional module to optimise peak finding parameters, but this 

was not used for data contained within this thesis.  

 

1.1.4.2 Univariate and multivariate analysis as tools to analyse complex datasets 

 

Data analysis using statistics reduces the likelihood of errors in study conclusions. Errors are 

broadly split into two groups; a type I error is an incorrect rejection of the null hypothesis, 

and a type II error is when the null hypothesis is incorrectly accepted. Statistical tests should 

be chosen during study design, and the most appropriate tests depend on the data being 

collected. Paired data, which originates from one subject at different timepoints, should be 

treated by different tests than unpaired data, which comes from separate subjects. Univariate 

analysis techniques are appropriate when few variables are being tested, or when variables 

are independent of one another. Selection of the univariate test will depend on the way the 

data is distributed (Figure 1.4). Normally distributed data is tested using parametric tests, for 

example, t test, one-way analysis of variance (ANOVA). Abnormally distributed data is tested 

using nonparametric tests like the Wilcoxon Rank sum test, Mann-Whitney U test or 

Spearman correlation.  

 

Normally distributed data sits on a frequency histogram in a symmetrical bell-shaped curve 

(Figure 1.5). To evaluate distribution, you must first calculate the mean and standard 

deviation of the data. Standard deviation is calculated by first taking the mean from each 

value, and then squaring the differences from the mean individually. The mean of the squared 

differences is calculated and finally the square root of the mean of the squared differences. If 

68 % of the data falls within one standard deviation of the mean, 95 % within two standard 

deviations and 99.7 % between three standard deviations, then data is normally distributed  
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Figure 1.4: Data analysis techniques should be chosen according to data type. A flowchart 
depicting the correct univariate tests for different types of quantitative data. Quantitative data 
analysis depends on the number of experimental groups (blue), whether data is paired (green) and 
the distribution of the data (yellow). Multivariate tests could be used to supplement or replace tests 
when multiple experimental groups or variables are present. 
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Figure 1.5: Data distribution is described according to how data is clustered around the mean. i) 
Normally distributed data. σ = standard deviation. Numbers above bars are percentages of data 
falling within each bracket. ii) Data which is skewed to the left of the mean. More data points fall 
below the mean than above. iii) Data which is skewed to the right of the mean. More data points 
fall above the mean than below. iv) Data with a multimodal distribution. Data falls in two or more 
groups, which may be above and below the mean (when two groups present) or above, below and 
on the mean (when more than groups are present).  
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(Figure 15i). Alternatively, data can be skewed, and the majority of data points sit above or 

below the mean (Figure 1.5ii-iii) or multimodal, where data is clustered into groups (Figure 

1.5iv).  

 

Univariate tests can be one-way or two-way (McDonald, 2014). One-way tests are used if the 

direction of deviation in the data is known, e.g. the null hypothesis is that ‘genotype A does 

not have significantly higher cholesterol than genotype B’, and the alternative hypothesis is 

that ‘plasma from genotype A will have significantly higher cholesterol than plasma from 

genotype B’. If the deviation of the data is unknown, a two-way hypothesis should be used. 

An example of this would be a null hypothesis of ‘plasma from genotype A will contain as 

much cholesterol as plasma from genotype B’ and an alternative hypothesis of ‘plasma from 

genotype A will contain a significantly different amount of cholesterol to plasma from 

genotype B’.  I have used two-way tests throughout, as the direction of data deviation is 

unknown.  

 

There are two possible approaches to analysing multiple variables. Firstly, a multiple 

comparison correction can be applied to the results of a univariate analysis. Two commonly 

used examples of multiple comparison corrections would be the Bonferroni correction and 

the Benjamini-Hochberg correction (Neyman and Pearson, 1928, Benjamini and Hochberg, 

1995, McDonald, 2014). Multiple comparison corrections adjust p values obtained from 

univariate tests to consider the number of variables tested, by multiplying p value by the 

number of tests.  These procedures reduce the likelihood of a type I error.  

 

The second approach when analysing multiple variables would be the use of multivariate 

analysis tools, such as multivariate analysis of variance (MANOVA), principal component 

analysis (PCA) and partial-least-squares discrimination analysis (PLS-DA). Multivariate analysis 

should be used when data includes many variables. Multivariate analysis is a valuable tool in 

the analysis of lipidomic datasets as data tends to be large and complex (Checa et al., 2015). 

Using multivariate analysis is preferable to multiple univariate analyses in determining the 

weighting of individual lipids towards total result (Huberty and Morris, 1989). Multivariate 

analysis can compare more than two experimental groups. Also, when variables are not 

independent, multiple univariate analyses may provide redundancy in the results, as each 
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lipid which significantly differs between groups is not a new finding if lipids are linked.  

Multivariate analysis tools were used within this thesis to study untargeted lipidomics data, 

because (i) many lipids were measured, which were not independent of one another, (ii) to 

determine which lipids e and (iii) to determine if multivariate analysis and univariate analysis 

defined the same lipids as having the most effect on the dataset.   

 

PCA and PLS-DA are often used alongside each other in multivariate data analysis. A function 

of PCA and PLS-DA is to simplify complicated multi-level datasets into an easily-visualised one-

dimensional (1D) graph (Pearson, 1901, Worley and Powers, 2013). Input for PCA requires 

enough variables (i.e. axes) to be transformed into a three-dimensional (3D) matrix, for 

example, here axes were sample, lipid name and lipid intensity. Briefly, to produce a 

normalised 3D data matrix, values are normalised around the origin. An ellipsoid is fitted onto 

the 3D matrix, with each diagonal across the ellipsoid being a principal component (PC). 

Variance for each lipid is then calculated as the distance from the principal component to the 

lipid and variance contained by a PC is the sum of the variances of all lipids in relation to that 

PC. Thus, PC1 is the PC which contains the most variance and PC2 is orthogonal (at a right 

angle) to PC1.  

 

PLS-DA is, unlike PCA, a supervised algorithm, where group ID (e.g. genotype, disease or 

control) is inputted alongside other data. After the data matrix is produced, the matrix is 

rotated to provide the best separation of the alleles. PC1 and PC2 are the first two PCs 

optimised to separate APOE 22 and control. Loadings plots for both PCA and PLS-DA models 

demonstrate the contribution of each lipid to variation, with a higher PC score on the loadings 

plot indicating that an individual lipid was more different in APOE 22. Positively correlated 

lipids are grouped, whereas highly negatively correlated lipids sit diagonally opposite. PC1 

and PC2 are the first two PCs optimised to separate groups by group ID. PCA and PLS-DA can 

be visualised on scores plots, which represent how samples are grouped, and loadings plots, 

which display information on lipid concentrations and grouping of lipids (Checa et al., 2015). 

LC-MS coupled with the multivariate analysis techniques PCA and PLS-DA have been used to 

separate plasma type-2 diabetes mellitus and control using lipids, as well as to identify 

biomarkers of disease (Wang et al., 2005).  
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Receiver operating characteristic (ROC) analysis is also useful in lipidomic analysis (Checa et 

al., 2015). An ROC analysis is another supervised analysis, in which an algorithm attempts to 

predict which experimental group individual samples originate from (Metz, 1978). If area 

under the curve (AUC) is 1, the algorithm has taken each sample from the remainder and 

correctly predicted which group that sample came from. When trialling a clinical diagnostic 

test, the minimum acceptable AUC is 0.70 but 0.9 or higher is preferable (Mandrekar, 2010). 

Migraine patients can be separated from control using serum lipids and ROC analysis (Ren et 

al., 2018).  

 

Some studies combine different types of multivariate data analysis to validate results. PLS-DA 

and ROC curves can be used to differentiate non-small cell lung cancer from control and 

benign lung disease using plasma lipids (Chen et al., 2018). Also, PCA, PLS-DA and ROC of 

serum lipids can distinguish coronary heart disease from control (Liu et al., 2018). To 

conclude, univariate and multivariate analysis techniques should be chosen during 

experimental planning. Techniques will differ according to how data is distributed. Multiple 

comparison procedures can be used to correct p values when many variables are being 

measured, whilst multivariate analysis can be used when there are many variables or more 

than two experimental groups. A combination of univariate and multivariate data analysis 

tools have been used to analyse lipidomics data.  

 

1.2 Genetically modified mice as a tool to study disease 

 

Genetically modified mice have been used for decades as a tool to study human disease. Mice 

have been genetically engineered to express gene variants of interest for the study of many 

disorders, such as Alzheimer’s disease or heart disease (Sturchler-Pierrat et al., 1997, Webster 

et al., 2014, Geisterfer-Lowrance et al., 1996, Musunuru et al., 2005). The murine genome can 

be edited using either pronuclear injection or embryonic stem cell editing. In pronuclear 

injection, plasmids are microinjected into fertilised oocytes, which are then implanted into a 

female mouse to develop (Gordon et al., 1980). As the transgene integrates randomly into 

the genome, the endogenous variant of the gene will also be expressed, and the transgene 

may be overexpressed. During embryonic stem cell editing, embryonic stem cells are selected 
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and transfected with genes of interest (Gossler et al., 1986). This is known as gene targeting, 

as endogenous genes are replaced with gene variants of interest. Cells which have been 

successfully transfected are reintroduced into blastocytes, and blastocytes implanted into 

female mouse. Gene targeting can be used to produce knock out mice, which do not express 

a gene, or knock in mice, which express a modified gene.  

 

Like humans, mice are diploid, i.e. cells (except for gametes) contain a maternal and paternal 

copy of each chromosome. Therefore, after genetic modification though gene targeting, mice 

can be homozygous or heterozygous for a gene of interest. Homozygous mice have two copies 

of a gene which match, whilst heterozygous mice have two gene variants. Offspring must be 

genotyped to see if (i) gene modification has been effective, and (ii) if offspring are 

homozygous or heterozygous for gene variant (Figure 1.6). Homozygosity of some recessive 

gene variants or complete knock out of some proteins can be fatal, and heterozygous mice 

should be used in this circumstance (Castle and Little, 1910, Ioffe and Stanley, 1994, Coleman 

et al., 1995).  

 

The C57BL6 mouse is commonly used as ‘wild-type’ and as a background onto which gene 

editing takes place, and have been extensively phenotyped (Bryant, 2011, Waterston et al., 

2002). There are several substrains of C57BL/6 mouse, all of which originate from the 

C57BL/6J, created at the Jackson Laboratory. C57BL/6N was created after breeders were 

taken to the National Institute for Health (NIH) in 1951. Other substrains include C57BL/6C, 

and C57BL/6NCrl (Charles River), C57BL/6NTac (Taconic), and C57BL/6NHsd (Harlan Sprague 

Dawley), all of which originate from C57BL/6N. Substrains developed when breeding mice 

were isolated in a new facility, and small genetic changes occurred. Whilst there are many 

similarities between the substrains, there are some genotypic and phenotypic differences 

(Simon et al., 2013, Matsuo et al., 2010). For example, the startle response in C57BL/6N is 

smaller than C57BL/6J and resting heart rate is higher (Simon et al., 2013). C57BL/6N has a 

shorter latency to fall from a suspended wire, all substrains behave significantly differently 

from each other in the light/dark transition test, and distance travelled in social tests and 

forced swim differs between some substrains (Matsuo et al., 2010). Therefore, it is imperative 

that all genetically modified mice being compared are from the same substrain, and some 

substrains may be more appropriate for some experiments than others.  
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Figure 1.6: Homozygous and heterozygous mice, and their offspring, visualised in Punnett 
Squares. Two variants of the same gene (X) are represented as X1  and X2. In this example, X1  is the 
gene variant of interest. Parent mice are either homozygous (A) or heterozygous (B,C) for variants 
of X. A. Mating two mice which are homozygous for X1 produces offspring which are homozygous 
for X1. B. Mating two mice, when one parent is homozygous for X1, and one parent is heterozygous 
(X1 X2), produces offspring who are 50 % X1 X1 and 50 % X1 X2. Therefore, offspring must be 
genotyped. C. Mating two mice, both of which are heterozygous for gene X, produces a mix of 
offspring. 25 % are homozygous for X1, 50 % are X1 X1 , and the last 25 % are homozygous for X2 X2.  
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Genetically modified mice are a valuable tool for the study of neurological disease. Tissue 

from the brain is not readily available and tends to come only from post-mortem, with the 

exception of tissue collected during neurosurgery (ref). Genetically modified mice can be used 

to study the time course of neurological disease, especially when risk genes have been 

identified and pathology can be reproduced. There are many mouse models of Alzheimer’s 

disease, which have been used to study pathology and trial treatments (Sterniczuk et al., 

2010, Leissring et al., 2003, Marr et al., 2003, Iwata et al., 2004, Poirier et al., 2006, El-Amouri 

et al., 2008, Santacruz et al., 2005, Elder et al., 2010). Some of the more widely used mouse 

models of Alzheimer’s disease are described in Table 1.4.  

 

Mice are also a useful model organism in the field of lipidomics. Lipids and lipid-associating 

proteins are highly conserved between many species, including humans and mice (Birsoy et 

al., 2013, Kaabia et al., 2018, Jha et al., 2018, Frieden, 2015, Bashtovyy et al., 2011, Segrest et 

al., 1998, Brash, 1999). Whilst lipids cannot be directly modified by gene editing, lipid-related 

proteins and enzymes can be targeted. Several diseases related to lipid metabolism have been 

modelled in mice (Table 1.4) (Sango et al., 1995, Zhang et al., 1992, Maue et al., 2012, Sullivan 

et al., 1998).  

 

1.3 APOE and Lipid Transport 

 

The apolipoprotein E (APOE) gene encodes the ApoE protein, which plays an important role 

in lipid homeostasis in humans, as well as in many other species (Mahley et al., 2009, 

Holtzman et al., 2012, Huang and Mahley, 2014, Frieden, 2015). The function of apoE is 

determined by its structure (Figure 1.7) (Mahley et al., 2009). ApoE binds to several receptors 

to facilitate lipid movement between cells and in the circulation (Sections 1.3.1 and 1.3.2) 

(Mahley, 1988, Attie et al., 2001, Krimbou et al., 2004, Getz and Reardon, 2009, Koldamova 

et al., 2014). For example, apoE can bind to the low-density lipoprotein receptor (LDLR), 

facilitating the influx of cholesterol and TAGs from lipoproteins into cells (Mahley, 1988). 

ApoE also binds to the ATP-binding cassette transporter 1 (ABCA1) receptor on cell surfaces, 

triggering ABCA1-dependant cholesterol efflux (Attie et al., 2001). 
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Reference Gene(s) targeted 
Gene 

modification 
Outcome Disease modelled 

Sterniczuk et 
al., 2010 

Amyloid 
precursor protein 

(APP) 
Microtubule 
associated 

protein (MAPT) 
Presenilin 1 

(PSEN1) 

Knock in of 
human risk 

variants 

Protein 
accumulation 

in brain 
Alzheimer’s disease 

Mucke et al., 
2000 

APP 
Amino acid 
substitution 

Protein 
accumulation 

in brain 
Alzheimer’s disease 

Masliah et al., 
1996 

APP 

Knock in and 
overexpression 
of human risk 

variant 

Protein 
accumulation 

in brain 
Alzheimer’s disease 

Hsiao et al., 
1996 

APP 

Knock in and 
overexpression 
of human risk 

variant 

Protein 
accumulation 

in brain 
Alzheimer’s disease 

SantaCruz et 
al., 2005 

Microtubule 
associated 
protein tau 

(MAPT) 

Knock in of 
human risk 

variant 

Protein 
accumulation 

in brain 
Alzheimer’s disease 

Yoshiyama et 

al., 2007 
MAPT 

Knock in of 
human risk 

variant 

Protein 
accumulation 

in brain 
Alzheimer’s disease 

Zhang et al., 
1992 

Apolipoprotein E 
(APOE) 

Knock out 
Failure to 

clear lipids 
from blood 

Atherosclerosis 

Sullivan et al., 
1998 

Apolipoprotein E 
(APOE) 

Knock in of 
human risk 

variant 

Failure to 
clear lipids 
from blood 

Type III 
hyperlipoproteinemia, 

leading to 
atherosclerosis 

Sango et al., 
1995 

Hexosaminidase 
subunit beta 

(HEXB) 

Gene editing – 
introduction of 
multiple gene 

fragments 

Lipid 
accumulation 
in intracellular 
compartments 

Sandhoff disease 

Maue et al., 
2012 

Niemann-Pick 
type c1 (NPC1) 

Amino acid 
substitution 

Abnormal 
cholesterol 
storage and 
metabolism, 

altered 
glycolipid 

profile 

Niemann-Pick C1 
disease 

 

Table 1.4: Mouse models used in Alzheimer’s disease and lipidomics experiments. Mice have been 
used to model many diseases, including Alzheimer’s disease and lipid-related disorders. Some of 
the widely used models are summarised above, including the original piece of research describing 
the model, the gene targeted for mutation, its protein product and the disease being modelled. All 
of these mouse models have been used in multiple publications.  
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Figure 1.7: A representation of the primary structure of apoE. The N-terminus of the apoE protein 
contains the signalling domain and the low-density lipoprotein receptor (LDLR) binding domain, 
whilst the C-terminus contains the lipid binding domain.  The two domains are separated by a hinge 
region.  

 

 

 

 

 

APOE allele distribution and character 

 
ε3 ε2 ε4 

Frequency* 0.79 0.07 0.14 

Defining amino 
acids† 

Cys-112 
Arg-158 

Cys-112 
Cys-158 

Arg-112 
Arg-158 

LDLR binding 
ability (%) 

100 <2 100 

Lipid binding ability Normal Normal Decreased 

Risk of late-onset 
Alzheimer’s disease 

(LOAD) 

Average Decreased Increased 

 

Table 1.5: APOE allele frequencies and traits. *Frequency of each APOE allele in a 38 population meta 
analysis, where 1 is the whole population (ALZGENE, 2010). †Amino acids present at position 112 and 158 in 
the apoE protein produced from the 3 common APOE alleles. These amino acid substitutions can alter the 
structure and function of the apoE protein. LDLR binding ability is the affinity of the protein isoform for the 
LDLR, in comparison to the apoE ε3 protein. Lipid binding ability refers to be availability of the lipid-binding 
active site. Risk of LOAD refers to the relative risk of LOAD, taking APOE ε3 carriers as the norm. 
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There are three common APOE alleles, known as ε2, ε3 and ε4. The protein products of these 

three alleles have amino acid substitutions at two possible locations, amino acids 112 and 158 

(Table 1.5) (Weisgraber et al., 1981). Amino acid 112 is in the LDLR binding domain of apoE, 

whilst amino acid 158 is in a non-signalling region of the molecule (Figure 1.7). APOE ε2 

carriers produce an apoE protein which contains cysteine in both positions. APOE ε3 carriers 

produce apoE with cysteine at position 112 and arginine at amino acid 158. APOE ε4 carriers 

produce apoE with arginine at both 112 and 158. Both substitutions alter apoE function 

because apoE forms a globular structure in plasma, with many interactions between the C- 

and N-terminal domains (Mahley et al., 2009, Chen et al., 2011). The apoE ε2 isoform 

demonstrates a deficit in LDLR binding compared to the other two alleles, and this deficit can 

cause hypercholesterolemia due to reduced clearance of lipoproteins and lipoprotein 

remnants from the circulation (Mahley et al., 1999, Weisgraber et al., 1982). Both apoE ε3 

and apoE ε4 protein isoforms demonstrate normal LDLR binding. Whilst APOE allele 

determines the ability of the protein to bind to the LDLR, all three alleles induce cholesterol 

efflux through ABCA1 with the same efficiency (Krimbou et al., 2004). Whilst the basis of lipids  

binding to apoE is not yet fully understood, it is likely that lipids bind to apoE between the 

hinge region and C-terminus, but that binding is influenced by residues from both N- and C-

terminus domains (Frieden et al., 2017, Chen et al., 2011).  

 

Humans have a diploid genome and therefore each individual is either homozygous or 

heterozygous for APOE. Throughout this work, when samples are described as APOE 22, 

APOE33 or APOE 44, these samples originated from homozygotes. When participants are 

described as APOE ε2, APOE ε3 or APOE ε4 carriers, the study has not distinguished between 

homozygotes and heterozygotes. The word APOE capitalised refers to the gene, whilst apoE 

refers to the protein product.  

 

1.3.1 ApoE acts as a cholesterol transporter in the brain 

 

To consider how APOE allele could be affecting LOAD risk, we must first discuss the role of 

APOE in the CNS, where it acts as the principal lipid transporter, providing cholesterol, 

cholesterol esters and other lipids to neurons. The blood-brain barrier (BBB) prevents 

lipoprotein exchange between the brain and the body, therefore the brain must produce most  
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Figure 1.8: ApoE function and trafficking within the central nervous system. ApoE is produced in 
the glial cells and enters the extracellular space through TREM2. ApoE is lipidated by the ABCA1 
receptor, creating a lipoprotein. This lipoprotein interacts with the LDLR and LRP receptor in an 
apoE-mediated manner, allowing lipids to enter neurons, where they are used primarily as a fuel 
source.  
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of the lipids needed (Zlokovic, 2008). Neurons produce significantly less cholesterol than 

astrocytes, so cholesterol and phospholipids are released from astrocytes and microglia in an 

apoE-dependent manner to provide neurons with the lipids needed (Nieweg et al., 2009, 

Gong et al., 2002). The apoE protein acts as the main lipid transporter in the brain (Boyles et 

al., 1985, Pitas et al., 1987b) (Figure 1.8). ApoE is produced by glial cells and released into the 

extracellular   space   through   triggering   receptor   expressed   on   myeloid   cells   2   (TREM2) 

(Pitas et al., 1987a). ApoE in the extracellular space can also be lipidated by astrocytic ABCA1 

receptors, which bind apoE and externalise cholesterol and phospholipids to form a HDL-like 

lipoprotein particle (Attie et al., 2001, Koldamova et al., 2014). These lipoproteins can be 

trafficked to neurons to maintain synaptic transmission and allow synaptogenesis (Zhang and 

Liu, 2015). The lipoprotein particles associate with neural low density lipoprotein (LDL) and 

low density lipoprotein receptor-related protein (LRP) receptors, which bind to apoE and are 

endocytosed along with the lipoprotein to facilitate lipid transport across the plasma 

membrane (Bu, 2009). Excess lipids are removed across the BBB into the bloodstream via LRP 

receptors. ApoE can bind to the microglial triggering receptor expressed on myeloid cells-2 

(TREM2), which modulates the neural circuit by facilitating synapse elimination (Atagi et al., 

2015, Bailey et al., 2015, Filipello et al., 2018). Synapse elimination is a key step in synaptic 

plasticity.  

 

1.3.2 ApoE acts as a lipid transporter and lipoprotein constituent in the periphery 

 

Lipids within the body derive from two sources, the diet and de novo synthesis. Cells can 

synthesise a range of lipids, and the remainder are provided through lipoprotein-mediated 

transport (Drin, 2014). ApoE plays an important role in lipid transport and metabolism in the 

periphery. The apoE protein is an amino acid glycoprotein, which acts as a component of the 

LDL, VLDL and HDL lipoprotein complexes and facilitates the transport of lipids between the 

intestine, liver and other cells within the body (Getz and Reardon, 2009). APOE allele regulates 

circulating levels of total cholesterol and triglycerides, probably due to amino acid 

substitutions which affect the ability of apoE to bind to receptors and lipids (Sing and 

Davignon, 1985, Dallongeville et al., 1992, Weisgraber et al., 1982, Saito et al., 2003). 

However, the effect of APOE allele on the rest of the plasma lipidome is unknown. 
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1.3.3 Genetic ablation of APOE causes cognitive deficit in mice 

 

The roles of apoE in the brain have already been discussed (Section 1.2.1) and its importance 

is further demonstrated by knock-out studies in mice. There is less acetylcholine (ACh) activity 

in the hippocampus and frontal cortex of the APOE knock out mouse, and this is associated 

with a deficit in working memory, as measured by the Morris Water Maze (Gordon et al., 

1995). Also, neurodegeneration has been described in the APOE knock out mouse (ApoE-/-), 

and immunoreactivity of synaptic markers was up to 40 % lower in the neocortex and 

hippocampus, when compared to control mice (Masliah et al., 1995). Not all studies are in 

accordance, one did not find neurodegeneration or cognitive deficit after ApoE-/-, although it 

did stress the presence of cardiovascular disease (Moghadasian et al., 2001). Cardiovascular 

disease is one of several factors which predisposes towards LOAD, as well as towards other 

forms of dementia (Whitmer et al., 2005, Newman et al., 2005). Therefore, 

neurodegeneration seen in the ApoE-/- mouse could be caused by two factors, apoE deficiency 

or vascular disease, or a combination thereof.  

 

1.4 Alzheimer’s Disease is a growing global burden with a complex pathology 

 

As the population of the world increases and people live longer, the number of people 

suffering from age-related disease is rising. It’s estimated that by 2050, 131.5 million people 

worldwide will be suffering from some form of dementia (Prince et al., 2015). The most 

common is Alzheimer’s disease (AD), which accounts for 54 - 78 % of cases (Lobo et al., 2000, 

Barker et al., 2002), therefore representing a huge number of patients worldwide.   

Neurodegeneration, progressive cognitive deficit and behavioural changes are characteristic 

of AD, resulting in diminished short-term memory and reasoning, impairment of language, 

loss of visuospatial memory, and eventually death (Weintraub et al., 2012). The disease 

process takes place over decades, pathology is advanced before cognitive deficit occurs, and 

the long-term care needed is expensive (Braak and Braak, 1991, Morris et al., 1996, Souêtre 

et al., 1999). AD will put an increasing burden on healthcare worldwide unless an effective 

treatment is developed. Currently, licenced medications like Donepezil, Rivastigmine and 
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Galantamine alleviate symptoms and may slow neurodegeneration, but no cure has been 

found.  

 

Early onset Alzheimer’s disease (EOAD) makes up around 5 % of AD cases and is caused by 

autosomal dominant mutations in the genes apolipoprotein precursor protein (APP), 

presenilin-1 (PSEN1) or presenilin-2 (PSEN2) (Zhu et al., 2015, Goate et al., 1991, Sherrington 

et al., 1995, Rogaev et al., 1995, Group, 1995). The APP, PSEN1 and PSEN2 mutations which 

cause EOAD cause an upregulation in production of the amyloid-β (Aβ) protein, causing a toxic 

build up of Aβ within the brain  (Scheuner et al., 1996, Kumar-Singh et al., 2006, De Strooper 

et al., 1998). Disease-associated PSEN1 and PSEN2 mutations upregulate the activity of the γ-

secretase enzyme, leading to increased Aβ in cell culture and CSF (De Strooper et al., 1998, 

Wolfe et al., 1999, Tomita et al., 1997). The pathology of EOAD can be explained fully by these 

genetic mutations. However, the aetiology of late-onset Alzheimer’s disease (LOAD) is less 

well understood.  

 

The largest genetic risk factor for LOAD is APOE (Table 1.5). The APOE ε4 allele raises risk of 

LOAD by 3 times if you carry one allele and 8 times if you carry two, and the presence of 1 or 

more ε4 alleles is associated with an earlier age of disease onset (Corder et al., 1993).  On the 

other hand, the ε2 allele is protective; each copy lowers risk of LOAD by 4 times (Corder et 

al., 1994). The cumulative increase or decrease in risk is because each individual translates 

both APOE alleles into protein, therefore deficits in one apoE isoform can be partially restored 

by the presence of another isoform of the protein. The presence of an APOE ε4 allele is 

associated with an earlier age of disease onset and more amyloid deposits in the brains of 

LOAD patients (Corder et al., 1993, Drzezga et al., 2009). APOE ε2 is associated with a lower 

rate of amyloid and tau deposition and a lesser chance of developing LOAD (Tiraboschi et al., 

2004, ALZGENE, 2010). The manner with which APOE confers disease risk is unknown, 

although there are several theories as to the role of APOE in neurodegeneration, which will 

be discussed below. 

 

The delay between the start of LOAD pathology, cognitive deficit and diagnosis makes the 

study of the primary disease process difficult. The most well documented neuropathological 

hallmarks of Alzheimer’s disease are extracellular amyloid plaques and intracellular tau 
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tangles. Alois Alzheimer also initially described a third pathology (lipid droplets) when 

defining AD, while other pathologies since discovered include neuroinflammation and 

synapse loss (Heneka et al., 2015, Sheng et al., 2012). The principal theories as to how LOAD 

progresses are discussed below, alongside evidence for lipid dysregulation in LOAD. It is worth 

noting that these theories do not stand alone, and pathologies are interlinked. 

 

Developments in mass spectrometry (MS) have facilitated the study of lipidomics, which is 

the study of all lipids contained within a cell, tissue or organism (Shevchenko and Simons, 

2010). Unlike the genome or the proteome, the human lipidome is poorly characterised, 

however lipids are tightly regulated, and many are bioactive (Drin, 2014). Thus, identification 

of lipid mediators could elucidate mechanisms both of homeostasis and disease. MS can be 

coupled with liquid chromatography (LC) to facilitate the study of a larger number of species. 

LC/MS lipidomics methods produce large amounts of data, which must be carefully 

processed. Bioinformatic tools, such as coding languages, allow the analysis of thousands of 

lines of data simultaneously. Herein, LC/MS has been combined with bioinformatics tools to 

study genes related to LOAD in both human and murine samples.  

 

1.4.1 The amyloid hypothesis 

 

The most well-known and long-standing theory behind the cause of AD is the amyloid 

hypothesis. In AD, amyloid proteins called amyloid-beta (Aβ), especially those 40 to 42 amino 

acid in length, accumulate in the extracellular space to form β-pleated sheets (Glenner and 

Wong, 1984, Wong et al., 1985, Joachim et al., 1988). These discoveries led to the hypothesis 

that LOAD pathology is instigated by deposition of amyloid in extracellular plaques in the brain 

(Glenner and Wong, 1984, Hardy and Allsop, 1991, Beyreuther and Masters, 1991). 

 

Aβ is produced by sequential cleavage of APP (Chow et al., 2010). Cleavage can first occur at 

two sites along APP (Figure 1.9A), depending on which enzyme is present. Cleavage by α-

secretase produces the neuroprotective sAPPα and c83, then cleavage of c83 by γ-secretase 

produces c3 and AICD (Furukawa et al., 1996). ‘Amyloidogenic’ cleavage of APP by β-secretase 

produces sAPPβ and c99, then cleavage of c99 by γ-secretase produces Aβ and AICD. Aβ may 

have several physiological roles (Pearson and Peers, 2006). For example, Aβ could regulate  
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Figure 1.9: In LOAD, amyloid and tau proteins aggregate. A. Products of amyloid precursor protein 
(APP) cleavage are dependant on the secretase enzyme(s) present. Cleavage by α-secretase 
produces soluble APPα (sAPPα) and c83, which is subsequently cleaved by γ-secretase into P3 and 
amyloid precursor protein intracellular cytoplasmic/C-terminal domain (AICD). Cleavage by β-
secretase produces sAPPβ and c99. c99 is cleaved preferentially by γ-secretase, producing AICD and 
the amyloidogenic species Aβ40. Around 10% of sAPPβ is cleaved by ε-secretase instead of γ-
secretase, forming AICD and Aβ42. B. Tau phosphorylation leads to the build up of tau microtubules 
inside neurons (p-tau = phosphorylated tau, PHF = paired helical filiments). Tau is phosphorylated 
by tau kinases under normal circumstances to act as a molecular switch, however, aberrant 
phosphorylation allows p-tau to form oligomers, which can then form PHF and eventually, 
neurofibrillary tangles.  
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neurotransmission in the hippocampus, and it is present in the CSF of non-demented controls, 

as well as LOAD patients (Kamenetz et al., 2003, Tamaoka et al., 1997).   

 

In LOAD, APP is preferentially cleaved along the amyloidogenic route (Fukumoto et al., 2002), 

causing soluble Aβ in the brain to rise and extracellular plaques of Aβ to form in a location 

and time-specific manner (Fukumoto et al., 2002, Braak and Braak, 1991). Amyloid pathology 

is associated with cognitive deficit and more extensive Aβ plaques tend to correlate with 

worsened cognition. However, the presence of one or two APOE ε2 alleles can partially negate 

this relationship, i.e. post-mortem samples have indicated that, whilst most APOE ε2 carriers 

are protected against amyloid deposition in the brain, some carriers have Aβ neuropathology 

but appear to have been protected against cognitive deficit prior to death (Nagy et al., 1995, 

Berlau et al., 2009). Also, other pathologies such as tau deposition are more correlated with 

cognitive deficit than Aβ (Barber, 2010). These data suggest APOE allele may affect cognition 

separately from Aβ. A global lipidomic analysis of APOE homozygote plasma could identify 

lipids which provide a cognitive benefit in APOE 2 plasma.  

 

The amyloid hypothesis suggests that prevention or removal of amyloid plaques should 

prevent cognitive deficit. In vivo experiments have suggested that clearing amyloid plaques 

through Aβ-degrading enzymes is effective at reducing amyloid load, neurodegeneration and 

cognitive deficit (Marr et al., 2003, Leissring et al., 2003, Iwata et al., 2004, Poirier et al., 2006, 

El-Amouri et al., 2008). Clinical trials demonstrate that Aβ immunisation is effective at 

reducing amyloid plaque load in the brain (Nicoll et al., 2003, Nicoll et al., 2006, Bombois et 

al., 2007, Delnomdedieu et al., 2016). However, except for one phase I clinical trial, anti-

amyloid treatment is not associated with a significant improvement in cognitive symptoms 

(Sevigny et al., 2016, Gilman et al., 2005, Holmes et al., 2008, Salloway et al., 2009, Farlow et 

al., 2012, Doody et al., 2014, Salloway et al., 2014). Trials have suggested that Aβ 

immunisation may have serious side effects. A phase II clinical trial of Aβ immunisation was 

halted after 6 % of participants developed meningoencephalitis (Orgogozo et al., 2003). 

Amyloid plaques cause structural disruption; however, in vitro and in vivo models suggest that 

soluble Aβ (sAβ) aggregates may be more neurotoxic (Kuo et al., 1996, Gong et al., 2003, 

Shankar et al., 2008). Aβ deposits could begin as a neuroprotective mechanism to sequester 

toxic soluble species (Brody et al., 2017). Failure of Aβ-clearing drugs to improve cognitive 
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symptoms could be due to treatment occurring too late in the disease process, as amyloid 

pathology is advanced when diagnosis occurs (Morris et al., 1996). Alternatively, it could be 

because soluble Aβ, or another  factor such as lipid changes is driving cognitive deficit.  

 

Lipids can modulate how APP is processed and the amount of amyloid deposited in the brain, 

as discussed later (Section 1.1.5.1). I suggest that a more complete disease model is needed 

which can explain amyloid and tau pathology, lipid changes, neuroinflammation and synaptic 

dysfunction. An investigation of the APOE plasma lipidome, as detailed in Chapter 5,  could 

further the disease model by identifying lipids which could be affecting risk of LOAD. These 

lipids could be acting through the amyloid pathway or through another mechanism.  

 

1.4.2 Tau phosphorylation leads to intracellular tangles 

 

Neurofibrillary tau tangles are the second major neuropathology in LOAD (Brion et al., 1985, 

Braak et al., 1986). The tau protein, which is encoded by the microtubule-associated protein 

tau gene (MAPT), is widely distributed around the nervous system and has several 

physiological functions (Andreadis et al., 1992, Trojanowski et al., 1989). For example, tau 

facilitates transport of vesicles along microtubules, as well as maintaining spacing between 

microtubules and other cell elements (Magnani et al., 2007, Chen et al., 1992). Tau has 

multiple potential binding partners, including the lipids phosphatidylinositol (PI) and PI 

bisphosphate and, therefore, could influence multiple signalling pathways (Morris et al., 

2011, Surridge and Burns, 1994, Flanagan et al., 1997). Phosphorylation of tau is used as a 

molecular switch. For example, several phosphorylation sites have been identified which 

reduce the association of tau with microtubules (Drewes et al., 1995, Ksiezak-Reding et al., 

2003, Sengupta et al., 1998).  

 

In Alzheimer’s disease (Figure 1.9B), tau is hyperphosphorylated, and accumulates in fibrils 

and paired helical filaments (PHF) inside neurons (Ksiezak-Reding et al., 1992, Köpke et al., 

1993, Brion et al., 1985, Braak et al., 1986). Soluble p-tau aggregates into neurofibrils (NFs) 

and then neurofibrillary tangles (NFTs) (Alonso et al., 1996). Severity of tau pathology is 

associated with severity of Aβ deposition. Tau pathology develops after amyloid pathology 

and is more closely associated with cognitive deficit than amyloid (Braak and Braak, 1991). 
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Evidence suggests that the presence of large amounts of p-tau can disrupt normal cell 

functions. For example, p-tau filaments prevent kinesis-based neural axonal transport and 

cause synaptic dysfunction (Kanaan et al., 2011, Hoover et al., 2010). In fact, it has been 

suggested that, like amyloid, soluble p-tau is the most neurotoxic form (Kopeikina et al., 

2012). 

 

In vivo models suggest that targeting p-tau could improve neuropathology and reduce 

memory deficits. In a mouse model of tau-mediated neurodegeneration, pharmacological tau 

suppression restores spatial memory and brain weight (Santacruz et al., 2005). Interestingly, 

NFT formation continued after tau suppression, supporting the idea that NFTs are forming to 

sequester harmful soluble p-tau. Immunotherapy against p-tau reduces tau deposition and 

improves motor skills in a mouse model of tauopathy (Asuni et al., 2007). Also, APOE allele 

could modulate amount of p-tau produced and deposited within the brain. An APOE ε4 knock 

in mouse demonstrates more total tau in brain, more p-tau and more tau deposition than an 

APOE ε3 knock in (Shi et al., 2017). Therefore, lipidomic analysis of APOE homozygote plasma 

could suggest a lipid or set of lipids which could predispose towards higher tau deposition. 

Known interactions of lipids and tau are reviewed in Section 1.1.5.2. 

 

Results from a recent phase III clinical trial suggest that treatment with a compound designed 

to prevent tau aggregation was effective at reducing cognitive deficit and slowing atrophy, 

but only when used alone (without currently licensed LOAD-treating medication) (Wilcock et 

al., 2018). Tau-directed therapies for LOAD merit further research. Statins, which are 

cholesterol lowering drugs, may reduce tau phosphorylation and deposition in LOAD (Section 

1.1.5.2).  

 

1.4.3 Inflammation in the central nervous system in LOAD 

 

In LOAD, glial cells such as microglia and astrocytes are activated, promoting the release of 

inflammatory mediators such as cytokines (Griffin et al., 1989, Griffin et al., 1995). Also, some 

inflammatory genes are upregulated in a region-specific manner (Cribbs et al., 2012, Sudduth 

et al., 2013). This upregulation of inflammatory genes, activation of glial cells and production 

of inflammatory mediators is known as ‘neuroinflammation’. Activation of glial cells is 
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correlated with both amyloid and tau pathology (Sheng et al., 1997a, Sheng et al., 1997b). 

Neuroinflammation is mediated mainly by microglia, and to a lesser extent, astrocytes. 

Amyloid plaques contain microglia and astrocytes, and activation of these cells is also 

correlated with severity of tau pathology (Dickson et al., 1988, Sheng et al., 1997a).   

 

1.4.3.1 Microglia 

 

Astrocytes and neurons in the CNS are protected by microglial cells, which remain in state of 

active surveillance, patrolling the brain to search for threats (Nimmerjahn et al., 2005). During 

their resting phase, cell bodies remain in a fixed position whilst processes are mobile, 

extending, retracting and reforming repeatedly. Indeed, microglial processes could survey the 

extracellular space in the brain as often as every four hours. Microglia activate in response to 

threats or after damage to BBB, upon which they develop an amoeboid structure, thickening 

processes and increasing the volume of the cell body (Nimmerjahn et al., 2005, Cho et al., 

2006).  

 

There are two microglial phenotypes, distinguished by how activation occurs. These are 

designated as ‘M1’ or ‘M2’ microglia and can be distinguished by surface markers (Tang and 

Le, 2016, Colton, 2009). M1 microglia are classically activated microglia, characterised by the 

release of proinflammatory mediators such as interleukin-1 (IL-1), interleukin-6 (IL-6), tumour 

necrosis factor-α (TNF-α) and reactive oxygen species, as well as phagocytosis of nearby 

neurons (Upender and Naegele, 1999, Block et al., 2007, Smith et al., 2012). M2 microglia are 

in a state of either alternative activation or acquired deactivation (Tang and Le, 2016). The 

alternative activation M2 phenotype is characterised by release of interleukin-4 (IL-4) and 

interleukin-13, which activate genes preventing inflammation and promoting cell 

proliferation (Ponomarev et al., 2007, Pepe et al., 2017, Colton et al., 2006). Microglia 

exposed to interleukin-10 signals enter an anti-inflammatory state of acquired deactivation 

(Sawada et al., 1999, Tang and Le, 2016). Microglial phenotype depends on external signals 

and microglia exist along an activation scale, rather than in discrete and set groups (Boche et 

al., 2013). Examination of post-mortem tissue from LOAD patients suggests that patients 

demonstrate either predominantly M1 or M2 phenotype (Sudduth et al., 2013). However, in 

that small study, neither phenotype was protective.   



41 
 

During neuroinflammation, microglial activation is multifactorial. Microglia can be activated 

directly by Aβ, which is upregulated and aggregates in the brain of LOAD patients (Section 

1.4.1). For example, Aβ can associate with CD36 receptors, Aβ scavenger receptor A (SRA), or 

toll-like receptors (TLR) 2 or 4 alongside their coreceptor CD14 (El Khoury et al., 2003, Reed-

Geaghan et al., 2009, Walter et al., 2007, Stewart et al., 2010). These receptors then instigate 

the release of inflammatory mediators. IL-1 releasing M1 microglia are present at highest 

concentration in and around diffuse non-neural amyloid plaques (Griffin et al., 1995). Over 

half (55%) of enlarged microglia are associated with plaques, as are 91 % of phagocytotic 

microglia (Sheng et al., 1997b). Also, the number of IL-1α presenting microglia is positively 

correlated with the number of number of tau tangles (Sheng et al., 1997a).  

 

Microglial activation mechanisms aim to clear aggregated protein and dying cells from the 

brain. For example, dying neurons externalise TREM2-L, which dimerises with microglial 

TREM2 to initiate phagocytosis (Hsieh et al., 2009). Human leukocyte antigen – DR isotype 

(HLA-DR) is upregulated in post-mortem AD brain, especially in amyloid plaques (McGeer et 

al., 1987). HLA-DR is an antigen presenting protein, which presents anti-Aβ antigens to trigger 

the protease-mediated degradation of soluble Aβ (Lee and Landreth, 2010). However, in 

neuroinflammation, chronic inflammation of glial cells becomes a secondary pathology, which 

causes further damage to the surrounding tissues (Hensley, 2010, Santiago et al., 2017). 

During activation by peripheral neural injury or cerebral ischemia, microglia surrounding the 

damaged area express APP, possibly exacerbating amyloid pathology in LOAD (Banati et al., 

1993, Banati et al., 1995, Raivich et al., 1999, Griffin et al., 1995). In a transgenic mouse model 

of Alzheimer’s disease, increasing inflammatory mediators is associated with a decrease in 

Aβ-binding receptors such as scavenger receptor A (Hickman et al., 2008).  

 

1.4.3.2 Astrocytes 

 

Astrocytes perform a range of functions, including lipoprotein release and immune functions 

such as antigen presentation (Dong and Benveniste, 2001, Nieweg et al., 2009, Gong et al., 

2002). In LOAD, astrocytes are activated and immunoreactive for interleukin-1 and S-100 

(Griffin et al., 1989). The number of S-100β-presenting astrocytes is also positively correlated 

with the number of tau tangles (Sheng et al., 1997a). Reactive astrocytes from LOAD brain 
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demonstrate increased APP, BACE-1 and γ-secretase, and release Aβ in a manner which could 

exacerbate amyloid pathology (Frost and Li, 2017).  

 

1.4.4 Neurotransmitter hypothesis 

 

There are many neurotransmitters within the human brain, with the prevalent excitatory 

neurotransmitters in the CNS being acetylcholine (ACh), glutamate and aspartate, and the 

main inhibitory neurotransmitter being GABA (Bear et al., 2006). Presynaptic neural activity 

stimulates neurotransmitter release from presynaptic membranes by exocytosis (Figure 1.10) 

(Fon and Edwards, 2001). Neurotransmitters defuse across the synapse and interact with 

postsynaptic receptors to initiate a post synaptic potential.  

 

To treat LOAD, NICE only recommends drugs based on the neurotransmitter hypotheses 

described below. Three of these drugs (donepezil, galantamine, and rivastigmine) are ACh 

inhibitors and memantine is an N-methyl-D-aspartate (NMDA) antagonist. These four licensed 

drugs treat symptoms and slow neurotransmitter-related neurodegeneration, thereby 

slowing cognitive decline. They are not targeted towards preventing amyloid or tau 

pathology, do not halt or reverse neuropathology and are not effective throughout the 

disease process.  

 

1.4.4.1 Acetylcholine hypothesis 

 

ACh is an excitatory neurotransmitter, which is widely distributed around the brain and is a 

ligand for many receptor types (Macintosh, 1941, Ishii and Kurachi, 2006, Dani, 2015). ACh 

activity in LOAD is reduced in the hippocampus and cerebral cortex, causing loss of cholinergic 

neurons and memory loss (Drachman, 1974, Bowen et al., 1976, Perry et al., 1977, Perry, 

1978, Whitehouse, 1982, Rylett, 1983). The basal nucleus of Meynert is the source of 

cholinergic innervation for most of the forebrain, and it is the first region from which 

cholinergic neurons are lost (Mesulam, 1976, Whitehouse et al., 1981, Sassin et al., 2000). 

Cytoskeletal changes in this region in the early stages of LOAD are followed by loss of 

downstream cholinergic neurons. Choline acetyltransferase (ACh producing enzyme) activity  
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Figure 1.10: Neurotransmission is regulated presynaptically by neurotransmitter release and 
postsynaptically by  dendritic receptors. Neurotransmitters are produced in the presynaptic cell, 
or trafficked from the synapse back into the synaptic bouton. Neurotransmitters are packaged into 
vesicles, which are released when stimulated by a change in the membrane potential (due to the 
arrival of an action potential).  Neurotransmitters defuse across the synapse and interact with post 
synaptic receptors, which can be ionotrophic (red) or metabotrophic (dark blue). Post synaptic 
receptors then trigger an action potential in the post-synaptic cell if a threshold signal is reached, 
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is negatively correlated with Aβ deposition and neurofibrillary tangles (Perry et al., 1978, 

Geula et al., 1998). Aβ oligomers in post mortem brain are associated with a reduction in ACh 

receptors (Bao et al., 2012). 

 

Three of the four drugs licensed to treat LOAD act on the cholinergic system and prevent the 

cholinesterase-mediated degradation of ACh (Hansen et al., 2008). This increases the amount 

of ACh available at the synapse, preventing synaptic pruning and reducing neurodegeneration 

related to the loss of ACh-releasing neurons. Donezepil, galantamine and rivastigmine all 

prevent degradation of ACh by cholinesterase, whilst galantamine also acts allosterically on 

the ACh receptor and rivastigmine also inhibits butyrlcholinesterase, another ACh-cleaving 

enzyme (Lilienfeld, 2002, Mesulam et al., 2002). All of these drugs can slow brain atrophy and 

rate of cognitive decline (Summers et al., 1986, Hashimoto et al., 2005, Cavedo et al., 2016, 

Cavedo et al., 2017, Giacobini, 2001, Prins et al., 2014, Wilcock et al., 2000, Tariot et al., 2000, 

Lilienfeld and Parys, 2000, Corey-Bloom et al., 1998, Rösler et al., 1999). There are mixed 

results with regard to if the effects of galantamine can be modulated by APOE genotype. 

Whilst one study found that galantamine treatment improved cognition regardless of APOE 

genotype (Wilcock et al., 2000), MRI suggests that galantamine slows the rate of brain atrophy 

in patients with mild cognitive impairment, but only in APOE ε4 carriers (Wilcock et al., 2000, 

Prins et al., 2014). 

 

1.4.4.2 Glutamate hypothesis 

 

The final drug licensed to treat LOAD is memantine, which is an NMDA receptor antagonist 

(Johnson and Kotermanski, 2006). In LOAD, the number of glutamate receptors in the cortex 

is significantly reduced, especially in the hippocampus, while glycine and glutamine 

(glutamate precursors) are lower in CSF (Greenamyre et al., 1985, Cowburn et al., 1988, Smith 

et al., 1985). High levels of glutamate are neurotoxic and cause excitotoxicity through an influx 

of Ca2+  (Olney and Sharpe, 1969, Olney, 1969, Manev et al., 1989). The glutamate hypothesis 

is that cell death in LOAD is caused by an excess of extracellular glutamate, due to either 

excess production, excess release, or a decrease in reuptake (Maragos et al., 1987). 

Glutamate receptor density is preferentially lost as glutaminergic receptors are concentrated 
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in dendrites which are surrounding areas of excess glutamate release. Memantine blocks the 

effects of excess glutamate by partially preventing NMDA-R activity through its activity as an 

NMDA receptor antagonist (Johnson and Kotermanski, 2006).  

 

Clinical trials of memantine have mixed results. Memantine provides a significant cognitive 

benefit in moderate to severe AD patients and adding memantine to donezepil treatment 

improves score in the Mini-Mental State Examination compared to donezepil alone (Howard, 

2011, Tariot et al., 2004). However, several trials have also concluded that memantine has no 

significant effect on LOAD symptoms (Ballard et al., 2013, Schneider et al., 2011). In contrast 

to Tariot et al. (2004), other studies concluded that combination treatment with memantine 

is not any more effective than treatment with donezepil alone (Porsteinsson et al., 2008, 

Howard et al., 2012).  

 

1.4.5  A strong body of evidence links lipids with cognitive deficit 

 

The least studied of the Alzheimer’s disease pathologies is the ‘lipid droplet’ described by 

Alois Alzheimer in 1901. There is a growing body of evidence implicating lipids in LOAD 

pathology. In fact, a Pubmed search for “lipid” plus “Alzheimer’s disease” gave 14,559 results 

as of the 31st of October, 2018. A search for “lipidomics” and “Alzheimer’s disease” provided 

89 results and relevant studies are discussed below, as well as papers found whilst considering 

the literature. It should be noted that this search only flagged papers with lipidomics in the 

title or abstract. Therefore, this method will have underestimated the true number of 

lipidomics papers available.  

 

Results from cell culture suggest that the composition of the plasma membrane regulates γ-

secretase activity. The lipids around the membrane-bound γ-secretase complex are important 

to enzyme function and some phospholipids will abolish activity if present in microdomain 

around the γ-secretase complex (Ayciriex et al., 2016). For example, the presence of charged 

lipids in cell membrane reduces γ-secretase activity, as hydrogen bonds form between 

charged lipid and γ-secretase, which prevent its activity (Aguayo-Ortiz et al., 2018). These data 

raise the possibility of targeting cell membrane composition to modulate Aβ pathology. Drugs 

targeting cell membrane composition are already being trialled to treat some forms of cancer. 
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For example, NaCHOleate alters cell membrane levels of sphingomyelin, DAG and 

phospholipids through inhibition of sphingomyelin synthase (Lladó et al., 2014). Therefore, 

this could provide a novel anti-amyloid therapy in the future.  

 

Lipidomic analyses have described differences in plasma or serum relating to LOAD; these are 

diverse and occur across several lipid categories. Several eicosanoids have been described as 

changing in the circulation in LOAD. Linoleic acid decreases and mead acid increases in LOAD 

patients, and changes are correlated with disease stage (Iuliano et al., 2013). Also, there is an 

increase in the ratio of arachidonic acid to docosahexaenoic acid ratio in plasma of converters 

(from control to disease) prior to conversion, but only in the presence of an APOE ε4 allele 

(Abdullah et al., 2017). Cholesterol esters (sterol lipids) have been implicated as circulating 

markers of LOAD. Lipidomics of plasma suggests that putatively identified long-chain 

cholesterol esters are reduced in MCI and AD (Proitsi et al., 2015). A follow up concludes that 

a panel of 24 lipids can be used to distinguish AD participants from control with over 70 % 

accuracy, and masses of many of these lipids match CE and TAG (glycerolipid) species (Proitsi 

et al., 2017). Another comparison in serum found TAGs and phospholipids are significantly 

altered in AD compared to control and these were confirmed in second sample group (Anand 

et al., 2017). Phospholipids have also been implicated as altered in LOAD. Of four serum 

biomarkers of LOAD, identified in a screening and confirmed in a second sample group, 3 were 

phosphatidylcholines (PCs) (Shah et al., 2016). A lipidomic analysis, also of serum, using 

multivariate analysis revealed a panel of lipids which could distinguish AD from control 

(González-Domínguez et al., 2014). This panel included PCs, DAGs, an eicosanoid and several 

proteins. DAGs and ethanolamine plasmalogens were measured and used to stratify patients 

into three groups which were present both in MCI and AD, suggesting heterogeneity within 

disease groups (Wood et al., 2016). Finally, sphingolipids are also disrupted in LOAD. 

Sulfatides and PE plasmalogens are reduced in plasma of LOAD patients and ceramides are 

increased (Han, 2010). Another study found ceramides were again increased, and 8 plasma 

sphingomyelins were decreased (Han et al., 2011).  

 

Lipidomic analyses of post-mortem brain samples confirm lipids, particularly sphingolipids, 

phospholipids and glycerolipids, are altered in regions of neurodegeneration. Amyloid 

plaques dissected from post-mortem brain of LOAD patients demonstrate significantly higher 
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levels of Cer(d18:1/18:0) and Cer(d18:1/20:0) (Panchal et al., 2014). Mining of existing 

neurolipidomics datasets reveals alterations in phospholipids, oxidised phospholipids and 

ether lipids, which suggest membrane remodelling (Bennett et al., 2013). This is in contrast 

with normal aging, during which the phospholipids in the entorhinal cortex remain fairly 

stable (Hancock et al., 2017).  

 

Sulfatide levels are lower in brain of preclinical LOAD patients (some pathology but no 

cognitive symptoms) compared to controls, which mirrors changes seen in animal models 

(Cheng et al., 2013, Cheng et al., 2010). Lipidomics suggests that the sulfatide reduction in 

human and animal brain in LOAD/EOAD is due to alterations in apoE-mediated transport (Han, 

2007, Cheng et al., 2010). Also, gangliosides containing ceramide are reduced in hippocampal 

grey matter in AD (Taki, 2012). In prefrontal cortex in LOAD patients, sphingolipids and DAGs 

are increased, whilst in entorhinal cortex, sphingomyelin, CEs, lysobisphosphatidic acid and 

ganglioside GM3 are increased (Chan et al., 2012). Changes in CEs and GM3 were also 

confirmed in mouse model of EOAD. MAGs and DAGs (glycerolipids) are increased in frontal 

cortex, grey matter, plasma and CSF in MCI, suggesting a possible staging mechanism for 

LOAD (Wood et al., 2015b, Wood et al., 2015a). Also, PEs are reduced in grey matter in both 

MCI and LOAD (Wood et al., 2015a). The increase in DAGs has been suggested to reflect 

immune activation (Wood et al., 2018). Finally, fatty acyls, which are eicosanoids, are 

increased in parietal lobe of moderate but not severe AD, suggesting that lipidomics changes 

are not linear throughout the disease process.  (Nasaruddin et al., 2018). 

 

Animal models also implicate lipids in neurodegeneration. Metabolism of the eicosanoids, 

linoleic acid and arachidonic acid, as well as sphingolipids, is altered in serum in a murine 

model of EOAD (Gao et al., 2018). Sixteen lipid markers of LOAD were identified, which 

included eicosanoids and sphingolipids. Also, an endocannabinoid (lipid neurotransmitter), 

which increases with age, is significantly decreased in the striatum in EOAD, as well as CEs 

(Maroof et al., 2014). Lipids are also altered in brain samples in EOAD models. Inhibiting 

hippocampal sphingomyelin synthase 1, which catalyses the conversion of ceramide using a 

modified adenovirus reduces amyloid plaque density,  synaptic loss and cognitive deficit as 

measured by the novel object recognition test and Morris Water Maze (MWM) (Lu et al., 

2019). This seems in contrast with data from studies of plasma, as in both animal and human 
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studies, ceramides have been increased and sphingomyelin decreased. Several studies have 

also described alterations in phospholipids in the murine brain during EOAD. Mice with 

human APP (hAPP) knocked in and phospholipase A2 knocked out (enzyme which cleaves 

fatty acyl from sn2 position of phospholipids) perform better at tests of memory than mice 

which have hAPP knocked in alone (Sanchez-Mejia et al., 2008). Moreover, Aβ oligomers 

added to cell culture are neurotoxic in a phospholipase A2-dependant manner. There is also 

a plaque-specific increase in PIs which contain arachidonic acid and lyso-PIs (PI degradation 

products) (Michno et al., 2018). In 3 x TG mouse brain PCs and ethanolamine plasmalogens 

are increased (Monteiro-Cardoso et al., 2015).  These phospholipid changes could be due to 

Lands cycle changes, seen in the cortex in two animal models of AD, which cause alterations 

in PCs, lyso-PCs and PAF (Granger et al., 2018). Taken all together, investigations of human 

and animal models, using both brain and plasma or serum, suggest that metabolism of sterol 

lipids, GPs, glycerolipids and sphingolipids is perturbed in AD, and that some of these changes 

may be mechanistic (Figure 1.11). 

 

It is currently unknown how risk factors for LOAD like APOE affect the lipidome of the brain 

and blood. I investigated the APOE homozygote plasma lipidome to identify which circulating 

lipids could be associated with a change in risk of LOAD and theorise how this process could 

be occurring. This is the first such analysis of human APOE homozygote plasma and as such 

could identify novel or risk-associated lipids.   

 

1.4.5.1 Circulating cholesterol may regulate Aβ deposition  

 

In vitro, in vivo and longitudinal studies have suggested that long-term statin use may be 

protective against amyloid pathology. Statins are drugs, currently licenced to lower 

cholesterol, which inhibit 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase  and 

the mevalonate pathway, reducing cholesterol production (Stancu and Sima, 2001). 

Cholesterol accumulates in the amyloid plaque and investigations in neural cell culture 

suggest that cholesterol could regulate APP processing (Mori et al., 2001). Solubilising 

membrane cholesterol reduces α-secretase cleavage of APP, therefore APP is preferentially 

metabolised by BACE1 and γ-secretase, which produces the precursor of Aβ (Bodovitz and 

Klein, 1996). Supporting this, treatment of neurons with statins reduces cholesterol and  
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Figure 1.11 Lipid metabolism is altered in the plasma and brain of LOAD patients. All differences 
in lipid levels included in this figure have been described by at least two independent studies using 
human samples or have been recorded in both human samples and animal models. MAGs = 
monoacylglycerols, DAGs = diacylglycerols, CEs = cholesteryl esters, PEs = 
phsophatidylethanolamines, PIs = phosphatidylinositols.   
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therefore, Aβ production and release (Simons et al., 1998, Fassbender et al., 2001). Also, 

treatment of cultured neurons with cholesterol, which increases membrane cholesterol, 

reduces amyloid transport and increases endosome size in a manner similar to that seen in 

LOAD (Marquer et al., 2014).  

 

Cholesterol lowering drugs could lower Aβ production through inhibition of formation of ‘lipid 

raft’ regions. Cholesterol is required for the formation of lipid rafts, which are phase ordered 

membrane segments consisting of central motifs of cholesterol and 

glycosylphosphatidylinositol (GPI), surrounded by sections rich in cholesterol, GPs and 

sphingolipids (de Almeida et al., 2003). Lipid rafts favour amyloidogenic processing of APP via 

BACE1 and γ-secretase, whilst a larger proportion of APP is processed by α-secretase in non-

ordered membrane regions (Ehehalt et al., 2003). Also, in a macromolecular crowding 

environment which mimics the cell environment, Aβ accumulates in the lipid bilayer, but only 

in ordered lipid raft regions (Hirai et al., 2018). Thus, Aβ could accumulate faster in phase 

ordered membrane regions.  

 

Evidence suggests Aβ could regulate lipid metabolism. Aβ40 inhibits hydroxymethylglutaryl-

CoA reductase (HMGR) activity, therefore decreasing mevalonate pathway activity and 

reducing de novo synthesis of cholesterol in murine fibroblasts (Grimm et al., 2005). This 

could represent a negative feedback mechanism whereby cholesterol synthesis is reduced to 

slow the rate of Aβ production. Taken together, data from in vitro studies suggest that (i) 

cholesterol can regulate Aβ production  through lipid raft stabilisation, (ii) amyloid can 

likewise moderate lipid production and (iii) a low cholesterol environment could be protective 

against amyloid pathology. 

 

In vivo models also demonstrate that circulating cholesterol may regulate Aβ. In a double 

knock in mouse (hAPP and hPSEN1), a cholesterol lowering drug reduces absolute Aβ in brain 

immunostaining (Refolo et al., 2001). Simvastatin treatment of healthy guinea pigs reduced 

Aβ in CSF and brain tissue (Fassbender et al., 2001). Atorvastatin reduced Aβ deposition in rat 

brain, which was induced by a high fat diet (Lu et al., 2010). Treatment of the triple transgenic 

(3xTG) mouse model, which carries mutations in APP, PSEN1 and MAPT, with simvastatin 

reduced cognitive deficit and amyloid deposition (Zhou et al., 2016). Interestingly, the Tg2576 
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(APP mutant) murine model of AD demonstrates phospho-tau deposition within lipid rafts 

after accumulation of Aβ, suggesting that disrupting lipid rafts via lowering cholesterol could 

be a target to reduce tau pathology (Kawarabayashi et al., 2004).   

 

In LOAD patients, plasma cholesterol metabolism is altered (Sittiwet et al., 2018). Clinical trials 

of statins in patients with AD have produced mixed results. Daily atorvastatin treatment is 

associated with significant improvement in three clinical measures of cognition at one year: 

Alzheimer's Disease Assessment Scale Cognitive subscale (ADAS-Cog), Alzheimer's Disease 

Cooperative Study Clinical Global Impression of Change (ADCS-CGIC) and Neuropsychiatric 

Inventory Scale after 12 months (Sparks et al., 2005). However, a trial of 72 weeks of 

atorvastatin in mild to moderate Alzheimer’s disease patients found no positive effect on 

cognition as measured by ADAS-Cog and ADCS-CGIC, despite a significant reduction in 

circulating cholesterol (Feldman et al., 2010). It is worth noting that patients were weaned off 

statins prior to cognitive testing, therefore possibly negating a temporary effect of statin use 

on soluble Aβ, which is implicated in memory deficit (Lue et al., 1999). Twenty-four weeks 

treatment with simvastatin reduced cholesterol but did not improve ADAS-Cog scores (Sano 

et al., 2011). According to one piece of research, statins reduced circulating cholesterol and 

Aβ40 in CSF of mild AD but not in severe disease, suggesting that disease staging could be 

affecting the effectiveness of cholesterol treatment in some studies (Simons et al., 2002). 

Finally, a large study of over 1,000 healthy individuals found that long-term (5+ years) statin 

use did not significantly improve cerebral amyloid deposition, or prevent neurodegeneration 

or changesso in white matter intensity (Ramanan et al., 2018).  

 

Reviews of the clinical trial literature differ on whether statins are providing a cognitive 

benefit, one reanalysed data to conclude that atorvastatin provides a small cognitive 

improvement in the form of the ADAS-Cog, whilst another found no significant change when 

comparing statins versus control (Geifman et al., 2017, McGuinness et al., 2014). Geifman et 

al. (2017) may have detected statistically significant improvement as atorvastatin alone (but 

not all statins combined) is associated with a reduction in AD risk. Longitudinal studies also 

provide some support for the use of statins to treat dementia. A large investigation of patient 

data suggests that statin use is associated with a 60 – 70 % reduced risk of LOAD compared 

to other CVD-treating medications (Wolozin et al., 2000). A recent meta-analysis of 25 
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populations using random effects models concluded that use of statins overall was associated 

with a reduced risk of dementia (Chu et al., 2018). However, it has been suggested that statin 

use only reduces risk of LOAD when other comorbidities were present (Zamrini et al., 2004).  

 

To summarise, in vivo and in vitro work suggests that lowering cholesterol may be a viable 

route to reducing Aβ production in mild LOAD. Statins lower cholesterol and may prevent 

amyloid and tau pathology, however results from clinical trials are mixed on whether statins 

provide a cognitive benefit. Longitudinal studies suggest that effectiveness of statin treatment 

could be dependent on other factors such as concurrent disease. As such, more research is 

needed to determine if statin treatment is effective in treating a subset of LOAD patients.  

 

1.4.5.2 Circulating cholesterol may regulate amounts of phosphorylated tau  

 

Various investigations have linked statins with a reduction in p-tau, the hyperphosphorylated 

form of tau which aggregates in LOAD. In neural cell culture, arvostatin and lovastatin prevent 

tau phosphorylation, and pitavastatin reduces both total tau and p-tau by reducing the 

amount of membrane-associated Rho family G proteins (Sui et al., 2015, Li et al., 2015, 

Hamano et al., 2012). In vivo, treatment of mutant APP mice with atorvastatin and 

pitavastatin reduces p-tau in the brain and cognitive deficit, but only after a minimum of 10 

months treatment (Kurata et al., 2011). Statins also reduce p-tau in high-fat-fed rats (Lu et al., 

2010).  A murine model of  EOAD (knock in human pro-Alzheimer’s APP/PSEN1) suggests that 

a week of statin treatment could reduce memory deficits in 2 behavioural tests and reduce 

tau phosphorylation though the AKT/GSK3β signalling pathway (Zhou et al., 2016). In a 

tauopathy model, treatment with simvastatin or atorvastatin reduces neurofibrillary tangle 

burden after 2 and 5 months, and authors suggested that this was through a reduction in 

neuroinflammation, as tau deposition is associated with the number of activated microglia 

(Boimel et al., 2009).  

 

Analysis of post-mortem brain samples of LOAD patients demonstrates that statin use is 

associated with fewer NFTs (Li et al., 2007). Longitudinal studies and clinical trials have yielded 

mixed results. Biomarkers of LOAD such as total tau and p-tau do not significantly change in 

CSF of healthy adults after statin treatment (n = 25) (Li et al., 2017). Simvastatin for 12 weeks 
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reduced cholesterol production in the brain but did not reduce p-tau depositions (Serrano-

Pozo et al., 2010). Also, 14 weeks of simvastatin (but not atorvastatin) reduced p-tau in CSF 

of AD patients but no other pathology was improved (Riekse et al., 2006). However, animal 

research suggests that statin treatment is effective long (but not short) term, which has 

implications for short term trials of statins for cognitive benefit  (Kurata et al., 2011).  

 

A 4-month treatment of the middle-aged children of LOAD patients with simvastatin lowered 

total tau (and Aβ) in CSF and also improved performance in some tests of cognition (Carlsson 

et al., 2008). Contrastingly, a large trial of over 1,000 participants using neuroimaging 

techniques suggests that 5 years or more of statin treatment did not prevent or reduce 

neurodegeneration, tau pathology, or other LOAD pathologies measured (Ramanan et al., 

2018). The type of statin used could affect trial outcome; a comparison of 6 statins found that 

simvastatin improved cognitive performance over a number of tests and is the most likely 

candidate for neuroprotection as it can cross the BBB (Sierra et al., 2011). 

 

The relationship between statin use and tau pathology is not yet elucidated. Trials have mixed 

results and outcomes could be affected by types of statin used and length of statin  treatment. 

If high circulating cholesterol and CEs can cause tau pathology, quantifying cholesterol and 

CEs in APOE homozygote plasma could indicate if one allele is more or less predisposed 

towards tau pathology.  

 

1.4.5.3 Dietary medium chain TAGs have been trialled as a treatment for LOAD 

 

In Alzheimer’s disease, hypometabolism of glucose occurs in the hippocampus, temporal lobe 

and parietal cortex, which is worsened by the presence of APOE ε4 (Small et al., 1995). This 

hypometabolism can be used to predict conversion from normal cognition to MCI or dementia 

(de Leon et al., 2001, Small et al., 1995). It has been suggested that medium chain triglycerides 

(MCTs) could act as a substitute energy source, providing a source of ketones, thereby 

improving cognition (Costantini et al., 2008). MCTs are TAGs with fatty acyl tails of 6 – 12 

carbons in length, which are not found under physiological conditions. There have been 

several small clinical trials of medium chain TG (MCTs) in Alzheimer’s disease. 
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MCTs with leucine and vit D improved MMSE scores by 30 % in elderly adults (n = 38) (Abe et 

al., 2017). Another small study (n = 28) found that 90 days of MCT supplement improves 

MMSE scores in LOAD patients with an entry MMSE score ≥15, but not in those with more 

severe mental impairment (Kimoto et al., 2017). However, a review of 3 earlier trials 

concluded that MCTs were useful in APOE ε4 patients only, and that as genetic profiling of 

patients is not routinely performed in a healthcare setting, MCTs are not currently a useful 

tool for treating LOAD (Sharma et al., 2014). In fact, it is unclear whether lipids within the 

brain are responsive to changes in dietary fat profile, and studies disagree on whether 

ingested fatty acyls are integrated into lipids within the CNS (Abbott et al., 2012, Bascoul-

Colombo et al., 2016). More research is needed in this area, although this is beyond the remit 

of my thesis. 

 

1.4.5.4 Lipids mediate the resolution of neuroinflammation 

 

Lipids with anti-inflammatory properties, known as specialised pro-resolving mediators 

(SPMs), could aid the resolution of a pathological inflammatory state (Serhan et al., 2002, 

Wang et al., 2015, Lee et al., 2018).  For example, resolvins, a subcategory of fatty acyls, inhibit 

microglial cytokine release and reduce inflammation peripherally (Serhan et al., 2002). A 

study of SPMs and their receptors in CSF and brain samples from LOAD patients demonstrates 

that the SPM lipoxin A4 is reduced in the CSF and hippocampus of LOAD patients (Wang et 

al., 2015). Lipoxin A4 and resolvin d1 in CSF both correlate with score in the MMSE. Also, 15-

LOX-2 (a lipoxin a4 synthesising enzyme) and the SPM receptors lipoxin A4 receptor and 

ChemR23 are all elevated in brain tissue from LOAD patients. Together, this suggests a 

dysregulation in SPM homeostasis, possibly through SPM upregulation and exhaustion. SPMs 

are upregulated by elevated sphingosine kinase 1 (SphK1), and conversely, both SphK1 and 

SPMs are downregulated in the brain of an AD mouse model (Lee et al., 2018).  

 

1.4.5.5 Lipids support synapse function 

 

Lipids pay important and varied roles in the support of neural activity and synaptic function. 

For example, the insulating myelin sheath around neurons is made up of many layers of lipid 

bilayer (Horrocks, 1967). Neurons use lipids as an energy source and lipid metabolism is tightly 
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regulated (Tracey et al., 2018). Also, at the synapse, correct membrane composition is 

required alongside protein complexes to facilitate endocytosis and exocytosis (Mochel, 2018).   

 

1.5 12/15-lipoxygenase has been implicated in pathology of LOAD 

 

12/15-lipoxygenases (12/15-LOX) are a set of lipid-modifying enzymes, which have been 

implicated in LOAD through research into cell culture, animal models and human samples. 

12/15-LOX catalyses the addition of oxygen to fatty acyls with double bonds on either the 12th 

or 15th carbon atom (Brash, 1999). Substrates are arachidonic acid and docosahexaenoic acid 

(DHA), which can be free or esterified, and LOX products (HETEs and HDOHEs) and their 

downstream effectors have a number of biological functions (Brash, 1999, Dobrian et al., 

2011). Humans produce tissue-specific isoforms of 12/15-LOX, namely 12S-LOX (platelet 

type), 12R-LOX (epidermis type), 15-LOX-1 (reticulocyte and leukocyte type) and 15-LOX-2 

(epidermis type) (Brash, 1999). Human LOX enzymes can form mixtures of products, for 

example, 15-LOX (reticulocyte type) can produce some 12-HPETE as well as preferentially 

producing 15-HPETE. Mice only express 12-LOX, however, the murine leukocyte-type 12-LOX 

preferentially produces 12-HPETE, but also can form small amounts of 15-HPETE (Chen et al., 

1994). 12/15-LOX is found in murine neurons within the brain, especially under stress 

conditions (van Leyen et al., 2006). LOX enzymes are highly conserved across mammalian 

species (Kuhn et al., 2015). Within this thesis, human 12- and 15-LOX and murine 12-LOX will 

be referred to as 12/15-LOX to reflect their similar distribution and products. The primary 

12/15-LOX products are HPETEs or HDOHEs, depending on whether the substrate is 

arachidonic acid or DHA (Figure 1.12). It should be noted that some downstream products of 

12/15-LOX (lipoxins, hepoxilins, resolvins and protectins) are SPMs (Section 1.4.5.4) (Serhan 

and Petasis, 2011, Serhan, 2014).   

 

Several studies in cell culture have suggested a role for 12/15-LOX in cell death. Initially, it 

was noted that glutathione depletion causes cell death through a 12/15-LOX-dependent 

mechanism, suggesting a role for the enzyme in Parkinson’s-type neurodegeneration (Li et al., 

1997). 12/15-LOX was then implicated in amyloid production, for example, pharmacological 

inhibition of 12/15-LOX in CHO and N2A cells reduces supernatant Aβ, sAPPβ and BACE1  
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Figure 1.12: Products of 12/15-LOX and arachidonic acid or DHA. Possible substrates of 12/15-LOX 
include arachidonic acid and DHA. Immediate products of fatty acids and 12/15-LOX are HPETEs, 
which are then reduced to HETEs, hepoxilins, resolvins and protectins. 15-HPETE combined with 5-
LOX can also produce lipoxins. 
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(Succol and Pratico, 2007). Also, 12-LOX inhibition in neural culture prevents Aβ-induced 

apoptosis and glutamate toxicity (Lebeau et al., 2004, Yao et al., 2005, van Leyen et al., 2008). 

 

Both animal and human studies demonstrate that 12/15-LOX and its products are altered in 

LOAD (Figure 1.13). Inhibition of 12-LOX in murine models of AD also prevents 

neurodegeneration and associated cognitive effects. Genetic or pharmacological 12/15-LOX 

inhibition reverses cognitive impairment and Aβ and tau pathology in the 3xTg  AD mouse 

model (Yang et al., 2010, Chu et al., 2015, Di Meco et al., 2017). Conversely, in the same 

mouse model, overexpressing 12-LOX is associated with higher levels of Aβ expression and 

deposition, as well as increased p-tau in the hippocampus and a reduction in synaptic marker 

density (Chu et al., 2012, (Giannopoulos et al., 2013). P-tau was not reduced by 

pharmacological inhibition of γ-secretase, suggesting that 12-LOX could modulate tau 

phosphorylation independently of Aβ.  

 

However, one particular LOX product, lipoxin a4, is associated with improved cognition. 

Treatment of the 3xTG AD mouse model with lipoxin a4, a product of 12-HPETE, improves 

memory, reduces Aβ and reduces p-tau deposition (Dunn et al., 2015). This is supported by 

work in human brain, which demonstrates low lipoxin a4 in CSF and hippocampus in LOAD, 

as well as increased upregulated 15-LOX-2 in astrocytes and microglia (Wang et al., 2015).  

 

Meanwhile, 12/15-LOX levels and other LOX products are increased in human brain samples 

in LOAD. 12/15-LOX enzyme is increased in frontal cortex and temporal cortex in brain 

samples of LOAD patients, as are the enzyme products 12- and 15-HETE (Praticò et al., 2004, 

Yao et al., 2005). These changes were associated with an increase in oxidative stress markers. 

Interestingly, this increase was more marked in Braak and Braak stage I-IV than stages V-VI, 

suggesting that 12/15-LOX increases may play a role in the early stages of LOAD pathogenesis.  

Together, these data suggest that dysregulation of 12/15-LOX signalling may take place in 

LOAD (Figure 1.6B).  

 

As 12/15-LOX has been implicated in several types of neurodegeneration, and genetic 

ablation or pharmacological inhibition of 12/15-LOX reduces neurodegeneration and 

cognitive deficit in several mouse models, I postulated that knocking out 12/15-LOX will  
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Figure 1.13: 12/15-LOX substrates, products and changes in 12/15-LOX activity in LOAD. 12/15-
LOX protein, as well as 12/15-LOX substrates, are upregulated in human LOAD, as well as animal 
models of LOAD. The exception to this rule is lipoxin a4, which is reduced in the brain of LOAD 
patients. 
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reduce neurodegeneration and working memory deficit in the ApoE-/- mouse. This will be the 

first such investigation into the effect of knocking out both APOE and 12/15-LOX together and 

I conducted behavioural tests and lipidomic analysis of brain regions to assess the effect of 

knocking out one and both of these genes. APOE and 12/15-LOX knock out mice are described 

in this work as ApoE-/- and ALOX12/15-/-. The double knock out mouse is described as ApoE-/-

/ALOX12/15-/-.  

 

1.6 Northwick Park Heart Study 

 

The Northwick Park Heart Study II (NPHSII) was a longitudinal study of risk factors for CHD, 

during which blood and medical data was collected for several thousand middle aged British 

men (Humphries et al., 2007, Miller et al., 1995, Hawe et al., 2003, Miller et al., 1996). Samples 

were collected between 1989 and 1994 and participants were aged between 50 and 64 at 

time of entry (Miller et al., 1995). Smokers and those with a history of coronary heart disease 

(CHD) were excluded. There have been more than 70 papers published on data collected from 

the NPHSII and samples have been genotyped as part of this research (Robertson et al., 2003, 

Humphries et al., 2007). For example, a study found that genotyping was a useful tool 

alongside traditional measures of CHD risk (blood pressure, total circulating cholesterol, total 

circulating TAGs) and adding in status for several risk genes increased accuracy when 

predicting who would develop CHD (Humphries et al., 2007). Also, variants of the 

paraoxonase genes, which encode a protein which associates with HDL, can predict risk of 

CHD independently of traditional risk factors (Robertson et al., 2003, Shunmoogam et al., 

2018).  

 

Various studies have described and analysed the NPHSII plasma samples and data collected 

alongside plasma. An investigation of the data associated with 2,827 NPHSII participants 

confirmed that (i) family history is a good predictor of CHD, (ii) smoking raises risk of CHD and 

(iii) the presence of one or more APOE ε4 alleles raises risk of CHD (Hawe et al., 2003). Mean 

total cholesterol in individuals who did not go on to develop CHD was 5.69 ± 1.00 mmol/L2 

and mean total TAG in the same group was 1.77 ± 0.92 mmol/L2 (Humphries et al., 2007). 

Meanwhile, an analysis of LDL-cholesterol found that LDL-cholesterol was lower in APOE ε2 

carriers than APOE ε3 homozygotes, and highest in APOE ε4 carriers (Shahid et al., 2016). 
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However, no one has analysed NPHSII samples using untargeted lipidomics to date. I analysed 

a select set of 95 plasma samples collected during the NPHSII study as homozygotes for all 3 

common APOE alleles were present.  

 

1.7 Aims and hypotheses 

 

This thesis aims to bridge several gaps in the literature. Firstly, no global lipidomic analysis of 

human APOE homozygote plasma has been performed which includes APOE 22, APOE33, and 

APOE 44. Total cholesterol and total TAGs are associated with risk of LOAD, however this 

measure includes either both cholesterol and CEs, or all TAG species (refs). It is currently 

unknown how individual CE and TAG species differ between APOE alleles.  

 

ApoE-/- mice suffer from recollection memory loss, but the effect of AloX12/15-/- on memory 

is unknown. Also, pharmacological and genetic ablation of 12/15-LOX improves cognition and 

prevents neurodegeneration in AD model mice, however, this protective effect has never 

been tested in APOE-/- mice.  

 

My aims were as follows: 

1. To investigate the plasma lipidome of APOE allele homozygotes to determine if lipids 

are altered in a manner which affects risk of LOAD 

2. To quantify cholesterol, CEs and TAGs in APOE homozygote plasma  

3. To determine if genetic ablation of 12/15-LOX prevents loss of working memory seen 

in APOE-/- mice.  

4. To determine how 12/15-LOX products change in regions of neurodegeneration and 

if lipids are correlated with memory deficits.  

 

My null hypotheses were as follows: 

• The global lipidome will not differ significantly between fresh and NPHSII plasma. 

• APOE allele will not affect levels of either lipid categories or individual lipid species in 

human plasma.  
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• APOE allele will not be associated with an increase or decrease in cholesterol or any 

individual CE or TAG species.  

• 12/15-LOX deletion will not rescue cognitive deficit in an ApoE -/- mouse. 

• Performance of genetically modified mice in memory tests will not be associated with 

levels of 12/15-LOX products. 
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Chapter 2: Materials and methods 

 

2.1 Materials 

 

2.1.1 Antibodies and isotype controls 

 

Primary antibodies anti-microtubule associated protein (MAP2) (ab5392) and anti-

synaptophysin (ab32127) and secondary antibodies goat anti-chicken (ab150171) and goat 

anti-rabbit (ab150077) were all purchased from Abcam (UK). DAPI (564907) was purchased 

from BDBiosciences (CA, USA). Isotype controls monoclonal rabbit IgG (ab172730) and 

polyclonal chicken IgY (ab37382) were purchased from Abcam.  

  

2.1.2 Buffers and solutions 

 

Antigen retrieval buffer 

 

1 mM ethylenediaminetetraacetic acid (EDTA) and 0.05 % Tween 20 in distilled deionised 

water (ddH20).  

 

Blocking buffer 

 

0.3 % or 0.5 % Triton and 1 % goat serum (secondary antibody host species) in 0.1 M 

phosphate buffer.  

 

Extraction buffer 

 

Isopropanol (IPA)/hexane/acetic acid at 30:20:2 (v/v/v).  
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0.1 M phosphate buffered saline (PBS) 

 

5 Oxoid phosphate buffered saline tablets (Thermo Fisher, MA, USA) dissolved in 500 mL of 

ddH20.  

 

Tissue buffer 

 

Butylated hydroxytoluene (BHT) and diethylenetriaminepentaacetic acid (DTPA) in PBS at a 

concentration of 100 µM.  

 

Washing buffer 

 

0.3 % or 0.5 % Triton-X100 in 0.1 M phosphate buffer.  

 

2.1.3 Chemicals and solvents 

 

BHT, DTPA, EDTA, ethylene glycol, polyvinyl pyrrolidone, sucrose, Triton-X100 and Tween-20 

were purchased from Sigma Aldrich (MO, USA). 

 

The following were purchased from Thermo Fisher (MA, USA); glacial acetic acid, acetonitrile 

(ACN), ammonium ethanoate, chloroform, hexane, IPA, methanol (MeOH), Oxoid PBS tablets.  

 

2.1.4 Consumables 

 

The following consumables were purchased from Thermo Fisher (MA, USA); pipettes, pipette 

tips, Eppendorf plastic ware, glass extraction vials, plastic 30 mL Universals, gloves.  

Centrifugal filters with an upper weight limit of 10 Kd were purchased from Merck Millipore 

(Herts, UK).  

 

Greiner CELLSTAR 24-well plates were purchased from Sigma Aldrich (MO, USA).  
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2.1.5 Lipid standards 

 

The following lipid standards were purchased from Avanti Polar Lipids (AL, USA); 

prostaglandin E2-d4 (PGE2-d4), thromboxane B2-d4 (TxB2-d4), 11-dehydro thromboxane B2-

d4 (11-dehydro TxB2-d4), 13-hydroxyoctadecadienoic acid-d4 (13-HODE-d4), 12- and 15- 

hydroxyleicosatetraenoic-d8 acid (12- and 15-HETE-d8), 1,2-dimyristoylglycero-3-

phosphoethanolamine (DMPE), arachidonic acid-d8, 1,2-di-O-phytanyl-sn-glycero-3-

phosphoethanolamine (4ME 16:0 Diether PE), cholesterol ester (18:1)-d7 (CE (18:1)-d7) and 

triglyceride (51:1)-d5 (TAG (51:1)-d5).  

 

2.1.5.1 Internal standard mix 1 

 

Standard mix 1 included the standards PGE2-d4, TxB2-d4, 11-dehydro TxB2-d4, 13-HODE-d4, 

12- and 15-HETE-d8 and DMPE. Standards were prepared in serial dilutions from 

concentrations of 1 mg/mL to 0.5 µg/mL, diluted in MeOH. Each plasma sample, spiked with 

10 µL of standards prior to extraction, contained 5 ng of each standard. This standard mix was 

used to check extraction efficiency of eicosanoids, which are of low abundance in plasma 

(Quehenberger et al., 2010).  

 

2.1.5.2 Internal standard mix 2 

 

Standard mix 2 was made up of arachidonic acid-d8 and 1,2-di-O-phytanyl-sn-glycero-3-

phosphoethanolamine (4ME 16:0 Diether PE) in MeOH. Serial dilutions took place, decreasing 

the concentration from 1 mg/mL to a final concentration of 1 µg/mL. 10 µL of the mix, added 

before extraction to each sample, contains 10 ng of each lipid standard. Internal standard mix 

2 was added to samples extracted for global lipidomic analysis.  

 

2.1.5.3 Internal standard mix 3 

 

Cholesterol ester (18:1)-d7 (CE (18:1)-d7) and triglyceride (51:1)-d5 (TAG (51:1)-d5) 

concentrations was reduced in serial dilutions from 1 mg/mL to 5.0 µg/mL and 0.5 µg/mL 
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respectively. 10 µL of standard was then added to each plasma sample to give 50 ng CE (18:1)-

d7 and 5 ng TAG (51:1)-d5 per sample. This standard mix was used for quantitative analysis 

of cholesterol, cholesterol esters and triacylglycerides. 

 

2.1.5.4 Internal standard mix 4 

 

DMPC, DMPE and 15-HETE-d8 were serially diluted, in methanol, from 1 mg/mL to 0.5 µg/mL. 

10 uL of standard mix 4 was added to each brain region to give 5 ng DMPC, 5 ng DMPE and 5 

ng 15-HETE-d8 per sample. This standard mix was used for analysis of oxPLs, HETEs and 

HDOHEs.  

 

2.1.6 Technology  

 

An ELP megapixel USB camera (1080P+H.264) was used to record behavioural tests (Ailipu 

Technology, Guangdong, China).  

 

An OMNI Bead Ruptor Elite was purchased from Omni-Inc (Cambridgeshire, UK).  

 

An EVOS FL cell imaging system was purchased from Thermo Fisher and used with the kind 

permission of Professor Philip Taylor (Systems Immunity Research Institute, Cardiff 

University).  

 

2.1.7 Software 

 

Software used throughout this piece of work was supplied as follows; Analyst 1.6 (AB Sciex, 

Canada), Endnote Desktop (Clarivate Analytics, PA, USA), Graphpad Prism (Graphpad 

Software, CA, USA), LipidFinder (Cardiff Lipidomics Group, Wales), iSpy (developerinabox, 

WA, Australia), Microsoft Office (Microsoft, WA, USA), Multiquant 1.1 (AB Sciex, Canada), 

RStudio (MA, USA) and Sieve 2.2 (Thermo Fisher, MA, USA).  
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2.2 Plasma samples 

 

2.2.1 Phlebotomy and preparation of platelet-poor-plasma 

 

Blood was taken from healthy adult donors with informed consent and approval of the Cardiff 

University School of Medicine Ethics Committee (SMREC 12/13). 9 mL of blood was drawn 

from each donor and combined with 1 mL of trisodium citrate at 0.06 M. To prepare platelet-

poor-plasma (PPP), whole blood was centrifuged at 724 g for 10 minutes at room temperature 

(RT). Plasma was pipetted off and centrifuged again at 724 g for 10 minutes at RT before PPP 

was collected and stored at -80   ͦC. 

 

2.2.2 Northwick Park Heart Study II plasma 

 

Plasma samples were kindly donated from the Northwick Park Heart Study II (NPHSII) by Prof 

Steve Humphries and team. NPHSII is a prospective CVD study of approximately 3000 men, 

described previously (Miller et al., 1995, Cooper et al., 2005). Briefly, subjects were middle-

aged men, aged 50 - 64 at time of first sample collection. Exclusion criteria included smoking 

and previous diagnosis of diabetes or CVD (acute MI, silent MI or coronary surgery). Bloods 

collected into trisodium citrate, before being centrifuged twice and stored at – 80   ͦC until 

analysis. Samples were selected which had been genotyped and analysed for total cholesterol 

and triacylglycerides, as previously described (Humphries et al., 2007). 95 samples were 

chosen for analysis based on their status as APOE 2, 3 or 4 homozygotes.  

 

 

 

 

 

 

 



67 
 

2.3 Lipid Extraction  

 

2.3.1 Plasma lipid extraction 

 

Plasma lipids were extracted using a liquid-liquid extraction comprised of two steps.  The first 

being a hexane/IPA extraction (Maskrey et al., 2007), and the second a modified Bligh and 

Dyer method (Bligh and Dyer, 1959). 100 µL of plasma was diluted up to 1 mL with water and 

acidified to pH 3 with 4 μL glacial acetic acid. 10 µL of internal standard mix 2 was added. 2.5 

mL of extraction buffer (Section 2.1.2) was added. Samples were vortexed for 1 minutes at 

RT. 2.5 mL hexane was added and samples were vortexed again for 1 minute at RT before 

being centrifuged for 5 minutes at 300 g at 4  Cͦ. The upper layer was collected using a glass 

pipette and 2.5 mL hexane was added to the lower layer. The lower layer and hexane were 

vortexed for 1 minute at RT and centrifuged for a further 5 minutes at 4   Cͦ. The upper layer 

was collected and combined with the hexane extract, and evaporated under vacuum. A 

further 3.75 mL of a chloroform/MeOH mixture (1:2; v/v) was added to remaining aqueous 

layer before samples were vortexed for 1 minute. 1.25 mL chloroform was added and each 

sample vortexed for 30 sec at RT. Finally, 1.25 mL water was added before vortexing again 

and the mixture centrifuged for 5 minutes at 300 g at 4  Cͦ. The bottom layer of each sample 

was aspirated using a glass Pasteur pipette and dried down under vacuum. Lipids were re-

dissolved in 400 µL MeOH, spun through centrifuge filters with a 10 Kd cut off (Merck 

Millipore, Herts, UK) for 15 minutes at 400 g at 4  Cͦ and stored at -80   Cͦ until analysis.  

 

2.3.2 Lipid extraction from brain samples 

 

Brain regions, prepared as detailed (Section 2.6.4), were placed into 500 µL tissue buffer with 

10 µL of 100 mM tin chloride (Section 2.1.2). Samples were homogenised using an OMNI Bead 

Ruptor Elite (Cambridgeshire, UK) for 20 secs at 4 m/s. Samples were placed into 2.5 mL of 

extraction buffer (Section 2.1.2) and 10 µL of standard mix 4 (Section 2.1.5.4). 

Homogenisation tubes were washed out with 500 µL tissue buffer, which was also added to 

the extraction buffer. Brain samples were then extracted as previously (Section 2.3.1). Brain 
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extracts were suspended into methanol, with the cerebellum in 600 µL, hippocampus in 300 

µL, frontal cortex in 500 µL and cortex in 800 µL. Extracts were stored at -80°C until analysis.  

 

2.4 LC/MS systems 

 

2.4.1 Global lipidomic analysis 

 

An Orbitrap Elite with an Accela 1250 Pump and an Accela Open Autosampler (Thermo Fisher 

Scientific, UK) was used for high-resolution reverse phase LC/MS analysis. Lipids were 

separated on an Accucore C18 column (2.6 µm, 150 x 2.1 mm) maintained at 30   ͦC by column 

sleeve. The gradient was 2 – 98 % mobile phase B (IPA/glacial acetic acid/ammonium 

ethanoate at 700:300:0.1:4, v/v/v/mM) in mobile phase A (H₂O/ACN/glacial acetic 

acid/ammonium ethanoate at 800:200:0.1:4, v/v/v/mM); 16 % B for 12 min, 60 % B for 7 min, 

72 % B for 23 min, 98 % B for 9.5 minutes and finally 16 % B for 2.5 minutes. The flow rate 

was 400 µL/minute for 51 minutes followed by 425 µL/minute for 9 minutes. The Orbitrap 

Elite scan settings included resolution of 60,000 and mass range of 100-1,800 m/z. The source 

settings were source temp. 350   ͦC, sheath gas flow rate 37, auxiliary gas flow 15, sweep gas 

flow 2, spray voltage 3.5 kV, capillary temp. 320   Cͦ and S-lens RF level 69 %. A lock mass was 

used to prevent mass accuracy drifting over the analysis, with sodium dodecyl sulfate (SDS) 

chosen in negative mode (m/z 265.1479) and the plasticiser ion disoctyl phthalate in positive 

mode (m/z 391.2842).  

 

2.4.2 Quantification of cholesterol ester and triglyceride species 

 

2.4.2.1 Cholesterol and CE method 1 

 

This method was used to quantify CE species in Chapter 4. Free cholesterol and CE (Table 

2.1A) were quantified using a Nexera liquid chromatography system (Shimadzu, Japan) 

coupled with a 4000 QTrap (AB Sciex, Canada). Lipids were separated on a Hypersil Gold 

column (1.9 µm, 100 x 2.1 mm column, Thermo Fisher Scientific) maintained at 30  ͦC. The 
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method was isocratic, and the mobile phase was ACN:IPA:ammonium ethanoate at 60:40:4 

(v/v/mM). Flow rate was 100 µL/minute. MS conditions were as follows for all species except 

CE (18:1)-d5: ESI temperature 0 °C, N2 as drying gas, ion source gas1 25 psi, ion source gas2 

50 psi, curtain gas 35 psi, ESI positive spray voltage 5.0 kV, declustering potential 91 V, 

entrance potential 10 V, collision energy 33 V, and collision cell exit potential 25 V. Dwell time 

for each transaction was 150 msec for and the total cycle time 1.12 sec. CE (18:1) d5 was set 

a declustering potential of 86 V and a collision energy of 19 V with all other conditions 

identical. Data from all 4000 QTrap methods (Section 2.4.2.1-2.4.2.4 and 2.4.3) were analysed 

using the Multiquant 1.1 software and species quantified relative to internal standards. This 

method was improved for use in Chapter 7 (Section 2.4.2.2); separation of species was 

improved by adding in a mobile phase gradient, contamination was reduced by adding heat 

to the ESI and more masses were monitored. The improved method has a higher sensitivity 

and gives more biological information as more lipids were quantified. This method is detailed 

below (Section 2.4.2.2).   

 

2.4.2.2 Cholesterol and CE method 2 

 

This method was used to analyse NPHSII samples in Chapters 6 and 7 and was developed from 

cholesterol and CE method 1. This method used a Nexera liquid chromatography system 

coupled with a 4000 QTrap and Hypersil Gold column (1.9 µm, 100 x 2.1 mm column) to 

quantify cholesterol and CE species (Table 2.2). Mobile phase A was H₂O:mobile phase 

B:ammonium ethanoate at  19:1:4 (v/v/mM) and mobile phase B was ACN:IPA:ammonium 

ethanoate at 40:60:4 (v/v/mM). The column was maintained at 40 °C and the following linear 

gradient for B (Section 2.1.3.3) was applied: 90 % for 1 min, 90 – 100 % from 1 to 5 minutes 

and held at 100 % for another 3 minutes followed by 3 minutes at initial condition for column 

re-equilibration. MS conditions were as follows: ESI temperature 150 °C, N2 as drying gas, ion 

source gas 1 25 psi, ion source gas 2 50 psi, curtain gas 35 psi, ESI positive spray voltage 5.0 

kV, declustering potential 70 V, entrance potential 10 V, collision energy 20 V, and collision 

cell exit potential 25 V. Dwell time for each transition was 75 ms for and the total cycle time 

1.12 sec.  
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Table 2.1A & B. Masses monitored to measure (A) cholesterol, CEs and (B) TAGs using Cholesterol 
and CE method 1 and Triacylglycerides (TAG) method 1. All masses above are ammonium adducts 
monitored in positive mode using the 4000 Qtrap and Cholesterol and CE method 1 (Section 2.4.2.1) 
or Triacylglycerides (TAG) method 1 (Section 2.4.2.3). Q1 ion selection took place in the first 
quadrupole and Q3 in the second quadrupole. *Da = daltons. 
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Cholesterol and CE parent and daughter masses monitored by cholesterol 

and cholesterol ester method 2 

 
Q1 (Da*) Q3 (Da) 

Cholesterol 404.0 369.1 

CE(14:0) 614.6 369.1 

CE(16:0) 642.6 369.1 

CE(16:1) 640.6 369.1 

CE(18:0) 670.7 369.1 

CE(18:1) 668.5 369.1 

CE(18:2) 666.5 369.1 

CE(18:3) 664.6 369.1 

CE(20:4) 690.6 369.1 

CE(22:6) 714.6 369.1 

CE(18:1)-d7 675.6 376.1 
 

Table 2.2. Masses monitored to measure cholesterol and CEs using Cholesterol and CE method 2. 
All masses above are ammonium adducts monitored in positive mode using the 4000 Qtrap and 
Cholesterol and CE method 2 (Section 2.4.2.2). Q1 ion selection took place in the first quadrupole 
and Q3 in the second quadrupole. *Da = daltons. 
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2.4.2.3 Triacylglycerides (TAG) method 1 

 

This method was used to analyse TAGs for the data contained in Chapter 4. It used a Nexera 

liquid chromatography system coupled with a 4000 QTrap and Hypersil Gold column (1.9 µm, 

100 x 2.1 mm column) to quantify TAG species (Table 2.1B). The column was maintained at 

40 °C. Triglyceride species were quantified using Q1 in positive mode. The method was 

isocratic and the mobile solvent was ACN:IPA:ammonium ethanoate at 60:40:4 

(v/v/mM).Flow rate was 100 µL/minute (Section 2.1.3.4). MS conditions were as follows: ESI 

temperature 0 °C, N2 as drying gas, ion source gas1 25 psi, ion source gas2 50 psi, curtain gas 

35 psi, ESI positive spray voltage 5.0 kV, declustering potential 91 V, entrance potential 10 V, 

collision energy 33 V, and collision cell exit potential 25 V. Scan duration was 15.9 minutes, 

with a start mass of 800.00 amu and stop Mass of 950.00 amu. This method was also improved 

for use in Chapter 7 (Section 2.4.2.4). Temperature was added to the ESI, which reduces 

contaminants entering the MS. Separation of species was improved by adding in a mobile 

phase gradient and more masses were monitored. The improved method (TAG method 2) is 

more sensitive than this method and provides more biological insight as more species were 

monitored.  This method is detailed below (Section 2.4.2.4).  

 

2.4.2.4 TAG method 2 

 

This method was used to analyse NPHSII samples in Chapters 6 and 7. Triglyceride species 

(Table 2.3) were quantified using a Nexera liquid chromatography system coupled with a 4000 

QTrap and Hypersil Gold column (1.9 µm, 100 x 2.1 mm column). Mobile phase A was 

H₂O:mobile phase B:ammonium ethanoate at  19:1:4 (v/v/mM) and mobile phase B was 

ACN:IPA:ammonium ethanoate at 60:40:4 (v/v/mM). The column was maintained at 40 °C 

and the following linear gradient for B (Section 2.1.3.5) was applied: 90% for 1 min, 90 - 100% 

from 1 to 5 minutes and held at 100 % for another 3 minutes followed by 3 minutes at initial 

condition for column re-equilibration. MS conditions were as follows: ESI temperature 0 °C, 

N2 as drying gas, ion source gas1 25 psi, ion source gas2 50 psi, curtain gas 35 psi, ESI positive 

spray voltage 5.0 kV, declustering potential 91 V, entrance potential 10 V, collision energy 33 

V, and collision cell exit potential 25 V.  Triglyceride species were quantified using a Q1 
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Triglyceride Q1 masses monitored during targeted analysis by triglyceride method 2 

 Q1 (Da*) 

TG(32:0) 600.5 

TG(34:0) 628.5 

TG(36:0) 656.6 

TG(38:0) 684.6 

TG(40:0) 712.6 

TG(42:0) 740.7 

TG(44:0) 768.7 

TG(46:0) 796.7 

TG(48:0) 824.8 

TG(48:1) 822.8 

TG(48:2) 820.7 

TG(50:0) 852.8 

TG(50:1) 850.8 

TG(50:2) 848.8 

TG(50:3) 846.8 

TG(50:4) 844.7 

TG(52:0) 880.8 

TG(52:1) 878.8 

TG(52:2) 876.8 

TG(52:3) 874.7 

TG(52:4) 872.8 

TG(52:5) 870.8 

TG(54:0) 908.9 

TG(54:1) 906.8 

TG(54:2) 904.8 

TG(54:3) 902.8 

TG(54:4) 900.8 

TG(54:5) 898.8 

TG(54:6) 896.8 

TG(56:0) 936.9 

TG(56:1) 934.9 
 

Table 2.3. Masses monitored to measure TAGs using TAG method 2. All masses above are 
ammonium adducts monitored in positive mode using the 4000 Qtrap and TAG method 2 (Section 
2.4.2.4). Q1 ion selection took place in the first quadrupole. *Da = daltons. 
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Triglyceride Q1 masses monitored during targeted analysis by triglyceride method 2 

 Q1 (Da*) 

TG(56:2) 932.9 

TG(56:3) 930.8 

TG(56:4) 928.8 

TG(56:5) 926.8 

TG(56:6) 924.8 

TG (51:1)d5 869.8 
 

Table 2.3 (continued):  Masses monitored to measure TAGs using TAG method 2. All masses above 
are ammonium adducts monitored in positive mode using the 4000 Qtrap and TAG method 2 
(Section 2.4.2.4). Q1 ion selection took place in the first quadrupole. *Da = daltons. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Parent (Q1) and product (Q3) transitions monitored during analysis of oxPLs by oxPL method 1 

Species Q1 (Da*) Q3 (Da) 

PC(O-35:4)/PE(O-38:4)/PS(O-35:5) 782.6 319.2 

PC(O-39:4)/PE(O-42:4)/PS(O-35:5) 808.7 319.2 

PC(O-37:4)/PE(O-40:4)/PS(O-37:5) 810.7 319.2 

PC(O-37:0)/PE(O-40:0)/PS(O-37:0) 788.6 343.2 

PC(O-39:6)/PE(O-42:6)/PS(O-39:7) 834.7 343.2 
Table 2.4. Masses monitored to measure oxPLs using the Oxidised phospholipids (oxPLs) method. 
All masses above are ammonium adducts monitored in positive mode using the 4000 Qtrap and 
Oxidised phospholipids (oxPLs) method (Section 2.4.3). Q1 ion selection took place in the first 
quadrupole and Q3 in the second quadrupole. *Da = daltons 
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method in positive mode and scan duration was 10.9 minutes, with a start mass of 800.00 Da 

and stop Mass of 950.00 Da. A dwell time of 10 msec was used for all species.   

 

2.4.3 Oxidised phospholipids (oxPLs) method 

 

OxPLs were quantified using a Nexera liquid chromatography system coupled with a 6500 

QTrap. Plasma samples were spiked using standard mix 4 (Section 2.1.5.4), which contains 5 

ng each of DMPC, DMPE and 15-HETE-d8 per 10 µL addition. Samples were extracted as 

detailed (Section 2.3.2) and separated by LC on a LUNA column (Phenonenex, c18, 3 µm, 150 

x 2 mm). OxPLs were monitored using an MS/MS method in negative mode (Table 2.4). The 

gradient was 50-100 % mobile phase B (methanol:ammonium ethanoate, 1:1, v/mM) in 

mobile phase A (methanol:acetonitrile (ACN):H₂O:ammonium ethanoate at 6:2:2:1, 

v/v/v/mM) over 50 min; 100 % B for 42 minutes and 50 % B for 8 minutes. The flow rate was 

200 µL/minute.  Dwell time for each species was 100 msec, declustering potential -140 V, 

entrance potential -10 V, collision energy -50 V and collision cell exit potential -10 V. Lipids 

were normalised to DMPE before analysis.  

 

2.4.4 Eicosanoid method 

 

Eicosanoids were quantified using a Nexera liquid chromatography system coupled with a 

4000 QTrap. Plasma samples were spiked prior to extraction using standard mix 4 (Section 

2.1.5.4), which contains 5 ng each of DMPC, DMPE and 15-HETE-d8 per 10 µL addition. 

Samples were extracted as previously detailed (Section 2.3.2) and separated by LC using a 

LUNA column (Phenomenex, c18, 3 µm, 150 x 2 mm). Eicosanoids were monitored using 

MS/MS in negative mode (Table 2.5). The gradient was 50-90 % mobile phase B 

(methanol:ACN:glacial acetic acid at 3:2:2, v/v/mM) in mobile phase A (water:ACN:glacial 

acetic acid at 3:1:2, v/v/mM) over 30 min; 50-90 % B for 20 min, 90 % B for 5 minutes and 50 

% B for 5 minutes. The flow rate was 1 mL/minute. Dwell time for each lipid was 150 msec 

and source conditions are in Table 2.5. Ratio of 15-HETE-d8 internal standard and a curve of 

known concentrations were used to quantify eicosanoids.  
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Q1, Q3 and source conditions used during eicosanoid analysis 

 Q1 (Da*) Q3(Da) 
Declustering 

potential (volts) 

Collision energy 

(volts) 

CXP† 

(volts) 

5-HETE 319.2 281.2486 -80 -22 -6 

8-HETE 319.2 255.233 -70 -22 -1 

11-HETE 319.2 641.5115 -70 -30 -15 

12-HETE 319.2 639.4959 -85 -20 -9 

15-HETE 319.2 750.5443 -45 -20 -13 

7-HDOHE 343.2 766.5392 -50 -21 -9 

8-HDOHE 343.2 478.2928 -50 -19 -9 

10-HDOHE 343.2 772.585625 -51 -21 -5 

11-HDOHE 343.2 480.309025 -60 -18 -10 

13-HDOHE 343.2 790.5604 -55 -19 -9 

14-HDOHE 343.2 775.5495 -45 -17 -9 

16-HDOHE 343.2 675.497 -55 -17 -10 

17-HDOHE 343.2 885.5499 -70 -15 -10 

20-HDOHE 343.2 687.5441 -70 -22 -10 

15-HETE-d8 327.2 863.6912 -65 -16 -5 
 

Table 2.5: Masses monitored and source conditions when analysing eicosanoids using the 4000 
Qtrap. All masses above are in positive mode using the 4000 Qtrap and Eicosanoid method (Section 
2.4.4). Q1 ion selection took place in the first quadrupole and Q3 in the second quadrupole. * Da = 
daltons. † CXP = collision cell exit potential. 
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2 .5 Analysis of Orbitrap Elite data 

 

2.5.1 Sieve-LipidFinder workflow 

 

Raw global lipidomics data obtained as in 2.4.1 was analysed using Sieve 2.2 software using a 

small molecule, single non-differential analysis. Quality control sample 1 was used as the 

reference sample, with a retention time window of 01.00 – 57.00 mins, frame width of 0.70 

mins, m/z minimum of 100 amu, m/z maximum of 1800 amu and an m/z width of 10 parts 

per million (ppm). Frame selection parameters were; max number of frames of 1,000,000, 

peak intensity threshold of 50,000 and a minimum alignment threshold of 10,000. Tile size 

was set to 300 and max retention time shift was 0.70 minutes. The output was exported to a 

csv file and filtered to exclude any frames with a PRElement of over 0, a PRSize of under 1 

and/or a charge of over 1. The csv file was analysed using a custom in-house generated 

software, LipidFinder, which removes solvents and contamination ions, removes isotopes and 

searches for matches for each mass in three online databases (O'Connor et al., 2017). 

LipidFinder designates a putative identification and lipid category based on accurate mass. 

Significance was calculated for each feature using the non-parametric Mann-Whitney test and 

fold-change was calculated for each feature as below. 

Fold-change (FC) = (intensity of rare allele) ÷ (intensity of common allele) 

 

2.5.2 XCMS-LipidFinder workflow 

 

Raw global lipidomics data obtained as in 2.4.1 was processed through MSConvert and 

transformed to the XCMS file format before using the XCMS module in RStudio to align the 

data and identify peaks, each of which represents a lipid species. Data was then exported to 

a Microsoft Excel (Microsoft, WA, USA) comma separated csv file for further processing. The 

output csv file was analysed using LipidFinder and a putative identity and lipid category was 

assigned for each m/z value (Section 2.5.3) (O'Connor et al., 2017). Significance and fold-

change were calculated for each feature as above (Section 2.6.1). Volcano plots, box plots, 

heatmaps, principal component analysis (PCA) plots and orthogonal projections to latent 

structures discriminant analysis (PLS-DA) plots were created in RStudio using the pheatmap, 
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RColorBrewer, colorRamps, car and devEMF libraries. After the data was visualised post-

LipidFinder, lipids were filtered for peak quality using the QC peaks. Lipids with a fold-change 

of over 2 and/or a significance value below 0.075 were identified and QC peaks for each mass 

gathered into a pdf file for visual analysis. Peaks were visually checked using Microsoft Edge 

(Microsoft, WA, USA) and lipids discarded if peaks fell under one of the following four criteria; 

(i) peaks were absent in more than 66% of the genotype samples plus all the QC samples, (ii) 

peaks were irreproducible across QC samples, either by shape or an area change of more than 

100 %, ion suppression removed any part of the peak in one or more QC samples, (iv) peaks 

were lipids containing one or two C13 isotopes. Finally, all lipids remaining in the dataset were 

confirmed to ensure that QC RSD (the relative standard deviation of a lipid in multiple QC 

samples) was less than 50 % and that QC mean was under 1,000,000.  

 

2.5.3 Assigning putative lipid ID 

 

The m/z and RT assigned to each lipid were checked against two sources, firstly, the LIPID 

MAPS curated lipid database for matches on accurate mass and secondly, an in-house 

generated database of RTs for this LC method. This in-house generated database contains 

expected RTs for lipids, putatively identified by global lipidomics, using the Orbitrap Elite and 

solvent systems detailed in this thesis. The in-house generated database was produced from 

previous analyses of plasma and standards using the global lipidomics method and 

identifications are putative, therefore this database informs our putative IDs but a match is 

not a definitive ID. If a lipid matched both databases, the lipid was assigned a putative ID, i.e. 

a species name. If no match in the RT database was found but one or more matches was found 

in the LIPID MAPS database, the lipid was assigned the category with the most mass matches. 

If a match was found in neither, the lipid was assigned an ID in the style ‘Accurate 

mass/RT/Unknown’.  

 

2.5.4 Visualising processed Orbitrap Elite data 

 

Boxplots were drawn in Graphpad Prism, and all other plots using RStudio. Scatter plots, 

volcano plots, PCA, PLS-DA and ROC curves were produced using the devEMF library. 
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Heatmaps were produced using the readxl, tidyverse, data.table, pheatmap and  

RColorBrewer libraries.  

 

2.5.5 A Benjamini-Hochberg correction for multiple comparisons 

 

Orbitrap Elite data analysed in Chapter 5 was treated using the Benjamini-Hochberg 

procedure for multiple comparisons (Benjamini and Hochberg, 1995). Benjamini-Hochberg is 

less stringent than Bonferroni and allows the addition of a False Discovery Rate (FDR), which 

can be adjusted to suit experimental design (Benjamini and Hochberg, 1995, McDonald, 

2014). A higher FDR will give more false positives, whilst a lower FDR could provide false 

negatives. Therefore, the cost of each to your experiment should be evaluated. Significance 

was calculated using a students two-tailed t test, assuming unequal variance. Lipids were then 

ranked on p value, with the smallest p value given a rank of “1”, then next smallest a rank of 

“2” and so on. The Benjamini-Hochberg critical value (BH critical value) was calculated as 

below, where i is rank, m is total number of lipids measured and Q is the chosen FDR: 

𝐵𝐻 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 = (
𝑖

𝑚
) 𝑄 

BH critical value was then compared to the t test p value. The lipid with the largest p value 

which is smaller than the BH critical is then significant, as are all the lipids with smaller p values 

than this lipid, even if their p value is bigger than their BH critical value.  

 

2.6 Mouse models 

 

2.6.1 Mouse strains and numbers 

 

Mice from four genetically  altered strains were used, all of which were on the C57BL/6NCrl 

background, purchased from Charles River (Charles River Laboratories, UK) at 8 weeks old. 

C57BL/6NCrl mice were used as controls and ALOX12-/-, APOE-/- and double knock outs 

(ALOX12-/- and APOE-/-) were bred in-house under the Home Office Licence 30/3150, by Dr 

Allen-Redpath and others at the Heath Park Campus Animal Facility, Joint Biological Services, 

Cardiff University (Lauder et al., 2017). All animals were bred and housed under Home Office-  
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Figure 2.1: Behavioural tests used to assess object and spatial memory in mice. A. Mice were 
familiarised (F) to the arena for four days before testing began. The first two days consisted of 10 
minutes familiarisation time per mouse in the empty arena. The following two days consisted of 10 
minutes familiarisation per mouse, in the arena with two objects not used for testing. During testing 
days, two mice (mouse 1, M1, and mouse 2, M2) were acclimatised (A) and tested (T) per hour. The 
arena in the novel object test during acclimatisation and testing stages. B. The arena in the novel 
object test during (i) acclimatisation and (ii) testing stages. A photograph of the testing phase (iii) is 
also included.  C. The arena in the object-in-place test during (i) acclimatisation and (ii) testing 
stages. A photograph of the testing phase (iii) is also included.  
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approved conditions with a 12-hour sleep wake cycle, a constant temperature of 20 – 22  ͦC 

and free access to standard chow and water. Behavioural tests were performed as an 

unlicensed procedure. A total of 20 (10 male and 10 female) mice were used from each 

genotype. 

 

2.6.2 Novel object test 

 

A total of 20 (10 male and 10 female) mice were used from each genotype. This behavioural 

test assesses whether an animal can distinguish between new and familiar objects (Antunes 

and Biala, 2012). Testing was conducted in a 60 cm x 60 cm arena, with visual cues placed on 

the walls of the room housing the arena and a camera suspended above. Behavioural testing 

was performed at 28 weeks old (± 3). Prior to the beginning of testing, each mouse was 

familiarised with the arena over four days to reduce anxiety during the testing paradigm 

(Figure 2.1A). Each familiarisation session was 10 minutes, the first two sessions were held in 

the empty arena and the second two sessions in the presence of two garden gnomes. After 

four days of familiarisation, mice then underwent two days of testing. Half the mice of each 

genotype underwent the novel object test first, and half the object-in-place test first. On a 

testing day, mice were first acclimatised to the arena and two objects in two periods of 10 

minutes (Figure 2.1C). Between each acclimatisation stage, mice were returned to their home 

cages for 10 min, allowing two mice to be acclimatised and tested alternatively. The objects 

and arena were wiped with IPA between each mouse to prevent an olfactory trail. After the 

second acclimatisation, one familiar object was removed from the arena and replaced with a 

novel object in the same location . For the 10 minutes testing phase, mice were put back into 

the arena and filmed using the ELF webcam, with videos anonymised for genotype to prevent 

bias. Videos were blinded prior to analysis. Using iSpy software to watch the videos, the time 

an animal spent interacting with both the familiar and novel object was measured in sec, with 

interaction defined as the animal facing the object whilst being within 2 cm of it. The 

discrimination ratio was then calculated as time spent interacting with the novel object 

divided by time spent interacting with both objects.  
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2.6.3 Object-in-place test 

 

The object-in-place test assesses spatial memory i.e. whether a mouse recognises that an 

object has moved (Lesburgueres et al., 2017). The arena was in a room as described 

previously, with visual cues around the room and a camera suspended above the arena 

(Section 2.6.2). Four objects, distinct in shape, size and colour, were placed in the arena, with 

one in each corner (Figure 2.1C). Mice were familiarised to the arena as stated previously 

(Section 2.6.1) before testing. During the testing days, mice were acclimatised twice to the 

arena and objects for 10 minutes intervals, with 10 minutes in the home cage between each 

interval. The objects and arena were wiped with IPA between each mouse to prevent an 

olfactory trail. After the second acclimatisation phase, objects from opposing corners were 

swapped. Mice were then placed in the arena for the final 10 minutes testing phase whilst 

being filmed. Videos were blinded, and time spent interacting with objects which moved and 

objects which stayed in the same position was recorded. The discrimination ratio was again 

calculated as time spent interacting with the novel object divided by time spent interacting 

with both objects. Mice were culled, and tissue samples collected 4/5 days after the second 

day of testing.  

 

2.6.4 Culling and tissue preparation 

 

2.6.4.1 Culling, perfusion and dissection 

 

Animals were culled using a Schedule 1 method, specifically rising concentration of CO₂ 

followed by confirmation of death using palpation. A cardiac puncture was performed, with 

500 µL of blood drawn from each animal. Cadavers were opened, and a needle was inserted 

into the left ventricle. They were then perfused with phosphate-buffered saline (PBS) using a 

gravity system until the liver was clear and lungs white. 

 

Once perfusion was complete, the animal was decapitated using dissection scissors and the 

brain removed. The right hemisphere was dissected into cortex, frontal cortex (taken as  
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Figure 2.2: The four brain regions collected and analysed for lipids and synapse density. Each red 
line represents where the brain was dissected, with the olfactory bulb and medulla being discarded. 
Brains were therefore dissected into four rough regions, the frontal cortex, cortex, hippocampus, 
and cerebellum.  
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anterior third of cortex), hippocampus and cerebellum (Figure 2.2). These dissected regions 

were snap-frozen in liquid nitrogen and stored at -80   ͦC until analysis.  

 

2.6.5 Lipid extraction and analysis 

 

Each brain region was weighed and placed into a 1.5 mL Eppendorph with twelve 1.4 mm 

ceramic beads and 1 mL tissue buffer (Section 2.1.2). Tissue was homogenised using an OMNI 

Bead Ruptor Elite for 20 sec at temperature 4   ͦC and speed 4 msec.  The homogenised tissue 

and beads were transferred into an extraction tube, where tissue was chemically reduced for 

10 minutes using 10 µL 0.1 M SnCl₂ at room temperature (RT). 10 ng each of 1,2-dimyristoyl-

sn-glycero-3-phosphocholine (DMPC) and 1,2-dimyristoyl-sn-glycero-3-

phosphoethanolamine (DMPE) was added to each sample.  2.5 mL of extraction solution 

(IPA/hexane/1 M acetic acid; 150:100:1; v/v/v) was added to each sample before it was 

vortexed for 1 minute at RT. A further 2.5 mL hexane was added. This was vortexed again for 

1 minute at RT before being centrifuged for 5 minutes at 300 g and 4   ͦC. The upper phase was 

collected with a glass Pasteur pipette and 2.5 mL hexane added to the lower layer. Finally, 

this was vortexed for 1 minutes  at RT and centrifuged for 5 minutes at 300 g and 4   ͦC. The 

upper layer was combined with the first layer collected and layers were dried under vacuum 

at 30 °C. Extracted lipids were suspended in 200 µL MeOH and analysed on the 4000 QTrap 

(Section 2.4.3) Oxidised phospholipids were quantified using the internal standard mix 4 

(Section 1.2.5.4).  
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Chapter 3: Optimisation of Lipid Extraction and Mass Spectrometry 

 

3.1 Introduction and aims 

 

I optimised extraction, MS analysis and data treatment methods prior to analysis of the 

NPHSII cohort samples. Extraction methods were tested for extraction efficiency using 

standard mix 1 (Section 2.1.5.1), which is an in-house-made mix of bioactive lipids, which are 

present at low concentrations in plasma (Quehenberger et al., 2010). To preserve sample and 

prevent clogging or overloading the HPLC column, differing volumes of plasma were extracted 

to determine the lowest volume at which endogenous species can be measured. To ensure 

the solubility of lipids when extracts are re-suspended, I tested three solvents, considering 

peak area and shape. Lastly, to save machine time,  I trialled a combination of high and low 

mass ranges, which were previously performed as two separate analyses.  

 

3.1.1 Aims 

 

The extraction efficiency, coefficient of variation (CV) and effect of reducing plasma volume 

extracted on number of lipids measured have not been tested for these optimised extraction 

and MS methods. Also, the effect of combining high and low mass analyses on the lipids 

detected is unknown. 

 

Therefore, my aims were as follows: 

• To determine extraction efficiency and coefficient of variation 

• To minimise volume of plasma extracted 

• To test three solvents for re-suspending lipid extracts 

• To determine if combining high and low mass analyses into one MS method causes 

fewer lipids to be measured 
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3.2 Results 

 

3.2.1 Lipid extraction efficiency is high, and CV is low 

 

To determine the extraction efficiency of a range of lipids found endogenously in plasma, I 

spiked plasma with standard mix 1, which is a mix of deuterated lipids which are found in their 

undeuterated form in plasma (Section 2.1.5.1). I extracted lipids using a hexane extraction 

followed by a modified Bligh and Dyer extraction (Section 2.3), and then compared standard 

peak areas to peak areas in an injection of unextracted standard mix 1 (Bligh and Dyer, 1959). 

Extraction efficiencies ranged from 61.23 % to 104.23 %, with an average extraction efficiency 

of 91.63 % (Table 3.1).  

 

Coefficient of variation (CV) was calculated for both unextracted standards and standards in 

plasma, as standard deviation divided by mean, and then multiplied by 100. CV ranged from 

0.97 % to 5.84 % for unextracted standards, and from 1.68 % to 5.98 % for standards in plasma 

(Table 3.2).  

 

3.2.2 Volume of Plasma Extracted 

 

I determined if the volume of plasma being extracted could be reduced to conserve sample 

and lengthen column life. I extracted 100 µL, 50 µL, 20 µL and 10 µL of plasma, and searched 

for 35 endogenous species, known to be present in plasma, using accurate mass in Lipidfinder 

output data (Quehenberger et al., 2010). Exemplar chromatograms of some species found in 

the 100 µL plasma extraction are in Figure 3.1. Clear peaks are present for five fatty acids and 

four out of five eicosanoids. 

 

Accurate masses matching 23 of the 35 endogenous species can be found in 100 µL and 50 µL 

extractions of NPHSII plasma, and 22 in 20 µL and 10 µL extractions (Figure 3.2). As expected, 

intensity of most lipids declines as plasma extraction volume becomes smaller. However, a 

few species, such as PC(30:1) and PC(32:1), increase in peak area as extraction volume 

decreases.  
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Extraction efficiency of six standards in plasma 

 PGE2-d4 TxB2-d4 
11-dehydro-

TxB2-d4 
13-HODE-

d4 
12/15-

HETE d8 
DMPE 

Plasma 1.1 92.83 64.88 92.66 105.66 108.43 104.18 

Plasma 1.2 93.75 60.62 87.71 105.24 114.50 95.99 

Plasma 1.3 92.15 60.76 87.54 104.28 94.62 104.53 

Plasma 1.4 88.82 58.65 84.71 101.76 83.56 111.18 

Mean 91.89 61.23 88.16 104.23 100.28 103.97 
 

Table 3.1: Extraction efficiency of 6 standards in plasma after a liquid-liquid phase lipid extraction 
and analysis via LC/MS/MS on the QTrap 4000. Extraction efficiency was calculated as intensity in 
unextracted standard, divided by intensity in extracted sample, and multiplied by 100.  
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Table 3.2A and B: Coefficient of variation (CV) of 6 lipid standards. CV in both (A) unextracted and 
(B) in plasma, after a liquid-liquid phase lipid extraction and analysis via LC/MS/MS on the QTrap 
4000. CV calculated as standard deviation (SD) divided by mean and multiplied by 100.  
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Figure 3.1: Exemplar chromatograms of endogenous lipids extracted from plasma. 
Chromatograms of endogenous (a) fatty acids and (b) eicosanoids in plasma, analysed on the 
Orbitrap Elite in negative mode. Species found using accurate mass for [M-H]- in Orbitrap raw data, 
ion accurate mass is noted on each chromatogram.   
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Figure 3.2: Recovery of endogenous PLs in extractions of four volumes of plasma, analysed on the 
Orbitrap Elite. Volumes of plasma extracted were 100 µL, 50 µL, 20 µL and 10 µL, and intensity is 
stated in counts per second (cps). Lipids identified using accurate mass, as calculated on LIPID MAPS, 
in Lipid Finder output files.  
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Figure 3.2(cont.): Recovery of endogenous lipid species in extractions of four volumes of plasma, 
analysed on the Orbitrap Elite. Volumes of plasma extracted were 100 µL, 50 µL, 20 µL and 10 µL, 
and intensity is stated in counts per second (cps). Lipids identified using accurate mass, as calculated 
on LIPID MAPS, in Lipid Finder output files.  
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3.2.3 Solvent for suspension of extracted lipids 

 

Chloroform is recommended for storage of lipids and some studies use a 

methanol/chloroform mixture to resuspend lipid extracts after extraction and before 

LC/MS/MS analysis (Bligh and Dyer, 1959, Reis et al., 2013). To determine if changing the 

solvent used to suspend lipid extracts would increase lipid solubility or improve 

chromatography, I resuspended a range of lipids in three solvents and compared the results. 

Lipids were suspended in either methanol or a methanol/chloroform mixture at 2:1 or 1:1 

(v/v). Peak area of standards is reduced when resuspending in a methanol/chloroform mix, 

suggesting that lipid extracts are less soluble in a chloroform methanol mix than in methanol 

alone (Table 3.3). Chromatography is also negatively impacted by the addition of chloroform, 

as peaks become wider and less defined (Figure 3.3).  

 

3.2.4 Combining High and Low Mass Analysis on the Orbitrap Elite 

 

I tested to see if the high and low mass analyses, which were previously performed separately, 

could be combined into a single run. Lipid categories all changed in size after the two analyses 

were combined, however, these changes were under 15 % (Figure 3.4). The glycerolipids 

category actually increased in size by 3.9 %, whilst the unknown category lost the most lipids 

(14.6 %).  

 

3.3 Discussion 

 

3.3.1 Extraction efficiency and CV are within acceptable limits 

 

Some extraction efficiencies were slightly above 100 %, indicating that matrix effects may be 

taking place (Table 3.1). These occur in mixed samples when some species alter the ionisation 

of others, probably due to competition between analytes and matrix molecules for ionisation 

(Tang and Kebarle, 1993). Matrix effects are believed to originate from competition between 

analytes and matrix molecules for ionisation (Taylor, 2005). Only a limited number of  



93 
 

 

 PGE2-d4 TxB2-d4 
11dehydro 

TxB2-d4 
13-HODE 

d4 
12/15 

HETE d8 
DMPE 

Standard* 4.45E+05 8.10E+04 1.07E+05 3.37E+05 2.23E+05 3.18E+05 

Methanol 4.13E+05 5.25E+04 9.90E+04 3.56E+05 2.42E+05 3.31E+05 

Methanol/ 
Chloroform 

2:1 (v/v) 
2.54E+05 3.20E+04 6.60E+04 2.61E+05 2.20E+05 2.21E+05 

Methanol/ 
Chloroform 

1:1 (v/v) 
3.19E+05 4.46E+04 7.81E+04 3.26E+05 1.44E+05 3.89E+05 

Lipid recovery (%): 

Methanol 92.83 64.88 92.66 105.66 108.43 104.18 

Methanol/ 
Chloroform 

2:1 (v/v) 
57.02 39.57 61.75 77.40 98.74 69.52 

Methanol/ 
Chloroform 

1:1 (v/v) 
71.64 55.08 73.12 96.74 64.40 122.45 

 

Table 3.3: Recovery of 6 lipid standards with three suspension solvents. *Standard denotes the 
peak area in an unextracted standard. The three suspension solvents were methanol, 
methanol:chloroform at 2:1 and methanol:chloroform at 1:1. Lipid recovery calculated as peak area 
in unextracted standard, divided by peak area in extracted standard, and multiplied by 100.  
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Figure 3.3: Chromatography with differing lipid suspension solvents. Chromatograms of 
deuterated eicosanoid standards with three suspension solvents, (a) Methanol, (b) 
Methanol:chloroform at 2:1 and (c) Methanol:chloroform at 1:1. All species found in negative mode 
([M-H]-) except for DMPE, which was seen in positive mode ([M+Na]+). Transitions are noted on 
each chromatogram.  
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Figure 3.4: Lipid category counts across differing mass range analyses. The numbers represented 
above are lipids found per category per analysis. Plasma 100-850 and 850-1800 are the low and high 
mass analyses, which have been combined post LipidFinder. Plasma 100-1800 is the full mass range, 
completed in one analysis. Numbers above columns represent the percentage change in the size of 
the lipid category, calculated as the number of lipids in separate analyses, divided by the number 
of lipids in combined analyses, and multiplied by 100.  
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molecules can be present at the surface of the droplet during ionisation in an electrospray ion 

source, and background ions which elute at the same time as an lipid can prevent or enhance 

lipid ionisation (King et al., 2000). Separating analytes from the initial injection peak reduces 

matrix effects, and this is achieved by LC in methods used in this thesis (Taylor, 2005) (Sections 

2.4.1 and 2.4.2). Mean extraction efficiency is 91 %, which is comparable to published 

methods of lipid extraction (Bligh and Dyer, 1959, McDonald et al., 2012, Alshehry et al., 

2015). Also, whilst some extraction efficiencies are slightly over 100 %, this falls within the 

measured method variability of 1-6 % (Table 3.2).  

 

Some studies remove lipids with a CV above a specific cut off, for example, 30 %, whilst others 

report a CV of 4-15 % (Maile et al., 2018, Li et al., 2013, Surma et al., 2015).  Taylor et al., 2005 

defines an acceptable CV to be below 15 % (Taylor, 2005). In this chapter, I demonstrate CV 

of 1-6 % for five standards in plasma, which compares favourably with the literature. As CV is 

low and because I have over 20 biological replicates, I will analyse each sample once in each 

mode on the Orbitrap Elite. This will save both machine time and sample.  

 

3.3.2 Lipid extraction and MS analysis was modified to optimise lipid recovery and 

chromatography 

 

Previous research has extracted varying volumes of plasma, for example, Quehenberger et al. 

extracted between 1 and 200 µL, depending on the lipid category being analysed, and 

recorded over 500 species in total (Quehenberger et al., 2010). Tests of differing extraction 

volumes suggested that some endogenous species will be lost at lower extraction volumes. 

However, investigation of the endogenous lipids suggests that some species are present at 

higher abundance in smaller extraction volumes (Figure 3.1). This suggests that matrix effects 

in more concentrated samples could be reducing ionisation efficiency of some lipids. In an 

effort to find as many lipids as possible, while minimising matrix effects which could alter 

quantification, I am reducing plasma volume to 50 µL. Few lipid species are lost and this may 

reduce matrix effects compared to a 100 µL extraction. I extracted 50 µL throughout the rest 

of this thesis, as no endogenous species will be lost in extraction and analysis when compared 

to a 100 µL extraction, and this saves sample analysed by 50 %. Reducing volume of sample 
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extracted also reduces the likelihood of overloading or clogging the column during lengthy 

analyses.  

 

The solvent test results indicate that resuspending in a methanol/chloroform solution does 

not improve lipid solubility and negatively impacts chromatography. Therefore, I will continue 

re-suspending dried lipid extracts in methanol after the extraction procedure. I also 

determined I will combine the high and low mass analyses, as few lipids are lost in the process. 

The mass combination analysis clarified that polyketides and saccharolipids are being 

putatively identified in the dataset as they are present in the LIPID MAPS Structure Database 

(Sud et al., 2007). However, polyketides and saccharolipids originate from bacteria, fungi and 

plant sources, and lipids identified as either of these categories will be assigned as unknowns 

(Fahy et al., 2009).  

 

3.3.3 Conclusions 

 

Lipid extraction and analysis were optimised for lipidomic analysis of plasma. Extraction 

efficiency was high, and was similar to extraction efficiency in publication (Bligh and Dyer, 

1959, McDonald et al., 2012, Alshehry et al., 2015). CoV was low, and similar to CoV of other 

targeted methods (Taylor, 2005, Maile et al., 2018, Li et al., 2013, Surma et al., 2015). The 

volume of plasma extracted was reduced from 100 µL to 50 µL, as investigation of a panel of 

endogenous lipids suggested that lipids can be measured in 50 µL, and that matrix effects 

occur during LC/MS analysis of the more concentrated plasma samples. Addition of 

chloroform when suspending lipid extracts caused peak splitting, therefore lipid extracts were 

suspended in methanol throughout this thesis. High and low mass analyses were combined 

to half machine time and use of sample and mobile phases. Also, the search parameters for 

lipid identification were narrowed to include only curated results.  
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Chapter 4: An LC/MS comparison of the lipidome of fresh and NPHSII plasma 

reveals minimal storage effects 

 

4.1 Introduction 

 

The NPHSII plasma samples I analysed in Chapters 5 and 6 were collected between 1989 and 

1994, meaning samples were at least 21 years old at time of analysis (Miller et al., 1995). Once 

blood has been drawn and plasma isolated, it is imperative that storage conditions minimise 

in-sample changes to prevent degradation or oxidation of lipids. Pooled or cohort plasma is 

often used as a material for LC/MS, but many papers do not detail plasma storage conditions 

(Reitz et al., 2004, Liu et al., 2016). 

 

Little is known about changes in lipid composition of plasma or serum during long term 

storage. Most studies have so far only considered only total cholesterol and TAGs, and results 

are disputed. For example, studies have variously suggested total cholesterol and total TAGs 

increase in long-term storage, total TAGs increase in storage but total cholesterol does not, 

or that neither are altered after a year or more at -70° (Kronenberg et al., 1994, Nanjee and 

Miller, 1990, Evans et al., 1997). Another investigation of over 100 serum lipids, this time by 

GC/MS, found that long-term storage and freeze-thaw cycles had little effect on lipids from 

all lipid classes (Zivkovic et al., 2009). These studies suggest that total cholesterol and TAGs in 

plasma or serum may undergo minimal change during storage.  

 

The effect of long-term storage at -70  ͦC or below on individual CE and TAG species has never 

been tested, and the longest  duration that any samples spent in storage prior to analysis was 

24 months, far shorter than the 25 years in storage for NPHSII samples being used herein 

(Kronenberg et al., 1994). To investigate whether a longer storage period had effects on lipid 

levels in NPHSII samples, I compared relative levels of a number of endogenous lipids in a 

subset of NPHSII plasma samples with fresh plasma.  Ten NPHSII samples were randomly 

chosen and, for comparison, venous blood was drawn from 10 healthy volunteers then 

plasma isolated. Lipids from ‘fresh’ plasma were extracted alongside 10 NPSHII plasma 

samples on the same day as fresh blood was drawn.  
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4.1.1 Aims and hypothesis 

 

The effect of storage for over 20 years at -70°C on plasma lipids is unknown.  

 

My aims were as follows:  

• To determine if the global lipidome of NPHSII plasma samples is altered by long term 

storage using LC/MS.  

 

The null hypothesis is that the global lipidome will not differ significantly between fresh and 

NPHSII plasma.  

 

4.2 Results 

 

4.2.1 The total ion counts of NPHSII plasma samples are similar to total ion counts of fresh 

plasma samples   

 

Before analysis, it was important to determine if lipids in NPHSII samples had altered during 

20 years storage at – 70  Cͦ. I compared 10 randomly chosen samples from the NPHSII cohort 

with 10 freshly drawn plasma samples taken from healthy volunteers. 10 fresh and 10 NPHSII 

samples were analysed using the global lipidomics method (Section 2.4.1) and Sieve-

LipidFinder workflow (Section 2.5.1). Total ion count (TIC) for each sample was retrieved and 

means for fresh and NPHSII samples compared. TICs for the positive mode analysis of fresh 

and NPHSII plasma are not statistically significantly different when tested using a students t 

test (two-tailed, unequal variance), with means of 5.82 x 108 in fresh plasma and 4.87 x 10 in 

NPHSII plasma (p = 0.0525, n = 10) (Table 4.1). TICs did not differ significantly in negative 

mode, with means of 2.78 x 108 and 2.89 x 108 respectively in fresh and NPHSII plasma mode 

(p = 0.31, n = 10) (Table 4.2). A visual examination of TIC chromatograms for both positive and 

negative mode demonstrated a similar overall profile in terms of peak elution for fresh and 

NPHSII plasma samples, although there are several peaks at RT 10 – 17 min which are higher  
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Table 4.1A & B: Comparison of total ion counts (TIC). TIC represents all ionisable species in plasma, 
in (A) positive and (B) negative mode for 10 fresh plasma samples and 10 plasma samples from 
NPHSII cohort. TIC is measured in counts per second (cps).  
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in the NPHSII samples in negative mode (Figure 4.1, Figure 4.2). MS spectra from lipids eluting 

between RT 10 – 17 min revealed a group of ions that were generally higher in the NPHSII 

plasma (Figure 4.2B, black box). There are 2,457 peaks with a retention time of 10-17 minutes, 

733 of which are significantly increased in NPHSII plasma. Of these, 30 are putatively 

identified as fatty acyls, 91 are glycerophospholipids, 1 is a glycerolipid, 1 is a prenol lipid, 3 

are sterol lipids are the remainder (606) are unknown.   

 

4.2.2 Fourteen of seventeen endogenous lipid species were not significantly different between 

fresh and NPHSII plasma 

 

I decided to look at a panel of lipids, from which I can ascertain whether any large scale 

decomposition has taken place. I chose to analyse the dataset in this way rather than compare 

all the lipids contained within for two reasons. Firstly, 10 samples per group is a very small 

number when considering that thousands of lipids are found in the analysis. Thus, false 

positives and negatives would occur. Secondly, the differences between the plasma lipidome 

of individuals is not yet fully understood, but LC-MS/MS suggests that age may contribute to 

variation in the lipidome, and it would not be possible to determine if global changes in the 

lipidome were caused by participant demographics (Sanderson et al., 1995). Using accurate 

m/z according to LIPID MAPS, lipids were identified in NPHSII and fresh plasma (Sud et al., 

2007). A 17 lipid panel was chosen from species quantified previously, with two chosen from 

each lipid category except phospholipids (GPLs) (Quehenberger et al., 2010). In that case, one 

GPL was chosen to represent each class (choline, ethanolamine, inositol, serine), as well as a 

lyso-phosphotidycholine (LPC),  a lysophosphotidylcholine (LPE) and a plasmalogen or ether 

(plasmalogen and ether species cannot be resolved with accurate mass alone). Fold change 

was calculated as mean peak area in NPHSII plasma, divided by mean peak area in fresh 

plasma. All 17 of the lipid panel can be found in the fresh and NPHSII plasma using accurate 

m/z (mass error less than 5 ppm). All lipids putatively identified in this manner fell within the 

expected retention times for the category. None of the 9 fatty acyls, SPs and sterol lipids are 

statistically increased or decreased in NPHSII plasma compared to fresh (Figure 4.4). LPC(16:0) 

is significantly higher in NPHSII plasma with a fold change of 1.83, whilst PE(38:4) and PI(38:4) 

are both lower in NPHSII plasma, with fold changes of 0.50 and 0.77 respectively. PE(38:4)  
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Figure 4.1: TICs of 10 NPHSII and 10 fresh plasma samples in positive mode do not differ visually 
or using a students t test. A: Boxplot of TICs from 10 fresh and 10 NPHSII plasma samples analysed 
on the Orbitrap Elite coupled to a Hypersil Gold column. Lower fence of boxplot represents the data 
point which is the lowest value greater than the 25th percentile minus 1.5 times the IQR. The upper 
fence represents the data point which is the greatest value lower than the 75th percentile pus 1.5 
times the IQR. p = 0.0525, two-tailed unpaired t test (n = 10). B: Visual comparison of the TICs from 
freshly-drawn plasma samples (red) and NPHSII (green) (n = 10).  
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Figure 4.2: TICs of 10 NPHSII and 10 fresh plasma samples in negative mode do not differ visually or using 
student’s t test. A: Tukey boxplot of TICs from 10 fresh and 10 NPHSII plasma samples analysed on the Orbitrap 
Elite coupled to a Hypersil Gold column. Lower fence of boxplot represents the data point which is the lowest 
value greater than the 25th percentile minus 1.5 times the IQR. The upper fence represents the data point which 
is the greatest value lower than the 75th percentile pus 1.5 times the IQR. p = 0.32, two-tailed unpaired t test (n 
= 10). B: Visual comparison of the TICs from freshly-drawn plasma samples (red) and NPHSII (green) (n = 10). The 
black box denotes several peaks with a higher relative abundance in the NHSII plasma.  
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Figure 4.3: Nine lipids were identified by accurate mass, of which none were significantly altered 
in NPHSII plasma. Tukey boxplots comparing peak area of 9 lipid species, found by global lipidomics, 
in fresh prepared human plasma and in plasma samples from the NPHSII study (n=10). Significance 
was calculated using a t test with Benjamini-Hochberg multiple comparisons test, where Q = 10%. 
Lower fence of boxplots represent the data point which is the lowest value greater than the 25th 
percentile minus 1.5 times the IQR. The upper fence represents the data point which is the greatest 
value lower than the 75th percentile pus 1.5 times the IQR.  
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Figure 4.4: Polyunsaturated PL species were reduced in NPHSII plasma. Tukey boxplots comparing 
of peak area of 18 lipid species, found by global lipidomics, in fresh prepared human plasma and in 
plasma samples from the NPHSII study (n=10). Significance was calculated using a t test with 
Benjamini-Hochberg multiple comparisons test, where Q = 10%. Lower fence of boxplots represent 
the data point which is the lowest value greater than the 25th percentile minus 1.5 times the IQR. 
The upper fence represents the data point which is the greatest value lower than the 75th percentile 
pus 1.5 times the IQR.  
.  
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and PI(38:4) are both easily oxidised due to the presence of two double bonds, thus, I also 

analysed four oxidised GPLs (oxPLs), below.  

 

4.2.3 Oxidation measured by oxPLs is higher in NPHSII plasma than fresh 

 

Non-enzymatic oxidation of lipids is a common problem and could in theory occur during long 

term storage of plasma. There were a number of lipids, including GPLs, which were increased 

in NPHSII plasma between 10 and 17 mins. It is possible that these GPLs are oxidized, as they 

elute earlier than expected for this lipid category under my analysis conditions. Therefore,  I 

analysed four oxPLs via LC-MS/MS to determine if NPHSII samples contain more oxidised 

species (Section 2.4.3). OxPL peak area was normalised to DMPC (internal standard) to 

account for extraction efficiency. NPHSII and fresh samples were analysed using a targeted 

LC/MS/MS method (Section 2.4.3). All four oxPL species were detected and peak areas 

compared using a students t test (two-tailed, unequal variance) (Figure 4.5). Two of these are 

significantly higher in the NPHSII plasma, PE(18:0a/9`-oxo-nonanoyl) with a fold change of 

1.86 and PC(18:0a/9`-oxo-nonanoyl) with fold change of 2.52. The other two oxPLs are higher 

in the NPHSII plasma, although this did not reach significance.  

 

4.2.3 Quantitative analysis of triacylglyceride and cholesterol ester species reveals few changes 

between fresh and NPHSII plasma 

 

4.2.3.1 Cholesterol esters 

 

Seven CEs were quantified using a targeted LC-MS/MS and concentration curve (Section 

2.4.2.1). A students t test (two-tailed, unequal distribution) used to distinguish if 

concentration in fresh plasma samples differed significantly from concentration in NPHSII 

plasma (n = 10). Six of the seven species measured are present at statistically similar levels in 

fresh and NPHSII plasma, whilst one, CE(20:4), is significantly lower in the NPHSII plasma than 

fresh, with a fold change of 0.61 (Figure 4.6). Absolute amounts of most CE species quantified 

were not significantly different between NPHSII and fresh plasma.   
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Figure 4.5: oxPLs are increased in NPHSII plasma. Tukey boxplots comparing oxPLs, analysed on 
the 4000QTrap coupled to a Shimadzu LC system and Luna column (n = 10). Data analysed by two-
way anova with Sidak’s multiple comparisons test. Lower fence of boxplots represent the data point 
which is the lowest value greater than the 25th percentile minus 1.5 times the IQR. The upper fence 
represents the data point which is the greatest value lower than the 75th percentile pus 1.5 times 
the IQR.  
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Figure 4.6: CE(20:4) is decreased in NPHSII plasma. Cholesterol and cholesterol esters 
concentrations (µM) in fresh and NPHSII plasma after targeted analysis (n = 10). CEs were quantified 
on a 4000 Qtrap coupled to a Shimadzu LC system and Hypersil Gold column. Significance was 
calculated using a t test with Benjamini-Hochberg multiple comparisons test, where Q = 10%. Lower 
fence of boxplots represent the data point which is the lowest value greater than the 25th percentile 
minus 1.5 times the IQR. The upper fence represents the data point which is the greatest value 
lower than the 75th percentile pus 1.5 times the IQR.  
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Figure 4.7: Absolute amounts of TAG species did not differ between fresh and NPHSII plasma. 
Tukey boxplots comparing triglyceride concentrations (µM) in fresh and NPHSII plasma after 
targeted analysis (n = 10). TAGs were quantified on a 4000 Qtrap coupled to a Shimadzu LC system 
and Hypersil Gold column. Significance was calculated using a t test with Benjamini-Hochberg 
multiple comparisons test, where Q = 10%. Lower fence of boxplots represent the data point which 
is the lowest value greater than the 25th percentile minus 1.5 times the IQR. The upper fence 
represents the data point which is the greatest value lower than the 75th percentile pus 1.5 times 
the IQR.  
 
 
 
 

 

 



110 
 

4.2.3.2 Triacylgylcerides 

 

TAGs were quantified using the targeted LC-MS/MS method TAG 1 and a concentration curve 

(Section 2.4.2.3). A students t test (two-tailed, unequal variance) used to determine if 

concentration in NPHSII samples differed significantly from concentration in fresh samples (n 

= 10). None of the TAG species measured were up- or downregulated in NPHSII plasma 

compared to control. Several polyunsaturated species such as TAG(52:2), TAG(54:3) and 

TAG(54:4) trended towards being lower in NPHSII, however these did not reach significance 

(Figure 4.7).  

 

4.3 Discussion 

 

The NPHSII cohort kindly donated 99 genotyped plasma samples from participants 

homozygous for APOE ε2, APOE ε3 (to be used as control) and APOE ε4. I plan to analyse the 

global plasma lipidome of APOE homozygotes, as this is a novel investigation of a common 

genetic risk factor for LOAD (Corder et al., 1994, Corder et al., 1993). Before analysis, it was 

important to determine if lipids in NPHSII samples had altered during 20 years storage at – 70 

 Cͦ. I compared 10 randomly chosen samples from the NPHSII cohort with 10 freshly drawn 

plasma samples taken from healthy volunteers. First, I found that TICs do not differ either 

visually or statistically between NPHSII and fresh plasma (Figure 4.1, Figure 4.2).  

 

While most endogenous lipids are present at similar levels in NPHSII and fresh plasma, GPL 

and oxPL data suggests one of two scenarios (Figure 4.3 – 4.5). Firstly, oxidation of some 

polyunsaturated lipids may have taken place during storage, which could hide differences in 

oxidised lipids in NPHSII plasma. Secondly, the demographics of the participants is different, 

in that the fresh samples originate from mixed gender subjects, aged 20 to 40, whilst NPHSII 

samples originate from males aged 40-60. Age is associated with markers of lipid peroxidation 

in blood, therefore plasma from an older demographic may be expected to contain fewer 

polyunsaturates and more oxidised species (Sanderson et al., 1995). Also, peaks in the region 

of 10 – 17 minutes which are higher in NPHSII plasma samples are not uniformly elevated in 

all NPHSII samples (Figures 4.1 and 4.2). Thus, whilst lipids which increased in intensity in 
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NPHSII plasma could originate solely from storage, participant demographics could also be 

responsible. The endogenous lipid panel was used to identify which lipid classes were 

increased in NPHSII plasma. 3 of the 17 endogenous species (18 % of total) detected were 

significantly changed between the groups (Figure 4.3, Figure 4.4), which was a higher 

proportion than previously reported (Zivkovic et al., 2009). However, that study was an 

investigation of the same plasma over multiple timepoints, whilst in this chapter the fresh 

and NPHSII plasma come from different donor pools. The higher proportion of changed lipids 

between groups probably reflects differences in the plasma donors, however, the effect of 

gender and age on the global lipidomic plasma profile is unknown in this instance.  

 

 My data indicate that whilst some oxidation of polyunsaturated species occurred, long-term 

storage of plasma does not significantly affect abundance of the majority of CE and TAG 

species (Figure 4.6, Figure 4.7). This is in accordance with literature reporting no change in 

total cholesterol or TAGs (Nanjee and Miller, 1990). It was reassuring to determine that CEs 

and TAGs are not altered between the fresh and NPHSII plasma, especially considering that 

the fresh samples were not taken from a participant pool of the same age and gender as the 

NPHSII samples. Both age and gender were previously shown to affect both total cholesterol 

and total triglycerides in an investigation of 2,987 Danish citizens (Heitmann, 1992). 

Therefore, trends towards significance in some TAGs may be due to differences in participant 

demographics. Quantification of CE and TAG species in the NPHSII plasma revealed a similar 

range of concentrations to previous studies, providing confidence in our method of 

quantification (Table 4.3, Table 4.4) (Quehenberger et al., 2010). CE(18:0) was the least 

abundant and CE(18:2) the most abundant CE species in both datasets (Table 4.3). CEs ranged 

in concentration in NPHSII samples from 33 – 4266 µM, compared to a range from 59 – 1820 

µM. CE(20:4) was significantly higher in NPHSII samples and could be easily oxidised due to 

its polyunsaturated nature. However, the wider range of quantified CEs in fresh samples 

could, as previously discussed, represent more diversity in the participants.  

 

Cohort plasma is often used as an experimental material, however, there have been relatively 

few studies investigating the long-term storage of plasma lipids. Also, many studies which use 

long-term stored plasma have not compared cohort plasma with fresh. For example, in 2017, 

four plasma lipids were found to be an accurate predictor of early stage lung carcinoma, with  
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Tables 4.2 and 4.3:  Cholesterol, cholesterol esters (CE) and triglycerides (TAG) measurements fall 
in the same range as measurements by Quehenberger et al., 2010. Table 4.2: CEs measured by 
targeted assay using LC-MS/MS and quantified against a curve of known concentrations (n = 10, 10 
and 3 for fresh, NPHSII and Quehenberger respectively). Table 4.3: TAGs measured by targeted 
assay using LC-MS and quantified against a curve of known concentrations (n = 10, 10 and 3 for 
fresh, NPHSII and Quehenberger respectively).  
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80.08 % accuracy, 78.7 % sensitivity and 69.4 % specificity (Yu et al., 2017). Plasma samples 

were collected between 2004 and 2010 and stored at – 80 ° C, making them 7 – 13 years old 

at time of analysis. No comparison with fresh plasma was presented. The four lipids which 

gave the best prediction of early stage lung carcinoma were LPE(18:1), PE(40:4e), CE(18:2) 

and SM(22:0). My data demonstrates that long chain polyunsaturates such as PE(40:4e) 

decrease during storage. I suggest that it would therefore be important in this case to 

compare the mean time that control and cancer samples spent in storage to determine if this 

differed between the two groups. In summary, many research centres have long-term stored 

plasma, which may contain important biological insights. Before analysis of any long-term 

stored sample, I would recommend an investigation of storage conditions and a quality 

control test.  

 

4.4 Conclusions 

 

In conclusion, here, I conducted a lipidomic comparison between fresh and stored NPHSII 

plasma, using the global method and also using a series of targeted assays.  My analysis 

revealed selected alterations in lipid levels. However, as (i) control and risk-SNP samples from 

NPHSII have been in storage for approximately the same amount of time, (ii) age and gender 

differences may account for the small increase in oxidised lipids and (iii) most lipid classes 

analysed are not are not significantly different, I conclude that NPHSII samples are not too 

degraded for lipidomic analysis.   
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Chapter 5: Global lipidomic analysis of APOE homozygote plasma reveals a 

dysregulated sphingolipidome in APOE 22 

 

5.1 Introduction 

 

As discussed in Chapter 1, APOE alleles are associated with changes in risk of LOAD and the 

apoE protein plays a key role in lipid transport and metabolism. Previous investigations of the 

lipidomics of APOE alleles have measured total cholesterol and TGs rather than individual lipid 

molecular species levels. These reports have found that plasma cholesterol is lower when at 

least one ε2 allele is present and higher with one or two ε4 alleles (Sing and Davignon, 1985). 

Furthermore, total TGs are higher in plasma of APOE ε2 and ε4 carriers when compared to 

APOE 33 (Dallongeville et al., 1992).  

 

However, there are large numbers of individual molecular species in plasma, including CEs 

and TAGs (Quehenberger et al., 2010). Therefore, measures of total cholesterol and TAGs do 

not provide full information on the many molecular species present in plasma. Advances in 

LC/MS now allow all lipids within a sample to be profiled in a targeted or untargeted manner, 

facilitating the detection of lipidomic changes occurring across genotypes or during disease 

(Oresic et al., 2008). Indeed, many lipid species have now been identified and targeted 

lipidomic profiling of plasma using LC/MS/MS quantified over 500 quantifiable species, which 

fell into six LIPID MAPS categories (fatty acyls (FAs), glycerolipids (GLs), glycerophospholipids 

(GPs), prenol lipids (PRs), sphingolipids (SPs) and sterol lipids (SLs)) (Quehenberger et al., 

2010). Lipoproteins are lipid-protein complexes which regulate fat distribution between the 

intestines, various tissues and the liver, and are composed of phospholipids, cholesterol, CEs, 

TGs and SPs (Skipski et al., 1967, Hidaka et al., 2007). Ultracentrifugation only separates 

lipoproteins from plasma after 2 hours at 172,000 g, whilst NPHSII samples were centrifuged 

at 724 g for a total of 20 mins (Wilcox et al., 1971). Therefore, lipoproteins will be present in 

the NPHSII plasma. Circulating lipids can act as biological signalling mediators, for example, 

leukotriene B4, platelet activating factor (PAF) and steroid hormones (Ford-Hutchinson et al., 

1980, Jagels and Hugli, 1992, Ghayee and Auchus, 2007). As lipids play roles in homeostasis 

and are altered in various disorders, lipidomic profiling could aid disease diagnosis. For 
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example, LC/MS of plasma or serum can separate LOAD and lung cancer patients from healthy 

controls (Proitsi et al., 2015, Yu et al., 2017).  

 

Here, I analysed the global lipidome of homozygotes for the 3 common APOE alleles by LC/MS, 

in an attempt to identify lipids which alter risk of LOAD. Plasma samples from APOE ε2, ε3 

and ε4 homozygotes were provided by the NPHSII cohort (Miller et al., 1995), and chosen as 

discussed previously (Section 2.2.2). APOE33 plasma was used as control throughout this 

chapter as this is the most common allele.  

 

5.1.1 Aims and hypotheses 

 

To my knowledge, there has been no untargeted LC-MS analysis of human plasma from 

participants homozygous for all three APOE alleles.  Therefore, the effect of APOE allele on 

lipid categories and individual species in the human is yet to be elucidated.  

 

My aims were as follows: 

• To profile the global lipidome of APOE 22, control and APOE 44 participants.  

• To investigate which lipid species and categories differ the most between APOE alleles.  

 

The null hypothesis is the presence of APOE ε2 or APOE ε4 will not affect levels of either lipid 

categories or individual lipid species in human plasma.  
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5.2 Results 

 

5.2.1 Global LC-MS methods suggest that over 10 % of lipid species decrease in APOE 22 plasma 

compared to APOE 33 controls. 

 

5.2.1.1 Levels of SPs, unknown species and GLs are lower in APOE 22 plasma than control 

 

I analysed the lipidome of APOE 22 and control plasma (n = 22) using untargeted high-

resolution LC/MS (Section 2.4.1), and the XCMS-LipidFinder workflow (Section 2.5.2). This is 

a semi-quantitative method, thus fold change (FC) for all lipids identified was calculated as 

signal intensity (cps) in APOE 22 divided by signal intensity in control, using means for each 

genotype. m/z values were compared to the LIPID MAPS curated database. If a match was 

found then lipid category was assigned, whereas if multiple matches were found then the 

lipid was designated as the category with the most m/z matches. Lipids were allocated 

identifiers made up of m/z, RT and lipid category. In some cases, putative identifications (IDs) 

were made, based on accurate mass and match to an in-house built RT repository. This 

database contains lipids and their RTs which have previously been identified via the 

untargeted LC-MS/MS method (Section 2.4.1). It is important to note that IDs in this Chapter 

were assigned only on accurate m/z and RT and as such cannot be considered validated using 

this approach.  

 

Some lipid signals were removed from the dataset during analysis as they were present in less 

than 66.6 % of all samples, however, none of these were present in only one genotype. A total 

of 1,591 lipids were detected in APOE 22 and control plasma, and all of these were present in 

plasma from both genotypes. Of these, 33 lipids were assigned as fatty acyls, 91 as GLs, 281 

as GPs, 6 as PRs, 133 as SPs and 22 as sterol lipids (Table 5.1). The remaining 1,025 lipids were 

designated as unknowns, since they are absent from the LIPID MAPS database. 197 of the 

1,591 lipids detected were significantly altered in APOE 22 when compared using a students 

two-tailed t test, with most of these being decreased. A Benjamini-Hochberg (BH) correction 

was used to correct for multiple tests (Section 2.5.7). Briefly, lipids were ordered by rank and 

rank was divided by the total number of lipids then multiplied by the chosen false discovery  
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Lipids from 6 LIPID MAPS categories were found in APOE 22 and control plasma 

 Total % total* Significant 
Sig. after 

BHC† 

%  of cat. 

sig.‡ 

All lipids 1591  197 86  

Fatty acyls 33 2.1 1 0 3.0 

Glycerolipids 91 5.7 0 0 0.0 

Glycerophospholipids 281 17.7 15 3 5.3 

Prenol lipids 6 0.4 0 0 0.0 

Sphingolipids 133 8.4 34 15 11.2 

Sterol lipids 22 1.4 1 0 0 

Unknown‡ 1025 64.4 145 68 6.6 
 

Table 5.1:  Lipids from 6 LIPID MAPS categories were found in APOE 22 and control 
plasma. *Number of lipids in each class as a percentage of the total number. †Number of 
lipids significantly changed (p < 0.05, two-tailed students t test) between APOE 22 and 
control as a percentage of all lipids in that category. ‡ Percentage of lipids significant after 
BH correction. N = 22/39 for APOE 22/control respectively.   
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Figure 5.1: Plasma lipids in APOE 22 and control participants, separated by LC/MS, cluster 
according to lipid category. A scatter plot of lipids in APOE 22 and control plasma, separated by RT 
(x axis) and m/z (y axis).  Each point represents one lipid and is coloured according to lipid category. 
Lipids within the same category behave in a similar manner when separated by LC/MS. For example, 
glycerolipids (red oval) all fall between RT 40 – 55 and m/z 500 – 100. Arrows indicate some outliers, 
i.e. lipids which did not fall within the expected m/z and RT windows, and are also coloured 
according to lipid category. ‘Stacks’ in the data, made up of adducts, are presented by black lines. 

Plot made in RStudio.  
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rate (FDR). A FDR value of 0.1 was chosen as a higher FDR may cause false negatives to occur 

and 0.05 is too low an FDR for most experiments. After the BH correction, 86 lipids were still 

significant (P < 0.05), of which 3 were GPs, 15 were SPs and the remainder were unknown.  

 

All lipids in the dataset are visualised in a scatter plot, separated by m/z and RT and coloured 

by lipid category (Figure 5.1). Lipids putatively identified as being from the same category 

tend to cluster together along both axes. Most fatty acyls eluted between 10-23 min and with 

m/z 253-490. Some additional fatty acyls which eluted at RT 50-55 are most likely in source 

fragments of larger lipids, for example GPs, which eluted concurrently. GLs eluted between 

40-55 min and m/z 551-935. GPs eluted between 22-55 min and m/z 678-913, as well as 

between 10-18 min and m/z 454-570. Those eluting earlier were smaller m/z and 

predominantly lysoPLs. There were few PRs, and these eluted between 45 – 50 min and m/z 

527-885. SPs eluted between 22 – 52 min and m/z 536-994. Sterol lipids eluted from the LC 

column in two groups, the first between 19-34 min and m/z 369-465 and the second between 

48-53 min and m/z 853-895. Lastly, over 50 % of lipids were not present in the LIPID MAPS 

dataset, and so were classified as unknowns. Unknown species are present throughout the LC 

separation and across a wide m/z range.  

 

Volcano plots visualise lipids by log2(FC) and -log10(p value). Each point represents a lipid and 

is coloured according to the assigned category (Figure 5.2 A). All lipids below zero on the x-

axis are decreased in APOE 22 plasma compared to control and conversely, all lipids above 

zero are increased in APOE 22. Most lipids of all categories fall below zero because they are 

reduced in abundance in APOE 22. Significance was calculated using a student’s two-tailed t 

test and lipids with the most significance belong to the unknown, GP and SP categories. 

Unknown lipids appear most frequently above the 1.3 y-axis mark (equivalent to p < 0.05), 

furthermore the largest FC are within the unknown category (Figure 5.2 B).  

 

Thirty-four putatively identified SPs (25.5 % of total number of SPs) are significantly lower in 

the APOE 22 group when testing using a students t test (Table 5.2), the largest percentage 

changes for any lipid category. After the BH procedure, 15 SLs from four subclasses maintain 

significance. Fifteen GPs are  significantly reduced in APOE 22, with 8 of these being PCs which  
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Figure 5.2: Volcano plots demonstrate lower 
lipid levels in APOE 22 compared to control. 
A. Each plot contains one lipid category, with 
the log(2) of the fold change (APOE 
22/control) on the x axis and log(10) p value 
on the y axis. Everything above the grey 
dashed line has a p value < 0.05. B. A 
combined volcano plot with all lipid 
categories, coloured as in A.  
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Table 5.2:  Putative identification suggests circulating sphingolipids are downregulated in APOE 
22. *As determined by the LIPID MAPS lipid classification system (Fahy, 2005, Fahy, 2009). Lipids 
putatively identified using accurate mass to four decimal places and the LIPID MAPS curated 
database. Last column denotes which lipids are still significantly different after the Benjamini-
Hochberg procedure to correct for multiple comparisons, which takes into account a chosen FDR 
(in this case 0.1).  
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tended overall to be unsaturated. These included lipids putatively identified as 

PC(34:1p)/(34:2e), PC(34:2), PC(34:1), PC(34:0p)/(34:1e), PC(36:3), PC(36:4), PC(32:2) and 

PC(34:3). Two highly unsaturated PE species are also reduced in APOE 22, as well as 2 PIs and 

3 PSs. PC(36:1p), PC(34:2e), PC(34:0p) and PC(34:1e) are ether phospholipids, which are split 

into two subclasses, ethers (e) and plasmalogens (p). PC(34:1p)/(34:2e) has been identified 

as such because plasmalogens and ethers cannot be distinguished by this method and the 

m/z  values for these two lipids match exactly. The two PEs which are significantly reduced, 

PE(40:8) and PE(36:3p)/(36:4e), are also either polyunsaturated or ether lipids. Only three 

GPs, PC(34:1p)/(34:2e), PE(40:8) and PI(38:4), remained significant after the BH correction.  

 

PS(36:1), PS(38:1) and PS(40:1) are also significantly reduced. GPs with early RTs and lower 

m/z values were postulated to be lysoPLs, and m/z values matched both lysoPL m/z entries in 

the LIPID MAPS curated database and RT values in the in-house built database. Thirty-one 

lipids were putatively identified as lysoPCs and 15 as lysoPEs, and levels are not differentially 

regulated by APOE allele. Overall, these data suggest SPs and GPs (but not lysoPL) are 

downregulated in APOE 22.  

 

One sterol lipid (4.5 % of total) is reduced in APOE 22, although it was no longer significant 

after BH correction. Finally, no GLs or PRs differed between alleles. As total cholesterol and 

TAGs are lower in APOE 22 when measured using enzymatic methods, it was unexpected that 

sterol lipids and GLs are not reduced in this untargeted analysis (Table 1.1). This may result 

from the semi-quantitative nature of the global analysis, or be because species are being 

analysed separately, whilst total enzymatic measures includes all TAG or sterol species. Thus, 

to quantify individual GLs and PRs, ands inform on chain length and saturation, I will analyse 

TAGs, cholesterol and CEs using targeted methods.  

 

Several unknowns are also significantly different using a t test, specifically 145 (14.2 % of 

total), of which 142 are significantly decreased in APOE 22 while 3 are significantly increased. 

After BH correction, 67 unknowns are significantly decreased in APOE 22 compared to control, 

and 1 is increased.  
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Figure 5.3: 30 of 40 lipids chosen by effect size were putatively identified as unknowns. Lipids with 
the highest effect size in the global lipidomics comparison of APOE 22 and control plasma were 
visualised in a heatmap. The putative lipid identifier is on the x axis and sample genotype is along 
the y axis.  Species coloured according to a normalised scale from a score of 1 and the highest 
sample intensity (red), to 0 and the lowest sample intensity (blue). Lipids which increased in control 
samples are clustered together (green box), as are those which decreased in control (black box). P 
value calculated using a students t test (two-tailed, unequal variance). * p value < 0.05. ** p value 
< 0.01. *** p value < 0.001 
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5.2.1.2 Lipid profiles can be used to differentiate APOE 22 and control samples with 80 % 

sensitivity 

 

Effect size for lipids was calculated and a panel of 40 lipids was chosen, the 20 most 

upregulated in APOE 22 and the 20 most downregulated in APOE 22. 33 of the high effect size 

lipids are unknowns, 3 are SPs, 2 are fatty acyls and 2 are GPs.  These species were used to 

produce a heatmap in RStudio (Figure 5.3). Lipids cluster into two groups, which are made up 

of those which decreased in APOE 22 (grey box) and those which increased (black box). Many 

lipids were significant using a two-tailed t test.  Lipids reduced in APOE 22 are more 

significantly altered than lipids increased in APOE 22. There are 5 clusters of lipids which 

contain putatively identified lipids and unknowns. 

 

PCA and PLS-DA are used to simplify complicated multi-level datasets (Pearson, 1901, Worley 

and Powers, 2013). Here, PCA and PLS-DA were used to determine whether APOE alleles can 

be separated using lipid abundance in the 40-lipid panel (Figure 5.4A). PCA (Figure 5.4B) and 

PLS-DA (Figure 5.4C) were produced in SIMCA using this lipid panel. The PCA scores plot 

(Figure 5.4B left panel) demonstrates that alleles are partially separated, and this is reflected 

in the loadings plot (Figure 5.4B right panel), which contains three clusters of lipids. The left 

cluster is lower in APOE 22 and right clusters are higher in APOE 22. Loadings plots for both 

PCA and PLS-DA models demonstrate the contribution of each lipid to variation, with a higher 

PC score on the loadings plot indicating that an individual lipid was more different in APOE 

22. Positively correlated lipids are grouped, whereas highly negatively correlated lipids sit 

diagonally opposite. In the supervised PLS-DA method, APOE allele was the group ID inputted. 

The PLS-DA, which is optimised to separate alleles better, demonstrates that a supervised 

algorithm can separate APOE alleles based on the 40-lipid panel (Figure 5.4 C left panel). Lipids 

which are higher in APOE 22 are clustered on the left of the plot, and lipids which were lower 

in APOE 22 are on the right. The same 40 lipids as chosen for heatmaps, PCA and PLS-DA were 

used for ROC analysis to determine if an algorithm could correctly assign individual samples 

to genotype (Figure 5.5).  ROC analysis can separate APOE 22 from control with 80 % accuracy.  
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Figure 5.4: PCA and PLS-DA of the 40 lipids with the highest effect size in APOE 22 and control 
plasma. A. The 40 lipid panel (red) represented by volcano plot. B After a PCA, the variation between 
samples was represented as PC1 against PC2 in the scores plot on the left, while the loadings plot 
on the right visualises how much variation each individual species conferred to the dataset. C. 
Scores and loadings plots after a PLS-DA (a supervised algorithm).  Models produced using SIMCA.  
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Figure 5.5: A ROC analysis demonstrates that a 40 lipid panel can separate APOE 22 and control 
samples with 80 % accuracy. A. A ROC curve comparing whether samples could be correctly 
assigned to a genotype using the 40 lipid panel previously mentioned. B. A misclassification table 
for the above ROC analysis.  
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5.2.2 High resolution LC/MS analysis of the global lipidome revealed few differences between 

APOE 44 and control plasma  

 

5.2.2.1 Lipid profile of APOE 44 plasma is similar to that of control  

 

Using the same untargeted LC/MS approach as used to analyse the APOE 22 dataset, and the 

XCMS-LipidFinder workflow (Section 2.4.1 and Section 2.5.2), I compared the lipidome of 

APOE 44 and control plasma (n = 39). I found a total of 2,527 lipids in the APOE 44 and control 

datasets (Table 5.3). Lipids eluted from the LC column as before, grouped with others of the 

same category (Figure 5.6). None of the lipids removed from the dataset were present in only 

one genotype. Fold change (FC) was calculated as signal intensity (cps) in APOE 44 divided by 

signal intensity in control. Using the LIPID MAPS curated database and our in-house built 

database, 39 lipids were putatively assigned to as fatty acyls, 130 as GLs, 364 as GPs, 9 as PRs, 

173 as SPs, 25 as sterol lipids and 1,787 as unknown (Table 5.3). More lipids are assigned to 

each category than in the previous dataset, but this is proportional to the larger number of 

lipids found.  

 

Compared with the APOE 22 dataset, far fewer significantly different lipids were detected. 

Only 10 lipids are significantly decreased in APOE 44 plasma versus control (Table 5.2), with 2 

being GPs (0.6 % of total GPs) and 8 being unknowns (0.5 % of total unknowns). None were 

significantly increased. After BH correction, none of these lipids maintained significance.  

 

Volcano plots demonstrate the small fold changes and sparsity of significantly different lipids 

in all categories in the APOE 44 and control comparison (Figure 5.7A). The most significant 

species are unknowns and GPs, similarly to the APOE 22 dataset (Figure 5.7B).  

 

5.2.2.3 A selection of significantly different lipids can be used to separate APOE 44 and control 

samples with 100 % accuracy  

 

A 40-lipid panel was chosen, as described previously (Section 6.1.2.1). These lipids are 

represented in a heatmap (Figure 5.8). 30 of these were unknowns, 5 were GPs, 1 was a GL,  
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Lipids from 6 LIPID MAPS categories were found in APOE 44 and control plasma 

 Total % of total* Significant 
Sig. after 

BHC† 

%  of cat. 

sig.‡ 

All lipids 2527 
 

10 0 
 

Fatty acyls 39 1.5 0 0 0.0 

Glycerolipids 130 5.1 0 0 0.0 

Glycerophospholipids 364 14.4 2 0 0.5 

Prenol lipids 9 0.4 0 0 0.0 

Sphingolipids 173 6.8 0 0 0.0 

Sterol lipids 25 1.0 0 0 0.0 

Unknown‡ 1787 70.7 8 0 0.4 

Table 5.3: Lipids from 6 LIPID MAPS categories were found in APOE 44 and control plasma. *Number 
of lipids in each class as a percentage of the total number. †Number of lipids significantly changed (p 
< 0.05, students two-tailed t test) between APOE 44 and control as a percentage of all lipids in that 
category. ‡ Percentage of category significant after BH correction. N = 39. 
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Figure 5.6: Plasma lipids in APOE 44 and control participants, separated by LC/MS, cluster according 
to lipid category.  Lipids separated by RT (x axis) and m/z (y axis). Each point represents one lipid and 
is coloured according to lipid category. Lipids within the same category elute in groups when separated 
by LC/MS. Arrows indicate some outliers.  
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Figure 5.7 Volcano plots comparing lipids in 
APOE 44 and control plasma. A. Each plot 
contains one lipid category, with the log(2) 
of the fold change (APOE 44/control) on the 
x axis and log(10) p value on the y axis. 
Everything above the blue dashed line has a 
p value < 0.05. B. A combined volcano plot 
with all lipid categories, coloured as in A.  
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Figure 5.8: 30 of 40 
lipids chosen by 
effect size were 

putatively 
identified as 

unknowns. Lipids 
with the highest 
effect size in the 
global lipidomics 

comparison of 
APOE 44 and 

control plasma 
were visualised in a 

heatmap. The 
putative lipid 

identifier is on the x 
axis and sample 

genotype is along 
the y axis.  Species 
coloured according 

to a normalised 
scale from a score 

of 1 and the highest 
sample intensity 

(red), to 0 and the 
lowest sample 

intensity (blue). 
Lipids which 
decreased in 

control samples are 
not all clustered 
together (black) 

box). P value 
calculated using 
students t test 

(two-tailed, 
unequal variance). 
* p value < 0.05. 

** p value < 0.01. 
*** p value < 0.001. 
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Figure 5.9: PCA and PLS-DA of the 40 lipids with the highest effect size in APOE 44 and control plasma. A. The 
40 lipid panel (red) represented by volcano plot. B After a PCA, the variation between samples was represented 
as PC1 against PC2 in the scores plot on the left, while the loadings plot on the right visualises how much variation 
each individual species conferred to the dataset. C. Scores and loadings plots after a PLS-DA (a supervised 
algorithm).  Models produced using SIMCA.  
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2 were sterol lipids and 2 were SPs. Lipids cluster in two groups, identified lipids are spread in 

both groups with unknowns rather than clustered with others from the same category. Also, 

lipids which differ significantly are not clustered together, suggesting that they are produced 

by more than one pathway. Heterogeneity within alleles is larger than between alleles, i.e. 

there is no visible allele difference but samples with each allele vary.   

 

PCA, PLS-DA and ROC analysis were performed as before (Section 6.1.2.1), using the 40-lipid 

panel as described (Figure 5.9A). PCA of the panel (Figure 5.9B left panel), produced in the 

same manner as previously, partially separates alleles and the PCA loadings plot 

demonstrates two clusters of lipids (Figure 5.9B right panel). PLS-DA improves separation of 

the alleles (Figure 5.9C left panel). The PLS-DA loadings plot contains two clusters of lipids 

(Figure 5.9C right panel), which are well separated and represent lipids either reduced (left 

cluster) or increased in APOE 44 (right cluster). ROC analysis of the 40-lipid panel can separate 

lipids into either APOE 44 or control groups with 86 % sensitivity (Figure 5.10).  

 

None of the lipids which differed significantly in APOE 44 versus control were assigned a 

species ID as none of the RTs fell within assigned windows on the RT database (Table 5.2), 

however, two lipids were designated as GPs by m/z. The two GPs found matched several LIPID 

MAPS database entries. The closest database match for 

748.5254/31.32/glycerophospholipids was PG(34:0) and as expected RT for PG(34:0) is similar 

to that seen, I have putatively identified this lipid as PG(34:0). The closest m/z match for 

746.5119/30.91/glycerophospholipids was 746.5098, which matched the mass of the lipids 

LBPA(16:1(9Z)/18:1(9Z)) and PG(34:2). Whilst LBPA has been widely described in endosomes, 

it was not found in exosomes using MS and is unlikely to be present in plasma (Wubbolts et 

al., 2003). Therefore, this lipid was putatively identified as PG(34:2).  
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Figure 5.10: A ROC curve demonstrates that a 40-lipid panel can separate APOE 44 and control samples with 
86 % accuracy. A. A ROC curve comparing whether samples could be correctly assigned to a genotype using the 
40-lipid panel previously mentioned. B. A misclassification table for the above analysis.  
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5.2.2.2 A retention time shift when comparing APOE 22 and APOE 44 datasets was due to batch 

processing 

 

I expected that many lipids measured in APOE 22 would also be found in APOE 44, especially 

as in both datasets, the same lipids are measured in risk and control samples. However, only 

1,591 lipids are found in the APOE 22 dataset, and 2,527 in the APOE 44 dataset. I compared 

species names assigned across the APOE 22/control and APOE 44/control datasets to 

determine how many lipids were identified in both datasets. Only 104 identical species IDs 

were present in both datasets. To account for differences in measured RT and m/z between 

the two datasets, I truncated the m/z value to 2 decimal places and the RT value to mins and 

combined these two values with the category to give another ID for each lipid (trunc-ID). For  

example 399.2959/43.07/unknown became 399.29/43/unknown. A comparison of both 

datasets using trunc-ID revealed 255 matches between the APOE 22 and 44 datasets. This was 

a much lower number of matches than expected. Measurement of m/z using the Orbitrap 

Elite is very accurate and mass accuracy is checked in every sample using lipid standards, so 

RT is the factor which is more likely to have changed. To determine if a RT shift between APOE 

22 and 44 datasets prevented comparison using trunc-ID, I compared 25 species between the 

two. Firstly, I searched by accurate mass. Then I excluded any species with more than one ion 

with the same mass, to ensure I was comparing the same species rather than isomers. This 

left 16 lipids (Table 5.4), for each I recorded RT in both datasets, then calculated the RT 

difference. RT difference ranged from 0.8 min to 1.69 min, i.e. there was an ‘RT shift’ towards 

later RTs in the APOE 44 dataset. Smaller RT differences occurred earlier on in the analysis 

and later lipids have a larger RT difference. Differences of almost 1 min in retention time, such 

as those seen in the APOE 22 and APOE 44 datasets, are enough to prevent matching by trunc-

ID.  

 

Several factors within the MS method could cause an RT shift between datasets. For example, 

the two datasets were analysed several months apart, using different HPLC columns and 

different batches of mobile phase. Also, a column pocket, as used in the global method, does 

not regulate temperature as effectively as a column oven and therefore, environmental 

temperature changes could cause a RT shift. To conclude, earlier RTs in the APOE 44 dataset  
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RT comparison for lipids found in APOE 22 and APOE 44 datasets 

Lipid Mode 
RT APOE 22 

dataset (min) 

RT APOE 44 

dataset (min) 
RT difference (min) 

Arachidonic acid - 16.54 15.68 0.86 

cis-9-palmitoleic acid - 16.27 15.36 0.91 

Coenzyme-Q10 + 50.81 50.69 0.12 

hexCER(34:2) + 30.01 28.53 1.48 

hexCER(40:1) - 47.72 46.54 1.18 

LPC(14:0) + 11.3 10.5 0.8 

LPC(16:0) - 13.99 13.07 0.92 

LPE(18:2) + 12.82 12.06 0.76 

PA(36:2) + 38.25 37.05 1.2 

PI(38:4) - 30.02 28.32 1.7 

PI(40:6) - 29.09 27.4 1.69 

PS(36:0) - 32.14 30.5 1.64 

SMpe(44:3) + 36.94 35.73 1.21 

TG(36:0) + 48.16 47.63 0.53 

γ-linolenic acid - 15.23 14.4 0.83 
 

Table 5.4: Lipid retention times in APOE 22 and APOE 44 datasets. Retention times (RT) were taken 
from both datasets, where only one ion of the correct mass was present in either positive and 
negative mode. Mode column demonstrates which mode lipids were measured in. RT difference = 
RT in APOE 22 dataset minus RT in APOE 44 dataset.  
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Intensity comparison of lipids found in APOE 22 and APOE 44 datasets 

Lipid Mode 
Intensity APOE 22 

dataset (cps) 

Intensity APOE 44 

dataset (cps) 
FC† 

Arachidonic acid - 5.73E+06 8.38E+06 0.68*** 

cis-9-palmitoleic acid - 6.83E+06 6.02E+06 1.13 

Coenzyme-Q10 + 4.07E+06 5.89E+06 0.69*** 

hexCER(34:2) + 2.40E+06 2.20E+06 1.09 

hexCER(40:1) - 4.09E+06 2.96E+06 1.39** 

LPC(14:0) + 7.64E+06 6.52E+06 1.17 

LPC(16:0) - 1.71E+07 2.17E+07 0.79** 

LPE(18:2) + 4.91E+06 4.68E+06 1.05 

PA(36:2) + 2.45E+06 2.29E+06 1.07 

PI(38:4) - 2.13E+07 3.59E+07 0.59*** 

PI(40:6) - 1.71E+06 2.30E+06 0.74** 

PS(36:0) - 5.08E+06 5.39E+06 0.94 

SMpe(44:3) + 2.70E+06 3.99E+06 0.68*** 

TG(36:0) + 4.21E+06 3.91E+06 1.08 

γ-linolenic acid - 3.93E+06 3.65E+06 1.08 
 

Table 5.5: Intensity of endogenous lipids in each dataset. † FC calculated as mean intensity in APOE 22 dataset 
divided by mean intensity in APOE 44 dataset. Mean intensity for each lipid across the whole dataset was 
calculated for both datasets, where only one ion of the correct mass was present in a particular mode. Intensity 
measured in counts per second (cps). * p value < 0.05. ** p value < 0.01. *** p value < 0.001. 
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are preventing a thorough comparison of the APOE 22 and 44 datasets, and lipids which elute 

later in the analysis are disproportionally affected.  

 

To determine why fewer lipids were detected in the APOE 22 dataset, I compared the mean 

intensity value for the 16 species used for the RT comparison in both APOE 22 and 44 datasets 

(Table 5.5). To statistically compare the two datasets, I performed a students t test (two-

tailed, unequal variance) for each lipid by comparing the lipid intensity (cps) between all 

samples in either dataset. Out of the 16 species tested, 6 were present at significantly lower 

intensity in the APOE 22 dataset, whilst 1 was significantly increased. The APOE 22 dataset 

does have lower levels of some lipids, which could have caused lower abundance lipids to be 

removed during data analysis either during background removal or at the low abundance cut 

off. I manually checked Lipidfinder output files, which revealed that no lipids were removed 

during the low abundance cut off in the APOE 22 dataset. Thus, sensitivity of the MS must 

have been lower during the analysis of the APOE 22 dataset, possibly due to contamination 

within the MS.  

 

To investigate this, I compared TICs of 5 control samples analysed in both datasets. In negative 

mode, APOE 22 and APOE 44 TICs are similar (Table 5.6). However, in positive mode, TICs are 

significantly lower in APOE 22. A loss of some species due to low sensitivity in positive mode 

could explain both why fewer species were recorded in the APOE 22 dataset, and why only 

some species were present at lower abundance when comparing the datasets.  

 

5.3 Discussion 

 

5.3.1 A comparison of APOE 22 and control plasma demonstrates a possible downregulation 

of SPs, GLs and PRs in APOE 22 plasma 

 

LC/MS and Lipidfinder analysis putatively identified a significant downregulation of 197 lipids 

in APOE 22 homozygote plasma (P < 0.05), 86 of which maintained significance after BH 

correction (Table 5.1). These lipids included SPs, GLs and PRs (Table 5.2, Figure 5.3). 

Comparatively, just 10, mostly unknown, lipids differ in APOE 44 plasma, and none maintain  
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Table 5.6 A & B. Tables compare intensity of the same 5 control samples in the APOE 22 and APOE 
44 datasets. TIC = total ion count, which is the sum of all the ions measured in an analysis. NEG = 
negative mode analysis on the Orbitrap Elite. POS = positive mode analysis on the Orbitrap Elite. P 
value calculated using a students two-tailed t test, assuming unequal variance.   
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significance after BH correction (Table 5.2). The APOE 44 dataset contains a larger number of 

lipids, and possible grounds for this were discussed (Section 5.2.2.2). To determine if MS 

sensitivity was lower in one analysis, I compared TICs and intensities of some endogenous 

species, and this analysis revealed lower sensitivity in the positive mode MS analysis of the 

APOE 22 dataset (Table 5.5, Table 5.6A & B). Multivariate analysis can separate both 22 and 

44 plasma samples from control (Figure 5.4, Figure 5.5, Figure 5.9, Figure 5.10). 

 

5.3.1.1 Global lipidomic analysis putatively identified a reduction in SPs, unknown lipids and GPs 

in APOE 22 plasma 

 

Herein, a global untargeted analysis of the plasma lipidome from APOE 22 and control 

participants demonstrated 1,591 lipids, several of which were significantly lower in APOE 22 

plasma than in control (n = 21) (Table 5.1).  Current estimates of the total number of lipids in 

plasma vary widely, and the true number is still not clear. For example, a recent investigation 

of biomarkers of type 2 diabetes mellitus using global lipidomic methods claimed to have 

measured 11,077 circulating lipids (Zhong et al., 2017). In contrast, other untargeted LC/MS 

approaches have found 390, 277 and 3,579 plasma lipids, respectively (Yu et al., 2017, 

Suvitaival et al., 2018, Cai et al., 2014). I suggest the variation in these estimates of total 

circulating lipids can be explained by the methodology. For example, Yu et al., who described 

390 species, did not separate lipids before analysis using LC, instead all lipids entered the MS 

in a single injection. This can cause massive underestimation for two reasons. First, the mass 

detector of the mass spectrometer can be flooded by higher abundance lipids, preventing 

lower abundance species from being measured (ion suppression). Second, this method does 

not allow the resolution of isobaric lipids with the same m/z but different fatty acyl chain 

lengths. Suvitaival et al., reported 277 lipids using LC/MS, however, there are several reasons 

why the number of lipids recorded is smaller than other studies. The single stage 

chloroform:methanol extraction used in that study could be expected to recover fewer lipids 

than the modified double extraction used in my work. Also, only 10 µL of serum was extracted, 

meaning low abundance lipids would not be measurable, and finally, targeted methods did 

not analysis unknown lipids (which made up half of my datasets). In another study, 3,579 

lipids were detected in plasma, following a double stage extraction and LC/MS (Cai et al., 
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2014). However, in that study, no adduct, isotope or background removal steps were detailed 

in the methods, meaning that many lipids measured could be isotopes, adducts or 

background ions. I postulate that treatment of this data with the XCMS-Lipidfinder workflow 

would result in fewer lipids as the isotope, adduct and background ions will be removed. This 

would significantly clean up the dataset. Lastly, a recent LC/MS/MS study of plasma 

demonstrated 11,077 lipids (Zhong et al., 2017), but as in Cai et al., 2014, no post-acquisition 

data removal or minimum intensity thresholds were described. Thus, this is likely a significant 

overestimation since isotopes, adducts and background ions will not have been removed. The 

LipidFinder approach is designed to minimise false identification of lipids through extensive 

data clean up, however, there are also caveats using this approach. First, a minimum intensity 

threshold in the XCMS-Lipidfinder flow, adopted to remove low intensity species with high 

coefficient of variation, may remove some low abundance species from the APOE datasets. 

To conclude, the vastly differing numbers of lipids found in published studies of the global 

plasma lipidome are likely to be explained by differences in methodology and post-acquisition 

data treatment. The data presented in this chapter, combined with the literature evidence, 

suggest that human plasma contains several thousand circulating lipids, although current 

estimates may still be inherently inaccurate due to methodological limitations outlined above.  

How APOE alleles regulate circulating lipids is unknown, and this is the first LC/MS analysis 

comparing APOE homozygote plasma. APOE acts as a stabilising protein for lipoprotein 

particles, as well as interacting with lipids and receptors such as the APOE receptor and LDLR. 

The various APOE protein isoforms differ in quaternary structure, which affects receptor and 

lipid binding ability (Section 1.2.1). Briefly, the apoE 2 protein has lower binding affinity for 

the LDLR, preventing the efficient internalisation of low-density lipoproteins (LDLs) 

(Weisgraber et al., 1982). This reduces the entry of lipids into the cell through the LDLR, and, 

intuitively, would increase circulating lipids. TAGs are increased in the plasma of humans and 

mice who carry APOE 2, due to the reduction in lipolysis of lipoproteins through the LDLR 

(Dallongeville et al., 1992, Huang et al., 1998). However, in NPHSII samples, several lipid 

categories (SPs, GLs, unknown) are lower in the presence of APOE 2. This is the first 

demonstration of downregulation of these lipids in APOE 22 plasma.  
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Figure 5.11: Ceramide and ceramide metabolites are reduced in APOE 22 plasma compared to 
control. Figure adapted from KEGG pathway ‘Sphingolipid metabolism’ (Kanehisa and Goto, 2000, 
Kanehisa et al., 2016, Kanehisa et al., 2017).  Arrows indicate a possible metabolic conversion of 
one species to another. This may be reversible (double arrow) or irreversible (single arrow). Species 
in orange were identified as being downregulated in APOE 22, whilst blue species were not 
significantly altered between APOE alleles. ? = glucosyl ceramides and galactosylceramides cannot 
be differentiated using global analysis. Enzymes are noted where lipids downregulated in APOE 22 
are either products or substrates. B4GALT6 = beta-1,4-galactosyltransferase 6, lacZ =  beta-
galactosidase, UGCG = ceramide glucosyltransferase, GBA = glycosylceramide, DEGS = sphingolipid 
4-desaturase/C4-monooxygenase, NonE = non-enzymatic, CGT = ceramide galactosyltransferase, 
GALC = galactosylceramide, GLA = alpha-galactosidase, SMase = sphingomyelin phosphodiesterase, 
SGMS = sphingomyelin synthase, CDCP = ceramide cholinephosphotransferase, NEU1 = sialidase-1, 
CERK = ceramide kinase, PLPP = phosphatidate phosphatase, SGPP1 = sphingosine-1-phosphate 1, 
CERS = ceramide synthase, ACER = alkaline ceramidase.  



143 
 

5.3.1.2 LC/MS putatively identifies downregulation of some SPs and GPs in APOE 22 plasma   

 

Global lipidomic analysis by LC/MS, followed by putative identification of lipids, suggested 

that the plasma sphingolipidome is downregulated in APOE 22 compared to control (Figure 

5.3), implying an association between APOE allele and SP production, metabolism or 

trafficking. SL metabolism is well defined (Figure 5.11) with all SLs containing a sphingoid base, 

sphingosine, which may be acylated with fatty acids to form ceramide. Other SLs, for example 

SM, glucosylceramide (GlcCer) and galactosylceramides (GalCer) are produced by the 

replacement of hydrogen atoms on ceramide with head groups. Sphingosine is 

phosphorylated by sphingosine kinase to form sphingosine-1-phosphate. Sphingomyelins 

have a wide range of biological roles, including the maintenance of cell membrane dynamics 

(Lahiri and Futerman, 2007, Silva et al., 2007). It is worth noting that all species altered are 

either ceramides or can be produced from ceramide metabolism (Figure 5.11).  

 

Circulating SLs originate from many sources, with targeted LC/MS of plasma demonstrating a 

total of 204 molecular species of these lipids (Quehenberger et al., 2010). For example, 

studies of abetalipoproteinemia patients and microsomal triglyceride transfer protein (MTP) 

KO mice suggest that MTP facilitates sphingomyelin and ceramide transport from hepatocytes 

into the blood by attaching these lipids to apoB-containing lipoproteins, which are then 

secreted (Iqbal et al., 2015). Sphingomyelin makes up about 10 % of the total lipid content of 

microparticles, which are derived from platelets and other blood cells (Hu et al., 2016). Cell-

derived sphingomyelin can be exported through ABCA1, ABCA7 or ABCG1 (Quazi and Molday, 

2013, Wang et al., 2003, Kobayashi et al., 2006). Furthermore, in cell culture, the presence of 

apoA-1 induces sphingomyelin release (Schifferer et al., 2007). Sphingosine-1-phosphate is 

released from cells including platelets, erythrocytes, leukocytes and vascular endothelial cells 

(Yatomi et al., 2001, Hänel et al., 2007, Książek et al., 2015). The origin of glycosphingolipids 

like glucosylceramides and galactosylceramides in plasma is unknown (Iqbal et al., 2017).  

 

SP decreases in APOE 22 allele plasma could be related to the role of apoE as a lipid 

transporter, apoE 2 binds to the LDLR with less than 2 % efficiency of the other alleles (Corder 

et al., 1994). Circulating SM and ceramide associate with VLDL, sphingosine-1-phosphate 

associates with HDL and ceramides and dehydrosphingosines with LDL (Ng et al., 2015, 
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Hammad et al., 2010). Lipids carried on lipoproteins which associate with the LDLR, i.e, SM, 

ceramide and dehydrosphingosines, would intuitively be upregulated in APOE 22 

homozygotes as APOE 2 could reduce trafficking of these lipids into cells via the LDLR. 

However, this would be expected to raise SP level, in contrast with my findings. It has been 

suggested that the total amount of SP modulating enzymes is changed in LOAD, for example, 

sphingomyelinase and acid ceramidase (AC) expression are upregulated in brain samples from 

LOAD patients (He et al., 2010). I postulate that these enzymes could be downregulated in 

the protective APOE 2 allele. To investigate this further, SP findings are being validated using 

targeted methods, and if confirmed, in a second plasma cohort. After this, cell culture or 

animal models could be used to evaluate the effect of APOE allele on the production of both 

SP and SP modulating enzymes.  

 

Plasma SP measurements are of interest as lipidomics has implicated SPs as circulating 

biomarkers of LOAD. Specifically, increased serum sphingomyelins and ceramides C16:0, 

C18:0, C22:0, C24:0, C24:1, stearoyl and sulfatide were associated with an increased risk of 

healthy participants developing cognitive impairment over nine years (Mielke et al., 2010). 

However, the same study found that these lipids were significantly decreased in participants 

with baseline cognitive impairment, together suggesting that SLs are increased in plasma 

before disease but lower or are downregulated once disease has begun. SLs could therefore 

be a useful biomarker of AD disease staging. In line with this, higher levels of ceramide C16:0, 

C18:0, C20:0, C22:0, C24:0 and the monohexosylceramides C16:0, C20:0 and C24:0 were 

associated with impending cognitive impairment in one study (Mielke et al., 2013). 

Contrastingly, plasma ceramides C16:0, C18:1, C20:0 and monohexosylceramides C18:1 and 

C24:1 were increased in patients with AD and Dementia with Lewy bodies (Savica et al., 2016), 

which is in direct opposition to the previously stated study suggesting that SLs decrease once 

disease has started. However, most studies on brain and plasma are in accordance that SPs 

are increased in LOAD. This is consistent with my findings that the APOE 22 participants, who 

are at a lower risk of developing AD, also had lower plasma ceramide and 

monohexosylceramide. One ceramide species and 8 monohexoceramides are significantly 

lower in APOE 22 plasma, and two of these monohexoceramides maintain significance after 

the BH procedure. To conclude, APOE 22 plasma displays a SP profile which would be 

considered  by  the  above  studies  as  low  risk  of  developing  LOAD   in  the   future.  Lower  
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Figure 5.12: Sphingomyelins which are significantly reduced in APOE 22 plasma. Significance using students two-tailed t 
test (unequal variance) is designated by asterisks, which are coloured red if the lipid maintained significance after BH 
correction. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Error bars represent SEM. 
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ceramides in APOE 22 could be protective against neurodegeneration if SPs are indeed 

implicated in neurodegeneration (Han et al., 2002a, Cutler et al., 2004, He et al., 2010). Many 

of the species which are significantly lower in APOE 22 plasma have recognised biological 

functions or are metabolites of each other, and this is discussed below. 22 sphingomyelin 

(SM) species were significantly reduced in APOE 22 (Figure 5.12). As ceramides were not 

increased, this is unlikely to be explained by upregulated conversion of sphingomyelin into 

ceramide. 

 

A lipid putatively identified as ceramide phosphoethanolamine (43:1) (PE-Cer(43:1)) is 

significantly lower in APOE 22 compared to control and maintained significance after BH 

correction (Figure 5.12). PE-Cer is produced from ceramide, catalysed by ceramide 

phosphoethanolamine synthase (SMSr) in two steps, (i) addition of the PE headgroup to 

ceramide and (ii) elongation of the fatty acid chains by methylation (Malgat et al., 1986). Thus, 

lower PE-Cer in APOE 22 could be a result of a reduced pool of circulating total ceramide. 

However, only one ceramide species is lower in APOE 22 plasma, which was not significant 

after BH correction and has a different putatively identified chain length. This indicates that 

lower PE-Cer is not caused by a lower pool of ceramide, and as PE-Cer is produced non-

enzymatically, this reduction in PE-Cer cannot be caused by an alteration in enzyme levels.  

 

CER(40:7) was putatively identified as reduced in APOE 22 plasma, although this did not 

maintain significance after BH correction (Figure 5.12). Ceramides are biologically active 

species, for example, ceramides act as activators of autophagy (Okazaki et al., 1998), maintain 

homeostasis via regulation of cell membrane fluidity (Pinto et al., 2013) and in membranes, 

form gel domains with one to three palmitoyl-sphingomyelin species, around which liquid-

ordered phase domains called lipid rafts then form (Silva et al., 2007). Lipid rafts may play a 

role in stabilising signalling molecules in the same region. Lipid rafts may be important in 

LOAD pathology as APP processing on lipid rafts is more amyloidogenic than in non-ordered 

membrane regions (Ehehalt et al., 2003). Therefore, if circulating ceramide is representative 

of brain ceramide content and ceramide induces lipid rafts to form on cell membranes, higher 

ceramides in plasma could indicate amyloid pathology is more likely to form. 
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Figure 5.13: Ceramide and hexylceramides which are significantly reduced in APOE 22 plasma. A 
Ceramide which is significantly reduced in APOE 22 plasma. B. Hexylceramides which are 
significantly reduced in APOE 22 plasma. Significance using students two-tailed t test (unequal 
variance) is designated by asterisks, which are coloured red if the lipid maintained significance after 
BH correction. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Error bars represent SEM. 
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Figure 5.14: Sphingolipids with multiple putative identifications, which are significantly reduced in APOE 22 plasma. 
Significance using students two-tailed t test (unequal variance) is designated by asterisks, which are coloured red if the lipid 
maintained significance after BH correction. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Error bars represent SEM. 
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Two of the putatively identified hexylceramides species remained significant after BH 

correction, and function of these lipids is currently unknown (Figure 5.13). Lastly, two species 

which matched multiple SP entries in LIPID MAPS retained significance after BH correction 

and I aim to identify these in targeted SP analyses (Figure 5.14).  

 

SP dysregulation is biologically relevant since these lipids can be potent bioactive mediators 

which can influence a variety of processes such as cell growth, differentiation and 

proliferation, apoptosis or necrosis (Lahiri and Futerman, 2007). Approximately 10 % of brain 

lipids are SPs, which are a major constituent of the myelin sheath, and SP metabolism is 

important in maintaining brain function. Changes in SP content within the brain have been 

documented in LOAD, for example, in areas of neurodegeneration there are reductions in 

sulfatide, sphingomyelin and sphingosine-1-phosphate, and increased ceramides and 

sphingosine (Han et al., 2002b, He et al., 2010). It is unknown if these alterations in LOAD 

brain would be reflected in plasma. Changes in enzyme activity could be expected to occur 

throughout the body, however much of the variation in SP content in LOAD is brain region-

specific, which indicates that global alterations in enzyme activity are not to blame. Therefore, 

unless the BBB is compromised, plasma SPs most likely do not reflect variation in SPs in the 

brain.  

 

It is not known if higher ceramides in the brain in LOAD are a causal factor in cognitive deficit 

or a by-product of another pathological process, such as the activation of autophagy 

pathways by ceramide. Possible breakdown of the BBB early on in LOAD provides direct 

passage for lipids from the CNS to the peripheral circulation (Sweeney et al., 2018). However, 

it is not possible in most cases to distinguish from which tissue a particular lipid has originated, 

with the exception of lipids which are only produced in specific locations. Thus, future plasma 

biomarkers of CNS disease could be directly sourced from the brain or be lipids which are 

sourced in the periphery and are representative of changes within the brain. This work is the 

first such analysis of APOE plasma and as such, no direct comparison can be made between 

LOAD samples and low-risk APOE homozygotes. However, SP changes in APOE 22 plasma are 

opposed to alterations seen in LOAD brain and as such, may be indicative of a low-LOAD-risk 

environment. Targeted analysis of SL species in APOE alleles by LC/MS/MS is required to 
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validate SLs in APOE 22, due to the biological relevance of SLs and putative nature of lipid 

identifications provided by the global analysis. 

 

Most lipids found in the APOE 22 dataset do not match an m/z in the LIPID MAPS database, 

and so were designated as unknowns. Fourteen percent of these are significantly decreased 

in APOE 22 plasma compared to control after BH correction. Although some unknowns may 

be artefacts of the extraction or data analysis, these data suggest that over half of lipid species 

present in plasma have yet to be identified. Characterisation of unknown lipids by LC/MS/MS 

could determine structure and identify biologically relevant species.  

 

Some GPs were reduced in APOE 22 plasma versus controls. GPs putatively identified as 

reduced in APOE 22 tended to be plasmalogens or ethers, which were high in polyunsaturated 

fatty acids and  represented all four GP head groups. Plasmalogens are synthesised in the liver 

and travel to tissues in lipoproteins in the circulation (Vance, 1990), where they are 

distributed through tissues. Three GPs, PC(34:1p)/(34:2e), PE(40:8), PI(38:4), maintained 

significance after BH correction, a PC, a PE, a PI and a PS. It should be noted that some PC and 

PE species are isobaric and identifications have been assigned based on m/z and RT. The RT 

shift seen between the two datasets could therefore affect identifications, which will have to 

be confirmed using LC/MS/MS.  

 

PLs are produced by the Kennedy pathway and modified by the Land’s cycle, but there is no 

known link between APOE alleles and dysfunction in either of these pathways. Land’s cycle 

disruptions have, however, been described in the brain of 2 murine AD models (Granger et 

al., 2018). Absolute amounts of lyso-PCs, lyso-PAF and PAF were lowered in mice with 

cognitive deficits, regardless of age, and an age-dependant accumulation of PAF took place in 

brain tissue. Determination of plasma PL species by LC-MS/MS would allow the definitive 

identification of lipids and a network analysis to take place to determine if Land’s cycle 

enzyme activity is affected by APOE allele status.  

 

Palmitoleic acid was significantly elevated between APOE 22 and controls in the NPHSII 

dataset (Quehenberger et al., 2010, Abdelmagid et al., 2015). This lipid makes up a large 

proportion of the fatty acids present in PLs in the brain, liver, and other tissues (Abbott et al., 
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2012) and can come from dietary sources or be synthesised from the elongation of malonyl-

CoA, a citrate derivative. Recent work suggests palmitoleic acid reduces inflammatory 

markers in patients with ulcerative colitis, which is an inflammatory bowel disorder (Bueno-

Hernández et al., 2017). Inflammatory markers are increased in Alzheimer’s disease. If 

peripheral inflammation has a causative effect in LOAD, reduction of inflammatory markers 

via cis-9-palmitoleic acid could be beneficial. However, any benefit may be outweighed by 

liver pathology as cis-9-palmitoleic acid stimulates fatty acid accumulation and liver steatosis 

(Cao et al., 2008, Guo et al., 2012).  

 

Lower levels of some lipids, including TGs (which fall into the GL category) and cholesterol 

(sterol lipids) are associated with a lower risk of developing CVD and APOE 22 homozygotes 

have a reduced risk of developing CVD (Hokanson and Austin, 1996, Luc et al., 1994). A meta-

analysis of 45 investigations observed that APOE 22 homozygotes have lower plasma 

cholesterol but higher TGs (Dallongeville et al., 1992). Also, measurements taken at time of 

blood collection suggest that total cholesterol is significantly reduced in NPHSII APOE 22 

samples. Therefore, it was unexpected that in the NPHSII data only a single sterol lipid, and 

no glycerolipids, were significantly different in APOE 22. However, this result may be an 

artefact of the small sample size. To investigate this further, I will extract plasma lipids from 

APOE 22, control and APOE 44 and quantify cholesterol, CEs and TGs using targeted 

LC/MS/MS.  

 

5.3.1.3 APOE 22 samples can be separated from control using PLS-DA and a ROC analysis 

 

Alleles were separated by PCA and PLS-DA, as well as the ROC analysis, indicating again that 

lipids can be used as biomarkers to separate patient samples. This is in agreement with several 

other studies which used lipid panels to distinguish between disease and control samples, or 

determine disease progression (Björkqvist et al., 2012, Chatterjee et al., 2016, Liu et al., 2016, 

Floegel et al., 2018, Mielke et al., 2010, Suvitaival et al., 2018) . In the future, lipid panels could 

be used either for diagnosis or patient stratification.  
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Most lipids with the highest effect size were unknowns. Some of these clustered with 

putatively identified lipids (Figure 5.6), suggesting that they may belong to the same lipid 

category. The heatmap visually demonstrates which lipids have the highest effect size (blue 

box). These unknowns and SPs deserve further research as they may be of biological 

importance. Both univariate and multivariate analyses identify unknown lipids and SPLs as 

the categories which differ the most between alleles.  

 

5.3.2 Global lipidomic analysis of APOE 44 plasma revealed similarities with control 

 

Traditionally, APOE 44 is associated with higher cholesterol and TGs, however my global 

analysis did not confirm this pattern in these samples (Sing and Davignon, 1985, Dallongeville 

et al., 1992). To investigate this further, CEs and TGs will be quantified via a targeted 

LC/MS/MS analysis. Global analysis revealed very few changes in lipid levels when comparing 

APOE 44 plasma to control. PG(32:4) was putatively identified in both APOE 44 and control 

plasma. PGs could be present in plasma due to platelet contamination or the presence of 

platelet-derived microparticles, as both of these contain minimal amounts of PG (Hu et al., 

2016).   

 

The heatmap of the 40-lipid panel reveals that many of the lipids with the highest effect size 

are unknown. These data suggest that over 50 % of the lipidome is yet to be described, and 

that some of these lipid levels are regulated by APOE isoform. APOE 44 and control samples 

could be separated by PCA, PLS-DA and ROC analysis, demonstrating that lipids can be used 

as biomarkers to stratify samples with multivariate methods. Stratification is possible, and 

effective, even when few or no  significant differences between groups are present. Also, all 

species which differed significantly in ANOVA were selected for the heatmap. Therefore, both 

t tests and multivariate analysis identified the same lipids as conferring the largest difference 

between alleles. 

 

The APOE 22 and APOE 44 datasets were analysed several months apart, and it is likely that 

the larger number of lipids found in the APOE 44 dataset was caused by increased sensitivity 

of the instrument during analysis of my samples. This could be a result of there being lower 
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background noise due to a reduction in contaminants either in the MS system or in the 

solvents and is discussed later (Section 6.3.2.2).  

 

Differences in RTs and MS sensitivity in the 2 datasets prevented batches from being 

combined into one analysis and there was no direct comparison between APOE 22 and APOE 

44 homozygotes. Both groups were compared only to control samples and PCA and PLS-DA 

of all alleles was not possible. This prevented unknown lipids from being compared based on 

mass and RT. Both alleles demonstrated interesting results when compared to their 

respective controls, however, any further analysis of APOE alleles would need to be 

performed as one experiment to prevent batch effects (Section 6.2.2.2).  

 

5.4 Conclusions 

 

SPs, GPs and unknown lipids are lower in APOE 22 plasma and some maintained significance 

after BH correction. This suggests specific changes to SP and GP content of plasma, dependent 

on APOE allele and possibly due to the role of apoE in lipid transport. However, these are only 

putative identifications and it is essential to carefully validate identifications by MS/MS. Given 

the changes I observed for both SL and GPs in the APOE group, I would also like to carry out 

targeted analysis of those lipids to validate my global lipidomics findings, but this is beyond 

the scope of my current project. Many of the lipids which were the most significant, had the 

highest FC or largest effect size were unknowns, stressing the importance of further profiling 

of the lipidome. Identification of some species, which appeared to derive from several 

categories, could reveal novel bioactive lipids.  
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Chapter 6: Quantitative analysis of cholesterol, cholesterol esters and 

triglycerides in APOE homozygote plasma reveals lower lipid levels in APOE 22 

and APOE 44 

 

6.1 Introduction 

 

Circulating levels of total triglycerides (TAGs) and total cholesterol are currently used as risk 

assessment measures for CVD alongside blood pressure, and several studies have suggested 

that these may also be altered in LOAD (Ramdane and Daoudi-Gueddah, 2011, Presećki et al., 

2011, Nägga et al., 2018). Also, LC-MS/MS analysis of plasma suggests that individual CE 

species may be altered in LOAD (Proitsi et al., 2015). 

 

 The principal genetic component for LOAD is APOE, with the ε4 allele raising risk and the  ε2 

allele lowering it (Corder et al., 1993, Corder et al., 1994). The APOE gene product, apoE, is a 

lipid transport protein which plays an important role in lipid metabolism and the presence of 

APOE ε2, ε3 or ε4 has also been found to be associated with altered circulating total 

cholesterol and TAGs (Sing and Davignon, 1985, Dallongeville et al., 1992, Maxwell et al., 

2013). To elucidate the relationship between APOE and individual CE and TAG species, I 

quantified free cholesterol and CEs in the NPHSII samples using LC-MS/MS, comparing APOE 

22 and 44 against control (APOE 33) samples. I also measured TAGs in plasma using a Q1 

method.  

 

When NPHSII samples were collected, total cholesterol and TAGs were quantified, and total 

cholesterol and TAGs for the subset of NPHSII analysed in this chapter are in Table 6.1 (Cooper 

et al., 2005). The methods used measure only total cholesterol and TAGs and do not give any 

information on individual molecular species. My results from Chapter 5, together with the 

total cholesterol and TAG measurements at time of collection, suggest that cholesterol and 

CEs are significantly reduced in APOE 22 compared to control (Table 6.1). These data may 

have biological significance as individual CE species have been associated with LOAD (Proitsi 

et al., 2015). Thus, a targeted LC-MS/MS analysis of cholesterol, CEs and TAGs will be  
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Genotype n 
Total cholesterol mmol 

(mean ± SD) 
Total triglycerides mmol 

(mean ± SD) 

Control 39 6.02 ± 0.96 1.91 ± 1.17 

APOE 22 21 5.08 ± 0.99*** 2.15 ± 0.99 

APOE 44 37 5.69 ± 0.85 2.08 ± 1.39 
 

Table 6.1. Total cholesterol and triglyceride measurements taken from NPHSII samples at time of 
collection and made using enzymatic methods.  Measurements taken from work by Cooper et al., 
2005.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



156 
 

undertaken, and then compared with my data from the global analysis.  The LC-MS/MS 

methods used in this Chapter (Section 2.1.3.3 and Section 2.1.3.5) allow the quantification of 

48 molecular species (cholesterol, 11 CEs and 36 TAGs). Methods were developed from those 

used to analyse the data in Chapter 4 (Section 2.1.3.2 and Section 2.1.3.4). Methods used in 

Chapter 4 were optimised, including the addition of heat at the electrospray source, and more 

lipids were monitored.  

 

6.1.1 Aims and hypothesis 

 

The effect of APOE allele on circulating cholesterol and individual CEs and TAGs is unknown.  

 

Therefore, my aims were as follows: 

• To measure 48 circulating cholesterol, CE and TAG species in plasma from 

homozygotes for APOE ε22, ε33 (control) and ε44 using in-house-made LC-MS/MS 

methods. 

• To determine if APOE allele is associated with patterns in CE and TAG chain length or 

saturation. 

The null hypothesis states that APOE 22 and APOE 44 will not be associated with an increase 

or decrease in cholesterol or any individual CE or TAG species.  

  

6.2 Results 

 

6.2.1 Cholesterol and cholesterol esters were lower in APOE 22 and APO4 44 plasma 

compared to control 

 

APOE 22 (n = 22), APOE 33 (n = 39) and APOE 44 (n = 39) samples from the NPHSII cohort, 

chosen as described earlier (Section 2.2.2), were spiked with CE and TAG internal standards 

(Section 2.1.5.3) and extracted (Section 2.3.1). Amounts of cholesterol, and individual CE and 

TAG species were quantified in the lipid extracts using a targeted LC-MS/MS method (Section  
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Figure 6.1: Tukey boxplots of quantified cholesterol and cholesterol esters in plasma from control, 
APOE 22 and APOE 44 participants. Species were quantified using LC/MS (Materials and methods 
2.5.2.2). P values calculated using a two-way ANOVA with Tukey correction for multiple 
comparisons (n = 22, 39 and 39 for APOE 22, control and APOE 44, respectively). Lower fence of 
boxplots represent the data point which is the lowest value greater than the 25th percentile minus 
1.5 times the IQR. The upper fence represents the data point which is the greatest value lower than 
the 75th percentile pus 1.5 times the IQR.  
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2.4.2.2). Cholesterol and 10 CEs are significantly decreased in APOE 22 compared to control 

(Figure 6.1), mirroring the results from the enzymatic analysis (Table 6.1) (Cooper et al., 2005). 

All of these species, as well as CE(18:0), were significantly lower in APOE 44 compared to 

control. None of the species quantified reached significance when comparing APOE 22 and 

APOE 44. Control samples had a larger range than either APOE 22 or APOE 44, demonstrating 

that levels of cholesterol and CEs varied more between individuals in the control group than 

in either APOE 22 or 44.  Most species were present at lowest abundance in APOE 44, followed 

by APOE 22 and were at highest abundance in control samples.  

 

6.2.2 Most TAGs are unaltered between APOE alleles  

 

Lipid extracts were prepared as for the cholesterol and CE analysis, then 36 individual TAG 

species were quantified using targeted LC-MS/MS (Section 2.4.2.4). Most of the TAGs 

measured were not significantly altered between alleles. These unaltered TAGs are 

TAG(44:0), TAG(46:0), TAG(48:1), TAG(48:2), TAG(50:2), TAG(52:2), TAG(52:3), TAG(52:4), 

TAG(52:5), TAG(54:1), TAG(54:2), TAG(54:3), TAG(54:4), TAG(54:5), TAG(54:6), TAG(56:2), 

TAG(56:3), TAG(56:4), TAG(56:5) and TAG(56:6). Four of the triglycerides quantified 

(TAG(48:0), TAG(50:0), TAG(50:1), TAG(52:1)) are significantly increased in APOE 22 

compared to control and APOE 44. Two TAGs (TAG(50:3) and TAG(50:4)) are significantly 

lower in APOE 44 than control (Figure 6.2). None of the TAGs measured achieved significance 

when comparing APOE 22 with 44 plasma samples. Several TAG species (TAG(32:0), 

TAG(34:0), TAG(36:0), TAG(38:0), TAG(40:0), TAG(42:0), TAG(52:0), TAG(54:0), TAG(56:0), 

TAG(56:1)) did not have enough data points to produce boxplots or do statistical analysis. 

TAG(34:0) and TAG(38:0) are present in order of abundance: APOE 22 < APOE 44 < control. 

TAG(36:0), TAG(40:0) and TAG(42:0) are present in order of abundance: APOE 22 < control < 

APOE 44. TAG(52:0), TAG(54:0), and TAG(56:1) are present at abundance: control < APOE 22 

< APOE 44. TAG(32:0) was found only in some control and APOE 44 samples and TAG(56:0) 

was found only in one control sample. To conclude, a few TAG species did differ between 

control and either APOE 22 or APOE 44 but most TAGs were unaltered between alleles.  
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Figure 6.2: Tukey boxplots of quantified triglycerides in plasma from control, APOE 22 and APOE 44 
participants. Species were quantified using LC/MS (Materials and methods 2.5.2.4 ). P values calculated using a 
two-way ANOVA with Tukey correction for multiple comparisons (n = 22, 39 and 39 for APOE 22, control and 
APOE 44, respectively). Lower fence of boxplots represent the data point which is the lowest value greater than 
the 25th percentile minus 1.5 times the IQR. The upper fence represents the data point which is the greatest 

value lower than the 75
th

 percentile pus 1.5 times the IQR.  
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Figure 6.2 cont.: Tukey boxplots of quantified triglycerides in plasma from control, APOE 22 and 
APOE 44 participants. Species were quantified using LC/MS (Materials and methods 2.5.2.4). ). P 
values calculated using a two-way ANOVA with Tukey correction for multiple comparisons (n = 22, 
39 and 39 for APOE 22, control and APOE 44, respectively). Lower fence of boxplots represent the 
data point which is the lowest value greater than the 25th percentile minus 1.5 times the IQR. The 
upper fence represents the data point which is the greatest value lower than the 75th percentile pus 
1.5 times the IQR.  
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6.2.3 TAG species cluster according to saturation 

 

CE and TAG data was normalised to log10 and heatmaps of CE and TAG data were made in 

RStudio. The heatmap of the CE data demonstrates that cholesterol and CEs are higher in 

control plasma, however lipids do not cluster according to saturation or chain length (Figure 

6.3A). The most and least abundant species do not change between genotypes, and the 

pattern of abundance is similar to control (Figure 6.3B). However, APOE 22 contains more 

CE(16:1) is than CE(20:4). Also, APOE 44 contains more CE(18:3) than cholesterol. TAGs are 

clustered along the x axis according to saturation, as most polyunsaturated TAGs are 

clustered, whilst all saturated TAGs cluster with a few polyunsaturates (Figure 6.4A). It is 

worth noting that the range of the TAGs data was smaller than CEs, and therefore the 

heatmap scale is smaller.   

 

6.2.4 Global and targeted methods of lipid profiling provide similar fold changes for some 

individual lipids 

 

Fold change (FC) for lipids measured in both global and targeted analyses was compared to 

determine if the global and targeted methods gave similar results. For simplicity, I compared 

FC values for APOE 22 and control samples only. In the global data FC is calculated as signal 

intensity in APOE 22 divided by signal intensity in control samples. In the targeted data, FC is 

calculated as amount of lipid in APOE 22 divided by amount in control. Several CE and TAG 

species were measured in both global and targeted analyses, these species were used for this 

comparison. Global and targeted methods demonstrated the same trends for two of the three 

CE species measured in both analyses, i.e. lipids were either increased in APOE 22 in both 

analyses or decreased in APOE 22 in both analyses. However, CE(16:0) had a FC of 2.29 in 

global analysis and just 0.72 in the targeted analysis. Patterns of lipid abundance were similar, 

for example, in both analyses CEs were measured in order of abundance CE(18:0) > CE(18:2) 

>  CE(20:4). Whilst CE(18:0) is the most abundant sterol measured using targeted methods, it 

was not found in global analysis during optimisation or analysis of NPHSII samples (Chapter 

5). The reason for this discrepancy is unknown. Most TAGs are unchanged when using global  
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Figure 6.3: Quantified free cholesterol and CEs from control, APOE 22 and APOE 44 participants. A. Cholesterol 

and CEs across the three alleles were quantified using LC/MS/MS and absolute amount normalised by log
10 

Cholesterol and CEs across the three alleles. B. Cholesterol and CE species in order of abundance, from most to 
least abundant.  
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Figure 6.4: Heatmaps representing quantified TAGs in plasma from control, APOE 22 and APOE 44 participants. 

Species were quantified using LC/MS/MS and absolute amount normalised by log
10

. TAGs across the three 
alleles. Polyusaturated species cluster on the left (green box), and saturated TAGs cluster with some 
polyunsaturates on the right (grey box). n = 22, 39 and 39 for APOE 22, control and APOE 44, respectively.   

 



164 
 

 

 
Figure 6.4. continued: Heatmaps representing quantified cholesterol, CEs and TAGs in plasma from control, 
APOE 22 and APOE 44 participants. Species were quantified using LC/MS/MS and absolute amount normalised 
to a scale of -1 to 1.  B. TAGs in order of abundance in control, APOE 22 and APOE 44 plasma.  
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or targeted methods. TAGs in global and targeted analyses could not be compared by order 

of abundance as several species were identified more than once in the global analysis, 

probably due to the presence of positional isomers.  

 

6.3 Discussion 

 

6.3.1 Cholesterol and CEs are lower in APOE 22 and APOE 44 compared to control 

 

Lower cholesterol and CEs in APOE 22 were suggested by the enzymatic total cholesterol 

measurement taken at time of sample collection (Table 6.1), however LC-MS/MS analysis in 

this Chapter revealed that cholesterol and CEs are decreased in both APOE 22 and 44 plasma 

compared to control. This is not in accordance with the literature on total cholesterol, which 

tends to associate APOE 22 with decreased circulating cholesterol, whilst ε4 is associated with 

increased cholesterol (Dallongeville et al., 1992, Sing and Davignon, 1985, Boulenouar et al., 

2013). I considered the fasting, or non-fasting state of the participants in the NPHSII cohort, 

and other studies mentioned previously. NPHSII plasma was drawn from non-fasting 

participants, whilst other studies used fasted plasma or did not state whether participants 

had fasted (Miller et al., 1996, Sing and Davignon, 1985, Boulenouar et al., 2013, Dallongeville 

et al., 1992). APOE allele may affect how quickly dietary fats are cleared from circulation, 

however, studies disagree as to if the presence of APOE ε2 slows postprandial lipid 

metabolism, or if APOE ε4 is associated with faster metabolism (Weintraub et al., 1987, 

Bergeron and Havel, 1996). Slower postprandial lipid clearance could cause higher lipids in 

non-fasting APOE 22 plasma; however this offers no explanation for why cholesterol and CEs 

are not increased in APOE 44.  

 

The reason for this disparity between the literature and my data may be the levels of total 

cholesterol in the control samples. A normal cholesterol level is considered to be below 5 

mmol. Also, a study of another set of NPHSII plasma samples found that there was an average 

cholesterol of 5.69 mmol/L in males with no current or future CVD and 6.05 mmol/L  in males 

who went on to have CVD (Cooper et al., 2005). In the subset of the NPHSII samples I analysed, 

average total (enzymatic) cholesterol was 6.02 mmol/L , which is higher than considered 
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normal and much closer to the CVD group than the control group in Cooper et al., 2005. The 

randomly chosen control samples have high total cholesterol, which is likely why cholesterol 

and CEs measured by LC-MS/MS in NPHSII samples are not higher in APOE 44 than control. 

The small sample size may have contributed, as cholesterol levels in the control group do not 

accurately represent the wider APOE 33 population.  

 

 

In the CNS, cholesterol is produced solely by de novo synthesis and lipoproteins carrying 

cholesterol are blocked from exchange with the periphery by the blood brain barrier (Ballabh 

et al., 2004). However, cholesterol can be transported out of the CNS as 24S-

hydroxycholesterol, and this makes up a significant proportion of circulating 24-

hydroxycholesterol (Lütjohann et al., 1996, Björkhem et al., 1998). In fact, plasma 24S-

hydroxycholesterol is increased in LOAD (Zuliani et al., 2011). I would like to compare levels 

of this lipid across APOE alleles in the NPHSII data.  

 

To summarise, studying NPHSII plasma using targeted LC-MS/MS methods demonstrates that 

APOE 22 plasma is associated with lower CEs but APOE 44 plasma is not associated with high 

CEs. This disparity between my data and the literature may be due to the high total 

cholesterol nature of the NPHSII samples.   

 

6.3.2 TAGs are not altered between APOE alleles 

 

Most TAGs (22 out of 27 in total) are unchanged between APOE alleles in NPHSII data. This 

was not unexpected as enzymatic total TAG measures made at time of collection for this 

particular set of samples did not demonstrate any differences (Figure 6.1). However, this is 

not in agreement with the literature, for example, a meta-analysis which re-analysed data 

from 38 studies suggested that all APOE allele combinations tested (22, 23, 34, 44) have higher 

total TAG than control (Dallongeville et al., 1992). As discussed above (Section 6.3.1), APOE 

allele could alter the speed of postprandial lipid metabolism, however, neither APOE 22 nor 

APOE 44 affect speed of clearance of postprandial TAGs (Weintraub et al., 1987, Brown and 

Roberts, 1991, Boerwinkle et al., 1994, Bergeron and Havel, 1996). Therefore, I postulate that, 
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as with cholesterol and CEs, the smaller sample size of the subset of NPHSII samples analysed 

may explain why TAGs are not increased in APOE 44.  

 

Heatmaps demonstrate TAG clustering according to carbon chain saturation (Figure 6.3). 

Clustering of TAGs according to saturation could reflect the hydrolysis and re-esterification of 

dietary lipids. Some dietary fats are hydrolysed by luminal and gastric lipases to form DAGs 

(Hamosh and Scow, 1973, Schønheyder and Volqvartz, 1946). In the intestinal lumen, 

pancreatic lipase completes hydrolysis of TAGs and DAGs into MAGs, which are actively or 

passively transported  into enterocytes (Mansbach and Gorelick, 2007). Here, fatty acyls, 

sourced from digested TAGs and other lipids, are esterified back into TAGs (Mattson and 

Volpenhein, 1964). Saturated and polyunsaturated species come from different dietary 

sources, for example, polyunsaturated fatty acids are present at highest quantities in food 

like meat, fish and dairy (Meyer et al., 2003). Therefore, TAG clustering could reflect meal 

content and the subsequent esterification of fatty acyls into TAGs in the enterocytes, as high 

fat meals might be expected to produce clusters of more saturated lipids. TAG species found 

in only some samples are low (< μM) abundance species and may have been present below 

the level of detection of the mass spectrometer in some samples. 

 

6.3.4 Global and targeted methods of lipid profiling give similar trends 

 

It was important to consider whether trends in the global dataset reflected results in the 

targeted analysis. Cholesterol, two CEs and some TAGs have a similar FC using both global and 

targeted methods (Table 6.2, Table 6.3). However, CE(16:0) and 8 of the 24 TAGs measured 

were incorrectly labelled as increased or decreasing. All lipids which were incorrectly labelled 

had relatively small fold changes when measured by LC-MS/MS (range 1.00 – 1.29) and only 

one was significantly higher in APOE 22 plasma compared to control (p < 0.05). Whilst it was 

not possible to directly compare between all species, CEs were present at the same order of 

abundance in both analyses. Together, this indicates that the global method used within 

provides similar results to the targeted methods, but that some trends may have missed, and 

biologically relevant results, like the SP and GPL decreases in APOE 22 homozygote plasma 

should be validated using LC-MS/MS.  
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A comparison of trends in cholesterol esters in targeted and global assays and 

between APOE 22 and control plasma 

Species FC* global FC targeted 

CE(16:0) 2.29 0.72** 

CE(18:2) 0.60 0.65*** 

CE(20:4) 0.45 0.56*** 
 

Table 6.2: A comparison of trends in cholesterol esters in targeted and global assays and between 
APOE 22 and control plasma. CE species were quantified in Chapter 5 and oxPL species measured 
using a targeted assay in Chapter 4. n = 22, 39 and 39 for APOE 22, control AND APOE 44, 
respectively. The CE species not mentioned here were not reproducibly measurable in the global 
analysis. *FC = fold change calculated as APOE 22/control. †Ratio global:targeted calculated as FC 
global / FC targeted. ‡FC calculated as NPHSII/fresh. Ratio global:targeted calculated as global FC / 
targeted FC.  
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A comparison of trends in APOE 22 and control plasma using global and targeted 
methods 

Species† FC‡ global FC targeted 

TAG(36:0) 0.81 0.62 

TAG(38:0) 0.97 0.59 

TAG(40:0) 0.73 0.88 

TAG(42:0) 0.72 1.01 

TAG(44:0) 0.83 1.14 

TAG(46:0) 1.03 1.36 

TAG(48:1) 0.97 1.21 

TAG(48:2) 0.89 1.06 

TAG(50:1) 0.98 1.20* 

TAG(50:2) 0.91 1.08 

TAG(50:3) 0.88 0.97 

TAG(50:4) 0.94 0.92 

TAG(52:2) 0.90 1.02 

TAG(52:3) 0.80 0.98 

TAG(52:4) 0.81 0.91 

TAG(52:5) 0.78 0.93 

TAG(54:3) 0.89 1.00 

TAG(54:4) 0.80 0.98 

TAG(54:5) 0.72 0.95 

TAG(54:6) 0.74 0.90 

TAG(56:3) 0.88 1.29 

TAG(56:4) 1.21 1.08 

TAG(56:5) 0.90 1.10 

TAG(56:6) 0.94 1.03 
 

Table 6.3: A comparison of trends in APOE 22 and control plasma using global and targeted 
methods. The TAG species not mentioned here were not measurable in the global analysis.  † 
Identifications from global analysis are putative and based on accurate m/z and RT, whilst targeted 
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identifications are confirmed by LC/MS/MS. ‡ FC = fold change calculated as APOE 22/control. * = 
p value < 0.05. 
 

6.3.4 Conclusions 

 

In conclusion, LC-MS/MS  of NPHSII samples suggests the APOE alleles are associated with 

altered circulating cholesterol and CEs, but not TAGs. Cholesterol and CEs were reduced in 

both APOE 22 and 44 in this subset of NPHSII data, but my data, combined with the literature, 

suggests control samples contain higher cholesterol and CEs than would be expected. Also, 

previous studies suggest that TAGs are higher in APOE 44. The lack of uniformity between the 

subset of NPHSII samples studied and published work is probably due to the unexpectedly 

high total cholesterol in low CVD-risk NPHSII samples. However, the data contained within 

this chapter has not furthered knowledge of how APOE allele affects LOAD risk.  
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Chapter 7: ApoE deficiency causes memory deficits and is associated with higher 

cortical oxPLs 

 

7.1 12/15-lipoxygenase has been implicated in neurodegeneration 

 

As discussed previously, the lipid-modulating enzyme 12/15-LOX has been implicated in LOAD 

(Section 1.3). Briefly, cell culture experiments suggest that pharmacological inhibition of 

12/15-LOX in human cell lines reduces Aβ production and prevents apoptosis (Li et al., 1997, 

Succol and Pratico, 2007). Mouse models of AD demonstrate that reducing 12/15-LOX, either 

genetically or through a drug, reverses cognitive impairment and reduces amyloid and tau 

pathology (Yang et al., 2010, Chu et al., 2015, Di Meco et al., 2017). Lastly, 12/15-LOX and its 

enzyme products 12- and 15-HETE are increased in the brain of LOAD patients (Praticò et al., 

2004, Yao et al., 2005).  

 

Genetic deletion of ApoE is associated with neurodegeneration and working memory loss in 

male mice (Gordon et al., 1995, Masliah et al., 1995). To determine whether the absence of 

12/15-LOX prevents this neurodegeneration, I compared four strains of knock out mice (WT, 

ApoE -/-, Alox12/15 -/-, ApoE -/-/Alox12/15 -/- double knockouts)  in two behavioural tests, then 

dissected brains into four regions and extracted lipids for analysis. Previous research, 

reviewed in Section 1.2.3,  focused on male or female mice only, therefore I compared both 

male and female mice, to determine if gender modulates response to genetic deletion of 

either ApoE or 12/15-LOX.  

 

Both behavioural tests rely on the natural inclination of a rodent to explore a novel object 

over a familiar one, as exploration gives a dopaminergic reward (Burke et al., 2010, Baxter, 

2010, Bevins et al., 2002). The ability to recognise novel objects is called recognition memory 

and this form of memory is controlled primarily by the perirhinal cortex (Brown and Aggleton, 

2001). There is no described deficit in recognition memory in ApoE -/- mice (Gordon et al., 

1995, Masliah et al., 1995). To determine if  this is the case in my mouse models, I used the 

“novel object test” to investigate recognition memory in ApoE -/-, Alox12/15 -/-, and ApoE -/-

/Alox12/15 -/- double knock-out mice (Antunes and Biala, 2012). 
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Recollection memory involves the hippocampus, as well as perirhinal cortex and medial 

prefrontal cortex (Barker and Warburton, 2015). Recollection memory is a slower form of 

memory which includes information about past events such as previous object placement 

(Brown and Aggleton, 2001). A deficit in recollection memory has been described in ApoE -/- 

mice, measured using the Morris Water Maze (MWM). Here, as an alternative approach I 

used the “object-in-place test” to determine if ApoE-/- mice demonstrate intact recollection 

memory (Gordon et al., 1995, Masliah et al., 1995, Lesburgueres et al., 2017).  

 

7.1.2 Aims and hypotheses 

 

After reading the literature, there are three unanswered questions I wanted to address. First, 

the effect of knockout of 12/15-LOX on recollection memory has not been studied. Second, 

whether the knockout of 12/15-LOX could rescue the recollection memory of ApoE-/- mice. 

The third question is whether free or esterified 12/15-LOX products are associated with 

performance in either the ‘novel object’ or ‘object-in-place’ tests.  

 

My aims were as follows: 

• To determine if deletion of 12/15-LOX can rescue cognitive deficit associated with 

ApoE-/- 

• To investigate the effect of gender on cognitive deficit and cognitive rescue in these 

strains 

• To study the effect of ApoE -/-, Alox12/15 -/- and ApoE -/-/Alox12/15 -/- double knock out 

on brain content of oxPLs and eicosanoids using LC/MS-MS 

 

My null hypotheses state that (i) 12/15-LOX deletion will not rescue cognitive deficit in an 

ApoE -/- mouse, and (ii) performance in memory tests will not be associated with levels of 

12/15-LOX products. 
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7.2 Results 

 

7.2.1 Behavioural tests identify a deficit in recollection memory in ApoE -/- mice 

 

7.2.1.1 Genetic deletion of ApoE and 12/15-LOX does not affect performance in the novel object 

task 

 

Mice were tested in the “novel object test” (Section 2.6.2), which measures ability to 

recognise a new object, versus those which have been seen before. Prior to testing, mice were 

acclimatised to an arena over the course of four days (Figure 7.1A). Mice were then tested 

over the next two days. Half the mice were tested first in the “novel object test”, and the 

other half in the “object-in-place test” (Section 7.2.1.2). In the “novel object test”, an animal 

is first acclimatised to an arena, and two objects, for two sets of 10 minutes. In the third, 

‘testing’, phase, one of the objects has been replaced with a novel one, and the mouse is 

recorded for 10 minutes as it interacts with the objects (Figure 7.1B). Discrimination ratio was 

calculated as the time spent interacting with the novel object, as a percentage of total time 

interacting with objects. A discrimination ratio above 0.5 indicates that a mouse has spent 

more time with the novel object than the familiar one and is demonstrating recognition 

memory.  

 

A two-way ANOVA did not find  any statistical difference between wildtype and ApoE-/-, 

Alox12/15 -/-, or ApoE -/-/Alox12/15 -/- double knock out animals in the novel object task, in 

that discrimination ratios were similar for all groups (Figure 7.2A). I chose to test both male 

and female mice, as gender in C57BL/6 (wildtype) mice can affect anxiety and exploratory 

behaviour, and previous explorations of ApoE knock out have used one gender only, or have 

not disclosed sex (An et al., 2011, Gordon et al., 1995, Masliah et al., 1995). Gender did not 

affect performance in the novel object class (Figure 7.2B).  
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Figure 7.1: Arena arrangement during acclimatisation and behavioural testing of knock out mice 
using the novel object and object-in-place test. Control, Apoe -/-, Alox12/15 -/- and ApoE-/-

/Alox12/15-/- double knock out mice will be compared using the arena set up detailed above. A. 
Arena dimensions. B. Arena staging during acclimatisation and testing phases of the “novel object 
test”. C. Arena staging during acclimatisation and testing phases of the “object-in-place test”.  
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7.2.1.2 ApoE deficiency causes a deficit in recollection memory as measured by the object-in-

place task  

 

Mice were next tested in the “object-in-place test” (Section 2.6.3), which determines if mice 

spend more time with an object which has moved than one which has not, and therefore have 

recognised the movement. In the two 10 minute ‘acclimatisation’ periods, mice explore four 

objects in the corners of the arena (Figure 7.1C). In the videoed ‘testing’ phase, two objects 

are swopped diagonally. Discrimination ratio is calculated as the time spent interacting with 

the object which has moved position within the arena, as a percentage of total time 

interacting. A discrimination ratio above 0.5 indicates that a mouse has spent more time with 

the object which moved than the object which did not move and therefore is demonstrating 

recollection memory. A two-way ANOVA suggests that ApoE -/- mice perform statistically 

worse than wildtype, Alox12/15 -/- and ApoE -/-/Alox12/15 -/- double knock out  mice in the 

“object-in-place test” (Figure 7.3A).  The   ApoE -/-/Alox12/15 -/- double knock out mouse 

trends to a lower discrimination ratio than wildtype, but this is not statistically significant. It 

must be noted that there is a large amount of variability within the ApoE -/-/Alox12/15 -/- 

double knock out group. Males and females were compared using a two-way ANOVA and 

both with all genotypes together and genotypes separated (Figure 7.3B left and right panel). 

Whilst there is no statistical significance between the two genders, male ApoE -/- and 

Alox12/15 -/-  mice trend towards performing worse in the “object-in-place test” (Figure 7.3B 

right panel).  

 

7.2.2 LC/MS-MS analysis of oxPLs, HETEs and HDOHEs suggests that these species are 

produced by non-enzymatic methods 

 

7.2.2.1 LC/MS-MS analysis of oxPLs identifies two species increased in ApoE -/- cortex 

 

Brains from mice tested previously were dissected into four regions: cerebellum, 

hippocampus, frontal cortex and cortex (Section 2.6.4.1). Lipids were extracted from brain 

regions and resuspended into methanol (Section 2.3.2). Human and murine 12/15-LOX 

enzymes yield a mixture of products from two substrates (Brash, 1999). The first  
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Figure 7.2: Discrimination ratios in the “novel object test” for control, ApoE-/-, Alox12/15-/- and 
ApoE-/-/Alox12/15-/- double knock out mice. A. Results according to genotype, with Tukey boxplots 
plotted with mean and SD (n = 20). B. Results according to genotype and gender (n = 10). Tested 
statistically using a two-way ANOVA. Lower fence of boxplots represent the data point which is the 
lowest value greater than the 25th percentile minus 1.5 times the IQR. The upper fence represents 
the data point which is the greatest value lower than the 75th percentile pus 1.5 times the IQR.  * = 
p < 0.05, ** = p < 0.01, *** = p < 0.001. 
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substrate is arachidonic acid (AA, m/z 319.2) Human and murine 12-LOX produce only 12-

HETE (Brash, 1999). 15-LOX in humans generates mainly 15-HETE, and in mice predominantly 

12-HETE, and some 15-HETE (Chen et al., 1994). The second substrate I will be considering is 

docosahexaenoic acid (DHA, m/z 343.2). DHA has a similar carbon chain arrangement to AA, 

as both are polyunsaturated, with carbon chains of 20 or more. Human 12-LOX can produce 

select HDOHEs when incubated with DHA (Aveldaño and Sprecher, 1983). 12/15-LOX 

products such as 12-HETE and 11-HDOHE were quantified, as well as other HETEs and HDOHEs 

and some esterified LOX products esterified to GPs (Carrié et al., 2000). A panel of oxPLs 

containing 12/15-LOX products was identified from the literature, and of these, 5 were found 

in preliminary analysis of brain samples using LC/MS-MS (Bascoul-Colombo et al., 2016). 

These 5 oxPLs were analysed using a targeted LC/MS-MS method (Section 2.4.3). 

Nomenclature describes oxPLs with first their parent mass, and then the mass of the daughter 

ion. 319.2 is an oxidised HETE fragment, and 343.2 an oxidised HDOHE fragment. Data was 

normalised to the standard, then means for each genotype were compared using a two-way 

ANOVA (Section 2.4.3). There is no downregulation of oxPLs in Alox12/15 -/- compared to WT. 

In the cerebellum and hippocampus, none of the five oxPL species monitored differ between 

genotypes (Figure 7.4, Figure 7.5). In the frontal cortex, 782.2/319.2 and 810.7/319.2 are 

significantly higher in ApoE-/- than Alox12/15 -/- (Figure 7.6). In the cortex, 782.2/319.2 is 

significantly higher in ApoE-/- than wildtype or Alox12/15 -/- (Figure 7.7). Also, 810.7/319.2 and 

834.7/343.2 are significantly higher in ApoE-/- than Alox12/15. Some oxPL masses could be 

several GPs, or a mix of thereof. Others have been putatively identified but these 

identifications must be validated. Possible identifications for 782.2/319.2 are PC(O-

20:4_11:0) or PE(O-20:4_14:0). 788.6/343.3 may be PA(O-22:6_20:2). 808.7/319.2 is a 

possible oxPLs as it elutes with oxPLs, has a similar parent mass, and contains the oxidised 

HETE fragment. 810.7/319.2 could be PC(O-20:4_17:0), PE(O-20:4_20:0) or PS(20:4_13:1). 

834.7/343.2 could be PC(O-22:6_13:0) or PE(O-22:6_20:0).To summarise, some oxPLs in the 

frontal cortex and cortex are significantly higher in ApoE-/- mice. Further LC/MS-MS analysis 

is needed to confirm the identities of these three oxPLs.  
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Figure 7.3: Discrimination ratios in the “object-in-place test” for control, ApoE-/-, Alox12/15-/- and 
ApoE-/-/Alox12/15-/- double knock out mice. A. Results according to genotype, with Tukey boxplots 
plotted with mean and SD (n = 20). B. Results according to genotype and gender (n = 10). Tested 
statistically using a two-way ANOVA. Lower fence of boxplots represent the data point which is the 
lowest value greater than the 25th percentile minus 1.5 times the IQR. The upper fence represents 
the data point which is the greatest value lower than the 75th percentile pus 1.5 times the IQR. * = 
p < 0.05, ** = p < 0.01, *** = p < 0.001. 
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Figure 7.4: Select oxPLs in the cerebellum in control, ApoE-/-, Alox12/15-/- and ApoE-/-/Alox12/15-

/- double knock out mice. OxPLs were normalised to DMPE and visualised in Tukey boxplots (n = 8). 

Data was tested statistically using a two-way ANOVA. Some oxPL masses could be several GPs, 
or a mix of thereof. Others have been putatively identified but these identifications must 
be validated. Possible identifications for 782.2/319.2 are PC(O-20:4_11:0) or PE(O-
20:4_14:0). 788.6/343.3 may be PA(O-22:6_20:2). 808.7/319.2 is a possible oxPLs as it 
elutes with oxPLs, has a similar parent mass, and contains the oxidised HETE fragment. 
810.7/319.2 could be PC(O-20:4_17:0), PE(O-20:4_20:0) or PS(20:4_13:1). 834.7/343.2 
could be PC(O-22:6_13:0) or PE(O-22:6_20:0). Lower fence of boxplots represent the data point 
which is the lowest value greater than the 25th percentile minus 1.5 times the IQR. The upper fence 
represents the data point which is the greatest value lower than the 75th percentile pus 1.5 times 
the IQR. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 



180 
 

 

Figure 7.5:  Select oxPLs in the hippocampus in control, ApoE-/-, Alox12/15-/- and ApoE-/-

/Alox12/15-/- double knock out mice. OxPLs were normalised to DMPE and visualised in Tukey 

boxplots (n = 8). Some oxPL masses could be several GPs, or a mix of thereof. Others have 
been putatively identified but these identifications must be validated. Possible 
identifications for 782.2/319.2 are PC(O-20:4_11:0) or PE(O-20:4_14:0). 788.6/343.3 may 
be PA(O-22:6_20:2). 808.7/319.2 is a possible oxPLs as it elutes with oxPLs, has a similar 
parent mass, and contains the oxidised HETE fragment. 810.7/319.2 could be PC(O-
20:4_17:0), PE(O-20:4_20:0) or PS(20:4_13:1). 834.7/343.2 could be PC(O-22:6_13:0) or 
PE(O-22:6_20:0).Data was tested statistically using a two-way ANOVA. Lower fence of boxplots 
represent the data point which is the lowest value greater than the 25th percentile minus 1.5 times 
the IQR. The upper fence represents the data point which is the greatest value lower than the 75th 
percentile pus 1.5 times the IQR. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 
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Figure 7.6:  Select oxPLs in the frontal cortex in control, ApoE-/-, Alox12/15-/- and ApoE-/-

/Alox12/15-/- double knock out mice. OxPLs were normalised to DMPE and visualised in Tukey 

boxplots (n = 8). Data was tested statistically using a two-way ANOVA. Some oxPL masses could 
be several GPs, or a mix of thereof. Others have been putatively identified but these 
identifications must be validated. Possible identifications for 782.2/319.2 are PC(O-
20:4_11:0) or PE(O-20:4_14:0). 788.6/343.3 may be PA(O-22:6_20:2). 808.7/319.2 is a 
possible oxPLs as it elutes with oxPLs, has a similar parent mass, and contains the oxidised 
HETE fragment. 810.7/319.2 could be PC(O-20:4_17:0), PE(O-20:4_20:0) or PS(20:4_13:1). 
834.7/343.2 could be PC(O-22:6_13:0) or PE(O-22:6_20:0).Lower fence of boxplots represent 
the data point which is the lowest value greater than the 25th percentile minus 1.5 times the IQR. 
The upper fence represents the data point which is the greatest value lower than the 75th percentile 
pus 1.5 times the IQR. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 
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Figure 7.7:  Select oxPLs in the cerebellum in control, ApoE-/-, Alox12/15-/- and ApoE-/-/Alox12/15-

/- double knock out mice. OxPLs were normalised to DMPE and visualised in Tukey boxplots (n = 8). 

Data was tested statistically using a two-way ANOVA. Some oxPL masses could be several GPs, 
or a mix of thereof. Others have been putatively identified but these identifications must 
be validated. Possible identifications for 782.2/319.2 are PC(O-20:4_11:0) or PE(O-
20:4_14:0). 788.6/343.3 may be PA(O-22:6_20:2). 808.7/319.2 is a possible oxPLs as it 
elutes with oxPLs, has a similar parent mass, and contains the oxidised HETE fragment. 
810.7/319.2 could be PC(O-20:4_17:0), PE(O-20:4_20:0) or PS(20:4_13:1). 834.7/343.2 
could be PC(O-22:6_13:0) or PE(O-22:6_20:0).Lower fence of boxplots represent the data point 
which is the lowest value greater than the 25th percentile minus 1.5 times the IQR. The upper fence 
represents the data point which is the greatest value lower than the 75th percentile pus 1.5 times 
the IQR.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 
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Figure 7.8: HETEs and HDOHEs in cerebellum in control, ApoE-/-, Alox12/15-/- and ApoE-/-

/Alox12/15-/- double knock out mice. HETEs and HDOHEs were quantified using an internal 
standard and curve of known concentrations, and visualised in histograms, where error bars 
represent standard deviation (n = 3/4). Data was tested statistically using a two-way ANOVA. * = p 
< 0.05, ** = p < 0.01, *** = p < 0.001. 
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Figure 7.9: HETEs and HDOHEs in hippocampus in control, ApoE-/-, Alox12/15-/- and ApoE-/-

/Alox12/15-/- double knock out mice. HETEs and HDOHEs were quantified using an internal 
standard and curve of known concentrations, and visualised in histograms, where error bars 
represent standard deviation (n = 3/4). Data was tested statistically using a two-way ANOVA. Lower 
fence of boxplots represent the data point which is the lowest value greater than the 25th percentile 
minus 1.5 times the IQR. The upper fence represents the data point which is the greatest value 
lower than the 75th percentile pus 1.5 times the IQR. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 
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Figure 7.10: HETEs and HDOHEs in frontal cortex in 

control, ApoE
-/-

, Alox12/15
-/-

 and ApoE
-/-

/Alox12/15
-/-

 
double knock out mice. HETEs and HDOHEs were 
quantified using an internal standard and curve of known 
concentrations, and visualised in histograms, where error 
bars represent standard deviation (n = 3/4). Data was 
tested statistically using a two-way ANOVA. * = p < 0.05, ** 
= p < 0.01, *** = p < 0.001. 
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Figure 7.11: HETEs and HDOHEs in cortex in control, 

ApoE
-/-

, Alox12/15
-/-

 and ApoE
-/-

/Alox12/15
-/-

 double 
knock out mice. HETEs and HDOHEs were quantified 
using an internal standard and curve of known 
concentrations, and visualised in histograms, where 
error bars represent standard deviation (n = 3/4). Data 
was tested statistically using a two-way ANOVA. * = p < 
0.05, ** = p < 0.01, *** = p < 0.001. 
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7.2.2.2 HETE and HDOHE content in the brain is not produced by 12/15-LOX 

 

Eicosanoids in the same brain regions as above were quantified using LC/MS-MS and a 

standard curve (Section 2.4.4). Average values for each genotype were compared using a two-

way ANOVA. Total eicosanoid content was calculated as ng per mg brain tissue. In all regions, 

HETEs and HDOHEs do not significantly differ between WT or ApoE-/-, Alox12/15 -/- and Apoe -

/-/Alox12/15 -/- double knock out mice (Figure 7.8, Figure 7.9, Figure 7.10, Figure 7.11). In 

frontal cortex, 12-HETE and 15-HETE are significantly higher in Alox12/15-/- than ApoE-/- 

(Figure 7.10). Taken together, these data indicate that there is no net downregulation of the 

LOX products measured (oxPLs, HETEs and HDOHEs) in Alox12/15 -/-, and therefore these 

species are produced by another source.  

 

7.3 Discussion 

 

7.3.1 Genetic deletion of ApoE causes an impairment in recollection memory 

 

N numbers decreased throughout the chapter as several mice were excluded from testing or 

lipid analysis due to illness. Rather than a side effect of testing, these stroke-like episodes 

were more likely due to the high risk of cardiovascular disease in ApoE-/- mice (Lo Sasso et al., 

2016).  

 

ApoE-/- mice have select hippocampal and cortical neurodegeneration but don’t demonstrate 

any deficit in recognition memory (Gordon et al., 1995, Masliah et al., 1995). My data also 

demonstrates that ApoE-/- mice are not impaired when examined by the “novel object test” 

(Figure 7.2). The “novel object test” is a investigation of recognition memory, the ability to 

perceive a new object. The results of the “novel object test” indicate that (i) ApoE deficiency 

does not cause a deficit in recognition memory, (ii) 12/15-LOX deficiency does not cause a 

deficit in recognition memory, and (iii) gender does not affect recognition memory. Other 

research has previously suggested that a deficiency in ApoE does not cause an impairment in 

recognition memory (Gordon et al., 1995, Masliah et al., 1995). However, to my knowledge 

this is the first time that 12/15-LOX deficiency has been studied using the “novel object test”.   
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Data from the “object-in-place test” demonstrates that ApoE supports spatial memory, in 

accordance with my first hypothesis, as ApoE-/- mice perform significantly worse than control 

(Figure 7.3). This is in line with other research, which has demonstrated deficits in recollection 

memory in ApoE-/- through the MWM (Gordon et al., 1995, Oitzl et al., 1997). Memory 

impairment is associated with a loss in synapse density in ApoE -/- hippocampus and neocortex 

(Masliah et al., 1995). This could be explained by a possible role for ApoE in long-term 

potentiation (LTP), the process through which synapses are strengthened through activity. 

LTP in the hippocampus has been implicated in recollection memory (Bliss and Lomo, 1973, 

Izquierdo et al., 2008). LTP is reduced in the hippocampus of ApoE -/- mice, and a decrease in 

LTP could cause the reduction in  synapse density in the hippocampus and cortex of the ApoE-

/- mice described in other research (Veinbergs et al., 1998, Masliah et al., 1995). 

 

Data  from the “object-in-place test” suggests that 12/15-LOX deletion could prevent 

neurodegeneration caused by ApoE -/-, as the ApoE-/-/Alox12/15-/- double knock out does not 

demonstrate an impairment in the “object-in-place test” (Figure 7.3). However, one ApoE-/-

/Alox12/15-/- double knock out female has a much higher discrimination ratio than all the 

other animals. Mean discrimination ratio for ApoE-/-/Alox12/15-/- double knock out mice is 

similar to that of ApoE-/- mice, and the range of the ApoE-/-/Alox12/15-/- double knock out data 

is large. Therefore, I want to repeat this experiment before drawing any concrete conclusions. 

Gender does not appear to influence performance in the “object-in-place test”.  

 

Nonetheless, I will the discuss the implications herein. Previous research has demonstrated 

that 12/15-LOX could be implicated in Alzheimer’s disease. Studies have suggested 12/15-LOX 

deficiency prevents neurodegeneration in Alzheimer’s disease mouse models (Yang et al., 

2010, Di Meco et al., 2017). Also, 12/15-LOX, 12-HETE and 15-HETE are upregulated in post-

mortem LOAD brain samples (Praticò et al., 2004, Yao et al., 2005).  12/15-LOX may be 

interacting with a neuropathology like amyloid or tau pathology (Sections 1.1.1-1.1.2). 

Pharmacological or genetic blockade of 12/15-LOX reduces or prevents both amyloid and tau 

pathology in two genetic models of Alzheimer’s disease (Yang et al., 2010, Di Meco et al., 

2017). However, neither amyloid or tau pathology is present in the ApoE-/- mouse, suggesting 
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a role for 12/15-LOX in neurodegeneration, which is separate to the amyloid and tau 

pathways. 

 

Modelling oxidative stress in neural and oligodendrocyte cell culture implicates 12/15-LOX as 

an intermediary in cell death (Wang et al., 2004, Pallast et al., 2009). Also, indicators of both 

lipid peroxidation and protein oxidation are lower in brain samples from the ApoE-/-

/Alox12/15-/- mouse when compared to ApoE-/- (Chinnici et al., 2005). Together, these studies 

suggest that 12/15-LOX  deficiency may be protective against oxidative stress-mediated cell 

death. The improved performance of Alox12/15-/-mice in the “object-in-place test” could be 

caused by a reduction in oxidation stress within the brain, although further work would be 

needed to test this assumption (Figure 7.3). 

 

7.3.2 LC/MS-MS analysis of LOX products indicates that 12/15-LOX is not the source of oxPLs, 

HETEs and HDOHEs 

 

12-HETE, 15-HETE, 11-HDOHE and 14-HDOHE and oxPLs are not downregulated in Alox12/15 

-/- animals, suggesting these species are not being produced by 12/15-LOX in the mouse brain, 

and must originate from other sources. 12- AND 15-HPETE, the reactive intermediaries in 

producing 12- and 15-HETE, can be made by cyclooxygenase (COX) enzymes (Adesuyi et al., 

1985). Thus, the presence of possible 12/15-LOX products in the 12/15-LOX-/- mouse and 

other strains could due to cyclooxygenase activity. It cannot be discounted that some 

autoxidation of the samples occurred during extraction, however, this would not account for 

differences between genotypes. 

 

HETEs and HDOHEs did not differ in ApoE-/- animals compared to other groups. However, 

three oxPLs, containing either AA or DHA, were higher in ApoE-/- frontal cortex and cortex 

(Figures 7.6 and 7.7). Although specific functions for 782.6/319.2, 810.2/319.2 and 

834.2/343.2 are not known, oxPLs are biologically active species, and phospholipid oxidation 

could play a role in membrane permeability (Bochkov et al., 2017, Manni et al., 2018). 

 

 



190 
 

7.3.3 Conclusions 

 

Deficiency in ApoE leads to an impairment in murine recollection memory, however (i) this 

impairment is not prevented by ablation of 12/15-LOX and (ii) this impairment does not 

correlate with levels of HETEs or HDOHEs. HETEs, HDOHEs and oxPLs in the brain do not 

appear to originate from 12/15-LOX. Three oxPLs are increased in cortex in ApoE-/- and 

correlate with recollection memory. The carbon chain arrangement of these species must be 

established. 
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Chapter 8 – Discussion 

 

In this thesis, I used LC-MS and LC-MS/MS to investigate the human plasma lipidome of APOE 

homozygotes, as well as performing targeted analyses of brain samples from ApoE-/- mice. 

Below, I summarise my key findings, and discuss how they relate to the literature. 

 

8.1 The LC-MS and LC-MS/MS methods used within are reliable and reproducible 

 

A variety of lipid extraction techniques are used within the literature. Some choose to extract 

lipids according to category, for example, over 500 lipids were described using LC/MS-MS 

after targeted extractions for each lipid category (Quehenberger et al., 2010). Others suggest 

a single extraction, using chloroform/methanol or hexane/IPA (Bligh and Dyer, 1959, Hara and 

Radin, 1978). The LC-MS and LC-MS/MS techniques used within this work are relatively low 

throughput, analysing one sample in 30 minutes to 1 hour (Section 2.4). Therefore, I selected 

an extraction protocol to isolate as wide a range of lipids as possible, reducing both the 

number of extractions required and number of samples to be analysed using LC-MS. The lipid 

extraction used in this thesis was adapted from the work of Bligh and Dyer, and incorporated 

a hexane extraction to ensure the extraction of both polar and non-polar lipids (Section 2.3) 

(Bligh and Dyer, 1959). I tested extraction efficiency and coefficient of variation for global 

LC/MS data. The high extraction efficiency and low CV of the methods used in this thesis are 

comparable with published work in the field of lipidomics (Section 3.2.1) (Bligh and Dyer, 

1959, McDonald et al., 2012, Alshehry et al., 2015, Maile et al., 2018, Surma et al., 2015, Li et 

al., 2013). A comparison of lipids in extractions of four different volumes of plasma suggested 

that a 50 uL extraction of plasma and 100 uL plasma extraction demonstrate the same number 

of endogenous lipids from a pre-chosen panel (Section 3.3.2). Also, peak area for some 

eicosanoids is higher when a lower volume of plasma has been extracted, suggesting either 

(i) extraction efficiency could be improved with a higher ratio of extraction solvent to plasma, 

or (ii) ion suppression is occurring during ESI at higher plasma concentrations. Reducing 

concentration of lipid within the injected sample could prevent matrix effects by lessening 

competition between analytes to be ionised and thus, may improve data quality (Taylor, 

2005). Therefore, there are several benefits to reducing the volume of plasma extracted from 
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100 µL to 50 µL. Overall, the optimisation and validation steps taken in Chapter 3 imply that 

the LC-MS and LC-MS/MS methods used within are reliable and reproducible. 

 

Comparison of long-term-stored NPHSII samples with freshly isolated plasma demonstrated 

few differences between the two (Sections 4.2.1-4.2.3), and some differences in lipid levels 

which are possibly caused by differences in age and gender in the two sample groups. 

Oxidation of some lipids map have taken place during storage, however, NPHSII plasma 

samples contained similar numbers of lipid ions as fresh samples (P>0.05),  endogenous 

species could be found in both NPHSII and fresh plasma, and CE and TAGs did not differ 

between the two groups. Thus, I decided to analyse the global lipidome of NPHSII samples. 

This work has wider implications as it suggests that other long-term stored cohort plasma 

samples may be worthy of analysis. However, the n number was small and only a subset of 

lipids was compared. Therefore, I would want to compare all lipids in a larger number of 

samples, and complete targeted analysis of GPLs to confirm this finding. 

 

8.2 SPs, GLs and unknown species are reduced in APOE 2 homozygote plasma 

 

This thesis contains the first global lipidomic analysis of human APOE ε2, ε3 and ε4 

homozygote plasma, filling a gap in the literature. I identified a possible downregulation of 

SPs in APOE 22 plasma. SPs which differ are all ceramide precursors or products (Figure 5.11), 

suggesting that ceramide metabolism or transport may be dysregulated in APOE 22. SPs have 

numerous biological functions. For example, sphingolipids are an important constituent of 

lipid rafts, phase ordered regions which may facilitate signalling through surface proteins or 

receptors (de Almeida et al., 2003, Simons and Toomre, 2000). APP is preferentially cleaved 

to produce Aβ in lipid raft sections, therefore a low SP environment could theoretically reduce 

the amount of soluble Aβ and so reduce accumulation of amyloid plaques (Ehehalt et al., 

2003). Also, circulating SPs are associated with both fasting glucose and fasting insulin levels, 

and most SPs which differ are positively correlated with both glucose and insulin (Lemaitre et 

al., 2018, Jensen et al., 2019). A downregulation of circulating sphingolipids could protect 

against LOAD by lowering risk of type II diabetes, which is a risk factor for development of 

dementia (Arvanitakis et al., 2004). 
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A number of GPLs are also reduced in APOE 22 plasma (Table 5.1). GPLs can cross the BBB in 

the form of lyso-PCs bound to albumin, suggesting that (a) circulating GPLs could be 

integrated into the brain, and (b) plasma could provide a source for brain-derived GPL 

biomarkers (Broadwell and Sofroniew, 1993, Picq et al., 2010). GPLs are also dysregulated in 

LOAD animal models following alterations to the Land’s cycle, and alterations are associated 

with cognitive deficit (Granger et al., 2018). I would like to identify the GPL species which are 

lower in APOE 22 plasma by LC-MS/MS, to determine if any of these species have been linked 

with cognition by other research. 

 

A study of hAPOE knock in mice demonstrated changes in plasma lipid profile in APOE 22  and 

APOE 44 mice when compared to APOE 33 as control (Sharman et al., 2010). Total PE was 

reduced in 2-month-old murine hAPOE 22 plasma. Also, total sphingomyelin and  total 

ceramide are increased in the plasma of both 2-month-old and 4-month-old hAPOE 22 mice. 

These data are at odds with the untargeted analysis of human plasma in Chapter 5, which 

found that SPs (including sphingomyelins and ceramides) are decreased in human APOE 22 

plasma (Table 5.2). I have identified two factors which could cause the disparity between 

these results. Firstly, Sharman et al., 2010 analysed samples from hAPOE knock in mice, whilst 

NPHSII samples are human plasma samples and the species effect is unknown. The hAPOE 

knock in mice were analysed at a young age, whilst NPHSII samples are sourced from 

participants of 40 to 60 years of age. Age has been associated with changes in plasma lipids 

and lipid-associated gene expression in humans (Ishikawa et al., 2014, Snieder et al., 1997).  

Secondly, Sharman et al. analysed human APOE alleles knocked into a mouse model. Whilst 

lipids are highly conserved between the two species, it is possible that differences between 

human and murine lipid metabolism caused this discrepancy in results . 

 

Power calculations are calculations to decide on the smallest number of samples needed to 

measure a clinically relevant change, taking into account the standard deviation of the data 

(Jones et al., 2003). Completing power calculations during study design reduces the possibility 

of type I or type II errors. The lack of power calculations could cause errors of either type, for 
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example, the absence of significantly differences in lipid levels in APOE 44 and control could 

be a type II error. Power calculations would have been difficult to implement in this study as 

it is hard to define a clinically relevant change for most plasma lipids, as the biological 

relevance of changes is currently unknown. Also, during study design, standard deviation of 

lipids across samples was unknown. In the future, I would implement a smaller pilot study to 

define these variables, followed by power calculations and analysis of the appropriate group 

size. I could not compare between the APOE 22 and APOE 44 global analysis datasets due to 

batch effects from extracting and analysing the datasets separately (Section 5.2.2.2). This 

included a RT shift, and analysis of endogenous species suggests that sensitivity may have 

been compromised in the APOE 22 positive mode analysis. In the future, I will avoid batch 

effects such as these by completing extraction and analysis of all samples as one dataset. 

 

To summarise the results of the global analysis, APOE 22 plasma from the NPHSII cohort 

demonstrates a reduction in SPs and GPLs, alongside a number of unknown species. SPs are 

linked to risk of LOAD through promotion of Aβ production and risk of type II diabetes and 

GPL metabolism is dysregulated in LOAD (Lemaitre et al., 2018, Jensen et al., 2019, Arvanitakis 

et al., 2004, Ehehalt et al., 2003, Granger et al., 2018). Therefore, I need to validate my finding 

of lower SPs and GPLs in human APOE 22 plasma and determine if these lipids are increased 

or decreased in APOE 22 homozygote human brain samples. 

 

Total cholesterol and TAGs have been profiled in APOE homozygote and heterozygote plasma 

by several groups. A meta-analysis of 45 studies found that total cholesterol was lower in 

APOE ε2 carriers and higher in APOE ε4 carriers, whilst total TAGs are higher in all allele 

combinations compared to APOE 33 (Dallongeville et al., 1992). In comparison, I combined 

untargeted and targeted analyses of cholesterol, CEs and TAGs to determine if individual 

species are altered between the alleles, providing another level of detail. However, the 

LC/MS-MS analysis of individual CEs and TAGs in APOE homozygote plasma did not reveal any 

allele-specific changes in chain length or saturation. This is not in accordance with the 

literature on total cholesterol, which tends to associate APOE 22 with decreased circulating 

cholesterol, whilst the presence of APOE ε4 is associated with increased cholesterol 

(Dallongeville et al., 1992, Sing and Davignon, 1985, Boulenouar et al., 2013). As previously 
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discussed, NPHSII samples demonstrate high cholesterol and CEs in the APOE33 group 

(Section 6.2.1 – 6.2.2), which is at odds with previous analyses of NPHSII data (Cooper et al., 

2005). The subset of NPHSII samples analysed may not represent the population as a whole. 

I would like to increase n numbers to determine the expected patterns of lower cholesterol 

and CEs in APOE 22 and higher cholesterol and CEs in APOE 44 emerge. 

 

Whilst analysis of cholesterol, CEs and TAGs in the subset of NPHSII data analysed did not 

reveal any alterations between alleles, these species have been implicated in the risk of 

developing LOAD. High circulating levels of cholesterol and TAG are associated with an 

increased risk of developing amyloid and tau pathology (Sections 1.5.1 and 1.1.5.2) (Bodovitz 

and Klein, 1996, Refolo et al., 2001, Burgess et al., 2006, Kurata et al., 2011, Matsuzaki et al., 

2011, Nägga et al., 2018). Also, polymorphisms of the cholesterol ester transfer protein (CETP) 

gene modify AD disease risk carried by APOE ε4 by up to three-fold (Rodríguez et al., 2006). 

Cholesterol, CEs and TAGs are all lipids which could cross the BBB as lipoprotein constituents, 

and a cholesterol metabolite, 24-hydroxycholesterol, can also cross (Balazs et al., 2004, 

Candela et al., 2008, Dehouck et al., 1997, Panzenboeck et al., 2002, Lütjohann et al., 1996). 

Therefore, circulating levels of cholesterol, CEs and TAGs may be correlated with levels in the 

brain, and these species may exacerbate amyloid and tau pathology. 

 

TAG alterations in LOAD have been linked to cognitive symptoms through the disruption of 

the BBB. Specifically, AD patients with BBB breakdown are significantly more likely to have 

elevated TAGs than those who do not (Bowman et al., 2012). In human astrocytic cell culture, 

high physiological levels of the products of TAG-rich lipoprotein (TAGRL) lipolysis caused 

lipid drop formation, activation of inflammatory gene pathways and release of inflammatory 

mediators (Lee et al., 2017), suggesting that high TAGs could cause BBB stress in vivo. These 

results were furthered by data in rat which suggested postprandial TAGRLs increased BBB 

permeability in a transient manner (Ng et al., 2016). Subsequently to completing the analysis 

in this Chapter, global LC/MS putatively identified 14 TAG species as being altered in plasma 

of LOAD, 10 lower and 4 higher (Di Gaudio et al., 2016). However, none of these species were 

measured in this work. I would include these species in any further analysis of APOE 

homozygote plasma. To conclude, there is extensive literature on cholesterol, CEs and TAGs 

both in APOE and LOAD, which suggests that these species could exacerbate pathology when 
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circulating at high levels. However, targeted analysis of NPHSII plasma by LC-MS/MS did not 

find any patterns in cholesterol, CEs and TAGs associated with either APOE 22 or APOE 44. 

Results may have been confounded by a small sample size, as data is not in line with the 

literature. 

 

8.2.1 Routes by which lipids cross the BBB and the implications of circulating lipids for the CNS 

 

Throughout this work I discuss the implications of my work in the context of LOAD, however, 

it is important to consider how lipids in the circulation are related to those within the brain. 

The brain is separated from the circulation by the BBB, which is made up of endothelial cells, 

astrocytes and pericytes, surrounding each blood vessel in the brain (Figure 8.1) (Pardridge et 

al., 1975).  Endothelial cells are joined by tight junctions, preventing molecules from passing 

between cells (Reese and Karnovsky, 1967, Brightman and Reese, 1969). Historically, the BBB 

has been considered a tight barrier which prevents cells and molecules from entering the CNS, 

and certainly detectable circulating biomarkers of LOAD could be present due to degeneration 

of the BBB as part of disease (Montagne et al., 2017). However, permeability of the BBB could 

be affected by a range of factors, like inflammatory mediators, or even the gut microbiota 

(Abbott, 2000, Braniste et al., 2014) 

Experiments do suggest that some lipids and proteins can cross the CNS through a variety of 

methods (Table 8.1). Lipids may cross the BBB in both directions through passive diffusion, 

bound to serum proteins, using receptors or as constituents of peripheral immune cells such 

as bone marrow derived macrophages (BMDMs) or T cells (Picq et al., 2010, Balazs et al., 2004, 

Dehouck et al., 1997, Candela et al., 2008, Ouellet et al., 2009, Nguyen et al., 2014, Simard et 

al., 2006, Simard and Rivest, 2006, Engelhardt and Ransohoff, 2012, Panzenboeck et al., 2002, 

Lütjohann et al., 1996, Mitchell et al., 2011). Therefore, it is possible that circulating lipids 

could reflect the lipid environment within the CNS to a greater extent than previously 

considered. More work is needed in this area to elucidate exactly how many lipid species can 

cross the BBB. 
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Figure 8.1: The BBB is a tight barrier between the circulating blood and the brain. A. Endothelial 
cells surround the blood vessels and micro vessels of the brain, after which astrocytic endfeet and 
pericytes encircle blood vessels. B. A small representative section of the BBB, demonstrating 
pericytes and astrocytes, tight junctions between endothelial cells, and the fenestrated epithelium 
of a capillary.  
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Mechanisms for lipid transport across the BBB 

Study Lipids Mechanism Direction 

Reviewed in Picq et al., 
2010 

Fatty acyls and PCs 
Bound to albumin, which 

can cross BBB due to 
hydrophobic nature 

In 

Balazs et al., 2004 HDL 
Scavenger receptor class 

B, type I (SR-B1) 
In 

Dehouck et al., 1997, 
Candela et al., 2008 

LDL Transcytosis In 

Ouellet et al., 2009 
DHA and 

eicosapentaenoic 
acid 

Passive diffusion In 

Nguyen et al., 2014 LysoPC 
Sodium-dependent 

lysophosphatidylcholine 
symporter 1 

In 

Simard et al., 2006, 
Simard and Rivest, 2006 

Cellular lipids from 
bone marrow derived 

macrophages 
(BMDM) 

BMDM cross BBB due to 
chemoattraction 

In 

Reviewed in Engelhard 
and Ransohoff, 2012 

Cellular lipids from T 
cells 

T cells interact with 
adhesion factors then G-

protein coupled 
receptors 

In 

Panzenboeck et al., 2002 
HDL, LDL, and 24-

hydroxycholesterol 

Apolipoprotein A1 
ABCA1 
SR-B1 

Out 

Lütjohann et al., 1996  
24-

hydroxycholesterol 
? Out 

Mitchell et al., 2011 Fatty acyls 
Bound to albumin 
through fatty acyl 

transport proteins 1-5 
Out 

 

Table 8.1: Studies which have suggested that lipids can travel across the BBB.  Studies which have 
identified mechanisms for lipid transport in and out of the brain are summarised. The lipids which 
can cross the membrane, route through the BBB and direction of travel (into or out of the CNS) are 
listed. Where mechanism is listed as “?”, mechanism of lipid movement was not investigated.  
 
 
 
 
 
 



199 
 

8.3 Recollection memory is not associated with levels of 12 LOX products in the brain 

 

ApoE-/- mice, which demonstrate hippocampal neurodegeneration after 4 months of age, 

have no deficit in recognition memory at 7 months of age, as measured by the “novel object 

test” (Figure 7.2) (Gordon et al., 1995, Masliah et al., 1995). This is accordance with a recent 

study, where ApoE-/-mice perform significantly worse than wildtype in the “novel object test” 

at 18-20 months of age (Fuentes et al., 2018). Therefore, my data together with other work 

suggests that ApoE deficiency does not impact the ability to recognise an object as new. Also, 

Alox12/15-/- and ApoE-/-/ALOX12/15-/- double knock out mice do not have a deficit in 

recognition memory (Figure 7.2). To my knowledge, this is the first test of recognition memory 

in these strains.  

 

The “object in place test” demonstrates a recollection memory deficit in the ApoE-/- mice at 7 

months of age (Figure 7.3). My experimental data is in agreement with other studies of ApoE-

/- mice using a different test of recollection memory, the Morris Water Maze (Gordon et al., 

1995, Masliah et al., 1995). Memory impairment in ApoE-/- mice is probably due to the integral 

role of ApoE in lipid transport within the CNS (Figure 1.4). Lipids in the brain are produced in 

astrocytes alongside ApoE, and then exported by TREM2, therefore transport of lipids from 

astrocytes and microglia to neurons would be decreased in ApoE-/- mice (Nieweg et al., 2009, 

Pitas et al., 1987b). ApoE-/-  is not fatal, therefore compensatory mechanisms of lipid transport 

must occur. ApoE-/- mice also suffer from a loss in hippocampal synapse density, measured by 

immunofluorescent probes for synaptophysin and microtubule associated protein 2 (MAP2), 

and a reduction in LTP in the hippocampus, which is necessary for recollection memory 

(Masliah et al., 1995, Veinbergs et al., 1998, Bliss and Lomo, 1973). To extend my analysis 

further, I would like to quantify synapse density using synaptophysin and MAP2 in the ApoE-

/-, ALOX12/15-/- and ApoE-/-/ALOX12/15-/- double knock out mouse, to determine if this 

correlates with either behaviour or lipidomic analysis of brain regions. 

 

12/15-LOX improves cognitive deficit in 3xTG mouse models (Di Meco et al., 2017, Praticò et 

al., 2004). 12/15-LOX has been implicated in both oxidative stress and amyloid processing 

(Praticò et al., 2004, Succol and Praticò, 2007). I tested wildtype mice against ApoE-/-,  
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Alox12/15-/- and ApoE-/-/Alox12/15-/-  in the “object-in-place test” to determine if 12/15-LOX 

removal would prevent spatial recollection memory loss associated with ApoE deficiency 

(Gordon et al., 1995, Masliah et al., 1995). Indeed, the Alox12/15-/- and ApoE-/-/Alox12/15-/-  

mice were not impaired in the object-in-place test”, whilst the ApoE-/- mouse was (Figure 7.3). 

However, I do not believe that this data suggests a protective effect for 12/15-LOX ablation. 

The range of the Alox12/15-/- data was large, and most or all of the ‘protective’ effect was 

driven by one mouse with an extremely high discrimination ratio. Both Alox12/15-/- and ApoE-

/-/Alox12/15-/-  mice trended towards performing worse in the task, although this did not 

reach significance.  

 

Whilst 12/15-LOX deficiency may be protective under pathological circumstances, 12/15-LOX 

may support normal brain function (Di Meco et al., 2017, DeCostanzo et al., 2010, Normandin 

et al., 1996, Feinmark et al., 2003, Shalini et al., 2018, Dorman et al., 1992). However, there 

is no consensus as to how this may occur. Studies of hippocampal slices have indicated that 

12/15-LOXs may be essential for either LTP or long-term depression (LTD) (DeCostanzo et al., 

2010, Normandin et al., 1996, Feinmark et al., 2003). In the rat, 15-LOX is expressed 

throughout the brain and inhibition prevents LTP and causes errors in behavioural tasks 

(Shalini et al., 2018). In cell culture, 12-LOX metabolites inhibit neurotransmitter release from 

synapses (Dorman et al., 1992). My data also supports the concept that, under normal 

conditions, 12/15-LOX supports brain function. Further work is needed in this area to clarify 

the exact role of 12/15-LOX in LTP and LTD.   

 

Two oxPLs are increased in the frontal cortex and ApoE-/- mouse (Figure 7.6, Figure 7.7), 

suggesting an association between PL oxidation in these regions and recollection memory. It 

is not possible to determine the structure of these species using the LC-MS/MS techniques 

used in this thesis, as PCs and PEs can share both Q1 and Q3 masses. However, these could 

be determined using LC-MS/MS. However, the range of behavioural data is too large to draw 

any conclusions between oxPLs and memory. LC-MS/MS analysis of select HETEs and HDOHEs 

in brain regions demonstrates a range of positional isomers, suggesting that these species are 

not produced by 12/15-LOX (Figure 7.8 – 7.11). However, several studies have suggested that 

12/15-LOX is present in the brain and may support brain function (see above). I suggest that, 

as most positional isomers of both HETEs and HDOHEs are present, non-enzymatic oxidation 
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of the brain regions may have taken place during extraction, masking any changes in low 

abundance 12/15-LOX species. Oxidation of the brain samples during extraction could also 

impact oxPLs data, as trends in oxPLs could be harder to identify.  

 

In neurodegenerative disorders such as LOAD, oxidative activity is upregulated, and lipid 

peroxidation takes place (Bradley-Whitman and Lovell, 2015). While this was beyond the 

scope of my current work, I would like to investigate this further to determine if oxPL 

increases are indicative of lipid peroxidation. The next step in this work would be to identify 

the oxPL species increased in ApoE-/- and test their biological activity. As previously discussed, 

I would also use synaptophysin and microtubule-associated protein 2 (MAP2) to assess pre- 

and post-synaptic density within brain regions, to determine if synapse density is correlated 

with lipid content of brain regions. 

 

I completed only a rough dissection of the brain regions (Figure 2.2). Therefore, the ‘frontal 

cortex’ regions actually contain the cerebral cortex, anterior olfactory nucleus and ventral 

striatum, whilst ‘cortex’ regions included the cortex, thalamus, hypothalamus and midbrain. 

Therefore, dissection into complete brain regions would have yielded more data, and the 

method of dissection may have hidden changes in specific regions. oxPLs, HETE and HDOHE 

data suggests that, before repeating this experiment with all brain regions, I would have to 

adapt the method to reduce oxidation during extraction. Another drawback of this 

experiment would be a lack of power calculations, increasing the likelihood of a type I or type 

II error (Jones et al., 2003). Therefore, I would like do these calculations with the current data 

before repeating the experiment.  

 

 

8.4 Conclusions 

 

LC/MS, LC/MS-MS and LipidFinder provide a platform for reliable and reproducible lipid 

analysis. Methods of lipid extraction, MS analysis and data analysis should be optimised to 

the tissue of analysis and study design, and multiple comparisons adjustment performed if 

necessary. Herein, LC/MS putatively identified a downregulation of SPs and GPLs in APOE 22 

homozygote plasma. Further work is needed to validate these data and determine if 
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downregulation of these species occurs in APOE 22 homozygote brain. Also, LC-MS/MS 

suggested that 12/15-LOX is not active in the brain under physiological conditions, although 

oxidation during extraction could be a confounding factor in the analysis. I detected two oxPL 

species which are associated with recognition memory loss in ApoE-/- mice, which require 

structural identification.  
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