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Abstract 

Inflammation is a protective response to infection or injury and an essential 

process in the maintenance of tissue homeostasis. It constitutes a highly complex 

and tightly regulated sequence of events in which macrophages play a central 

role, by eliciting cellular pathways that produce inflammatory mediators to 

neutralize and eliminate invading pathogens and repair tissues damaged by 

trauma. The focus of this thesis was to define the global lipid and protein 

responses of cultured murine macrophages (RAW 264.7 cells) subjected to 

inflammatory stimuli. Cells were treated with immune modulators that either 

modelled bacterial infection (Kdo2-Lipid A) or reflected the signals produced by 

damaged or dying cells during clearance (ATP). In-depth proteomic analyses 

identified significant metabolic reprogramming along with a promotion of 

macrophage differentiation and polarisation, and lipidomic analysis identified 

significant regulation of arachidonic acid and glycerophospholipid metabolism. 

Furthermore, a novel stable isotope labelling methodology was developed using 

deuterium oxide (2H2O) in conjunction with high resolution mass spectrometry for 

the simultaneous measurement of the rates of synthesis of individual lipids and 

proteins on a cellular-wide scale. The results revealed altered dynamics of 

ribosomal proteins and triglycerides following macrophage activation. Ultimately 

advanced multi-omic approaches can be utilised to investigate the molecular 

pathways of macrophages and provide additional perspectives on the 

mechanisms associated with inflammatory responses. 
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1. Chapter 1 -

Introduction 
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1.1 Inflammation 

Inflammation is a primary response, which provides protection against harmful 

stimuli, such as pathogens, irritants, or injury. The primary aim of the 

inflammatory response is the defence against these harmful stimuli and the 

restoration of healthy tissue (Kumar et al., 1999). Inflammation was first defined 

by the Roman encyclopaedist, Aulus Cornelius Celsus, in the first century AD, 

when he defined four of the five cardinal signs in his book ‘De medicina’. The 

signs include: rubor and calor (redness and heat) caused by increased blood flow, 

tumor (swelling) caused by increased vascular permeability or cell infiltration, and 

dolor (pain) caused by release of mediators at the site of inflammation (Alessandri 

et al., 2013; Kockerling, Kockerling and Lomas, 2013). The final (fifth) cardinal 

sign is functio laesa (loss of function), which was added in 1858 by Rudolf 

Virchow in his book ‘Die Cellularpathologie’. Virchow’s research was amongst the 

first to describe the causes of inflammation as having a cellular basis (Majno, 

1998; Breathnach, 2002). The cardinal signs of inflammation are apparent due to 

the physiological processes that take place during the activation of the immune 

system. These include  a complex network of cells and mediators, which act on 

effector cells resulting in a biological and phenotypic response (Hurley, 1964; 

Giroud and Willoughby, 1970). 

 

1.1.1 Primary Purpose (infection control)  

The immune system consists of three lines of defence. The first includes chemical 

and physical barriers such as skin (Palmer et al., 2006) and the respiratory 

mucosa (Travis et al., 1999). In the event that the first line of defence is 

compromised, innate immunity (the second line) comes into play. The next level 

of defence is adaptive immunity, also known as the antigen-dependent response. 
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Inflammation forms part of innate immunity but can also feed into adaptive 

immunity such as via stimulatory signals including complement and cytokines 

(Iwasaki and Medzhitov, 2010; Robb et al., 2016).  Specialised immune cells 

mediate the inflammatory response by producing various mediators that 

modulate pro-inflammatory, anti-inflammatory and pro-resolving effects (Larsen 

and Henson, 1983).  

 

Acute inflammation, which is the early and non-specific response, is typically 

resolved within minutes to days (Wirtz et al., 2017; Farb et al., 2012) (Figure 1.1). 

However, should acute inflammation persist for days to even years, on account 

of continuous exposure to the stimulus or dysfunctional resolution, inflammation 

is considered to be chronic. Chronic inflammation is not healthy and results in 

injury, remodelling and loss of function to tissue (Anderson, 2013; Walker et al., 

2013).  

 

 

 

 

 

Figure 0.1. Intensity of the inflammatory response 
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1.1.2 Immune Cells  

The inflammatory response is mediated by a variety of immune cells, and 

mediators, which belong to either the innate or adaptive immune system. The 

various types of immune cells have unique roles in the inflammatory response. 

Leukocytes, more commonly known as white blood cells, are involved in the 

innate immune response and include granulocytes (neutrophils, mast cells, 

basophils and eiosinophils) and agranuloytes (monocytes and macrophages) 

(Table 1.1).  Leukocytes constitute ~1% of the blood volume. Neutrophils are the 

most abundant leukocytes, followed by monocytes, with the remaining cell types 

present at much lower abundance (Robb et al., 2016).  

 

Granulocytes contain small granules within their cytoplasm, which have 

enzymatic properties. The granules are released during the inflammatory 

response in order to help facilitate the destruction of ingested material during 

phagocytosis (Cohn and Hirsch, 1960; Soehnlein, Kai-Larsen et al., 2008). This 

includes  the degradation of bacterial membrane by elastase and Cathespin G 

(Garwicz et al., 1998, Belaaouaj, Kim and Shapiro, 2000), and the recruitment of 

additional leukocytes by chemoattractants (Territo et al., 1989; Sun et al., 2004). 

  

Figure 1.1 Intensity of the Inflammatory Response. Following initiation of 

acute inflammation, intensity reaches peak and resolution proceeds. In chronic 

inflammation, inflammation continues, and restoration of normal tissue 

homeostasis fails. Adapted from: Pharmacological Reviews. Walker et al: 

Neuroinflammation and comorbidity of pain and depression- 2013. 
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Table 1.1. Immune Cells and Associated Functions  

The various types of immune cells and their functions. Neutrophil extracellular 

traps (NET), reactive oxygen species (ROS), natural killer (NK) and eosinophil 

extracellular traps (EEt). 

 

 

Immune cells, such as monocytes, continually circulate in the blood in an inactive 

state. They have pattern recognition receptors (PRRs) on their cell surface which, 

once activated, trigger various signalling pathways that activate the cell into a 

pro-inflammatory state (Janeway, 1992). PRRs are vital to the orchestration of 

the immune response and are activated by recognition of pathogen-associated 

molecular patterns (PAMPs) and damage-associated molecular patterns 

Immune Cell Role Type Effect 

 
Neutrophils 

Phagocytosis 
Degranulation 
ROS generation 
NETs release 
Mediator release 

Granulocytes 
Innate  

Pro-inflammatory 
Pro-resolving 

 
Eosinophils 

Degranulation  
EEt traps 

Granulocytes 
Innate 

Pro-inflammatory 
Anti-inflammatory 

 
Basophils 

Degranulation 
Mediator release  

Granulocytes 
Innate 

Pro-inflammatory 
 

 
Macrophages 

ROS generation 
Phagocytosis 
Mediator release 
Antigen presentation 

 
Agranuloytes 
Innate 

Pro-inflammatory 
Anti-inflammatory 
Pro-resolving 

 
Mast Cells 

Wound healing 
Degranulation 

Granulocytes 
Innate 

Pro-inflammatory 
Anti-inflammatory 

NK Cells 
 

Cytotoxic activities 
 

Granulocytes 
Adaptive and 
Innate 

 
Pro-resolving 

 
Dendritic cells 

Antigen presentation 
Feed adaptive immune 
response 

 
Agranuloytes 
Innate 

 
Pro-inflammatory 

T-cells 

Helper cells 
Cytotoxic activities 
Immune memory 
Regulation  

Agranulocytes 
Adaptive 

Pro-inflammatory 
Pro-resolving 
 

B-cells 
Immune memory 
Antibody production 

Agranulocytes 
Adaptive 

Pro-inflammatory 
Pro-resolving  



6 
 

(DAMPs) (Takeuchi and Akira, 2010). PAMPs are motifs on the surface of 

pathogens which, once recognised, initiate a pathogen-induced inflammatory 

response. Examples include lipopolysaccharides (LPS; structures on the surface 

of gram-negative bacteria) which bind and activate a major class of PRR known 

as the toll- like receptors (TLRs) (Medzhitov and Janeway, 1997).   

 

Initially the focus of PRR activation was solely on PAMPs, because the ‘self/non-

self’ theory of the innate system was accepted, whereby the immune response is 

triggered against any foreign material. The ‘Danger Theory’ was later proposed, 

which suggests that the immune response is activated by recognition of ‘danger 

molecules’ and these could include ‘self’ molecules capable of causing harm to 

the host. Likewise, ‘foreign’ material which does not cause harm would not 

activate the response (Matzinger, 1994; Matzinger, 2002). This theory led to the 

categorisation of DAMPs, which are endogenous molecules released by dead 

and dying cells that imitate the pathogen-driven immune response. Examples 

include secreted proteins, such as HMGB1, which activate TLR’s (Scaffidi, Misteli 

and Bianchi, 2002) and adenosine 5′-triphosphate (ATP) which activates 

purigenic receptors (Gazzerro et al., 2019).  

 

1.1.3 Stages of Inflammation  

The coordinated activation of many signalling pathways allows for the various 

immune cells and mediators to come into play at different stages.  This is required 

to carry out the various cellular, molecular and physiological changes required, 

and to coordinate the important restoration of normal tissue homeostasis (Figure 

1.2) (Nathan, 2002). 
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Upon stimulation of an inflammatory response, leukocytes are recruited from the 

circulation to the site of infection (Andrian et al., 1991). This process is 

accomplished via the release of many mediators from local immune cells. The 

mediators include histamine which is released from mast cells and promotes 

dilation of capillary smooth muscle cells for increased blood flow, and constriction 

of capillary endothelial cells for increased vascular permeability (Ashina et al., 

2015). Histamine also increases the expression of the adhesion molecule, P-

selectin for increased leukocyte adhesion and recruitment (Asako et al., 1994). 

Released chemokines and integrins also assist in leukocyte adhesion and 

migration (Campbell et al., 1996; Lammermann et al., 2013). Additional mediators 

released early in the inflammatory response to promote the recruitment of 

leukocytes include bradykinin, Substance P and bioactive lipids (Averbeck and 

Reeh, 2001; Vasko, Campbell and Waite, 1994). 

 

The first leukocytes to be recruited are mainly neutrophils, which amplify the 

response by releasing chemoattractants, including monocyte chemoattractant 

protein-1 (MCP-1), heparin-binding protein (HBP) and Cathepsin G (Fillion et al., 

2001; Sun et al., 2004; Janardhan, Sandhu and Singh, 2006; Soehnlein, 

Zernecke et al., 2008). These mediators bind to CCR2 and β7-integrin receptors 

for immune cell homing and binding (Desalegn and Pabst, 2019). 
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Figure 0.2. Activation of the inflammatory response 

 

 

 
Figure 1.2 Activation of the Inflammatory Response. An overview of some of the cells and mediators which take part in 

the acute phase of the inflammatory response. Reactive oxygen species (ROS). 
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Recruited monocytes subsequently differentiate into inflammatory macrophages 

following stimulation by soluble factors. These factors induce changes in gene 

expression and cell phenotype, and result in the activation of various signalling 

networks, such as the Janus kinase/signal transducers and activators of 

transcription (JAK-STAT) pathway (Lacey et al., 2012; Perugini et al., 2010; 

Orekhov et al., 2019).  

 

Colony-stimulating factor (CSF-1, also known as M-CSF) is the primary regulator 

of monocyte differentiation and is responsible for homeostatic differentiation of 

monocytes and anti-inflammatory roles. CSF-1 is produced by a range of cell 

types, including immune cells (neutrophils) and epithelial cells, and binds to its 

receptor (CSF-1R), in an autocrine and paracrine manner, to promote 

differentiation (Pixley and Stanley, 2004; Braza et al., 2018). Alternatively, 

granulocyte-macrophage colony-stimulating factor (GM-CSF) is produced during 

the inflammatory response by a range of cell types including immune cells (B- 

and T- cells) and epithelial cells. GM-CSF binds to the GM-CSF receptor (GM-

CSFR) to promote monocyte differentiation into pro-inflammatory macrophages 

(Ponomarev et al., 2007; Rauch et al., 2012; Pearson et al., 2016). Other factors 

such as IL-34 and IL-32, have also been identified to contribute to monocytes 

differentiation (Netea et al., 2008; Boulakirba et al., 2018).  

 

Some monocyte subsets have the potential to differentiate into other cells 

including dendritic cells, microglia, endothelial cells, Kupffer and osteoclasts, 

depending on the environmental conditions and the factors to which they are 

exposed (Harraz et al., 2001; Safi et al., 2016). Following recruitment, neutrophil 

and macrophage activation via DAMP/PAMP recognition promotes further 
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mediator release and phagocytosis to ensure removal of pathogens and 

dead/dying cells (Kiefer et al., 1998; Lauber et al., 2003). 

 

Professional antigen presenting cells (APCs) of the innate immune system 

(dendritic cells and macrophages) also activate the adaptive immune response 

by recruiting and activating B-cells and T-cells, which regulate adaptive immunity. 

Whilst innate immunity is antigen-independent (non-specific), the adaptive 

subsystem involves antigen recognition by antibodies and allows for highly 

specific, immunological memory (Guo et al., 2009). Following PAMP or DAMP 

binding, APCs internalise target pathogens via phagocytosis, receptor-mediated 

endocytosis or pinocytosis. The pathogens are then digested into fragments 

which bind to complementary major histocompatibility complex (MHC) molecules 

for presentation on the cell surface for T-cell recognition (Mantegazza et al., 

2013). MHC class I are produced by all nucleated cells and present endogenous 

antigens to cytotoxic CD8+ T-cells, whilst MHC class II are produced by APCs 

and display exogenous antigens to CD4+ T cells (Burgdorf et al., 2007). 

Costimulatory interactions between APCs and T-cells can also occur, 

respectively, between the membrane proteins: B7 and CD28, ICAM-1 and LFA-

1, and CD40 and CD40 ligand, which help to promote or inhibit  T- cell activation 

(Elgueta et al., 2009; Chen,  and Flies, 2013). 

  

Activated CD4+ T- helper cells or T- cell-independent antigens then bind to B-

cells for subsequent activation. Activated B-cells proliferate and form germinal 

centres where they differentiate into plasma cells for antibody production or 

memory B-cells (Phan et al., 2006; Hess et al., 2013; Zimmermann et al., 2019). 

Antibodies, also known as immunoglobulins, are proteins which bind to antigens 
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resulting in promotion of the inflammatory response, such as by complement 

pathway activation for removal, or neutralisation of pathogens by preventing cell 

uptake, promoting aggregation and binding to Fc receptors (Iorio et al., 1989; 

Schmitz et al., 1995; Platt, Gomes and Kabat, 2012; Alexander et al., 2015; Sharp 

et al., 2019). There are five main types of antibodies (IgE, IgA, IgG, IgM, and 

IgD), each of which is produced by different subsets of B-cells and have different 

roles. Each B-cell produces a single species of antibody, with a unique antigen-

binding site (Alberts et al., 2002; Keskin, 2007). 

 

Following the pro-inflammatory response, the resolution phase takes place to 

restore tissue homeostasis. In this phase, anti-inflammatory macrophages are 

recruited or polarised, which secrete growth factors and promote fibroblast 

recruitment to aid tissue repair (Khalil et al., 1989; Lucas et al., 2010). 

Furthermore, anti-inflammatory mediators, such as cytokines, are also released 

from macrophages and T-cells to supress inflammation and return to 

inflammatory homeostasis (Alaaeddine et al., 1999). Resolution is a highly 

important part of inflammation and is now considered to be an active biological 

process. This highly controlled mechanism involves a ‘switch’ from the release of 

pro-inflammatory mediators to the production of anti-inflammatory and pro-

resolving mediators (Levy et al., 2001; Bannenberg et al., 2005; Safi et al., 2016).  

This switch is accompanied by phagocytosis of apoptotic immune cells by 

macrophages, in a process known as efferocytosis (Savill, Henson and Haslett, 

1989; Campbell, et al., 2007). Efferocytosis helps to suppress inflammation; 

apoptotic cells would otherwise undergo secondary necrosis and release their 

contained pro-inflammatory mediators (Stern, Savill and Haslett, 1996; Fadok et 
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al., 1998), resulting in promotion of inflammatory signalling pathways (Patel et al., 

2006). 

 

1.1.4 Chronic Inflammation 

The continued activation of the inflammatory response results in persistent 

recruitment of immune cells, most notably, macrophages, T- and B-cells. This 

inappropriate inflammation contributes to dysregulation of tissue function and 

loss of tissue integrity on account of persistent release of inflammatory mediators 

and consequent activation of signalling pathways and damage to tissue. 

Ultimately, chronic inflammation can lead to the development of specific 

inflammatory diseases (Song et al., 2006; Hedayat et al., 2010; Murakami and 

Hirano, 2012). For example, the continued activation of T-cells, results in excess 

cytokine and lipid mediator release which contributes to allergic asthma 

(Robinson et al., 1992). Also the continued activation of macrophages in 

response to noxious particles associated with smoking results in increased 

cytokine (IL-8) production and proteolytic enzyme expression (cysteine 

proteases, serine proteases, and matrix metalloproteinases, MMPs), contributing 

to the destruction lung extracellular matrix (ECM) and immune cell infiltration 

(Russell et al., 2002; Meshi et al., 2002; Yang, et al., 2006; Robinson et al., 1992). 

Ultimately, the inflammatory response is highly dynamic and there is an important 

balance between the pro- and anti-inflammatory processes, as well as the 

success of the pro-resolving response (Serhan et al., 2002). Whilst failure to 

mount a sufficient pro-inflammatory response will allow for initiating insult to 

remain, failure to reduce the inflammatory response will cause damage to 

surrounding tissue (Chi et al., 2006; Petricevich, 2006). 

 



13 
 

1.1.5 Macrophages  

Macrophages are key effector cells of the inflammatory response. Their role is so 

important that in 1908 Elie Metchnikoff won the Nobel Prize for Medicine for a 

description of phagocytosis (Metschnikoff, 1891; Mechnikov, 1908), later 

understood to be effected by macrophages amongst other inflammatory cells. 

Monocytes derived from haematopoietic stem cells are the precursors of 

macrophages. Monocytes originate from bone marrow and continually circulate 

in the blood. They generally remain in circulation for up to two days and if they 

have not been recruited will undergo (non-inflammatory) apoptosis and are 

removed (Patel et al., 2017). Monocytes are a subset of peripheral blood 

mononuclear cells (PBMCs), which have a round, mono-nucleus. Monocytes are 

morphologically and phenotypically heterogeneous and make up approximately 

10% of PBMCs (Chávez-Galán et al., 2015; Kleiveland, 2015; Lepone et al., 

2016). 

 

Macrophages are also heterogenous as there are many subtypes with different 

phenotypes and functions. Table 1.2 describes the basic characterisation of 

macrophages, which include M0, M1 and M2 subtypes (Passlick, Flieger and 

Ziegler-Heitbrock, 1989). It is important to be aware that there are intermediate 

macrophage phenotypes and further subtypes (M2a, M2b and M2c) defined by 

their surface markers, secreted molecules and biological functions (Ferrante et 

al., 2013; Iqbal and Kumar, 2015). Macrophages have great plasticity, with the 

ability to rapidly change in response to environmental signals, such as soluble 

factors, and switch between these phenotypes (Mills et al., 2000; Vogel et al., 

2014). 
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Table 1.2. Basic Macrophage Classification 

 

Upon activation of inflammation, monocytes are attracted to chemo-attractants 

produced by neutrophils (Janardhan, Sandhu and Singh, 2006) and migrate to 

the relevant tissue, whereupon they differentiate into macrophages, prior to 

commencing their clearance and inflammatory regulatory functions (Geissmann 

et al., 2010). M1 macrophages are activated by transcription factors which include 

nuclear factor kappa B (NF-κB), STAT and AP-1, following mitogen activated 

protein kinase (MAPK) and JAK-STAT signalling, all of which regulate 

inflammation (Ehrt et al., 2001; Nau et al., 2002). Activated M1 macrophages then 

produce mediators, such as cytokines, interleukins and eicosanoids, in addition 

to ROS and NOS to further promote the inflammatory response and destroy 

pathogens (Aderem et al., 1986; Edwards et al., 2006; Martinez and Gordon, 

2014). M2 macrophages are activated by IL-13 or IL-4, during the resolution of 

inflammation. M2 macrophages express many scavenger receptors and carry out 

phagocytosis. M2 macrophages also produce mediators to resolve inflammation 

and bring about healthy tissue homeostasis (Serhan et al., 2002; Gordon, 2003; 

Bhattacharjee et al., 2013)  (Figure 1.3).    

Name Class Phenotype 

Monocytes M0 Non-Polarised 

Professional/Classically Activated M1 Pro-Inflammatory 

Alternative Macrophages M2 Pro-Resolving 
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Figure 0.3. Activation of macrophage cells  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.3 Pathways Involved in Macrophage Activation. An overview of the distinct pathways involved in the polarisation of 

monocytes (M0) into classically (M1) and alternatively (M2) activated macrophages. 
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In addition to their role in the inflammatory response, monocytes and 

macrophages mediate important homeostatic roles by signalling through various 

surface receptors, such as phosphatidylserine receptors which promote 

apoptosis (Hoffmann,et al., 2001). Tissue-resident macrophages are 

nonmigratory homeostatic cells, which can be produced independently of 

monocytes, and consist of many subsets, including microglia cells in the brain, 

osteoclasts in the bone marrow, alveolar macrophages in the lung, intestinal 

macrophages, histiocytes in gastrointestinal tract and  Kupffer cells in the liver 

(Schulz et al., 2012; Yona et al., 2013). Homeostatic roles of macrophages 

include the non-inflammatory clearance of erythrocytes, pathogens and cellular 

debris and the maintenance of regulatory T-cells and epithelial cell renewal 

(Bessis and Breton-Gorius, 1962; Hadis et al., 2011). The failure in these 

homeostatic processes would otherwise interfere with host functions, promote an 

inappropriate inflammatory response and disturb tissue remodelling, such as in 

inflammatory bowel disease (Wong et al., 2010; Kayama et al., 2012; Bain et al., 

2013; Fang et al., 2020). 

 

1.1.6 Signalling Pathways in Macrophages  

The most common inflammatory signalling pathways include; the NF-κB, MAPK, 

and JAK-STAT pathways. These pathways control the activation of transcription 

factors resulting in gene transcription and ultimately the release of cytokines, 

chemokines and other mediators to control inflammation.   

 

The NF-κB pathway consists of two distinct canonical (major) and non-canonical 

(alternative) pathways. The NF-κB family of transcription factors contains five 

members, p65 (RelA), RelB, c-Rel, p105/p50 and p100/p52. NF-κB1 (p105) and 
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NF-κB2 (p100) are larger precursors of the NF-κB dimer subunits, p50 and p52 

respectively, these larger precursors act in an inhibitory manner (Senftleben et 

al., 2001; Huxford et al., 1998). NF-κB dimers are bound to IκB kinases (IKK) 

which are inhibitor proteins in the cytoplasm; removal of IκB leads to nuclear 

translocation of NF-κB dimers and transcriptional activation. Activation of the 

canonical pathway is dependent on IKK (IκB), which consists of two catalytic 

subunits (kinases); IκBα (IKK1) and  IκBβ (IKK2) and a regulatory subunit, IκBγ 

(also known as NEMO, NF-κB essential modulator) (Mercurio et al., 1997; 

Rothwarf et al., 1998). Upon stimulation via PRR or cytokines, IKK is activated, 

resulting in phosphorylation of IκBα at serine residues, in an IκBβ and IκBγ 

dependent manner. Active IKK also phosphorylates p105 for complete 

degradation by the proteasome, releasing the associated NF-κB subunits (p50). 

Phosphorylated IκB members then undergo ubiquitin-dependent proteasomal 

degradation, releasing NF-κB nuclear localisation domains. Degradation of IκB 

proteins allows the NF-κB dimers (predominantly p50-RELA and p50-c-REL) to 

translocate to the nucleus and initiate transcription of target genes, such as IL1-

B and tumour necrosis factor (TNF, also known as cachectin) (Brown et al., 1995; 

Chen, Parent and Maniatis, 1996; Delhase et al., 1999; Schröfelbauer et al., 

2012). It is interesting to note that the HUGO Gene Nomenclature Committee 

(HGNC) has recently changed the name of TNF-β to lymphotoxin α (LTα) and 

therefore TNF-α is now commonly simplified to TNF (Calmon-Hamaty et al., 

2011). 

 

The non-canonical NF-κB pathway is activated by cytokines e.g. TNF and 

receptor activator of nuclear factor-κ-B (RANK) and is NEMO independent. A 
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central signalling component of the non-canonical NF-κB pathway is NF-κB-

inducing kinase (NIK; also known as MAP3K14 as it shares sequence similarity 

with several MAPKK kinases). NIK induces p100 phosphorylation through the 

activation of the kinase IKKα dimer, triggering p100  ubiquitination and 

subsequent degradation by the proteasome to release p52 (NF-κB2). p52 

associates with RelB and the P52:RelB dimer enter nucleus for transcription of 

target genes (Bonizzi et al., 2004; Xiao, Harhaj and Sun, 2001; Senftleben et al., 

2001).  

 

The JAK-STAT pathway is activated by numerous cytokines, interferons and 

growth factors and transmits extracellular signals to the nucleus. There are four 

members of the JAK family: JAK1, JAK2, JAK3, and TYK2, which are tyrosine 

kinases (Takahashi and Shirasawa, 1994). The amino-terminal half of JAKs 

contains two motifs, a Src homology-2 (SH2) domain and a four-point-one, ezrin, 

radixin, moesin (FERM) domain; the carboxyl ends have two kinase domains (Jak 

homology; JH1 and JH2) (Radtke et al., 2005; Yeh et al., 2000). JH2 is 

understood to negatively regulate JH1 kinase activity (Lindauer et al., 2001). The 

JAK proteins activate the STAT transcription factors, of which there are seven 

members. All STAT proteins contain an N-terminal domain, a DNA-binding 

domain, a SH2 domain and a transactivation domain (Vogt et al., 2011). Following 

ligand binding, the JAK FERM and SH2 domains facilitate binding to cytokine 

receptors. The FERM domain also regulates JAK catalytic activity (McNally, 

Toms and Eck, 2016; Zhao et al., 2010). JAK binding to cytokine receptors 

promotes receptor dimerization leading to juxtapositioning and phosphorylation 

of JAKs (Feng et al., 1997; Ferrao, Wallweber and Lupardus, 2018). This 

activation of JAKs results in STAT recruitment, phosphorylation and activation, 
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via the STAT SH2 domains (Liu et al., 2006; Shuai et al., 1994). Active STATs 

then dimerise, via their N-terminal domain, and enter the nucleus resulting in 

gene transcription (Mertens et al., 2006). 

 

The MAPK pathway involves a chain of proteins which translates an external 

signal to the nucleus through consecutive phosphorylation reactions. There are 

three identified MAPK pathways: the ERK1/2, the c-JUN N-terminal kinase 1, 2 

and 3 (JNK1/2/3), and the p38 MAPK α, β, δ, and γ pathways. All are activated 

via proinflammatory stimuli. Additionally, the ERK1/2 pathway is activated in 

response to growth factors and hormones, whilst JNK1/2/3 and p38 MAPK are 

activated by cellular and environmental stresses. The p38 MAPK pathway is also 

commonly associated with inflammation (Cadalbert et al., 2010; Kyriakis and 

Avruch, 2012). MAPKs are serine, tyrosine or threonine-protein kinases, 

activated by dual phosphorylation. Each MAPK is phosphorylated by an upstream 

MAPK: MAP3K activates MAP2K, which in turn activates a MAPK (Raingeaud et 

al., 1995; Blank et al., 1996). Activated receptor tyrosine kinases (RTKs) and G 

protein-coupled receptors (GPCRs), by ligands such as growth factors, results in 

pathway activation. Following ligand binding RTKs dimerise allowing receptor 

trans-phosphorylation and therefore tyrosine kinase activation. Proteins such as 

Ras then bind via their SH2 domain and are phosphorylated for activation (Katz, 

Amit and Yarden, 2007; Chen et al., 2020). Upon ligand binding to GPCR, 

guanine nucleotide exchange factor (GEF) converts G protein (Ras/TRAF/RAC) 

bound GDPs to its active GTP form (Goldsmith and Dhanasekaran, 2007). 

Activated proteins then activate MAP3K proteins (e.g. Raf/MEKK) which bind and 

activate kinase MAP2K proteins (e.g. MEK/MKK) by phosphorylation which then 

bind and activate MAPK proteins (e.g. ERK/p38/JNK) via phosphorylation. Active 
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MAPK enters the nucleus to activate substrates such as the transcription factors: 

Activating transcription factor 1 (ATF-1) and  AP-1, resulting in transcription of 

target genes (Dudley et al., 1995; Blank et al., 1996; Tan et al., 1996). 

 

1.1.7 Macrophage Receptors   

Activation of the inflammatory signalling pathways are often triggered by ligand 

binding to cell surface receptors. Macrophages have many receptors including 

TLR and purigenic receptors which, once activated, promote activation of 

common signalling pathways (Huang et al., 2014). TLRs are a class of single 

pass spanning receptors that recognise PAMPs. They were first discovered in 

Drosophilia melanogaster (Lemaitre et al., 1996). The human TLR consists of an 

extracellular domain which contains a leucine-rich repeat (LRR) motif, and a 

cytoplasmic domain homologous to the IL-1 receptor, for intracellular signalling 

via NF-κB (Medzhitov, Preston-Hurlburt and Janeway, 1997). There are 11 

mammalian classes of TLR, activation of each type results in different gene 

expression activation profiles (Rock et al., 1998; Shi. et al., 2012). TLR4 is known 

as the LPS receptor because it is essential for LPS recognition. However, TLR2 

can also contribute to recognition of LPS, because this receptor recognises a 

wide variety of ligands, including microbial components such as lipoproteins on 

bacteria and LPS on non-enterobacteria  (Poltorak et al., 1998; Heine et al., 1999; 

Elson et al., 2007). In addition to LPS, TLR4 also recognises other ligands 

including fibronectin and taxol, a plant compound with LPS-mimetic effects 

(Kawasaki et al., 2000; Okamura et al., 2001). 

 

Upon LPS binding, TLR4 dimerises resulting in activation of the  Toll/interleukin-

1 receptor (TIR) domain and triggering activation of signalling pathways (Saitoh 



21 
 

et al., 2004), including both myeloid differentiation primary response gene 88 

(MyD88)-dependent and independent mechanisms (Hoshino et al., 2002). 

MyD88 is an adaptor protein, with a TIR domain that associates with the TIR 

domain of TLRs (Ohnishi et al., 2009). In MyD88-dependent mechanisms, TLR4 

activation recruits the adaptor proteins MyD88 which binds to the TIR domain of 

TLRs and recruits interleukin-1 receptor-associated kinase (IRAK), facilitating 

IRAK-4-mediated phosphorylation of IRAK-1 (Burns et al., 1998; De Nardo et al., 

2018). This results in activation of IRAK-1 which binds to TNF receptor-

associated factor 6 (TRAF6) and IRAK-1 is ubiquitinated and degraded (Muroi 

and Tanamoto, 2012; Della Mina et al., 2017). TRAF6 is also ubiquitinated but 

instead of promoting degradation, this results in activation of the IKK complex, 

via TAK1/TAB kinases, resulting in NF-κB signalling. Furthermore, TRAF6 results 

in activation of MAPK and therefore activation of substrate transcription factors 

such as activator protein-1 (AP-1) (Cao et al., 1996; Medzhitov et al., 1998; Deng 

et al., 2000; Wang et al., 2001). 

 

Although TLR4-mediated production of inflammatory cytokines predominantly 

requires the MyD88-dependent pathway, a MyD88-independent component also 

exists. In this pathway TIR domain-containing adaptor inducing IFN-β 

(TRIF/TICAM-1), an adaptor protein, binds to TLR, via the adaptor TICAM-

2/TRAM, leading to IRF-3 transcription factor activation (Yamamoto et al., 2003; 

Oshiumi et al., 2003; Fitzgerald et al., 2003). IRF-3 activation results in the 

transcription of IFN-βγ, activation of JAK-STAT and NF-κB signalling (Hoebe et 

al., 2003; Rhee et al., 2003). IRF-3 activation also induces transcription of the 

genes containing IFN-stimulated regulatory elements such as IP-10 (also known 

as CXCL-10) (Kawai et al., 2001).  
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Purigenic receptors are mammalian receptors involved in macrophage activation 

that bind to nucleotides. They include the P1 and P2 subtype which bind to 

adenosine or ATP respectively (Burnstock and Kennedy, 1985). P2 receptors 

have further been subdivided into metabotropic P2Y receptors, which are GPCRs 

and ionotropic P2X receptors (Coutinho-Silva et al., 2005). P2YR are GPCRs 

whilst P2XR are ionotropic and respond to sodium, calcium ion or potassium ion 

flux (Burnstock, Geoffrey and Verkhratsky, 2012). There are seven P2X subtypes 

and eight P2Y mammalian subtypes, with overlapping but also unique 

pharmacological properties such as binding affinities (Coutinho-Silva et al., 

2005). 

 

P2X7 Is the purigenic receptor that is highly associated with inflammation. P2X7 is 

expressed on immune cells, including macrophages (Gu et al., 2000; Kawamura 

et al., 2012) and drives several processes, including regulation of the caspase-1 

inflammasome (Arulkumaran, Unwin and Tam, 2011). This receptor is activated 

following high ATP release (µM range) by stressed and dying cells (Wilhelm et 

al., 2010). Activation by ATP results in a conformational change leading to pore 

formation for the non-selective permeability to molecules with a mass of up to 

900 Da (Surprenant et al., 1996; Virginio et al., 1999), and promotes a Na+ influx, 

resulting in cell depolarisation, and a Ca2+ influx, resulting in promotion of cell 

signalling. Furthermore, K+ efflux is promoted, resulting in inflammasome 

assembly (Pelegrin, 2011; Adamczyk et al., 2015). 

 

Following macrophage priming by an agonist, such as LPS, pro-IL-1β is released. 

ATP stimulation activates the NLR family pyrin domain containing 3 (NLRP3) 

inflammasome, and therefore caspase 1, which cleaves pro-IL-1β to generate 
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mature IL-1β (Laliberte, Eggler and Gabel, 1999; Mariathasan et al., 2006). The 

entire mechanism is unclear, but pannexin-1 (a hemichannel) is thought to be 

involved in the link between receptor and caspase-1 activation (Pelegrin and 

Surprenant, 2006). P2X7 associated caspase-1 activation and IL-1β release is 

specific is to M1, but not M2 macrophages. Uncoupling of P2X7R from caspase-

1 activation was identified in intermediate and M2 polarised macrophages, 

inhibiting the production of mature IL-1β and enhancing the resolving phase, 

suggesting a role of this mechanism in the polarisation switch of macrophages 

(Pelegrin and Surprenant, 2009). ATP activated macrophages stimulate MEK1 

and so the ERK/p38 cascade, resulting in the release of mediators such as 

cytokines and eicosanoids. Furthermore, MCP-1 is upregulated resulting in 

leukocytes recruitment (Aga et al., 2002; Braganhol et al., 2015; Panenka et al., 

2001). 

 

GPCR and peroxisome proliferator-activated (PPAR) receptors are important 

families of receptors which respond to stimuli and result in a cellular response. 

GPCRs are seven-(pass)-transmembrane domain (7TM) receptors which 

comprise a large group of surface proteins which detect extracellular molecules 

and couple to heterotrimeric G proteins (Gα, Gβ/Gγ subunits) to activate a cellular 

response (Bockaert & Pin, 1999). Upon ligand binding, the GPCR undergoes a 

conformational change and acts as a guanine nucleotide exchange factor (GEF). 

Therefore, the associated G protein exchanges GDP for GTP and both the Gα 

and GTP units and the Gβ and Gγ dimer dissociate, resulting in activation off 

numerous second messengers including protein kinase C (PKC), diaglycerol 

(DAG), inositol trisphosphate (IP3) and calcium ions (Tuteja, 2009). The two 

major signalling pathways include the cyclic adenosine monophosphate (cAMP) 
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and phosphoinositide (PI) pathways. The G protein subtypes Gαs and Gαi either 

activate or inactivate the cAMP pathway respectively, which leads to protein 

kinase A (PKA) activation  (Yoshimasa et al., 2013), whilst Gαq or Gαo activates 

the PI pathway, triggering the release of calcium ions into the cytosol (Law et al., 

2016). The resulting cellular responses are vast and include apoptosis, growth, 

motility, proliferation and secretion  (Jong et al., 2018). 

 

PPARs are ligand activated nuclear receptors that’s function as transcription 

factors. There are three types of PPARs; PPARα, PPAR γ, and PPARβ/δ which 

have differential tissue expression (Abbott et al., 2010). PPARs function as 

heterodimer in association with co- activator complex that binds to DNA sequence 

termed peroxisome proliferators response elements (PPREs) present in promoter 

of target genes. In the absence of the ligands, these heterodimers are associated 

with co- repressor complex which block gene transcription (Berger & Moller, 

2002). PPARs play essential roles in the regulation of cellular differentiation, 

development, and metabolism of carbohydrates, lipids and proteins  (Tyagi et al., 

2011).  

 

1.1.8 Cytokines  

Cytokines are small proteins secreted by a variety of cells following both 

exogenous and endogenous signals. Macrophages are prominent cytokine-

secreting cells. These proteins act in an autocrine or paracrine manner and 

exhibit various signalling effects to control the interactions and communication 

between cells, and to orchestrate an effective immune response (Duque, Fukuda 

and Descoteaux, 2013). There are pro- and anti-inflammatory cytokines. 

Proinflammatory cytokines are produced predominantly by activated 
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macrophages. Major pro-inflammatory cytokines include IL-1β, IL-6, and TNF, as 

well as various chemokines (Bopst et al., 1998). Major anti-inflammatory 

cytokines include IL-1 receptor antagonists (IL-1Ra), IL-4, IL-10, IL-11, and IL-13 

(Xue et al., 2014).  

 

Cytokines are produced in the ER-Golgi network and are either trafficked to the 

cell membrane and secreted to act exogenously, such as IL-1 and IL-10, or are 

secreted internally in the form of soluble molecules to act endogenously, such as  

IFNα and IFNβ (Foey et al., 1998; Wang et al., 2000; Hsu et al., 2005; Manderson 

et al., 2007). Cytokines can be functionally redundant, meaning that different 

cytokines share similar functions, on account of shared cytokine receptors 

(Kitamura et al., 1991; Tavernier et al., 1991), or pleiotropic, meaning that they 

have multiple functions. For example, IL-6 and IL-4 can display both anti-

inflammatory and pro-inflammatory functions (Hurst et al., 2001; Major, Fletcher 

and Hamilton, 2002). The polarisation state of macrophages has been shown to 

determine the set of cytokines produced (Stout et al., 2005) and the secretion of 

cytokines is highly regulated during the inflammatory response (Munoz et al., 

1991). For example, TNF is released early upon macrophage activation by  LPS, 

and release of this cytokine is thought to promote a secondary wave of cytokines 

including the subsequent expression of IL-8 and IL-10 (DeForge et al., 1992).   

 

TNF is a key cytokine secreted by macrophages, and is important for cellular 

recruitment, adhesion and coagulation (Pickering and Merkel, 2004). The name 

TNF originates from its original identification as a factor capable of inducing 

necrosis in tumours (Carswell et al., 1975). Expression of TNF is regulated at the 

transcriptional level, via NF-κB and nuclear factor activated T-cells (NF-AT), and 
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at the translational level via the octanucleotide UUAUUUAU (UA-rich, UAR) 

sequence in TNF mRNA which binds to RNA proteins (Sedger and McDermott, 

2014). TNF is produced as a 26 kDa transmembrane form (mTNF) protein which 

can be cleaved, by TACE, to a 17 kDa  secretory component (sTNF) and a, these 

act in an paracrine and endocrine manner respectively and bind to the same 

receptors (Kriegler et al., 1988; Perez et al., 1990). Many feedback signals 

including IL-10, IL-4 and TNF-α-inhibiting factor (TIF) inhibit TNF to regulate the 

pro-inflammatory response (Baer et al., 1998). There are many subtypes of TNF 

identified (α, β, γ), with different binding abilities. Due to its higher potency and 

interest, a great deal is known about TNF, such as its greater ability to induce 

cytotoxicity and differentiation (Kircheis et al., 1992).  

 

There are two receptors for TNF; Type 1 (TNFR-55, 55 kDa) and Type II (TNFR-

75, 75 kDa (Baer et al., 1998). Both receptors are expressed on macrophages 

(Gane, Stockley and Sapey, 2016), and bind to both TNF and LTα (TNF-β), to 

activate different signalling pathways (Smith et al., 1990; Rusten et al., 1994). 

TNFR1 is associated with cytotoxicity as it contains a ‘death domain’ (DD) that 

recruits and binds to the TNF receptor-associated death domain protein 

(TRADD). Upon TNF binding, trimerization of TNF-R1 occurs and is accompanied 

by the recruitment of TRADD into the receptor complex. TRADD acts as a 

platform to recruit other signalling proteins into the complex, such as Receptor-

interacting protein (RIP) and Fas-associated protein with death domain (FADD) 

(Tartaglia et al., 1993; Hsu, Xiong and Goeddel, 1995). RIP is a death domain 

kinase that inhibits apoptotic proteins and is a key component of the TNF 

signalling complex. Caspase 8 cleaves RIP which results in inhibition of TNF-

induced NF-κB activation and promotion of apoptosis. RIPc is one of the cleavage 
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products that increases the interaction between TRADD and Fas-associated 

protein with death domain (FADD) (Lin et al., 1999). FADD is an adaptor protein 

for Fas receptors and pro-caspase 8 and pro-caspase 10, leading to formation of 

the death inducing signalling complex (DISC) and apoptosis (Micheau and 

Tschopp, 2003; Gunther et al., 2011). By contrast, TNFR-1 does not contain DD 

domains, but instead has TNF receptor-associated factor (TRAF) domains. 

Phosphorylation and activation of TRAF2, via receptor activation, results in 

activation of NF-κB via RIP and NIK, Jun signalling (Song et al., 1997) and MAPK 

signalling. Whilst degradation of TRAF2 prevents NF-κB activation (Westwick et 

al., 1994; Kant et al., 2011).  

 

1.2 Lipids 

Lipids are fatty acids and their derivatives, and substances related 

biosynthetically or functionally to these compounds (Christie, 1987). Lipids can 

be hydrophobic or amphipathic and often contain at least one hydrocarbon (HC) 

chain which can either be saturated with hydrogens, or unsaturated, meaning that 

the chain contains at least one double bond, and can be linear or cyclic. The HC 

chain may contain heteroatoms such as oxygen and nitrogen, further the HC 

chain is often linked to various functional groups, such as glycerol. The divergent 

structures influence the properties and functions of lipids resulting in a 

heterogenous group of compounds (Fahy et al., 2005). There are estimated to be 

around 20,000 lipids in nature (Yetukuri et al., 2008; Fahy et al., 2011). This huge 

variety (Figure 1.4), combined with a recognition of the enormous investment 

made by cells to maintain the lipidome, highlights the importance of these 

metabolites in biology.  
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Figure 0.4. The variety of lipids and their functions 

 

 

 

Figure 1.4. Classes of Lipids. Lipids are a heterogenous group of compounds with related structures and a variety of functions. 

Phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylcholine (PC), Other e.g., platelet activating factor and 

phosphoinisitol.   
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The composition of lipids are not genetically encoded but determined by various 

metabolic enzymes and around 5% of genes contribute to the metabolites 

involved in the synthesis of lipids (Meer, Voelker and Feigenson, 2008; Wenk, 

2010). 

 

1.2.1 Roles of Lipids 

Lipids have major structural roles. Singer and Nicolson famously outlined the fluid 

mosaic model of membrane lipids, which describes the organisation of lipids and 

proteins into a bilayer (Singer and Nicolson, 1972). The amphipathic properties 

of lipids enable the polar head groups to arrange into the aqueous phase, while 

the non-polar HC chains orientate into the hydrophobic interior of the membrane. 

This arrangement is entropically driven by water, as the mixing of hydrocarbon 

and water causes a thermodynamically unfavourable decrease in entropy (free-

energy/disorder), which is minimised when the hydrophobic HC chains arrange 

together, resulting in the spontaneous formation of membranes (Marsh, 2016).  

 

The formation of a membrane not only acts to provide structural rigidity, but also 

forms a barrier, allowing for compartmentalisation with the external environment, 

as well as within cells to delineate organelles. The resulting compartmentalisation 

allows for the segregation of reactions (Bloom, Evans and Mouritsen, 1991; Wu 

et al., 2004). It is now widely recognised that lipids have many additional 

biological roles, such as in energy storage (Feingold et al., 2012) and signalling, 

therefore contributing to a range of biological pathways and functions (Eyster, 

2007). 
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Mammalian plasma membranes typically consist of 65% glycerophospholipids, 

10% sphingolipids and 25% sterols (Meer and Kroon, 2011,  Koldsø et al., 2014). 

The glycerophospholipids include predominantly phosphatidylcholines (PC) and 

phosphatidylethanolamines (PE), with PC often on the external membrane, and 

PE often on the internal membrane. The proportion of lipids within the membrane 

contributes to curvature, dynamics and function (Koldsø et al., 2016; Meer and 

Kroon, 2011). Biological membranes are not just passive structural barriers - they 

contribute to cell signalling, lipid raft formation and phagocytosis (Faxgeman et 

al., 2002; Wymann and Schneiter, 2008; Nicolson, 2014). For example, 

phosphatidylserine is generally located on the surface of the inner membrane 

leaflet, but can translocate to the outer leaflet, where it is recognised by 

macrophages to promote apoptosis (Fadok, Voelker et al. 1992).   

 

Triglycerides (TGs) are highly concentrated energy reserves, due to their neutral 

and dehydrated structure containing three fatty acid chains, and  can be degraded 

to form free fatty acid and diacylglycerol (DG, diglyceride) or monoacyglycerides 

(MGs, monoglycerides), that can be subsequently recycled to form new 

phospholipid and TG species (Alves-Bezerra and Cohen, 2017). Inflammation 

promotes TG synthesis and decreased TG lipolysis in macrophages (Feingold et 

al., 2012), which is associated with the increased demand for pro-inflammatory 

mediators such as eicosanoids (Castoldi et al., 2020).  

 

1.2.2 Lipids in Health  

Lipids are versatile molecules and can act as neurological second messengers, 

nutrients, hormones, protein modifiers and substrates for enzymes. These roles 

enable their involvement in the regulation of many inflammatory processes. Lipid 
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homeostasis and lipid remodelling have both been identified as important factors 

in the inflammatory response and lipids have distinct roles in biology and disease 

progression (Watson, 2006).  

 

Lipids both cause, and are affected by, inflammation associated with many 

diseases. Lipids are absorbed in the diet and are initially constituted into very low-

density lipoproteins (VLDL) e.g. triglycerides, followed by low-density lipoproteins 

(LDL) e.g. cholesterol. LDLs circulate to tissues where they are utilised, for 

example, in repair and energy supply. High-density lipoproteins (HDLs) remain, 

which can acquire cholesterol (to form HDL-cholesterol, HDL-C), and circulate 

back to liver (Grundy and Denke, 1990). The balance of LDL: HDL is a biomarker 

for cardiovascular disease (Kunutsor et al., 2017). Saturated lipids raise LDL 

whilst unsaturated and n-3 (omega-3) lipids lower LDLs (Denke, 2006). A high 

LDL:HDL typically seen in the Western-diet, promotes dyslipidaemia and an 

inflammatory phenotype, including TLR4 upregulation and macrophage 

infiltration into adipose tissue (Coenen et al., 2007; Subramanian et al., 2008). 

However, obesity also disturbs lipid metabolism, by increasing the release of pro-

inflammatory fatty acids from adipose tissue (Weisberg et al., 2003), furthermore 

cholesterol triggers inflammation by activating TLRs (Sun et al., 2009). The 

significance of lipids in health is highlighted by the importance of fatty acid 

nutrition in the prevention of disease progression (Burr and Burr, 1973; Smith, 

William and Mukhopadhyay, 2012).  

 

Dyslipidaemia, specifically low levels of HDL-C and high levels of LDL-C and 

triglycerides, has also been identified in patients with type 2 diabetes, with 

elevated triglycerides being the strongest risk factor. Furthermore diabetic 
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patients have an increased risk of cardiovascular disease (Barrett-Connor, 

Grundy and Holdbrook, 1982) which is a major cause of mortality in this patient 

group (Einarson et al., 2018). Inflammation and oxidative stress drive 

cardiovascular disease in diabetes by promoting atherogenesis, blood 

coagulation and endothelial dysfunction (Hokama et al., 2000; Tripathy et al., 

2003; Erem et al., 2005; Suzuki et al., 2015). Increased cardiomyocyte 

triglyceride stores have also been identified in patients with metabolic syndrome 

who experience cardiac dysfunction and ultimately heart failure (McGavock et al., 

2007; Peterson et al., 2004). It has been proposed that sterol-regulatory element 

binding protein (SREBP)-1c and PPAR-γ have roles in the disposition of lipid 

accumulation in metabolic syndrome on account of the finding that higher lipid 

concentrations have been identified in heart biopsies from patients, and both 

SREBP-1c and PPAR-γ correlated with lipid accumulation (Marfella et al., 2009; 

Son et al., 2007, Fajas et al., 1999).  

 

In addition to pro-inflammatory roles, lipids have been associated with anti-

inflammatory roles. For example, PC has been shown to regulate inflammatory 

signalling pathways as pre-treatment of cultured rat intestinal epithelial cells (IEC-

6 cells) with PC prevented LPS-stimulated MAPK signalling and TNF activation 

(Chen et al., 2018). As such, the homeostasis of PC has been associated with 

inflammatory diseases including ulcerative colitis  (Schneider et al., 2010) and 

arthritis (Erős et al., 2009). Additionally, TLR4-stimulated macrophages have 

induced choline uptake via an NF-κB-dependent induction of the choline 

transporter CTL1, which transports choline to choline kinase α (ChoKα) for PC 

synthesis (Sanchez-Lopez et al., 2019). This results in an increased PC profile 

via phospholipid remodelling, which helps to protect macrophages from 
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endoplasmic reticulum (ER)-stress and inflammation, and is therefore important 

for macrophages to cope with metabolic challenges that accompany an 

inflammatory response (Rong et al., 2013; Petkevicius et al., 2019; Jiang et al., 

2019). The associated inflammatory metabolic challenges (immunometabolism) 

include the energy required to fuel the inflammatory response and metabolic 

adaptations such as gene transcription, associated with changes in macrophage 

functions (Kang and Kumanogoh, 2020; Bossche, O'Neill and Menon, 2017). For 

example, metabolic reprogramming of macrophages similar to the Warburg effect 

occurs during LPS-stimulated inflammatory responses with M1 macrophages 

displaying an increase in glycolysis and M2 macrophages favouring oxidative 

phosphorylation (Warburg, Wind and Negelein, 1927; Palsson-McDermott et al., 

2015). Inhibition of CTL1, and so reduced PC synthesis, therefore disrupts 

macrophages mitochondrial function and integrity (Trousil et al., 2016; Fullerton 

et al., 2006). The inhibition of choline uptake in polarised macrophages also 

reduces cytokine secretion, highlighting the importance of PCs in inflammatory 

homeostasis (Snider et al., 2018).  

 

Due to their important biological impact, lipid concentrations in blood are often 

screened in a clinical setting, with over 1000 distinct lipids species from most 

categories being identified in human plasma (Quehenberger et al., 2010; Bowden 

et al., 2017).  Given that lipid metabolism is being increasingly recognised to be 

a factor in metabolic diseases, it is expected that analysis of a patient's plasma 

lipidome will become common practice for detecting and monitoring disease 

(Quehenberger, et al. 2011).  
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Lipid-lowering drugs are commonly prescribed to reduce inflammation. For 

example, statins reduce cholesterol biosynthesis by inhibiting 3-hydroxy-3-

methylglutaryl-CoA (HMG-CoA) reductase (the rate limiting enzyme in 

cholesterol biosynthesis) (Istvan and Deisenhofer, 2001), and are therefore 

prescribed for the treatment of cardiovascular disease (Scandinavian Simvastatin 

Survival Study Group, 1994; The LIPID Study Group, 2002). Lovestatin is such a 

HMG-CoA reductase inhibitor, that is prescribed to prevent major cardiovascular 

events (Furberg et al., 1994), which has also been reported to reduce 

inflammatory mediators such as TNF and inducible nitric oxide (NO) synthase 

(iNOS, which generates NO) (McFarland, Davey and Anoopkumar-Dukie, 2017; 

Choi et al., 2018). The mechanism is unclear but is suggested to be a result of 

increases in the suppressor IκBα and downregulation of histone deacetylase 1 

(HDAC1), which promotes transcription of the heat shock protein HSP70, 

therefore reducing nuclear localisation of NF-κB. Furthermore, PI3K/Akt/mTOR 

signalling is reduced, which regulates nuclear localisation of NF-κB (Guijarro et 

al., 1996; Ozes et al., 1999; Dan et al., 2008; Thangjam et al., 2014; Choi et al., 

2018). 

 

1.2.3 Eicosanoids 

Eicosanoids are potent lipid mediators with roles in the regulation of inflammation.  

They are the biological oxidation products of arachidonic acid (AA, 20:4(n-6)) and 

of other C20 polyene acids (Beare-Rogers, Diffenbacher and Holm, 1960). 

Eicosanoids belong to a class of molecules known as oxylipins, which are n-3 

(omega-3) and n-6 (omega-6) derived oxygenate metabolites (Shearer et al., 

2010). The term eicosanoid is often used to refer to bioactive free fatty acids 

(such as docosanoids) formed from other polyunsaturated fatty acids, such as 
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those from docosahexaenoic acid (DHA, 22:6(n-3)) and eicosapentaenoic acid 

(EPA, 20:5(n-3)). There have been over 150 eicosanoids identified so far, 

including prostaglandins, thromboxanes, leukotrienes, and other oxidised 

products, such as lipoxins. Each class is associated with different physiological 

effects (Buczynski, Dumlao and Dennis, 2009). Even to this day, new eicosanoids 

are being identified, demonstrating our incomplete knowledge of this biological 

class of metabolites (Kornilov et al., 2019).  

 

The complexity and importance of eicosanoid biosynthesis has sparked 

significant interest; on account of their potent inflammatory roles and implications 

in disease, eicosanoids are targets for many common drugs, such as the non-

steroidal anti-inflammatory drugs (NSAIDS) ibuprofen and aspirin  (Vane, 1971). 

NSAIDs include selective and non-selective inhibitors of the COX enzymes. COX-

1 is constitutive and central to synthesis the eicosanoid thromboxane in platelets 

and endothelial cells, resulting in platelet aggregation and vasoconstriction. 

Aspirin is a weak COX-1 selective inhibitor which is routinely used in primary 

prevention of myocardial infarction (Belch et al., 2008), except in patients with 

diabetes, where there is controversy over its benefits (ASCEND Study 

Collaborative Group et al., 2018; Ogawa et al., 2008). In addition to NSAIDS, 

corticosteroids such as dexamethasone are commonly used in clinical practice to 

target inflammatory lipid mediator metabolism. Dexamethasone promotes the 

production of pro-resolving mediators (Pyrillou et al., 2018) and is therefore 

recommended for the treatment of severe COVID-19  (RECOVERY Collaborative 

Group et al., 2021). 
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Prior to eicosanoid generation, AA must be released from the membrane 

phospholipids via the PLA2 enzymes. Of the main groups of PLA2 enzymes; 

cytosolic PLA2 (cPLA2), secreted PLA2 (sPLA2) and calcium independent PLA2 

(iPLA2) are known to be involved in AA release (Dennis et al., 2011; Six & Dennis, 

2000). cPLA2 enzymes are 85-kDa, have a catalytic serine and translocate to the 

nucleus in a Ca2+-dependent manner in response to activation (Clark et al., 1995). 

sPLA2 enzymes are around 13–18 kDa and require micromolar to millimolar 

levels of Ca2+ for activation. sPLA2 have a histidine active site and contain 

multiple disulfide bridges, these enzymes have a broad specificity for 

phospholipids and can act in a paracrine or autocrine manner (Cupillard et al., 

1997). iPLA2 enzymes are between 80—88-kDa and have lyso-phospholipase 

and phospholipase A activity and contain a catalytic serine and an ATP-binding 

motif  (Wolf and Gross, 1996). 

 

Eicosanoid metabolism is complex, with both enzymatic and non-enzymatic 

pathways leading to eicosanoid formation (Lupette et al., 2018). There have been 

over 50 enzymes identified which are directly involved in eicosanoid biosynthesis 

(Buczynski, Dumlao and Dennis, 2009). There are three major enzymatic 

pathways, named after the three major classes of enzymes, involved in 

eicosanoid metabolism; the cyclooxygenase (COX), lipoxygenase (LOX) and 

cytochrome p450 (CYP450) pathways (Figure 1.5). These enzymes have the 

ability to synthesise numerous eicosanoids with various physiological roles 

(Konieczka et al., 2019). Furthermore, the same eicosanoids can be generated 

by different enzyme-mediated processes. The eicosanoids produced can also be 

further enzymatically and spontaneously converted to alternative eicosanoid 

species (Dennis and Norris 2015).   
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Figure 0.5. Eicosanoids biosynthetic pathways 

 

 

  

Figure 1.5. Enzymatic Production of Eicosanoids. Enzymatic production of 

eicosanoids occurs via the metabolism of arachidonic acid in the cyclooxygenase 

(COX), lipoxygenase (LOX) or CYP450 pathway. Prostaglandin (PG), thromboxane 

(TX), epoxyeicosatrienoic acid (EET), dihydroxyeicosatrienoic acids (dHETE), 

lipoxin (LX), hydroxyeicosatetraenoic acid (HETE) and leukotriene (LT). 
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1.2.3.1 COX Metabolites 

Prostaglandins include thromboxanes e.g. thromboxane A2 (TxA2), thromboxane 

B2 (TxB2), and prostacyclopentanes e.g. prostaglandin (PG) E2 (PGE2), 

prostacyclin (PGI2), PGD2 and PGF2α. PGs were originally discovered in the 

prostate gland (Euler, 1934) but are found in almost all nucleated cells in the 

body. Prostaglandins are short lived and are formed via the COX pathway.  There 

are two genes for COX: 1 and 2, also known as PGHS 1 and 2, which form two 

distinct enzymes. COX1 is constitutively expressed and is involved in 

homeostatic functions, whilst COX2 is controlled by NF-κB and is upregulated in 

response to inflammation. COX enzymes convert AA to PGH2 which is short-lived 

and further metabolised to downstream PGs (Biringer, 2018; Tanabe and Tohnai, 

2002). The two COX enzymes have different substrate binding abilities; for 

example, whilst COX1 can only metabolise AA, COX2 has a larger active site and 

can also metabolise EPA and DHA (Laneuville et al., 1995; Gierse et al., 1996). 

 

Upon production, these mediators act in a hormone-like manner (both paracrine 

and autocrine) (Lands, 1979; Ricciotti and FitzGerald, 2011). PGs bind to GPCRs 

to exert their actions. There are nine known PG receptors: EP1-4 for PGE2, DP1-

2 for PGD2, FP for PGF2α, IP for PGI2 and TP for TXA2. In addition to GPCRs, 

peroxisome PPAR-γ binds to 15-d-12,14-PGJ2 whilst PPAR-δ binds PGI2 

analogues (Coleman, Smith and Narumiya, 1994). Binding of PG to their GPCRs 

results in activation of the cyclic adenosine monophosphate (cAMP) or the 

phosphatidylinositol pathways, and calcium signalling, triggering a widespread 

variety of effects, including the activation of inflammation (Smith, 1989). 

Cyclopentane prostaglandins (CyPGs) are spontaneously formed by dehydration 

of PGs. These include PGA2 and PGJ2, which bind to PPARs and exhibit non-
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receptor mediated interactions with transcription factors to exert their effects. 

CyPGs are anti-inflammatory mediators with a role in the resolution of 

inflammation (Straus and Glass, 2001).  

 

1.2.3.2. LOX Metabolites 

The LOX enzymes can result in the formation of lipoxins, leukotrienes and 

hydroxyeicosatetraenoic acids (HETEs). HETEs have both PPAR-α and -γ 

binding capabilities (Ibabe, Herrero and Cajaraville, 2005) and can also signal 

through GPCRs. HETEs are involved in a range of activities, including the 

promotion of angiogenesis via 15-HETE (Soumya et al., 2013; Soumya et al., 

2014), immunomodulation, such as the upregulation of proinflammatory 

cytokines and (JNK-1) phosphorylation by 12-HETE (Chakrabarti et al., 2009), 

and promotion of cell survival and growth by 12-HETE (Liu et al., 2018). 

Leukotrienes are involved in the initiation and progression of inflammation. Like 

PGs, leukotrienes are generated intracellularly. They include leukotriene A4 

(LTA4), leukotriene C4 (LTC4), leukotriene D4 (LTD4), leukotriene E4 (LTE4) and 

leukotriene B4 (LTB4). LTB4 is involved in the chemotaxis of leukocytes 

(Malmsten, 1984). LTC4, LTD4 and LTE4 are bronchoconstrictors (Parameswaran 

et al., 2002). Leukotrienes have been strongly implicated in asthma and are 

commonly targeted in asthma medication in the form of both leukotriene and 

leukotriene receptor antagonists (LTRA) (Makker et al., 1993).   

 

Lipoxins (lipoxygenase interaction products) include LXA4 and LXB4 and aspirin-

triggered lipoxins (formed following aspirin acetylation of COX-2) (Claria and 

Serhan, 1995; Chiang et al., 2004). Lipoxins bind to GPCRs to promote the 

production of anti-inflammatory mediators and the resolution of inflammation 
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(Chiang et al., 2000; Levy and Serhan, 2014). Lipoxins increase during the 

resolution of inflammation and appear to block further activation of the 

inflammatory response, such as cytokine release and inflammatory cell 

recruitment (Lee et al., 1989; Gronert et al., 1998). Therefore, lipoxin targets have 

been employed in medications for asthma (Planaguma et al., 2008) and diabetes 

(Borgeson et al., 2012). 

 

1.2.3.3. CYP450 Metabolites 

CYP450-derived eicosanoids include the ω-hydroxylases; HpETEs which are 

HETE derivatives, and the epoxygenases; EETs which can be metabolised to 

DHETs. 20-HETE is the best studied CYP450 eicosanoid which activates an 

epidermal growth factor receptor (EGFR)/MAPK/IKK/NF-κB signalling cascade 

(Garcia et al., 2016) and can bind to GPCRs and PPAR-α, ultimately leading to 

vasoconstriction and hypertension (Garcia et al., 2017). EET and DHETs 

influence vascular tone, via PPAR-α, and are associated with cardiovascular 

disease (Spector and Norris, 2007). 

  

Oxo-ETEs are enzymatic products of the HETEs and HpETEs, with 

chemoattractant roles (Pidgeon et al., 2007). 5-oxo-ETE has been implicated in 

asthma via its role in neutrophil and eosinophil activation and infiltration (Muro et 

al., 2003). 

 

1.2.4 Lipidomics 

The importance of lipids in the maintenance of health has led to the development 

of the field of lipidomics (Han et al., 2004). Lipidomics is the discipline focussed 

on the identification, quantification and functional study of all the lipids within a 
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cell, tissue or organism (biological system). Ultimately, work in this field aims to 

understand how changes in the metabolism, interactions and signalling of lipids 

are implicated in health and disease and can contribute to improved biomarker 

discovery or disease diagnosis (Han et al., 2005). The addition of various 

functional groups and degree of saturation alter the properties of lipids.  The huge 

variety and similarity in structures make lipids difficult to extract, purify and 

analyse (Han et al., 2004) (Figure 1.6).  

 

Due to their structural and chemical diversity, lipids have been classified into eight 

primary categories, each with distinct functions. The lipid categories (defined by 

LIPID MAPS) include fatty acids, glycerolipids, glycerophospholipids, 

sphingolipids, sterol lipids, prenols, saccharolipids, and polyketides (Fahy et al., 

2009; Liebisch et al., 2013) (Table 1.3). The Lipid Metabolites and Pathways 

Strategies Consortium (LIPID MAPS; 2003, https://lipidmaps.org/) developed a 

database to help with the study of lipids. Initially, each operational core of LIPID 

MAPS was assigned to measure all lipids within a specified class of the lipidome 

in the mouse tumour derived macrophage-like RAW 264.7 cell. Following this 

study, the consortium progressed to human primary macrophage cells 

(Schmelzer et al., 2007).   
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Figure 0.6. Structures of the various classes of lipids 

  

Figure 1.6. Structures of Various Classes of Lipids. There are eight LIPID 

MAPS categories of lipids. Example structures of each of these are displayed.  

Structures via MDLMOL files obtained from LIPID MAPS. 
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Table 1.3. Current LIPID MAPS Categories. 

Table to describe the properties of each lipid categories. Simple lipids contain two 

types of components (a fatty acid and an alcohol) whilst complex lipids contain 

more than two components.  

Lipid Category Basic Structure Type Example 

Fatty Acids 

HC chain linked to a 

terminal carboxyl 

group 

Simple Eicosanoids 

Glycerolipids 

Fatty acyl chains 

linked to a glycerol 

backbone 

Simple Triglycerides 

Glycerophospholipids 

Fatty acyl chains 

linked to a 

phosphate group 

and a glycerol 

backbone 

Complex Phosphatidylcholines 

Sphingolipids 

Fatty acyl chains 

linked to a 

sphingosine 

backbone 

Complex Ceramides 

Saccharolipids 

Fatty acyl chains 

linked to a sugar 

backbone 

Complex Acylamino sugars 

Polyketides 

HC chain with 

alternating carbonyl 

and methylene 

groups 

Simple Palmitic Acid 

Sterols 

Four-ring core 

carbon structure. 

 

Simple Cholesterol 

Prenols 

Natural, linear 

alcohols containing 

repeating C5H8 

moiety. 

Simple Retinols 
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1.2.5 Mass Spectrometry for the Analysis of Lipids 

Mass spectrometry coupled to high performance liquid chromatography (HPLC) 

is the predominant tool used to analyse lipids. There are different lipidomic 

approaches that can be adopted, depending on the research aim and the 

properties of the analytes to be studied. For example, approaches can be 

targeted or untargeted (global). Untargeted analysis facilitates the study of all the 

lipids in a sample, whilst targeted analysis measures a set of pre-defined lipids 

(Roberts et al., 2012). A typical lipidomic workflow (Figure 1.7) would include the 

isolation and preparation of lipids from a sample. Lipids are then analysed by 

mass spectrometry for identification and, depending on the approach used 

(targeted or global), absolute or relative quantification is carried out. Functional 

analysis such as pathway mapping can then be used to interpolate results to 

biological models (Almeida et al., 2015; Ryan and Reid, 2016; Dei Cas et al., 

2020). 

 

1.2.5.1 Lipid Separation  

Prior to analysis by mass spectrometry, lipids are subjected to pre-

chromatographic separation which simplifies the sample to be analysed and 

ultimately leads to improved identification (Wang, Huang and Han, 2014).  Liquid 

chromatography is generally used for thermally unstable and non-volatile 

substances, such as substances commonly found in biological fluids, and is 

suitable for lipid analysis. HPLC is a high-throughput method that uses a 

chromatographic column containing particle sizes of less than 2 µm in diameter. 

The higher pressure of the column allows quicker separation and sharper peak 

resolution, allowing efficient separation and improved analysis of complex lipid 

mixtures (Knittelfelder et al., 2014). 
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Figure 0.7 Lipidomic workflow.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7. Standard Lipidomic Workflow. A typical Lipidomic workflow using targeted or global mass spectrometry accroached to 

identify changes to the lipidome of a sample.   
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Typically, gradient elution, reverse phase (RP) chromatography is used which 

separates molecules based on hydrophobicity. In this method analytes are 

carried in a polar mobile phase, consisting of a solvent gradient, through a 

hydrophobic stationary phase, consisting of a silica column coated with carbon 

chains. Hydrophobic (non-polar) molecules in the polar mobile phase will bind to 

the hydrophobic stationary phase and the molecules are eluted from the column 

by decreasing the polarity of the mobile phase, using non-polar organic solvents. 

(Plumb et al., 2009; Shui et al., 2010). The polarity, chain length and degree of 

saturation affect chromatographic separation; with short, polar and unsaturated 

lipids developing a weaker bond to the column and eluting sooner (Taleuzzaman, 

2015; Lin,  Snyder and McKeon, 1998). In addition to RP chromatography, normal 

phase (NP) may be used whereby analytes are carried along a non-polar mobile 

phase and are separated based on their polar interactions between a polar 

stationary phase (Abreu, Solgadi and Chaminade, 2017). 

 

1.2.5.2. Mass Spectrometry 

Mass spectrometry is a powerful analytical tool used to identify and characterise 

a sample by determining the mass and composition of the molecules within. Mass 

spectrometry measures the masses of molecules and their fragments in order to 

determine their identity via the mass-to-charge ratio of ions that are formed by 

inducing a loss or gain of a charge from a neutral state (Hoffmann, 1996).   

   

The basic structure of a mass spectrometer comprises an ion source, a mass 

analyser, a mass detector and a computer. The ion source ionises the sample 

(Iribarne and Thomson, 1976). There are various types of ion sources including 

atmospheric pressure chemical ionisation, electron impact, matrix assisted laser 
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desorption/ionisation and atmospheric pressure photoionisation; the type chosen 

depends on the properties of the sample and analytes in question. In this study, 

heated electrospray ionisation (HESI) is used, whereby high temperature and 

electrical energy converts a neutral (polar) molecule into ions. ESI uses ’soft 

ionisation’, thereby minimising fragmentation and helps to improves our ability to 

characterise lipids (Han and Gross, 1994; Han and Gross, 2003). 

  

Following ionisation, the ions are separated via their mass to charge ratio in the 

mass analyser. There are various types of mass analysers, including include 

quadrupoles, time of flight (TOF) and orbitraps, and multiple mass analysers can 

be used within a single mass spectrometer (Finehout and Lee, 2004). The 

separated ions then collide with the mass detector, which measures the ion 

current, including properties such as mass, charge and frequency, within a 

stream ions. The detector may include electron multipliers, photomultipliers or 

Faraday cups, each type ultimately multiplies the signal produced by an ion that 

impacts the detector, generating a signal and enabling measurement. The ion 

current is dependent on an ion’s frequency, path, velocity and the forces within 

an electric or magnetic field, which are determined by the mass and charge of 

the ion. Mathematical equations are used to derive the mass to charge ratio from 

the ion current, using various algorithms that vary depend on the type of mass 

analyser (Jackson et al., 1997). A computer records the ion current and converts 

this into a graphical display known as a mass spectrum. The x-axis displays the 

mass-to-charge ratio, and gives information about the elemental composition, 

whilst the y-axis provides the signal intensity allowing quantification of ions (Shi, 

Hendrickson and Marshall, 1998). 
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1.2.6 Targeted Lipidomics  

Targeted lipidomics is an analytical approach which facilitates measurement of a 

set of pre-defined lipids. In mass spectrometry, chemical, metabolic and isotopic 

label are often employed, thus allowing for absolute quantification. This approach 

is fast and quantitative but is biased and requires prior knowledge of what is being 

analysed (Contrepois et al., 2018).  

 

Triple quadrupole mass spectrometers (QqQ) (Yost and Enke, 1979) are key 

systems often used for targeted lipidomics (Rampler et al., 2018). Quadrupoles 

consist of four parallel rods with radio frequency voltage applied, and sometimes 

a direct current is also applied. Neighbouring poles have inverse potentials, which 

result in an oscillating electrical field, forcing ions to oscillate in the space between 

the four rods and ions with stable trajectories can be detected. Quadrupoles allow 

ions to be transmitted through the electrical field (Paul, 1990). Triple quadrupoles 

consist of three quadrupoles; two act as mass spectrometers and are separated 

by a third which acts as a collision cell. Within the collision cell ions collide with 

an inert gas resulting in fragmentation, this is known as collision-induced 

dissociation (CID) (Yost and Enke, 1978). The two mass analysers allow for 

different types of analysis to be performed (Figure 1.8. These include selected 

reaction monitoring (SRM), where parent and product ions of a specific metabolite 

of interest are monitored to allow measurement in a targeted manner whereas 

multiple reaction monitoring (MRM) allows for multiple metabolites to be targeted 

and analysed in a single run (Johnson et al., 1990).  
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Figure 0.8. Triple Quadrupole mass spectrometry 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8 Triple Quadrupole Mass Spectrometry. A simplified overview of the pathway of a sample through a tandem 

mass spectrometer and the various scan types possible.  
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Other possible modes include product ion, where ions of a known mass are 

selected for fragmentation in the first quadrupole and the entire fragment products 

are monitored in the third quadrupole. In neutral loss, the first and third 

quadrupole are scanned with a mass offset equivalent to the loss of a neutral 

product (Hoffmann, 1996). Although triple quadrupole instruments generally have 

a lower resolving power than alternative ion traps (such as orbitraps), their 

multiple quadrupoles enable reliable identification of metabolites (Jemal and 

Ouyang, 2003).  

 

1.2.7 Untargeted Lipidomics  

Untargeted lipidomics, also known as global lipidomics, identifies as many lipids 

as possible from a sample. It is therefore un-biased and requires no prior 

knowledge of the metabolome. This approach provides a much broader insight 

into the lipidome compared to targeted lipidomics (Contrepois et al., 2018).  

 

In order to carry out global lipidomic analysis high resolution accurate mass 

instruments, such as the orbitrap (Figure 1.9), are often used (Li et al., 2017). An 

orbitrap is a high-resolution mass analyser developed as an improvement to the 

kingdom trap. Orbitrap mass spectrometers were first made available by Thermo 

Fisher in 2005 (Hu et al., 2005). The orbitrap ion trap consists of a central 

electrode and an outer electrode, which results in a radial potential between the 

two (Figure 1.10). The sample ions enter the ion trap and oscillate between the 

two electrodes. The outer electrodes detect the axial motions and a mass 

detector records the charge of the ions and ion current and converts these data 

into a mass spectrum via Fourier transform (FT) (Makarov, 2000).  

 



51 
 

 

 

 

Figure 0.9. High resolution mass spectrometry  

 

 

  

Figure 1.9. High Resolution Mass Spectrometry for Lipidomics.  A schematic diagram of a high resolution Orbitrap mass 

spectrometer which has been adopted for global lipidomics in this study. 
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Figure 0.10 . The Pathway of Ions through an Orbitrap Mass Analyser 

 

 

 

Figure 1.10. The Pathway of Ions through an Orbitrap Mass Analyser. The pathway of ions through an Orbitrap mass 

analyser. The oscillations of ions are recorded and Fourier Transformed into a mass spectrum to determine the mass to charge 
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FT is a mathematical tool that converts a time-based signal (intensity) for every 

measured ion into an overall spectrum which is easier to convolute (Lim et al., 

2016). A greater resolution enables improved identification of lipids (Wang,  

Huang and Han, 2014).  

 

1.2.8 Lipidomic Data Analysis 

Data processing includes noise filtering, peak detection, alignment identification 

and normalization. Ultimately, this step transforms raw mass spectra into a 

dataset which can be further analyzed using statistical techniques. Many 

algorithms and software tools are continually being developed to overcome this 

bottleneck (Castillo et al., 2011). The standardisation of data acquisition and 

processing between laboratories is the biggest challenge in the field of lipidomics 

(Forest et al., 2018).   

 

For targeted analysis, samples are often spiked with deuterated internal 

standards which are chemically identical isotopic substitutes. Normalization of 

samples to peak area of internal standards is used to account for lipid extraction 

efficiency and enable recovery calculations (Whitehead et al., 2007), whilst 

samples are also run alongside an external standard curve for absolute 

quantification (Haroldsen, Clay and Murphy, 1987). In untargeted studies, relative 

quantification of lipid can be carried out without a calibration curve. In this 

approach peaks are normalised based on their intensity (area under peak).  For 

example, the most intense ion (known as the base peak) is assigned an 

abundance of 100 and remaining peaks are normalised to this. Furthermore, 

multivariate analysis is often used to identify trends in data (George et al., 2020; 

Raghunandanan et al., 2019). Following quantification, bioinformatics is used to 
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interrogate data sets and conduct biochemical pathway analysis to place the 

results into a biological context (Fahy et al., 2007) 

 

1.3 Proteins 

Proteins are polymers of amino acids, which are joined together by peptide bonds 

(to form peptides). These functional macromolecules are essential to biological 

processes, including the inflammatory response. For example, inflammatory 

proteins include signalling proteins, such as MAP kinases (Cargnello and Roux, 

2011), cytokines (Zhang and An, 2007), enzymes, and structural proteins, such 

as actin which contributes to cytoskeletal rearrangements during macrophage 

phagocytosis (Miller et al., 2003).   

 

Originally, the central dogma described the flow of information in a biological 

system from DNA to RNA to proteins. This theory describes that proteins are 

synthesised as a direct result of the information transcribed from RNA, which is 

the result of DNA transcription, and suggests this flow of information cannot be 

reversed (Crick, 1958). Following gene transcription and translation, many 

additional factors contribute to protein expression. For example, post translational 

modifications including glycosylation, phosphorylation, thiolation (introduction of 

the sulfhydryl (SH) group), oxidation, acetylation and methylation can alter the 

function and activity of proteins, after gene expression (Knorre, Kudryashova and 

Godovikova, 2009; Wang, Peterson and Loring, 2014).  

 

Of particular relevance in the inflammatory setting is the sequential 

phosphorylation of proteins that is central to MAPK signalling (Kocieniewski, 

Faeder and Lipniacki, 2012). Furthermore, variations in RNA splicing contributes 
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to protein diversity. RNA splicing is the processing of precursor messenger RNA 

(pre-mRNA) into mature messenger RNA (mRNA), via the removal of non-coding 

introns and joining of coding exons.  In constitutive splicing exons are joined in 

the order in which they appear in a gene whilst in alternative splicing, certain 

exons are skipped, resulting in alternative forms of mature mRNA (Shomron et 

al., 2005; Neverov et al., 2005). Changes in splicing have been associated with 

changes in protein function. For example, alternative splicing results in the 

generation of alternative variants of MAP kinase phosphatase-2, which is unable 

to bind with and inactivate ERK, essential for regulation of MAPK signalling 

(Cadalbert et al., 2010). Furthermore, epigenetic profiling has indicated that 

chromatin fluctuations and gene proximity contribute to mRNA co-expression and 

can result in non-functional mRNA (Grabowski, Kustatscher and Rappsilber, 

2018). Therefore, although gene expression correlates to protein expression to a 

degree, analysis at the protein level identifies properties which are not apparent 

at the gene expression level, and is important to interrogating a biological system 

in greater detail (Nusinow et al., 2020; Gygi et al., 1999). For example, protein 

analysis has previously identified more functional protein associations compared 

to mRNA co-expression data (via RNA-sequencing) in breast cancer cell lines 

(Lapek et al., 2017) and colorectal cancer biopsies (Zhang et al., 2014), and these 

proteins are possible biomarkers for drug targets. 

 

1.3.1 Proteomics 

Proteomics is the study of all the proteins in a biological system. This field was 

first developed, following the genomics era, to extend on the intense genomic 

and transcriptomic research which was happening. Along with abundance, 

proteomics acknowledges post-translational modifications and turnover (Wilkins 
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et al., 1996). Over 20,000 protein coding genes have been identified (ENCODE 

Project Consortium, 2012). Numerous proteins can be produced per gene on 

account of additional processing, such as post-translational modifications and 

RNA splicing, resulting in numerous protein variants (Gordon, 2003; Muthusamy 

et al., 2005). 

 

Proteomic approaches can be characterised as ‘bottom-up’ or ‘top-down’.  In the 

bottom-up approach (also known as shotgun proteomics), proteins are digested 

into peptides prior to mass spectrometry and protein identification is determined 

using in silico reconstruction of the peptide fragments. In top-down proteomics, 

intact proteins are analysed by mass spectrometry, allowing a greater protein 

sequence coverage and assessment of the native proteins in much greater detail, 

including detection of post-translational modifications and isoforms. In 

comparison, however, bottom-up proteomics has improved fractionation, 

ionisation and fragmentation, thereby improving protein identifications (Kellie et 

al., 2010; Tran et al., 2011). 

 

1.3.2 Mass Spectrometry of Proteins  

As with lipidomics, mass spectrometry is a key tool commonly used in proteomics 

to characterise a biological sample. Targeted proteomics (also known as 

functional proteomics) is used to quantify specific sets of proteins in a complex 

mixture by monitoring the peptide specific fragmentations. This approach uses 

tandem mass spectrometry and is usually hypothesis-driven, such as for 

comparisons of proteins between disease/treatment and control samples (Stahl-

Zeng et al., 2007). In comparison, untargeted proteomics (global) approaches 

seek to study the entire proteome and attempts to identify all the proteins present 
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in a sample. The analysis of the entire proteome identifies more proteins and 

therefore enables a more complete proteomic characterisation of a sample, and 

may identify proteins previously unknown to be associated with a particular study 

(Abuawad et al., 2020). However, in reality no technique (bottom-up vs top-down 

or global vs targeted) can completely monitor the entire changes made to the 

proteome.  

 

1.3.2.1 Sample Fractionation 

Biological samples are often extremely complex, with proteins expressed at 

concentrations over a wide dynamic range. As a result, additional fractionation 

techniques are often used to reduce sample complexity. The reduced complexity 

increases mass spectrometry resolution and peptide identification and helps to 

improve ionisation power by reducing ion suppression, ultimately simplifying the 

identification of proteins (King et al., 2000; Wang et al., 2010).   

 

Polyacrylamide gel electrophoresis is commonly used to separate proteins in a 

sample, whereby proteins migrate through a gel after application of an electrical 

current (Tiselius, 1937).  The gel contains small pores through which proteins can 

travel; smaller proteins can pass through more easily and therefore will migrate 

the furthest in a given time.  The gel lanes are often divided into fractions, and 

each is individually processed, thereby considerably simplifying the original 

sample (Miekus et al., 2015).  

 

Chromatography enables further peptide separation prior to injection into a mass 

spectrometer. Nanoflow ultra HPLC (UHPLC) reversed phase, with a long solvent 

gradient, is commonly used in bottom-up proteomics because it provides high 
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sensitivity and improved separation, and requires minimal mobile phase volume 

(Hsieh et al., 2013). The separation of proteins via electrophoresis and liquid 

chromatography followed by mass spectrometry analysis is often referred to as 

gel electrophoresis liquid chromatography-tandem mass spectrometry (GeLC-

MSn).  

 

1.3.2.2 High Resolution Mass Spectrometry 

With development of mass spectrometry technology; there are numerous 

instruments available for proteomic analysis, each with variations in ionisation, 

ion traps and mass analysers. In this study, high resolution mass spectrometry 

has been conducted using a combination of a low-resolution linear ion trapping 

and high resolution orbitrap mass analysis (Makarov et al., 2006b) (Figure 1.11). 

 

The LTQ Orbitrap has a high sensitivity and mass accuracy with a mass 

resolution of up to 100,000 (Makarov et al., 2006a). Within the instrument, 

atmospheric pressure ionisation (API)-generated ions enter the c-trap, where 

they are stored, before being injected into the orbitrap. The ion oscillations within 

the orbitrap are mathematically transformed into a mass spectrum, via FT 

(Scigelova et al., 2011). Given that the orbitrap is linked to an additional ion trap 

(a c-trap), ion entry into the orbitrap can be controlled, facilitating greater 

resolution and separation of ions. Furthermore, the selectivity of ions is increased, 

and ions of interest can be further fragmented in either the c-trap or in a more 

powerful adjacent collision cell by high energy collisional dissociation (HCD), 

allowing for MSn analysis (Michalski et al., 2012).  
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Figure 0.11. The Hybrid Orbitrap 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11 The Hybrid Orbitrap. The Passage of ions through the hybrid-orbitrap with has both a c-trap and orbitrap 

enabling MS
n
. Adapted from: Journal of mass spectrometry. Hu et al: The Orbitrap: a new mass spectrometer- 2005. 
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Fragmentation occurs when precursor ions collide with neutral gas atoms which 

converts kinetic energy into internal vibrational energy, resulting in the disruption 

of weak covalent peptide bonds and subsequently the peptide is split into b and 

y type ions (Figure 1.12).  A, b or c type ions have a positive charge at the amino 

(N) terminal, whereas the positive charge is at the carboxyl (C) terminal in x, y or 

z type ions. With multiple peptide bonds, multiple fragmentation sites are 

possible, and the number of residues is denoted by the subscript (Roepstorff and 

Fohlman, 1984; Johnson et al., 1987) (Figure 1.12).   

 

The collision method adopted determines the ion fragments produced. CID 

fragmentation is most commonly used to fragment ions in proteomics, and this 

includes ion trap (resonant excitation) and beam type CID. Whilst CID leads to 

both b and y type ions, HCD leads to predominantly y type ions because the b 

ions further fragment.  The difference in masses of a series of a given ion type 

allows the amino acid sequence to be determined, and is therefore an important 

parameter to consider during mass spectra deconvolution (Lau et al., 2009; Frese 

et al., 2011). HCD is a higher energy dissociation method and therefore has a 

greater activation power. The increased power results in a shorter activation time 

required, reducing the expected ‘1/3 rule’ of ions lost during trapping (Michalski 

et al., 2012), a common down fall with CID whereby the ion trap fails to trap lower 

mass ions which are generally below 28% of the precursor mass (Yang et al., 

2009). 
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 Figure 0.12. The nomenclature for the fragmentation of peptide ions.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.12. The Nomenclature for the Fragmentation of Peptide Ions. Following fragmentation, if charge is on the 

N-termini, then the ion is classified as a, b or c. If the charge is on the C-termini, then the ions is x,y, or z. The number 

of ‘R’ residues denotes the subscript. 
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1.3.3 Protein Quantification 

A change in a biological state can be reflected in alterations in the abundance of 

proteins. Therefore, it is useful to add an element of quantification during 

proteomic analysis. Mass spectrometry proteomics was originally purely 

qualitative. However, novel methods have been developed that have enabled 

both relative and absolute quantification (Chelius and Bondarenko, 2002). 

Relative quantification compares the changes in the number of proteins between 

two or more samples, whilst absolute quantification determines the amount of a 

peptide or protein within a single sample (Cid-Barrio et al., 2018). These 

quantification methods can be either label-free or involve the use of labels. Label 

free quantification is cheaper, less time consuming, and identifies a larger number 

of proteins with a larger dynamic range of detection. In comparison, label 

incorporated methods are more accurate and, as sample populations from 

different experimental conditions are combined and processed together, there is 

reduced technical variability between the conditions (Qian et al., 2009; Zhou et 

al., 2012).  

 

1.3.3.1 Label Free Proteomics 

Relative label-free quantification is carried out using either peak intensities or 

spectral counting, with the assumption that these values correspond to the 

associated peptide concentration. In spectral counting, the frequency of identified 

MS/MS spectra for a given protein is counted and used for quantification (Liu, 

Sadygov and Yates, 2004). Spectral counting is more accurate for highly 

abundant proteins, with more peptides or spectral identifications, than for less 

abundant proteins with fewer spectral counts (Gregori et al., 2013). Dynamic 

exclusion has been shown to increase the number of identified peptides and 
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spectra for proteins with low abundance, therefore improving the spectral 

counting quantification efficiency. In complex samples peptides often co-elute, 

and highly abundant ions are selected for fragmentation and MS/MS analysis. 

Therefore, dynamic exclusion is often preferred, whereby a particularly highly 

abundant ion is not continually fragmented, over a certain time period, allowing 

lower abundant, co-eluted, ions to be analyzed (Zhang et al., 2009). Peak 

intensity quantification is carried out by using either the integrated area under the 

peak or the peak height of the extracted ion chromatogram (Chelius and 

Bondarenko, 2002). Chromatographic alignment is an important step in label-free 

quantification and computer software helps to maintain reproducibility and validity 

of these approaches (Old et al., 2005).  

 

1.3.3.2 Label Incorporated Proteomics 

Labelling methods enable relative quantification by adding various tags (labels) 

to the proteins prior to mass spectrometry analysis. These labels include 

chemicals, such as in isotope-coded affinity tag (ICAT) (Gygi et al., 1999), 

enzymes,  such as proteolytic digestion combined with 18O labelling (Castillo et 

al., 2014), and metabolic tags, such stable isotopes (Oda et al., 1999).  

 

Metabolic labels are incorporated into a protein through metabolism and include 

isotopically labelled amino acids via a method known as stable isotope labelling 

of amino acids in cell culture (SILAC). SILAC is a cell-based assay, which traces 

the incorporation of amino acids labelled with stable isotopes into newly 

synthesised proteins. Conventional SILAC compares the relative protein 

abundance between one experimental state to another. Cells are grown in culture 

media with specific amino acids replaced by their isotopically labelled equivalents 
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(labelled amino acids from the culture medium) via normal metabolism. After 

around five cell number doublings, a nearly complete heavy label incorporation 

is achieved (Ong, et al., 2002). The chosen amino acids are generally 13C or 15N 

labelled L-arginine or L-lysine. These are essential amino acids and so will not 

be synthesised de novo, minimising label dilution. Furthermore, trypsin cleaves 

at the C-terminal of L-arginine or L-lysine residues and the isotope clusters of 

these two amino acids do not overlap on a mass spectrum, enabling them to be 

used in combination to ensure each peptide is heavy labelled (Ong and Mann, 

2006).  

 

An advantage of using heavy amino acids as labels is that the amino acids have 

a fixed number of labels. For example, 13C6 ‘heavy’ labelled amino acids will have 

a single six Da mass increase compared to the control ‘light’ amino acids. The 

fixed increase in mass greatly simplifies the analysis compared to methods (2H, 

18O) where the monomers may have a variable amount of label incorporated 

(Chan et al., 2015). There is a high signal-to-noise ratio in the mass spectra of 

both labelled and unlabelled peptides, which makes them easy to deconvolute 

(Ong and Mann, 2006). Furthermore, established computational approaches 

have been developed to aid automation of data analysis. Although SILAC was 

developed as an in vitro, cell-based technique, it has been successfully applied 

to in vivo models, such as in Drosophilia melanogaster  (Xu et al., 2012; Beati et 

al., 2020), nematodes (Larance et al., 2011) and mice (Krüger et al., 2008). A 

compromise with amino acid labelling techniques is that they are considered 

expensive, may not reach 100% incorporation and are time consuming. 

Furthermore, amino acids are only incorporated into proteins and not other 
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macromolecules or metabolites, preventing multi-omic analysis (Beati et al., 

2020).  

 

1.3.4 Bioinformatics 

Proteomic data analysis is well established with the availability of many 

databases and established computer software packages, which are able to align 

mass spectra and match mass fingerprints and retention times to identify peptides 

and therefore proteins (Nesvizhskii and Aebersold, 2004). SEQUEST 

(http://proteomicsresource.washington.edu/protocols06/sequest.php) and 

Mascot (matrixscience.com) are common search engines used to match mass 

fingerprints for known protein amino acid sequences for identification. Each 

search engine adopts a different algorithm to search experimental data against 

online databases and to match fragmentation patterns to peptides. The search 

requires information on parameters such as taxonomy, digestion enzyme, 

modifications and mass accuracy which impinge upon the identifications (Eng, 

McCormack and Yates, 1994; Perkins et al., 1999). Probability based scoring is 

commonly used to characterise the proteins within a sample (Kall et al., 2008). 

 

Following protein identification, it is common to carry out functional analysis by 

identifying the networks and biological pathways in which the identified proteins 

are involved (Goh and Wong, 2013) and integrating the proteomic analysis with 

genomic information to build a systems level of understanding (Ideker et al., 

2001). Proteomic datasets are generally large and therefore difficult to manage. 

As a result, databases and advanced software packages have been developed 

to assist with data processing. The gene ontology (GO) consortium describes 

gene products using up-to-date and consistent language in order to promote 
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consistent and reproducible integration, retrieval and computation of the data 

(Ashburner et al., 2000). Furthermore, the Kyoto Encyclopedia of Genes and 

Genomes (KEGG, http://www.genome.jp/kegg) is an integrated database 

resource which serves as a reference knowledge base to assist with the 

processing of data to extract information from high-throughput analytical 

techniques (Kanehisa et al., 2014). 

 

1.4 Exploring Inflammatory Responses Through Lipidome and 

Proteome Dynamics 

Metabolic regulation is central to biology and underlies the immune response, 

therefore a metabolic viewpoint is valuable in the study of inflammation  

(Makowski et al., 2001). Furthermore, metabolism is a dynamic process and 

although experimental methods have advanced to allow for reliable identification 

and quantification of biomolecules, the measurement of concentration alone does 

not acknowledge the time-dependency aspect of metabolism and only provides 

a snapshot (static representation) of metabolism at a given point in time  

(Srivastava et al., 2016). Acknowledgement of the time-dependency of 

metabolites measurement is known as dynamic analysis. Investigations of 

cellular metabolic turnover are becoming increasingly more popular and a variety 

of methods have been developed to facilitate this, such as by tracing metabolic 

labels over time to monitor turnover rates of metabolites (Zamboni and Sauer, 

2009). 

 

1.4.1 Turnover  

Turnover represents the net result of synthesis and degradation of a biomolecule, 

such as a protein or lipid, and is therefore a reflection of the metabolic 
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requirement of a cell (Hasunuma et al., 2010). Turnover is influenced by 

environmental conditions, cellular functions, developmental status and 

intracellular and extracellular challenge  (Kotte, Heinemann and Zaugg, 2010; 

Kadir et al., 2010). Even at steady state, the concentration of biomolecules are 

constantly changing with continuous cycles of synthesis and degradation (Ahn 

and Antoniewicz, 2011; Rothman, 2010). In growth, the rate of synthesis is higher 

and catabolism it is lower (Schutz, 2011).  

 

A balance between synthesis and degradation is often required for optimal health 

and this balance is required to be rapidly modulated to respond to a transient 

requirement. Therefore, disruption of turnover can be an indication of a disease 

(Engelen et al., 2000; Huang, Reardon and Mazzone, 2006; Varanda et al., 

2020). Investigation of the turnover rates of metabolites will provide a greater 

representation of the metabolic state of a system, as well as a greater 

understanding of how disruptions in turnover can lead to a disease state (Metallo 

and Vander Heiden, 2013). Furthermore, immune metabolism is becoming an 

important field because it is clear that the metabolic status of inflammatory cells 

impacts the immune response. For example, the metabolic programming 

accompanies macrophage polarisation, such as the increase in glycolysis in M1 

polarised macrophages (Tan et al., 2015), and the increase in fatty acid oxidation 

in M2 macrophages (Huang et al., 2014). These changes are essential to achieve 

the metabolic requirements and activate the distinct signalling pathways required 

(Rodriguez-Prados et al., 2010). 

 

Turnover rates can be considered as the functional endpoint of interactions 

between nonlinear gene, protein and metabolite interactions in metabolic 
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networks, and provide a link between these interactions and the functional output 

supporting a systems level analysis (Sauer, 2006; Hellerstein, 2003).  For 

proteins, the transcriptome alone has been reported to have minimal control over 

metabolic flux, highlighting the importance of metabolite tracing (Perrenoud and 

Sauer, 2005). Therefore, turnover analysis may help link transcription to protein 

expression (Doherty et al., 2013).  

 

Proteins are synthesised following transcription and mRNA translation (Scheper, 

Knaap, and Proud, 2007), and degrade primarily via ubiquitination in the 

proteasome, in which individual proteins are degraded, or via autophagy for bulk 

degradation (Clague and Urbé, 2010) (Figure 1.13). Lipids are catabolised and 

metabolised by various enzymatic pathways, including the Kennedy pathway and 

the Lands cycle, beta oxidation and peroxidation (Schmid and Verger, 1998) 

(Figure 1.14). For lipids, turnover has been shown to be linked to cell division, 

organelle biogenesis and cellular functions, such as macrophage phagocytosis 

(Kloehn et al., 2015). Therefore, turnover analysis has the potential to enable a 

more complete understanding of the relationship between fatty acid composition 

and biological outcomes which is currently lacking (Carter, Cooper-Mullin and 

McWilliams, 2018). 
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Figure 0.13. Protein turnover  

 

  

Figure 1.13 Protein Turnover. Proteins are synthesized from a collection of amino acids via transcription and 

translation and degraded by autophagy and ubiquitination back to amino acids. The rate of protein synthesis, ks, 

is equal to the rate of protein degradation, kd, at equilibrium.  
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Figure 0.14 Lipid Turnover 

 

 

Figure 1.14 Lipid Turnover. Fatty acids are derived from the diet or acyl-CoA via fatty acid synthases. They can then form larger 

lipid structures such as triglycerides which consist of fatty acids and glycerol-3-phosphate. Lipases break down large lipid structures 

into fatty acids which are further metabolised by beta oxidation to acyl-CoA. The rate of synthesis, ks, will equal the rate of 

degradation, kd, at equilibrium.  
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1.4.2 Methods to Study Lipid and Protein Dynamics  

The use of metabolic labels is a common method employed to monitor metabolic 

dynamics. In this process, the incorporation or loss of a labelled precursor into a 

biomolecule of interest is traced over time to calculate synthesis or degradation 

rates respectively (Doherty et al., 2005; Claydon et al., 2012). Isotopic labels were 

first used to monitor protein turnover, using deuterium to trace the conversion of 

metabolites in vivo (Schoenheimer, 1937). At the time, incorporation of stable 

isotopes was difficult to detect with the available instruments, therefore 

radioisotopes were commonly used, including 14C (Buse and Reid, 1975; Ruben 

and Kamen, 1941), and 3H (Otani et al., 1988; Alvarez and Cornog, 1939).  For 

example, 14C-acetate and 3H-AA were used to monitor lipid dynamics (Waterman 

and Lewis, 1989). 

 

By the late 1990s, advances in mass spectrometry, such as the introduction of 

Paul traps (Paul, 1990), ESI  (Yamashita and Fenn, 1984) and isotope ratio mass 

spectrometry (Goodman and Brenna, 1992), enabled the re-introduction of stable 

isotopes, which became easier to resolve on account of the improved mass 

resolution of the instruments (Eckers, Haskins and Langridge, 1997). Stable 

isotopes are much safer than radioisotopes (Bayly and Weigel, 1960). Nowadays, 

commonly used labels include, 13C (Dien, Van, Strovas and Lidstrom, 2003; 

Buescher et al., 2015), 18O (Sadygov et al., 2010), 2H (Mahsut et al., 2011; 

Ussing, 1941) and 15N (Doherty et al., 2009), which are  commercial available 

(Lehmann, Stephan and Fürstenberger, 1992). The choice of label is an important 

consideration for many reasons, including cost, physiological impacts and ease 

of data analysis (Antoniewicz, 2013; Long and Antoniewicz, 2019). Furthermore, 

the metabolic pathway of interest, the system’s ability to synthesise and process 
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the labelled precursor and the abundance of the precursor must be considered 

to ensure there is sufficient bioavailability (Tigas, Sunehag and Haymond, 2002; 

Chan et al., 2015). For example, amino acids will only be incorporated into 

peptides and proteins and therefore are unsuitable for lipidomic analysis, whilst 

labelled fatty acid precursors have the potential to be incorporated into lipids but 

will not be incorporated into peptides and are therefore unsuitable for proteomic 

analysis. 

 

1.4.3 Deuterium Oxide  

Deuterium oxide (2H2O), also known as ‘heavy water’, is an isotopic label which 

can universally incorporate into all biomolecules including DNA, proteins and 

lipids (Rachdaoui et al., 2009). 2H2O is easily introduced in cell culture media for 

in vitro use or in drinking water for in vivo applications. 2H2O is cheap, little label 

is required, and it quickly equilibrates within the system (Rittenberg and 

Schoenheimer, 1937; Wang et al., 2014). Furthermore, the universal labeling 

allows any biofluid to be sampled for turnover measurements. This is a great 

advantage as it enables the measurement of dynamics in a range of 

macromolecules within a single sample (Dufner and Previs, 2003). To fully 

understand the dynamics of the lipidome, a complementary analysis of dynamic 

proteins is useful, because many proteins are involved in the regulation of lipid 

metabolism. Therefore proteo-lipidomics is a new field which refers to the 

metabolic analysis of both proteins and lipids (Casanovas et al., 2015) and the 

use of 2H2O is well-suited for this.  

 

In proteins, the deuterium atoms replace the hydrogen in carbon-hydrogen (C-H) 

bonds of free non-essential amino acids during their enzymatic biosynthesis, and 
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in essential amino acids during de novo synthesis or transaminase reactions at 

their alpha carbon (C2). The deuterium-labelled amino acids are then 

incorporated into proteins via transfer RNAs (tRNAs) which is the rate limiting 

step of deuterium incorporation into proteins. The C-H bonds (and therefore C-

D) are stable and so do not interchange spontaneously with body water, unlike 

with N-H or O-H, and therefore the incorporation of deuterium does not occur 

post-translationally enabling analysis of synthesis rates (Busch et al., 2006).  

 

For lipids, deuterium atoms replace the hydrogen in C-H bonds of de novo 

synthesised fatty acids which can then form larger lipid structures, such as 

phospholipids. Deuterium can also be incorporated into the glycerol backbone of 

glycerides during glycolysis, and during each step of fatty acyl chain elongation. 

The C-H bonds in metabolic intermediates are stable as they do not appear to 

back-exchange with water out of the enzyme-catalysed metabolic reactions 

(Turner et al., 2003; Goh et al., 2018). As the deuterium is incorporated via de 

novo synthesis, when water from body/culture media is used, pre-existing lipids 

and proteins will not be labelled. Therefore, dietary metabolites, or those 

produced from pre-existing biomolecules i.e. lipids or re-esterified lipids (Edens, 

Leibel and Hirsch, 1990), which are synthesised upstream of deuterium 

incorporation, would not be included in the turnover analysis (Shi et al., 2018). As 

the label is administered over a long period of time, to ensure steady 

incorporation, it is expected that the precursors would be ‘turned over’ and 

therefore would incorporate the label (Jungas, 1968; Leitch and Jones, 1993). 
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1.4.4 Mass Isotopomer Distribution Analysis 

Following incorporation of a stable isotopic label, mass isotopic distribution 

analysis (MIDA) is used to deconvolute mass spectrometry data and kinetic 

analysis is carried out to identify the rate of deuterium incorporation into 

metabolites representing metabolite synthesis. The MIDA model was first 

proposed during analysis of hepatic de novo lipogenesis, using acetate labelling. 

This technique has been developed to measure the synthesis rates of a biological 

polymers (Hellerstein et al., 1991).   

 

Isotopomers (isotopic isomers) are species with the same elemental composition 

but are isomeric due to isotopic substitution (e.g. hydrogen is replaced by 

deuterium). Mass isotopomers are isotopomers with the same nominal mass and 

may have different isotopic compositions. They are molecular species known as 

M0, M1, M2, M3… Mn, with the monoisotopic molecular weight being M0 and 

each subsequent species different by 1 unit of mass (Dalton) for example; CH4, 

CH3D, CH2D2. Mass isotopomers are naturally occurring, but the use of stable 

isotopes alters this natural isotopomer pattern (Figure 1.15). In MIDA, a stable 

isotope-labelled monomer is applied to a system and the relative abundances of 

each mass isotopomers of a polymer is measured. The distribution of mass 

isotopomers is then used to trace the dilution of the labelled monomer into the 

polymer and kinetic analysis is used to determine polymer synthesis (Hellerstein 

and Neese, 1999; Papageorgopoulos et al., 1999). 
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Figure 0.15. Mass Isotopomer Distribution Analysis 

 

 

 

  

Figure 1.15. Mass Isotopomer Distribution Analysis (MIDA). Following precursor enrichment with stable isotopes, the 

distribution of mass isotopomers is altered.  MIDA is used to determine the isotope incorporation and thereby synthesis or 

degradation rates.  
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Various algorithms for MIDA have been proposed and all are based on 

combinational probabilities. This is where a biological polymer of more than one 

monomer i.e. heavy and light isotopes, will exhibit a statistical distribution of 

combinations, that follow the polynomial expansion of the proportion of labelled 

and unlabelled precursors  (Chan et al., 2015). The relative proportion of each 

species is determined using binomial expansion, which relies on two variables: 

number of monomer subunits (n), which is the known value, and probability of 

each type of subunit (p) - the unknown labelling probability. 

 

An isotopomers distribution is a fingerprint of a polymer and will only alter if the 

polymer undergoes remodelling i.e. biological or isotopic discrepancy (Hellerstein 

and Neese, 1999). Peptides with larger masses will have a larger mass envelope.  

As deuterium is incorporated, M0 decreases, and higher Mn species increase.  

The signal-to-noise ratio of M0 is most favourable for change in abundance due 

to the larger change in fractional abundance, so often the change in this 

isotopomer is the focus of analysis (Price et al., 2012) (Figure 1.15). 

 

The synthesis rate constant, k, describes the rate at which macromolecules are 

newly synthesised to replace the existing pool. At equilibrium, k synthesis (ks) will 

equal the rate of degradation (k degradation, kd). MIDA is first used to measure 

the change in normalised peak intensity of each mass isotopomer corresponding 

to a molecular ion of interest and then first order decay kinetics is applied to the 

time-dependent changes to determine the value of k (Yang, et al., 2010; Foletta 

et al., 2016). In this manner, Michaelis–Menten-type kinetics is assumed (Nikolov 

and Kostova, 1995).  Computational tools can be used to increase efficiency of 
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data processing and many house software’s have been developed for this  (Kim 

et al., 2012; Goh et al., 2018).  

 

For cell culture analysis, the culture media is supplemented with the chosen label 

and the relative isotope abundance in the cells will increase, ultimately reaching 

a plateau. Following steady-state label incorporation, sampling of the labelled 

proteins and metabolites allows determination of turnover rates. In complex 

multicellular species, the relative isotope abundance is not easily controlled for 

due to the interactions between various cellular pools. Therefore, for human 

studies a two-pool kinetic model or multi-compartmental kinetic analysis for 

quantification of absolute protein production rate would improve this field 

(Kasumov, Willard and Sadygov, 2014) .    

 

The use of stable isotopes and MIDA is an experimental route to determine rate 

constants. Alternatively, computational models can be used to estimate the 

kinetic parameters. This has previously been carried out using integrated network 

modelling based on KEGG pathways and literature to simulate rate constants of 

eicosanoid product ion from arachidonic acid. The robustness of these models 

has been compares to experimental analysis and found to be consistent with 

literature (Gupta et al., 2009; Dinasarapu et al., 2013; Kihara et al., 2014). 
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1.5 Study Aims and Objectives  

1.5.1 Principal Focus 

The principal focus of this thesis is the application of advanced proteomic and 

lipidomic approaches to explore the molecular pathways involved in inflammatory 

responses in activated macrophages. 

 

1.5.2 Importance 

Biomolecules, such as lipids and proteins, are central to the inflammatory 

response. The abundance and turnover of these metabolites is an important 

parameter which affects their ability to function. Therefore, an increased 

knowledge of the dynamics of lipids and proteins will provide greater insights into 

the biochemical pathways which encompass an inflammatory response. This has 

the potential to improve our understanding of the pathogenesis of inflammatory 

diseases and identify biomarkers and novel therapeutic targets.  

 

1.5.3 Study Overview 

This study aims to use multi-omic approaches to characterise the lipid and protein 

response to stimulation of a macrophage-like cell line, RAW 264.7 cells, via 

exposure to a common PAMP, in the form of Kdo2-Lipid A (KLA), and/or a DAMP, 

in the form of ATP. Global lipidomic and proteomic strategies were initially 

employed to define the changes in the abundance of macrophage lipids and 

proteins. Functional analysis was then carried out to reveal biochemical pathways 

implicated in the associated inflammatory response. Building on this work, a 

method was developed to study the rate of synthesis of lipid and proteins, using 

2H2O, and characterise the alterations in these rates following macrophage 

stimulation.  Ultimately, this study will expand on our classical ‘static’ approach to 
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investigate immunometabolism and may reveal alterations to lipids and proteins 

implicated in an inflammatory response.  

 

1.5.4 Aims 

1. To validate the use of PAMP (KLA) and/or DAMP (ATP) stimulated RAW 

264.7 cells as a model of macrophage activation.  

2. To characterise changes in the global lipidome of activated macrophages. 

3. To use complementary label-free and SILAC approaches to characterise 

changes in the proteome of activated macrophages. 

4. To develop a novel stable isotope labelling strategy to monitor the 

synthesis rates of individual lipid and proteins on a cellular scale. 

5. To apply this method to identify proteins and lipids with altered kinetics 

following macrophage activation. 
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2. Chapter 2 - Materials 

and Methods 
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2.1 Materials and Reagents 

RAW 264.7 murine macrophage – Abelson leukemia virus (A-MuLv) cell line was 

supplied from the European Collection of Authenticated Cell Cultures (ECACC, 

Porton Down, UK). Tissue culture treated (vented) T-75 flasks were purchased 

from VWR (Lutterworth, UK). Trypan blue solution, 4′,6-diamidine-2′-phenylindole 

dihydrochloride (DAPI), adenosine 5′-triphosphate (ATP) magnesium salt, 

mounting reagent, Corning Costar tissue culture treated 6- and 96 well flat bottom 

plates, were obtained from Merck (Poole, UK). Kdo2-Lipid A (KLA) was 

purchased from Avanti Polar Lipids (Alablaster, AL, USA). ISOLUTE® C18, 

500mg/6mL solid-phase extraction (SPE) cartridges were purchased from 

Biotage (Uppsala, Sweden).  

 

Bicinchoninic acid (BCA) protein and LDH assay kits, cell scrapers, high glucose 

Dulbecco’s Modified Eagles Medium (DMEM), DMEM for SILAC, foetal bovine 

serum (FBS), dialysed FBS, penicillin-streptomycin, L-glutamine, Coomassie 

Brilliant Blue R-250, deuterium oxide (2H2O, 99.8 atom %), ESI negative and 

positive calibration solution, chloroform, acetic acid, formic acid, methanol, 2-

propanol (isopropanol) and water (all solvents at least HPLC grade) were 

supplied by Fisher Scientific (Loughborough, UK). Eicosanoid standards and 

deuterated internal standards were purchased from Cayman Chemicals (Ann 

Arbor, MI, USA). 1X phosphate buffered saline (PBS) and TNF alpha Mouse 

ELISA Kit was supplied by Thermo Fisher Scientific (Paisley, UK). Sequencing 

grade trypsin and complete protease inhibitor was supplied by Roche (Welwyn 

Garden City, UK). Coomassie Protein Plus Assay Kit, Precision Plus Protein all 

blue pre-stained protein ladder standard (10-250 kDa), and Precast TGX Mini-

Protean Tetra gels (12% w/v polyacrylamide resolving gel with a 4% w/v stacking 
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gel) were supplied by Bio-Rad (Hemel Hempstead, UK), and L-arginine:HCl (13C6, 

99%; 15N4, 99%) and L-lysine:2HCl (13C6, 99%) were purchased from Cambridge 

Isotope Laboratories, Inc. (Tewksbury, MA, USA). 

 

2.2 RAW 264.7 Cell Culture  

Complete growth medium consisted of high glucose DMEM supplemented with 

10% (v/v) FBS, 2 mM L-glutamine and 1% (v/v) penicillin-streptomycin. RAW 

264.7 cells were grown in monolayers in T-75 flasks with 10 mL of complete 

growth medium at 37˚C in a humidified atmosphere of 5% CO2.  

 

For SILAC experiments the culture medium consisted of DMEM for SILAC 

supplemented with 10% (v/v) dialysed FBS, 1% (v/v) penicillin/streptomycin and 

2 mM (v/v) L-glutamine, 84 mg/L L-arginine: HCl (13C6, 99%; 15N4, 99%) and 146 

mg/L L-lysine:2HCl (13C6, 99%). For deuterium oxide (2H2O) experiments culture 

medium consisted of high glucose DMEM supplemented with 10% (v/v) FBS, 2 

mM L-glutamine and 1% penicillin-streptomycin and 5% (mol/mol) 2H2O.  

 

For sub-culturing RAW 264.7 cells were harvested at 70-80% confluence. The 

complete growth medium was collected and 10 mL isotonic 10 mM PBS pH 7.4 

was added before the cells were gently detached with a cell scraper. The cells 

were aspirated to a 15 mL Falcon® tube containing the collected 10 mL medium 

and pelleted by centrifugation at 300 x g for 7 min (room temperature). The 

supernatant was discarded, and the cell pellet was resuspended in 2 mL fresh 

complete growth medium. The cells were then subdivided (approximately, 1x107 

cells) into a new T-75 flasks containing 10 mL complete growth medium.  RAW 

264.7 cells up to a maximum passage of 24 were used for experimental purposes. 
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To cryopreserve cells: cell pellets were resuspended in 5 mL of 5% (v/v) dimethyl 

sulphoxide (DMSO) in complete medium. 1mL aliquots of cells were transferred 

to 2 mL plastic cryotubes and left at -80˚C overnight. The following day the 

cryotubes were transferred to -142˚C freezer for storage. Cells were resuscitated 

by removing the cryotube and transferring to a 37˚C water bath for ~ 3 min (until 

1 crystal of the frozen cell aliquot remains). The cells were then resuspended in 

5 mL complete medium and 300 x g for 7 min, to remove DMSO. Cell pellets were 

resuspended in 5 mL complete DMEM medium and transferred to a T-25 flask. 

 

2.3 Treatment of RAW264.7 Cells with Immune Modulators  

A stock solution of 25 mM ATP was diluted to yield a 2 mM working solution and 

a 1 mg stock of KLA was diluted to yield a 100 ng/mL working solution, as 

described in Appendix 1. RAW 264.7 cells were treated with 100 ng /mL KLA 

and/or 2 mM ATP at 37˚C in a humidified atmosphere containing 5% CO2 for up 

to 24 h. Matched volumes of phosphate-buffered saline (PBS) were used as 

vehicle controls for treatment under each condition. For single time point analysis; 

cells were treated with ATP for 4 h, KLA for 8 h or primed with KLA for 4 h and 

subsequently treated with ATP for a further 4 h ([KLA +ATP]) (Figure 2.1). For 

time course analysis; cells were treated with ATP for 0,2,4,8 and 20 h, KLA for 

0,2,4,8,12 and 24 h, or primed with KLA for 4 h and subsequently treated with 

ATP for 0,2,4,8 and 20 h (Figure 2.2).  Treatment protocols were adapted from 

LIPID MAPS published PP0000001004 and PP0000004602 macrophage 

stimulation protocols. 
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Figure 0.16. Single time point treatment with KLA and or ATP 

  

Figure 2.1. Single Time Point Treatment with KLA and/or ATP. Cells were seeded, left to adhere for 24 h, and 

treated with either 2mM ATP for 4 h, 100 ng/mL KLA for 8 h, or a combined treatment of 100 ng/mL KLA for 8 h and 

2mM ATP 4 h, and matched vehicle (PBS) controls. Addition of a treatment represented by # and sample collection 

represented by a *. 
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Figure 0.17. Time-course profile treatment with KLA and or ATP  

 

Figure 2.2. Time-course Treatment with KLA and/or ATP. For ATP treatment, cells were stimulated with 2mM ATP and collected 

at 0, 2, 4, 8 and 20 h. For KLA, cells were stimulated with 100 ng/mL KLA and collected at 0, 2, 4, 8, 12 and 24 h. For the 

[KLA+ATP], cells were stimulated with 100 ng/mL KLA and after 4 h 2mM ATP, and collected at 0, 2, 4, 8 and 20 h. Matched 

vehicle (PBS) controls were obtained for each treatment. Addition of a treatment represented by # and sample collection 

represented by a *. 



86 
 

Following treatment with KLA and/or ATP, the cells were harvested by gently 

scraping in isotonic PBS pH 7.4 and pelleted by centrifugation at 5,500 x g for 5 

min. The supernatant was removed, and cells were resuspended in 1 mL PBS, 

pelleted by re-centrifugation and stored at -20˚C if required.  

 

RAW 264.7 cells were lysed by resuspending stored pellets in 200 µL water prior 

to sonication with a QSONICA Q500 probe sonicator (Newtown, CT, USA) for 3 

x 10 sec pulses at 20% amplitude (the excursion of the tip of the probe). The cell 

lysates were subsequently stored at -20˚C if required.  

 

2.4 Haemocytometer Counting 

The haemocytomer counting chamber (Neubauer Bright-Line™) was used to 

calculate the density of cells in a defined volume of media. The trypan blue 

exclusion test was used to determine the number of viable cells. The test is based 

on the principle that only live cells possess intact cell membranes that exclude 

trypan blue. As such, cells that stain blue are considered to be necrotic, with 

compromised cell membranes, and are therefore not included in cell counts. The 

haemocytometer method with trypan blue was used to seed a desired density of 

cells and, when required, count the cell number following treatment. In this 

procedure, 80 µL PBS and 10 µL 4% (v/v) trypan blue were added to 10 µL cell 

stock and gently mixed using a pipette. 10 µL of cell suspension was loaded onto 

a haemocytometer chamber and cells were counted in five squares under a Leica 

DMIL microscope (X 20).  The mean cell count was calculated and converted to 

cell count per mL (cell density).  
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2.5 CytoSpin- Haematoxylin and Eosin Staining  

Cytospin is the process of cell centrifugation to collect a single cell suspension of 

cells onto a microscope slide allowing for assessment of cellular morphology.  

The cell pellet was resuspended in 250 µL PBS. The cell stock was diluted 1:10 

in PBS and 200 µL was applied to an assembled slide chamber. The assembled 

chamber consists of a funnel assembly in contact with a microscope slide and 

filter paper to collect the excess liquid. The chamber was centrifuged at 3000 x g 

for 3 min to concentrate cells and the slide was removed from the chamber and 

air dried.  Following cytospin the slides were stained with haematoxylin and eosin 

(H&E). Haematoxylin binds to DNA staining cell nuclei blue/dark purple whilst 

eosin stains the extracellular matrix and cytoplasm pink. Remaining cellular 

structures will be stained with different shades of these colours allowing for the 

various cellular structures to be distinguished. To carry out H&E staining; slides 

were dipped in methanol, followed by haematoxylin dye, then eosin dye and 

finally tap water for 1 min each. Slides were then left to air dry and once dried 

fixed using mounting reagent. 

 

2.6 Determination of Protein Concentration  

2.6.1 Coomassie Plus Protein Assay 

This colorimetric kit is based on the Bradford assay (Bradford, 1976), which 

measures the conversion of Coomassie Brilliant Blue in an acidic environment 

from its cationic (brown) to its anionic (blue) state. The number of Coomassie dye 

ligands bound to each protein molecule is proportional to the number of positive 

charges found on the protein and therefore the shift in colour correlates to the 

protein content in a given sample.  
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10 µL of bovine serum albumin (BSA) standards (0 µg/ml - 1500 µg/mL in Milli-Q 

water), water blanks and cell lysates were aliquoted into a 96 well plate in 

triplicate and 250 µL of Coomassie Plus Reagent was added to each well. The 

plate was incubated in the dark for 10 min at room temperature and the 

absorbance of the standards and samples was then measured at λ= 595 nm 

using a Varioskan Plate Reader with the SkanIt software package (Thermo). The 

protein concentration in each sample was determined by comparing the 

absorbance reading to the BSA standard curve. 

 

2.6.2 BCA Protein Assay 

The bicinchoninic acid (BCA) protein assay kit is based on the biuret reaction in 

which proteins are chelated to Cu2+ which, under an alkaline environment, is 

reduced to Cu+, to form a light blue complex (Smith, et al., 1985). BCA reacts with 

one Cu+ in a stoichiometry of 2:1, producing an intense purple-coloured product, 

dependent on the amino acid content (particularly cysteine, cystine, tryptophan 

and tyrosine), as well as the number of peptide bonds. The concentration of 

protein can be determined spectrophotometrically at λ= 562 nm (Wiechelman, 

Braun and Fitzpatrick, 1988). 10 µL of bovine serum albumin (BSA) standards (0 

µg/ml - 1500 µg/mL in Milli-Q water), water blanks and cell lysates were aliquoted 

into a 96 well plate in triplicate wells and 250 µL of working BCA/copper (II) 

sulphate reagent (1:50 v/v BCA Reagent B: BCA reagent A) was added to each 

well. The plate was shaken (30 sec) and incubated in the dark at 37˚C for 30 min. 

The absorbance was then read at λ= 562 nm using a Varioskan Plate Reader 

with the SkanIt software package (Thermo) and the protein concentration of each 

sample was calculated from the standard curve. 
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2.7 LDH Cytotoxicity Assay 

The lactate dehydrogenase (LDH) cytotoxicity assay was used to assess the 

effect of treatments on cell viability. LDH is a stable cytosolic enzyme present in 

all cell types, which is rapidly released into the culture medium upon damage to 

the plasma membrane. The assay is based on an enzymatic coupling reaction 

and exploits the ability of LDH to catalyse the conversion of lactate to pyruvate 

via NAD+ reduction to NADH. Oxidation of NADH by diaphorase leads to the 

reduction of a blue tetrazolium salt (iodonitrotetrazolium chloride, INT) to a red 

formazan product that can be measured spectrophotometrically at λ= 490 nm 

(Nachlas et al., 1960; Decker and Lohmann-Matthes, 1988). The level of 

formazan generated is directly proportional to the amount of LDH released into 

the culture medium (LDH activity in the medium), which correlates with the 

number of lysed cells and is therefore indicative of cytotoxicity (Figure 2.3). 

 

To determine the optimal cell number per LDH assay, the number of cells that 

produce an LDH signal within the linear range was first determined. Serial 

dilutions of cells between 0 and 2x104 cells per well were seeded into two sets of 

triplicate wells of a 96 well plate.  The plate was incubated at 37˚C overnight and 

10 µL sterile water (control) was added to one set of the triplicate wells in order 

to measure the spontaneous LDH release. This control corrects for spontaneous 

release of LDH from effector cells. To the other set of triplicate wells 10 µL of 10x 

lysis buffer was added to fully lyse cells and allow measurement of the maximum 

LDH release possible. The plate was incubated for 45 min prior to transfer of 50 

µL of medium from each well to a fresh 96 well plate.  
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Figure 0.18. The LDH Assay 

 

Figure 2.3. The LDH Assay. Upon damage to the plasma membrane, the enzyme, LDH, is released from the cytosol into 

the medium. An enzymatic coupling reaction is used to measure the LDH release as a representation of cell damage. LDH 

uses NAD+ to oxidise lactate to pyruvate, this reaction is coupled to the conversion of a tetrazolium salt (INT) and NADH to 

formazin by diaphorase.  The formazan salt produces a red colour can be measured at λ= the 490 nm.  
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50 µl of reaction mixture (0.05:0.95 v/v Assay Buffer: Substrate Mix, containing 

lactate, NAD+, INT and diaphorase) was then added to each reaction well.  The 

plate was left at room temperature, covered from light, for 30 min. An acidic stop 

solution was added and the absorbance reading at λ= 490 nm and λ= 680 nm 

was determined. The 680 nm background absorbance reading, was subtracted 

from the 490 nm value and plotted against cell number for both the spontaneous 

and fully lysed conditions. As per manufactures instructions, the linear range of 

maximum LDH release was chosen as the optimal cell number to use for the 

subsequent cytotoxicity analysis (Figure 2.4). 

 

Three sets of triplicate wells per chemical treatment were seeded at the optimum 

density, determined using the process described above. The plate was incubated 

at 37˚C overnight and 10 µL deionized water (control) was added to one set of 

the triplicate wells in order to measure the spontaneous LDH release. To another 

set of triplicate wells, 10 µL of the treatment of interest was added and the plate 

was incubated for the desired incubation time. The chemical treatments tested 

include; (1) 4 h of 2 mM ATP, (2) 20 h of 2 mM ATP (3) 8 h of 100 ng/mL KLA, 

(4) 24 h of 100 ng/mL KLA, (5) 8 h of 100 ng/m KLA with 4h of 2 mM ATP and (6) 

24 h of 100 ng/mL KLA with 20 h of 2 mM ATP. Matched PBS controls of 

equivalent diluent volume was assayed for each treatment along with medium 

with and without cells and 10% DMSO controls by a way of a treatment likely to 

generate a degree of cell lysis. For the final 45 min of this incubation, 10 µL of 

10x lysis buffer was added to the remaining set of triplicate wells to determine the 

maximum possible LDH release. Following incubation, 50 µL of medium from 

each well was transferred to new 96-well plate and 50 µL reaction mixture was 

added.   
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Figure 0.19. Determination of LDH Assay Optimal Cell Density  

 

 

 

 

 

 

 

 

 

Figure 2.4 Determination of LDH Assay Optimal Cell Density. Determination 

of optimum cell number to seed for LDH cytotoxicity assay. Cell number of 5x10
3 

cells per well was chosen as the linear range of maximal LDH release and 

therefore maximal LDH activity. Spontaneous (pink) is the LDH release from 

untreated RAW 264.7 cells whilst maximum (purple) is the maximum possible 

LDH release from RAW 264.7 cells, determined via cell lyses.  
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The plate was left at room temperature in the dark for 30 min before 50 µL stop 

solution was added and the absorbance at λ= 490 nm and λ= 680 nm was 

measured. To calculate the percentage cytotoxicity; the absorbance at λ = 680 

nm was subtracted from the λ =490 nm value and the following equation was 

applied: 

 

% Cytotoxicity = 
Compound treated value-Spontaneous releaee value

Maximum LDH value - Sponaneous release value
 ×100 

 

2.8 Flow Cytometry 

Flow cytometry is a technique used to characterise a population of cells. In this 

particular instance, these characteristics can provide information on the 

macrophage polarisation state and the effect of stimulation (Figure 2.5). The cells 

are often labelled with fluorescent markers (antibody bound fluorophores), which 

emit light at a specific wavelength that can be recorded and used to characterise 

the cells chemical properties, such as the presence of surface markers.  

 

Cells within a sample are focused through a laser beam and the light scattering 

that takes place is characteristic of the cell’s physical properties. Forward scatter 

(FSC) is related to cell size and side scatter (SSC) to the granularity of cells. 

Various cell types have expected sizes and degrees of granularity. Therefore, the 

FSC and SSC recordings are used to identify cell types and set boundaries (gate) 

on cells which lie within the expected values to ensure analysis of specific cell 

subsets only. For this study, FSC and SSC was used to identify and gate on cells 

which lie within the expected macrophage boundary, are singlets i.e. single cells 

(via the exclusion of doublets) and viable cells (via the exclusion of debris). 
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Figure 0.20. Flow Cytometry  

 

Figure 2.5. Flow Cytometry. Cells are focused through a laser beam enabling light scattering to take place and the 

size and granularity of cells to be determined. This scattering of light is used to phenotype and identify a particular 

cell type. Fluorescent markers can also be used which bind to surface markers increasing the ability to characterise 

the cells in a sample.  
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Initially the data are ‘gated’ which sets the boundaries of measurements of 

interest within the population of recorded cells (Figure 2.6).  Following gating, 

fluorescence intensity is measured to identify the expression of the fluorescently 

labelled cell surface markers in response to the treatments used. The recorded 

fluorescence is often presented in the form of a histogram. A shift of the histogram 

to the right represents an increase in fluorescence and therefore marker 

expression, whilst a shift to the left represents a decrease in recorded 

fluorescence and marker expression (McKinnon, 2018).  

 

At the time of cell harvest, supernatant was removed, and cells were gently 

scraped in 1 mL of PBS. The PBS: cell mix was transferred to a Falcon® tube and 

centrifuged at 300 x g for 7 min at room temperature. Supernatant was removed 

and cells were resuspended in 200 µL PBS prior to transfer to a fluorescence-

activated cell sorting (FACS) tube. An antibody cocktail for two panels of 

antibodies was prepared and added to cells at their desired concentration of 

1:200 (as shown in Table 2.1). Cells were then incubated at 4˚C for 30 min. 

Following incubation cells were washed twice, each time by adding 2 mL PBS, 

mixed by vortex, and centrifuged 300 x g for 2 min at room temperature. 

Supernatant was removed and 400 µL PBS was added to cells, which were then 

injected into a BD FACSCailbur (BD Biosciences, San Jose, USA) equipted with 

FlowJo software (Tee Star, Oregon,USA).  To correct for overlap between the 

different channels of emission from the fluorochromes used (fluorescence 

bleeding), compensation was carried out. Compensation beads were individually 

stained with each antibody, analysed under the FACSCalibur. FlowJo software 

was used to automatically calculate the degree of compensation required to 

account for fluorescence bleeding, which was applied to each sample analysed.   
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Figure 0.21. Flow Cytometry Gating for RAW 264.7 Cells 

 

Figure 2.6 Flow Cytometry Gating for RAW 264.7 Cells. Ancestry plots to 

display flow cytometry gating for: (A) Vehicle (PBS) control (matched to 

[KLA+ATP] treatment), (B) 4 h of 2 mM ATP, (C) 8 h of 100 ng/mL KLA and 

(D) 8 h of 100 ng/mL KLA with 4 h of 2 mM ATP. For each condition displayed 

(A-D), four graphs are presented to demonstrate the gating steps. (1) Final 

selection of cells used for subsequent fluorescent measurements, (2) gating 

on RAW 264.7 cells via forward scatter area (x axis) against side scatter area 

(y-axis), (3) gating on single cells via forward scatter area (x-axis) against 

forward scatter height (y-axis) and (4) gating on viable cells via forward scatter  

area (x-axis) against DAPI staining measured on side scatter (y-axis). 
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Unstained controls with and without DAPI were used to gate onto viable, single 

cell macrophages (using FSC and SSC). Gating was applied to all samples 

analysed, which included: compensation beads with single stain, unstained cells, 

unstained cells with DAPI, Vehicle (PBS) control 8 h + DAPI, ATP 4 h + DAPI, 

KLA 8 h + DAPI and [KLA+ATP] 8+4 h respectively + DAPI. 

 

Table 2.1. Flow Cytometry Antibody Panels  

Not disclosed (n.d.) 

Antibody Company 
Catalogue 

Number 

[Stock] 

(mg/mL) 
Dilution 

 
Panel 

Absorbance 

Wavelength 

(nm) 

Allophycocyanin 

(APC) -CD11b 
Invitrogen 17-0112-82 0.2 1:200 1 & 2 650–670 

Brilliant Violet 

(BV) 605 – 

CD80 

Biolegend 104729 n.d. 1:200 1 610-620 

Fluorescein 

Isothiocyanate 

(FITC) – CD206 

Biolegend 141703 0.5 1:200 1 515–545 

Phycoerythrin 

(PE) – CD86 
eBioscience 12-0861-82 0.2 1:200 2 563–606 

 

BV 711 - I-A/I-E 

(MHCII) 
Biolegend 107643 1.2 1:200 2 710-750 

 

2.9 Measurement of TNF  

The TNF alpha mouse enzyme-linked immunosorbent assay (ELISA) Kit was 

used to measure the concentrations of TNF released by RAW 264.7 cells (Figure 

2.7). Collected culture medium was diluted between (1:1 and 1:50) with sample 

diluent.  
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Figure 0.22. ELISA Assay Procedure. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. ELISA Assay Procedure. (1) An anti-mouse TNF antibody (capture antibody, Ab) is coated onto a microwell plate and a 

sample is applied to the microwells and the mouse TNF antigen (Ag) present within the sample binds. (2)  Unbound antibody is washed 

away and a biotin-conjugated anti-mouse TNF antibody is added to bind to the captured mouse TNF. (3) Un-bound biotin antibody is 

washed away and streptavidin-horseradish peroxidase (Strep-HRP is added to bind to the biotin-conjugated antibody. (4)  Unbound 

HRP is washed away, and a 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate, which reacts with HRP, resulting in the formation of a 

colour change to blue. (5) An acidic stop solution is which turns the colour yellow and stops the reaction and the absorbance at 450 

nm is determined. (6) The colour intensity is proportional to the amount of TNF present in a sample and a standard curve of known 

TNF concentrations is run alongside to assay to allow for quantification.  
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The microwell test strips were washed twice by applying 400 µL of wash buffer 

(1X PBS + 0.05% Tween) to each well for 10-15 sec prior to removal of the wash  

buffer by tapping the inverted plate. The samples were assayed in duplicates, 

with 50 µL of sample diluent added to each well followed by 50 µL of each sample. 

50 µL of biotin-conjugate was added, and the plate was incubated for 1 h on a 

shaker at room temperature. Following incubation, the micro well strips were 

washed six times, by applying 400 µL of wash buffer to each well for 10-15 sec 

prior to removal of the wash buffer by tapping the inverted plate. 100 µL of 

streptavidin-HRP was then added and the plate was incubated at room 

temperature on a shaker for 1 h. The plate was washed a further six times, using 

the same process, prior to the addition of 100 µL of 3,3′,5,5′-tetramethylbenzidine 

(TMB) substrate.  

 

The colour development (absorption maximum at λ=620 nm) was monitored and 

when the highest concentration standard reached an absorbance reading of 0.9-

0.95 AU at λ= 620 nm, 100 µL of acidic stop solution was added to each well. 

The absorbance at λ= 450 nm and λ= 620 nm was then measured. The 620 nm 

background absorbance was subtracted from that at 450 nm and the average 

blank reading was subtracted from each sample reading. The mean absorbance 

of the standard curve was plotted against the known concentrations of TNF and 

fitted to a 4-parametric curve. The standard curve was then used to determine 

the concentrations of TNF in samples using the mean absorbance reading of 

duplicate samples, ensuring to factor in any dilutions made. The experiment was 

repeated on three separate occasions and the mean TNF concentrations was 

determined. 
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2.10 Eicosanoid Analysis 

2.10.1 Eicosanoid Extraction 

Eicosanoids were isolated from collected cell medium in 6 well plates. The 2 mL 

culture medium in each well was extracted and 4 mL ice-cold methanol containing 

1 ng internal standard was added, after which samples were centrifuged (10 min, 

4˚C, 4,000 x g). The supernatant was removed, adjusted to <10% methanol by 

the addition of 40 mL water and acidified to pH 3.5 with 1 M HCl. The samples 

were then applied to an ISOLUTE® C18, 500mg/6mL SPE cartridge, pre-

conditioned with 2 x 6 mL of methanol and 2 x 6 mL of water.  

 

The sample tubes were washed with 6 mL water which was applied to the 

cartridge along with a vacuum to ensure all the water clears the cartridge. 

Cartridges were washed with 2 x 5 mL hexane before elution of the eicosanoid 

fraction with 2 x 3 mL ethyl acetate. The eluate was evaporated to dryness using 

a miVac sample concentrator (Genevac, Ipswich, UK) and reconstituted in 100 

µL 50:50 methanol: water (v/v) and stored at -80˚C until use.   

 

2.10.2 LC-MS/MS Analysis of Eicosanoids  

For the single time point experiments eicosanoids were analysed using a Thermo 

TSQ Quantum Ultra triple quadrupole mass spectrometer equipped with a heated 

electrospray ionisation (HESI) probe. The eicosanoids were separated on a 

Thermo Accela 1250 UHPLC system using a Kinetix XB-C18 column (1.7 µm; 

100 x 2.1 mm, Phenomenex, Macclesfield, UK) maintained at 35˚C. For time 

course experiments eicosanoids were analysed using a Sciex QTRAP 6500 

mass spectrometer equipped with an IonTurbo source. The eicosanoids were 

separated on a Shimadzu Nexera-X2 UHPLC system using a Thermo Hypersil 
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GOLD C18 column (1.9 µm; 100 x 2.1 mm) maintained at 35˚C. For all analyses 

10 µL of sample was injected at a flow rate of 400 µL/min. Solvent A consisted of 

90:10 (v/v) water: methanol with 0.1% acetic acid and solvent B contained 

methanol with 0.1% acetic acid. The gradient increased from 45-100% solvent B 

over 18 min and back to 45% solvent B by 20 min. The instruments were operated 

in negative ion mode using multiple reaction monitoring (MRM). Individual 

eicosanoids were identified on the basis of their characteristic precursor and 

product ion pairs (Appendix 2) and retention times of authentic standards.  

 

2.10.3 Eicosanoid Data Analysis 

For samples analysed on the Thermo TSQ Quantum Ultra system raw data files 

were processed using Xcalibur Quan Browser software version 2.2 (Thermo). For 

samples analysed on the QTRAP 6500 system raw data files were processed 

using Analyst software version 1.6 (Sciex). The concentration of individual 

eicosanoids was determined by comparison of integrated peak area to a 

calibration curve, run in parallel for each compound and adjusted for recovery by 

reference to amounts of the internal standard. Calibration curves ranging from 0 

pg/µL to 500 pg/µL of internal standard diluted in 50:50 (v/v) methanol: water was 

constructed. Calculated concentrations were normalised to incorporate the 

recovery percentage. Recovery percentage was determined using the quantified 

amount of internal standard post extraction compared to the 1 ng per sample 

added. Prism version 6 (GraphPad) was used to present data in graphical form.
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Calculations used for eicosanoid analysis: 

 

Recovery %=
Calculated concentration of internal standard  
Expected concentration of internal standard  

 X 100 

 

Metabolite Concentration= �Calculated concentration of metabolite 

Recovery % 
� x Sample volume 

 

2.11 Extraction of Cellular Lipids 

Extraction of cellular lipids was performed according to the method of Folch et al. 

(Folch, Lees and Sloane Stanley, 1957). A 200 µL cell lysate aliquot was 

extracted with 6 mL chloroform/methanol (2:1, v/v). The mixture was then left to 

stand on ice for 1 h after which it was centrifuged at 600 x g, 4˚C for 10 min to 

remove precipitated proteins. The sample was then partitioned by the addition of 

1.3 mL of 0.1 M potassium chloride (KCl) and the mixture was centrifuged (600 x 

g, 4˚C for 10 min) to facilitate phase separation. The upper aqueous methanolic 

phase was removed and discarded while the lower chloroform layer (containing 

lipids) was evaporated to dryness under a gentle stream of nitrogen gas. The lipid 

extract was reconstituted in 500 µL methanol and subsequently diluted 1:2 with 

methanol/chloroform (3:1, v/v) containing 5 mM ammonium formate.  

 

2.12 LC-MS Analysis of Cellular Lipids  

Global lipdiomic analyses were performed using a Thermo Exactive Orbitrap 

mass spectrometer equipped with a HESI probe and coupled to a Thermo 1250 

UHPLC system. All samples were analysed in both positive and negative ion 

modes over the mass to charge (m/z) range 200–2000. Cellular lipid extracts (2 

µL injection volume) were separated on a Thermo Hypersil GOLD C18 column 
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(1.9 µm 100 x 2.1 mm) maintained at 50˚C at a flow rate of 400 µL/min. Solvent 

A consisted of water with 10 mM ammonium formate (AF) and 0.1% formic acid, 

and solvent B consisted of 90:10 (v/v) isopropanol (IPA): acetonitrile (ACN) with 

10 mM ammonium formate and 0.1% formic acid.  The initial gradient was 35% 

solvent B, which increased to 100% over 10 min and after being held for 7 min to 

equilibrate to starting conditions.  

 

2.13 Global Lipidomic Data Analysis 

Raw LC-MS data files were processed using Progenesis QI version 2.0 

(Nonlinear Dynamics, Newcastle, UK). This software aligns chromatograms 

between runs and identifies mass to charge ratios and retention times of peaks. 

The information is used to identify lipids using linked databases. The databases 

included; Lipid Blast (https://fiehnlab.ucdavis.edu/projects/lipidblast), LIPID 

MAPS (https://lipidmaps.org/), METLIN (https://metlin.scripps.edu/) and 

MetaScope (http://www.nonlinear.com/progenesis/qi/v2.0/faq/compound-

search-metascope.aspx). Abundances, and mass to charge ratios were further 

exported to SIMCA version 16.02 (Umetrics, Umea, Sweden) to carry out 

multivariate analysis. Orthogonal projections to latent structures discriminant 

analysis (OPLS-DA) and S-Plots were generated for each treatment vs control 

and data points with a 0.9 increase or decrease in abundance were re-imported 

into Progenesis QI as tags.  

 

2.14 Cellular Protein Extraction 

50 µL of working protease inhibitor cocktail solution was added to the 200 µL cell 

sample, prior to mixing by vortex and bath sonication for 15 min.  For label free 

analysis, a 25 µL of the homogenised sample was taken aside for the whole 
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lysate fraction, was resuspended in 25 µL PIC and collected. In labelling 

experiments (SILAC and 2H2O), following sonication with a probe sonicator, 25 

µL sample was added to 5 µL PIC and 5 µL lysis buffer (Appendix 1), vortexed 

and bath sonicated for 15 min. Whole cell lysate was used for all analysis with no 

cell fractionation into soluble or pellet fractions. 

 

2.15 1-D SDS-PAGE 

Proteins were separated by 1-D sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) using a Mini Protean Tetra system (Bio-Rad 

Laboratories Ltd, Hemel Hempstead, UK).  Samples were incubated at 90°C for 

5 min in a sample loading buffer (125 mM Tris hydrochloride (Tris-HCl); 140 mM 

SDS; 20% (v/v) glycerol; 200 mM dithiolthreitol (DTT) and 30 mM bromophenol 

blue) (Appendix 1) prior to loading to reduce samples. Samples were 

electrophoresed at a constant potential of 200 V using a Bio-Rad PowerPac basic 

through a 12.5% (w/v) polyacrylamide resolving gel with a 4% (w/v) stacking gel 

(Precast TGX Mini-Protean Tetra, Bio-Rad, Watford, UK) in 10X running buffer 

(Appendix 1). Gels were stained with Coomassie Brilliant Blue R250 (Bio-Rad) 

(Appendix 1) and de-stained for 2 h with 10% acetic acid, 50% methanol, and 

40% H2O (v/v) (Appendix 1) followed by an overnight incubation in de-ionised 

water.  Gel images were scanned in the TIFF file format at 1000 dpi using a GS-

800 Calibrated Densitometer (Bio-Rad Laboratories Ltd. and MagicScan software 

(UMAX Data Systems, Taipei, Taiwan). The gel was stored in de-ionised water 

at 4˚C until use. 
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2.16 In-Gel Digestion  

Gel lanes were cut into 24 slices and each gel piece was incubated at 37˚C for 

10 min with 100 µL de-stain solution consisting of 50:50 (v/v) acetonitrile and 100 

mM ammonium bicarbonate (Appendix 1), this step was repeated twice. 

Protein disulfide bonds were reduced by incubating with 50 µL 10 mM DTT 

(Appendix 1) at 37˚C for 30 min and the resulting free cysteine residues alkylated 

with 50 µL 55 mM iodoacetamide (IAN) (Appendix 1) at 37˚C for 30 min in the 

dark. Each gel slice was then dehydrated in acetonitrile (ACN) (100 µL at 37˚C 

for 15 min) and, after evaporating off solvent, proteins were digested at 37˚C 

using 50 µl 0.1 µg/µl sequencing-grade trypsin (Roche) (Appendix 1) which after 

1 h was diluted with 20 µL of 50 mM ammonium bicarbonate and incubated at 

37˚C overnight. Following incubation, the samples were centrifuged (5,500 x g 

for 5 min) at room temperature and the supernatant was transferred to a fresh 

Eppendorf tube and stored at -20˚C prior to mass spectrometric analysis.  

 

2.17 LC-MS/MS Analysis of Peptides  

Peptides were analysed using a Waters nanoAcquity UPLC platform (Milford, MA, 

USA) interfaced to a Thermo LTQ-Orbitrap XL mass spectrometer equipped with 

a nanospray source. The peptide solutions (5 µL) were injected onto a Waters 

Symmetry C18 trapping column (5 m, 180 µm x 20 mm) followed by a Waters 

Ethylene Bridged Hybrid (BEH) C18 nanocolumn (1.7 µm, 75 µm x 250 mm). A 

flow rate of 300 nL/min was used with an ACN: water gradient with 0.1% formic 

acid (1% ACN for 1 min, followed by 0-62.5% ACN during 21 min, 62.5-85% ACN 

for 1.5 min, 85% ACN for 2 min and 100% ACN for 15 min). All analyses were 
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performed in positive ion mode at a resolution of 30,000 over the mass to charge 

ratio (m/z) range 400-2000 using the lock mass setting. 

 

Data-dependent acquisition (DDA) mode was enabled using Xcalibur control 

software, using dynamic exclusion, to enable both MS and MSn scans 

automatically in order to help increase protein identification. In this method, the 

most intense ion from peaks that cross threshold (2,000 counts per second) were 

analysed via MS/MS in the orbitrap at a resolution of 30,000.  FT master scan 

preview mode was used along with monoisotopic precursor selection mode. The 

top five precursor ions were automatically isolated and fragmented using CID 

energy of 35. Charge state screening was enabled, rejecting ions with 

unassigned or single positive charge states. For dynamic exclusion; a repeat 

count of two was used with a repeat duration of 30 s. The exclusion list was limited 

to 50 ions with the exclusion duration of 180.  The instrument was calibrated 

weekly with Thermo Tune Plus software using ESI Positive Ion Calibration 

Solution, which maintained <5 ppm mass accuracy. 

 

2.18 Label Free Proteomics Data Analysis 

Raw files were aligned and peaks identified using Progenesis QI for Proteomics 

version 4.2 (Nonlinear Dynamics, Newcastle, UK) and a Mascot version 2.3 

(Matrix Sciences, London, UK) search was used to match identified peaks to 

peptides using the Swis-Prot Mus musculus (mouse) database. The initial search 

parameters allowed for up to three trypsin missed cleavages, carbamidomethyl 

modification of cysteine residues, oxidation of methionine, a precursor mass 

tolerance of 10 ppm, a fragment mass tolerance of ±0.8 Da. Only proteins 

identified by two or more different peptide sequences and a Mascot score larger 
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than 20 were retained. All 24 bands from a single gel lane were processed and 

the individual bands were combined. A complete analysis report was produced 

by combining each treatment group and fraction from each of the three replicates.  

 

2.19 SILAC Data Analysis 

Raw files were aligned, and peaks identified using Progenesis QI for Proteomics 

and a Mascot search was used to match identified peaks to peptides using the 

Swis-Prot Mus musculus database. The search parameters allowed for up to 

three trypsin missed cleavages, carbamidomethyl modification of cysteine 

residues, oxidation of methionine, a precursor mass tolerance of 10 ppm, a 

fragment mass tolerance of ±0.8 Da and additional variable modifications of L-

lysine (13C6) and L-arginine (13C6, 15N4). Only proteins identified by two or more 

different peptide sequences and a Mascot score larger than 20 were retained. 

 

Following protein identification, isotopic data were imported into Proteolabels 

plug in, version 1.1 (Omic Analytics Limited, Leeds, UK), using the settings of 10 

ppm mass and 0.38 retention time tolerance to detect heavy and light isotopic 

peptide pairs. The ratio of normalised light to heavy abundances was determined, 

these ratios represent proportion of treatment and control peptides and therefore 

can be used to determine relative changes in abundance. Xcalibur qualitative 

browser version 2.2 (Thermo Fisher Scientific) was used to visualise heavy and 

light peak intensities which were imported into Prism version 6 (GraphPad, San 

Diego, CA, USA) and used to manually determine heavy/light isotope 

incorporation ratios. 
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2.20 Deuterium Oxide Peptide Data Analysis 

Raw files were processed using Proteome Discoverer version 2.4 (Thermo Fisher 

Scientific) and a basic quantitative SEQUEST search against the Mus musculus 

(10090) FASTA database was conducted. The search parameters allowed for up 

to three trypsin missed cleavages, a precursor mass tolerance of 10 ppm, a 

fragment mass tolerance of ±0.8 Da. Fixed modifications included 

carbamidomethyl modification of cysteine residues whilst dynamic modifications 

included oxidation of methionine, acetylation, loss of methionine, acetyl groups 

from the protein N-terminus and deuterium replacement of hydrogen. Only 

proteins identified by two or more peptides and a Mascot score larger than 20 

were retained. All 24 bands from a single gel lane was processed and the 

individual bands were combined.  

 

2.21 Calculation of Lipid and Protein Synthesis Rates  

Mass isotopomer distribution analysis (MIDA) was used to monitor the 

incorporation rate of deuterium into peptides and lipids.  The relative abundance 

of the mono isotopic peak was determined. The decrease in abundance of this 

peak represents deuterium incorporation and therefore the synthesis of lipids.  

 

The rates of synthesis can be determined using the gradient of this graph 

(Appendix 3). Synthesis rates were generated using the following equations: 

 

Equation1: 

The normalized peak intensity, Ai (t), at a given time point, t, was computed 

by the ratio of the peak intensity of the mass isotopomer i, Ii, to the 
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summation of peak intensities of all mass isotopomers. Ij is the peak area of 

the mass isotopomer mj (j 0, 1, 2, . . ., N). 

 

A��t� =  I� � I�


�
�  

 

Equation 2: 

The rate constant of turnover, k, was determined by fitting the Ai (t) values at 

various labelling times into the first order decay. A(0) and A(∞) are the normalized 

peak intensities at time 0 and infinity, respectively. 

 

A�t� =  �A�∞� − A�0���1 − e���� + A�0� 

 

2.22 Gene Ontology  

Gene ontology cluster analysis using CluGo version 2.33 (Bindea et al., 2009) 

application in Cytoscape version 3.5.0 (Shannon et al., 2003) was undertaken in 

order to carry out functional analysis. This is based on statistical testing of 

associated keywords for each molecule to identify significant pathways. Default 

parameters were used, and an overall statistical significance set to p<0.05 and 

Boferroni step-down p-value correction.  Various pathways (biological processes, 

cellular pathways and KEGG) which the proteins are commonly associated with 

were identified and represented as a functional network.  

 

2.23 Statistical Analysis 

Statistical analysis was carried out throughout this thesis to determine if particular 

results could not be explained by chance alone. Both parametric and non-
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parametric tests were utilised, depending on the dataset to be analysed and 

number of replicates. The probability value (p-value) of statistical significance 

was set to p<0.05 for all tests. On some occasions a correction for multiple testing 

was carried out. This is because with multiple testing, there is an increase in false 

positive i.e. the likelihood of identifying a significant result by chance.  

 

To observe a basic summary of the large datasets and identify the numbers of 

altered lipids or proteins between treatment and matched controls, the variance 

stabilized ANOVA value, which is automatically determined in Progenesis 

QI/QIP, was used which measures the variation in the normalised abundances 

between the conditions.  

 

For global lipidomic analysis, which had an n=5, parametric tests were utilised. 

To determine if there were differences in the ion intensities of lipid species 

between treatment and matched controls, a Student’s paired t-test was 

conducted, without assuming consistent SD and corrected using the Sidak-

Bonferroni method.  

 

For global proteomic analysis, which had an n=3, non-parametric tests were 

used. The normalised abundances of proteins between treatment and matched 

controls were analysed by a Wilcoxon-Mann-Whitney test was, with no further 

tests for multiple comparisons. The proteins with a p<0.05 were then subjected 

to gene ontology analysis, with an overall statistical significance set to p<0.05 

and Boferroni step-down correction, to identify altered pathways and proteins of 

interest.  
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For dynamic analysis, to determine if the synthesis rates of individual lipids and 

proteins was different between treatment and matched controls, the normalised 

abundance of the monoisotopic peak at each of the six time points analysed was 

subjected to a Wilcoxon matched pairs sign rank test with no further tests for 

multiple comparisons. To determine if the mean synthesis rates of groups of lipids 

or proteins was different between treatment and controls, the mean synthesis rate 

was subjected to a Wilcoxon signed rank test followed by Bonferroni correction. 
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3.1 Introduction 

Macrophages play a central role in inflammation by producing a variety of 

inflammatory mediators including cytokines and eicosanoids. These mediators 

contribute to the biological processes required to destroy pathogens and prevent 

damage which they may cause, and stimulate the repair of damaged tissue 

(Aderem et al., 1986; Nathan, 1987; Pulendran et al., 2001). Macrophages are 

highly plastic, with the ability to change rapidly in response to environmental 

signals and to switch between pro-inflammatory (M1) and anti-inflammatory (M2) 

phenotypes (Mills et al. 2000). Unregulated release of inflammatory mediators 

leads to inappropriate inflammation, such as the cytokine storm identified in 

sepsis and COVID-19 (Sun et al., 2020; Qin et al., 2020). Unresolved 

inflammation, on the other hand, contributes to chronic inflammation, which is 

recognized to be a key underlying factor in the progression of many prevalent 

diseases including asthma (Mathie et al., 2015), chronic obstructive pulmonary 

disease (COPD) (Ishii et al., 2014; Trocme et al., 2015), atherosclerosis 

(Sunderkötter et al., 1991; Kadl et al., 2010) and diabetes (Ehses et al., 2007; 

Fujisaka et al., 2009). Understanding the mechanisms associated with 

macrophage activation and resolution of inflammation will provide additional 

perspectives on inflammatory responses and offer the potential to identify novel 

therapeutic targets for conditions characterized by unregulated and unresolved 

inflammation.   

 

One approach to interrogating the inflammatory process in vitro is to use an 

immortalised macrophage cell line, capable of continuous proliferation and 

passaging. The various macrophage sources (primary and cell lines) vary in 

morphology, proliferation, cytokine expression, and cell surface marker 
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expression (Chamberlain et al., 2015). RAW 264.7 cells, are a macrophage-like 

murine cell line established from an ascites of a tumour induced in a male mouse 

by intraperitoneal injection of Abelson leukaemia virus (A-MuLv) (Raschke et al., 

1978). The virus induces lymphomas that do not involve the thymus and have the 

ability to transform lymphocytes from bone marrow in vitro (Rosenberg, Baltimore 

and Scher, 1975). This cell line has been widely adopted as an in vitro model to 

study inflammation because the cells exhibit many of the functional 

characteristics of primary macrophages (Hartley et al., 2008). 

 

The use of primary cells is often favoured to mimic the in vivo cell phenotype and 

avoid unwanted changes such as gene activation which may happen as a result 

of the immortalisation process (Kohro et al., 2004; Lee et al., 1992). However, the 

use of primary cells has some complications, such as the availability of human 

subjects and, in the case of animal-derived cells, the focus on the reduction of 

animal models used in scientific research as proposed by the National Centre for 

the Replacement, Refinement and Reduction of Animals in Research (NC3Rs) 

(Prescott and Lidster, 2017). Primary cells are extremely sensitive and often 

change functional and phenotypic characteristics over time (Alge et al., 2006). 

Furthermore, the success and reproducibility of primary cell cultures is restricted, 

and primary cell cultures have a reduced hayflix limit and limited proliferative 

capacity. Cell lines are easy to manipulate in vitro; for example, monocytic and 

macrophage cell lines can be induced to differentiate into various macrophage 

subtypes, depending on how they are treated (Daigneault et al., 2010).    

 

RAW 264.7 cells have the ability to perform pinocytosis and phagocytosis and 

are easy to handle (Kong, Smith and Hao, 2019; Fuentes et al., 2014). They 
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closely mimic bone marrow derived macrophages (BMDMs; primary macrophage 

cells often used in research) in relation to the expression of key surface molecules 

and responses to microbial ligands. Both BMDM and RAW 264.7 cells express 

cluster of differentiation (CD) 14 (CD14)  and CD11c, as well as high levels of 

F4/80 and CD11b (Berghaus et al., 2010; Chamberlain et al., 2009). CD14 is a 

differentiation marker on the surface of myeloid lineage cells and is important for 

immune recognition of gram-negative and gram-positive bacteria, such as via the 

association with toll-like receptor 4 (TLR4) at the cell surface (Zamani et al., 

2013). CD11c (also known as complement receptor 4) is an integrin alpha x chain 

transmembrane protein, found on the surface of macrophages and dendritic cells. 

CD11c acts as a receptor for a variety of ligands, including the complement 

protein iC3b and adhesion molecule, ICAM-1. This receptor is associated with 

phagocytosis, cytokine production and leukocyte recruitment (Bilsland, Diamond 

and Springer, 1994; Sadhu et al., 2007).  

 

CD11b is an integrin transmembrane protein found on myeloid lineage cells, 

which pairs with CD18 to form CR3 (also known as Mac-1). CR3 is also a ligand 

for C3bi and ICAM-1 and regulates leukocyte adhesion and migration (Corbi et 

al., 1988; Thornton et al., 1996). F4/80, also known as EGF-like module-

containing mucin-like hormone receptor-like 1 (EMR1) protein, is a GPCR found 

on cells of the mononuclear phagocyte lineage, involved in immune function, 

although its precise function and the ligands involved are unknown (Waddell et 

al., 2018). Furthermore, as with primary bone marrow cells or peripheral blood 

monocytes, the addition of soluble receptor activator of the NF-κB ligand 

(RANKL) to RAW 264.7 cells, induces binding to its specific receptor, RANK, and 
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induces development and activation of bone resorbing multinucleated osteoclast 

cells (Collin-Osdoby et al., 2003).  

 

The work described in this Chapter had the aim of characterising cultured RAW 

264.7 cells in terms of their baseline characteristics and their response to an 

inflammatory stimulus. Experiments were designed to establish their response in 

terms of cell marker expressions, as well as TNF and eicosanoid generation. 

These characteristics also help to establish the polarisation state of 

macrophages. Furthermore, cell death was monitored to exclude this as a 

possible confounder for any results obtained. These experiments were crucial 

prior to conducting sophisticated experiments, in order to gain a deep 

understanding of the chosen cell model. In order to induce RAW 264.7 activation, 

the cells were exposed to physiologically relevant immune modulators that mimic 

both bacterial infection and the signals produced by damaged or dying cells prior 

to clearance. The RAW 264.7 cells were initially activated with the endotoxin, 

Kdo2-lipid A (KLA and KDO2, Figure 3.1), a sub-structure of lipopolysaccharide 

(LPS) - an endotoxin found on the surface of gram-negative bacteria. LPS 

consists of an O-polysaccharide chain joined by a sugar core to Lipid A, the lipid 

anchor protein that is critical for the endotoxin activity of LPS (Rietschel et al., 

1994). Naturally occurring LPS is large and contains a micro-heterogeneity in the 

length and composition of the glycan chains.  
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Figure 0.23 The structures of KLA and ATP 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Structures of KLA and ATP. Structures of (A) KDO2-LIPID 

A (KLA) and (B) adenosine triphosphate (ATP). These two chemical 

agents are used to stimulate M1 activation of RAW 264.7 cells in this 

study. Structures via MOL files from ChemSpider.  

 



118 
 

KLA is a chemically defined endotoxin purified from E.coli WBB606, which is a 

mutant E.coli strain defective in the glycosyltransferases which attach the LPS 

core to the sugar chain. As a result, KLA does not contain the variable sugar 

chain but instead consists of Lipid A attached to a 3-keto-D-mano-octulosonic 

acid, and has equal biological activity to LPS, in terms of eicosanoid response, 

TLR4 selectivity and gene expression. KLA specifically binds to the MD2 subunit 

of the TLR4 receptor (Raetz et al., 2006). As such, KLA reflects the pathogen-

associated molecular patterns (PAMPs) of bacteria (Ngkelo et al., 2012). The 

cells were also treated with adenine triphosphate (ATP, Figure 3.1) to mimic 

damage-associated molecular patterns (DAMPs) that initiate non-infectious, pro-

inflammatory responses (Vénéreau, Ceriotti and Bianchi, 2015). ATP can be 

used to alter the permeability of the plasma membrane by activating the 

ionotropic P2X receptor (P2XR), P2X7. Activation of this ATP-gated calcium 

channel induces changes to the polarisation of the cell membrane, resulting in 

the activation of many signalling pathways involved in the inflammatory response 

(Buisman et al., 1988; Elliott et al., 2005; Buczynski et al., 2007).   

 

Stimulation of RAW 264.7 cells with the endotoxin KLA (or LPS) in conjunction 

with ATP has been shown to produce a synergistic response which is perhaps 

more physiological than the use of KLA alone (Kahlenberg and Dubyak, 2004; 

Buczynski et al., 2007; Dinasarapu et al., 2013). The mechanism of this synergy 

is complex and includes activation of the NLRP3 inflammasome resulting in 

cytokine signalling  (Piccini et al., 2008; Riteau et al., 2012) and activation of the 

enzymes involved in eicosanoid production (Buczynski et al., 2007; Kihara et al., 

2014) (Figure 3.2) .  
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Figure 0.24 The proposed synergistic mechanism of KLA and ATP inflammatory 

stimulation.  

  

Figure 3.2. Proposed Synergistic Mechanism of KLA and ATP on Inflammation. 

Priming of macrophages with KLA/LPS followed by ATP treatment results in a 

synergistic activation of the inflammatory response. Activation of NLRP3 

inflammasome and 5-LOX have been proposed to be key mechanisms responsible for 

this synergy (prominent arrows). 
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KLA and ATP have been reported to stimulate the production of important 

inflammatory signalling pathways including MAPK, NF-κB, AP-1 and JAK/STAT, 

and have been shown to increase production of reactive oxygen species (ROS) 

and nitric oxide (NO) (Pfeiffer et al., 2007; Dinasarapu et al., 2013; Norris et al., 

2014). 

 

3.2 Aims 

RAW 264.7 cells were characterised and a treatment protocol to activate the cells 

without inducing cell death (via necrosis) was defined, with a view to apply this 

model to subsequent experimental procedures. Cell viability, inflammatory and 

phenotyping assays were conducted following stimulation with KLA and/or ATP 

to ensure the RAW 264.7 cells were undergoing inflammatory activation and to 

ensure that necrosis was not heavily promoted. This was a vital confirmatory step 

prior to subsequent ‘omic’ analysis carried out in this study.  

 

 The specific aims were to: 

1. Ensure that the culture conditions and treatments adopted resulted in the 

culturing of viable cells with little cytotoxicity.   

2. Identify that the treatments at their chosen concentration resulted in 

stimulation of inflammation.  

3. Evaluate the most appropriate experimental methodology for future 

experiments. 
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3.3 Methods 

3.3.1. RAW 264.7 Cell Culture 

RAW 264.7 cells were cultured according to the procedures described in section 

2.2. 

 

3.3.2 Cell Growth Curve 

A cell growth experiment was initially carried out to monitor the cell proliferation 

under standard culture conditions. Cells were seeded at a density of 5x105 cells 

in a 6-well plate, optimised through pilot studies. At intervals of 24 h, over the 

course of 7 days, a single well was harvested by collecting the medium and 

adding 1 mL of PBS to the cells. Cells were gently scraped and the PBS:cell mix 

was added to the collected medium. This was centrifuged at 5,500 x g for 5 min 

at room temperature, supernatant was discarded, and the cell pellet was re-

suspended in 200 µL PBS. Cells were quantified under the microscope using the 

haemocytometer method as described in section 2.4. The experiments were 

repeated three times on separate occasions. 

 

3.3.3 RAW 264.7 Stimulation with KLA and ATP 

Cells were stimulated with 2 mM ATP with or without 100 ng/mL KLA, and 

subsequently collected, as described in section 2.3. The treatment conditions 

were based on protocols outlined by LIPID MAPS (Sabido et al., 2012). 

 

3.3.4 RAW 264.7 Cell Counting  

Cell pellets were counted using the haemocytometer method as described in 

section 2.4. The experiments were repeated three times on separate occasions. 
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3.3.5 Cytospin-H&E 

Cell morphology was visualised using untreated cell pellets using cytospin- H&E, 

as described in section 2.5. The experiment was conducted once.  

 

3.3.6 Cell Images 

Images were taken of treated and untreated RAW 264.7 cells, using a Leica DMIL 

microscope connected to Pixera 600CL-CU camera.  

 

3.3.7. Protein Assay  

A protein assay was carried out to monitor the concentration of protein in 

response to the treatments used. Protein concentration was measured from cell 

pellets using the Coomassie Plus Protein colorimetric assay, via extrapolation 

from a BSA standard curve, as described in section 2.6.1. The experiments were 

repeated three times on separate occasions. 

 

3.3.8 LDH Assay  

The lactate dehydrogenase (LDH) cytotoxicity assay was used to measure cell 

viability and assess the effect of chemical treatments on the health of cells. The 

assay was conducted according to the protocol described in section 2.7. The 

chemical treatments tested include: (1) 4h of 2 mM ATP, (2) 20 h of 2 mM ATP 

(3) 8 h of 100 ng/mL KLA, (4) 24 h of 100 ng/mL KLA, (5) 8 h of 100 ng/mL KLA 

with 4 h of 2 mM ATP and (6) 24 h of 100 ng/mL KLA with 20 h of 2 mM ATP. 

Matched controls of equivalent diluent (PBS) volume was assayed for each 

treatment along with medium with and without cells as negative controls, 10% 

DMSO controls and 1X LDH control (with 1 µL BSA in PBS) as positive controls. 
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The whole experiment was repeated three times, on separate occasions, using 

triplicate wells per experiment.  

 

3.3.9 Flow Cytometry  

The presence of various cell surface markers was measured using flow cytometry 

according to the protocol described in section 2.8. The markers included typical 

M0, M1 and M2 macrophage cells markers. In comparison to other experiments 

in this study, a vehicle control for the [KLA+ATP] treatment only was used for flow 

cytometry analysis. The experiment was conducted once. 

 

3.3.10 TNF Measurements  

TNF measurements were carried out according to the protocol described in 

section 2.9. The whole experiment was repeated three times, on separate 

occasions, using duplicate wells per experiment. 

 

3.3.11 Eicosanoid Measurements  

Eicosanoids were measured in the cell culture media, according to the protocol 

described in section 2.10. Initially the eicosanoid analysis was conducted at a 

single time point at 4h of 2 mM ATP, 8 h of 100 ng/mL KLA, 8 h of 100 ng/mL 

KLA with 4 h of 2 mM ATP and matched PBS vehicle controls. Six eicosanoids 

were subsequently monitored over 24 h.  These eicosanoid, and time points of 

analysis, were selected because they have been consistently reported in the 

literature as being associated with KLA and/or ATP treatment in macrophage 

cells, and are recognised to have important biological roles (Dumlao et al., 2011; 

Norris et al., 2014; Kihara et al., 2014; Lee et al., 2016). The experiments were 

repeated three times on separate occasions.  
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3.4 Results 

3.4.1 Cell Morphology and Growth  

3.4.1.1 Cell Growth 

A growth curve was obtained, using unstimulated cells, to determine cell doubling 

time.  The half-life of unstimulated cells was found to be ~3.5 days, and the 

doubling time was ~1 day. The duration of the lag phase was 2 days, followed by 

2.5 days for the log phase, before reaching the stationary phase (Figure 3.3). 

These data are consistent with previous findings (Zhuang and Wogan, 1997; 

Raschke et al., 1978). 

 

To identify the effect of the proposed pro-inflammatory treatments on cell 

proliferation, cell counts were taken over the course of 24 h following treatment 

with KLA, ATP, [KLA+ATP] and matched controls. Any differences between the 

cell numbers in response to the various treatments would indicate that the 

treatments modulate cell proliferation. It was found that there was no variation 

between the treatment and matched vehicle control with respect to proliferation. 

Furthermore, cell numbers appear consistent between parallel experiments 

(Figure 3.4) on the basis of the mean and standard deviation values, and the 

profile of increase over time. For all treatment conditions, the cell number which 

were seeded at 1x106 and increased over the 24 h sampling period. The cell count 

increased from ~5x106 cells /mL at 8 h to ~1x107 cells /mL at 24 h.  
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 Figure 0.25. RAW 254.7 Cell Growth 

 

Figure 3.3. RAW 254.7 Cell Growth. A cell growth curve of days in culture 

against concentration of cells (/mL) to visualise the growth of the untreated 

RAW 264.7 cells cultured in this study. Mean of three experiments displayed 

with error bars representing standard deviation. The curve was fitted using a 

logistic growth curve; GraphPad Prism 6.0. Graph has been annotated to 

identify the lag, log and stationary growth phases. 



126 
 

 

Figure 0.26. Determination of RAW264.7 Cell Density. 

 

  

Figure 3.4. Determination of RAW 264.7 Cell Density. Cell density 

compared to matched vehicle (PBS) control [grey bars] in response to 

treatment with (A) 2 mM ATP [green bars], (B) 100 ng/mL KLA [red bars] 

and (C) 2mM ATP with 100 ng/mL KLA [blue bars] over 24 h, at the time 

points selected in section 2.3. Values represent mean ± SD; n =3.  
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3.4.1.2 Cell Morphology  

Cell morphology was also monitored to help identify the phenotype under the 

standard culture conditions and post inflammatory stimulation.  RAW 264.7 were 

observed under a light microscope (40x magnification) post stimulation to identify 

if there were any visual alterations in response to the treatments used. The RAW 

264.7 cells exhibited a classical lymphoblast-like appearance common to this cell 

type even after 24 h treatment with KLA and/or ATP (Figure 3.5). Some fibroblast-

like cells were present, consistent with the literature (Bailey et al., 2004; Holt and 

Grainger, 2011). 

 

Cytospin-H&E was carried out on unstimulated cells to further monitor the cell 

morphology (Figure 3.5). The haematoxylin strongly stains nuclei purple and 

confirms that the these are mononuclear cells. The singular, large nuclei of these 

macrophages is consistent with previous studies (Holt and Grainger, 2011) and 

is in contrast to granulocytes such as neutrophils which have multi-lobed nuclei 

(Skinner and Johnson, 2017). Furthermore, there were no visible signs of mass 

necrosis, which would include loss of cellular detail, cell and nuclear swelling or 

rupture, and a pale  eosinophilic  cytoplasm, or mass apoptosis, which would 

include  cytoplasmic and nuclear condensation and nuclear fragmentation and a 

hyper-eosinophilic cytoplasm (Elmore et al., 2016). 

 

3.4.2 Cell Viability or Cytotoxicity  

The cytotoxic effects of KLA and ATP treatments in RAW 264.7 cells were 

determined by means of protein and LDH assays. 
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Figure 0.27 RAW 264.7 Cell Morphology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. RAW 264.7 Cell Morphology. Representative images of RAW 

264.7 cells following H&E staining at (A) high magnification and (B) low 

magnification, and phase contrast images following treatment with PBS for 

(C) 0 h and (D) 24 h), ATP for (E) 0 h and (F) 24 h, KLA for (G) 0 h and (H) 

24 h and [KLA+ATP] for (I) 0 h and (J) 24 h. Scale bar = 100 µm. 
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The protein concentration measurements represent cell growth, as protein 

concentration reflects RNA translation and cell proliferation, whilst the LDH assay 

measures the release of LDH from cells with a damaged membrane.   

 

3.4.2.1 Protein Quantification 

Protein was quantified over time in response to the three treatment conditions 

used against their respective vehicle controls. For all treatment conditions, the 

protein concentration increased over the course of the 24 h sampling period 

(Figure 3.6), and the pattern of increase reflects the cell number measurements. 

The initial protein concentration was approximately 400 µg /mL at day 0, this 

steadily increased to around 100 µg /mL at 8 h and then to approximately 1500 

µg /mL at 24 h. Although there is clear variability in the measurements, the overall 

increase and recordings are similar between treatment conditions and matched 

controls.   

 

3.4.2.2 LDH Assay 

Following determination of the optimal cell number determination (5x103 cells per 

well), the LDH assay was conducted to determine LDH release in response to the 

various treatments used. In addition to the maximal and spontaneous 

measurements (assay controls) a range of controls were assayed alongside the 

treated cells to confirm the assay validity (Table 3.1, and Appendix 4).   
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Figure 0.28. Determination of RAW264.7 Protein Concentration 

 

 

 

 

  

Figure 3.6. Determination of RAW 264.7 Protein Concentration. 

Protein concentration in treated cells compared to matched vehicle 

(PBS) controls [grey bars] in response to treatment with (A) 2 mM ATP 

[green bars] (B) 100 ng/mL KLA [red bars] and (C) 2mM ATP with 100 

ng/mL KLA [blue bars] over 24 h, at the time points selected in section 

2.3. Values represent mean ± SD; n =3.  
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The positive controls used were: 10% DMSO-treated cells to induce a proportion 

of cell lysis, and a 1X LDH assay control, which consists of a high concentration 

of LDH, to confirm the ability of the assay to measure LDH. DMSO treatment 

resulted in increased LDH release, demonstrating that damage to cells was 

detectable with this method. In addition, the 1X LDH gave a strong recording 

demonstrating the ability of the assay to measure LDH. The negative controls 

used were: full culture medium with cells, medium without cells and serum-free 

medium with cells, to identify the baseline LDH levels under culture conditions. 

The LDH measurement for all the negative controls was low compared to the 

positive controls, and the differences were small. However, it was identified that 

media without cells resulted in a small but detectable increase in baseline LDH 

measurement.  

 

The LDH release in response to the various treatments and matched controls 

was conducted at 8 and 24 h as these represent the single time point and maximal 

point of the time-course assay. The measured LDH content was consistent 

across the treatment conditions indicating little effect of the treatments on the 

cytotoxicity of the cells (Figure 3.7). The 24 h treatment result in a modest 

increase in LDH release for all treatment conditions including vehicle controls; the 

average reading was 0.47 AU at 24 h, compared to 0.44 AU at 8 h. This general 

increase in LDH release is likely reflective of natural turnover of cells with 

increased culture duration. 
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Figure 0.29. LDH Release from RAW 264.7 cells 

 

 

 

 

 

 

 

 

 

  

Figure 3.7. LDH Release from RAW 264.7 cells. Short-term treatment 

(A) including: 4 h of 2 mM ATP, 8 h of 100 ng/mL KLA, 8 h of 100 ng/mL 

KLA with 4 h of 2 mM ATP and matched vehicle (PBS) controls, and 10% 

DMSO for 8 h. Long-term treatment (B) including: 20 h of 2 mM ATP, 24 

h of 100 ng/mL KLA, 24 h of 100 ng/mL KLA with 20 h of 2 mM ATP and 

matched vehicle (PBS) controls, and 10% DMSO for 24 h. Viability % (100-

Cytotoxicity %) has been presented to help visualise treatment 

differences. Mean of three individual experiments, error bars represent 

standard deviation of the mean.   
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Table 3.1. LDH Assay Results 

 

 

3.4.3 Characterisation of RAW 264.7 Cells 

Flow cytometry was used to characterise the polarisation state of RAW 264.7 

cells in response to treatments with KLA and/or ATP, or a PBS vehicle control to 

match the [KLA+ATP] condition. The ancestry plots display the gating steps 

applied to all fluorescent measurements to ensure that only viable macrophage 

singlets are selected (Chapter 2, Figure 2.8). The markers monitored were typical 

macrophage lineage markers and markers of macrophage subtypes, namely 

unpolarised monocytes (M0), together with polarised classically activated (M1) 

and alternatively activated (M2) subtypes.   

 

Sample Condition % Viability Sample Type 

Medium no cells 94.1 Positive Control 
Medium plus cells 100 Positive Control 
Medium no serum with cells  100 Negative Control 
1X LDH 0 Negative Control 
10% DMSO 8 h 71.7 Negative Control 
Vehicle PBS Control 4 h 100 Vehicle Control 
ATP 4 h 100 Treatment 
Vehicle PBS Control 8 h 100 Vehicle Control 
KLA 8 h 100 Treatment 
Vehicle PBS Control for [KLA+ATP] 
8 h + 4 h 

100 Vehicle Control 

KLA (8 h) + ATP (4 h) 100 Treatment 
Vehicle PBS Control 20 h 95.9 Vehicle Control 
ATP 20 h 94.4 Treatment 
Vehicle PBS Control 24 h 98.1 Vehicle Control 
KLA 24 h 92.7 Treatment 
Vehicle PBS Control for [KLA+ATP] 
24 + 20 h 

97.6 Vehicle Control 

KLA 24 h + ATP 20 h 94.1 Treatment 
10% DMSO 24 h 78.0 Negative Control 
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The specific markers used in the flow cytometry assay were: CD11b (lineage 

marker), CD206 (an M2 marker), CD80, CD86 and major histocompatibility 

complex two (MHC II), which are all M1 markers. CD206, also known as the 

mannose receptor, is a c-type lectin (carbohydrate binding protein which requires 

Ca2+ for binding). This transmembrane glycoprotein serves as a homeostatic 

receptor that binds to high mannose N-linked glycoproteins, which are often 

present on the surface of pathogens, for their removal (Azad, Rajaram and 

Schlesinger, 2014).  

 

CD80 and CD86 are costimulatory molecules found on the surface of antigen 

presenting cells, which form the B7 immunoglobulin receptor and bind to CD28, 

on T-cells, and  are important for T-cell clonal expansion (Subauste, de Waal 

Malefyt and Fuh, 1998). It is suggested that CD86 could be more important for 

initiating T-cell responses, while CD80 could be more significant for maintaining 

the immune response, though the receptors can substitute each other for these 

roles (Vasilevko et al., 2002). MHC II molecules are heterodimer glycoproteins, 

found on antigen presenting cells (APCs) which present phagocytosed antigens 

to CD4+ T helper cells (Mantegazza et al., 2013). 

 

The recorded fluorescence (Figure 3.8 and Table 3.2) provides an indication of 

the extent of marker expression. A shift of the peak to the right represents an 

increase in fluorescence whilst an increase in the height of the peak indicates an 

increase in cell count. Therefore, a wider peak suggests a greater variation in 

fluorescence intensity and maker expression (as for CD86) whilst a sharp narrow 

peak suggests little variation in fluorescence intensity and marker expression (as 

for CD206). There was no predominant treatment effect with respect to CD206 
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and CD11b. All sample conditions were positive for CD11b, confirming the 

presence of a macrophage cell type. In addition, all samples were negative for 

CD206, suggesting that the treatments used do not induce differentiation into M2 

macrophages.  

 

All treatments displayed broad peaks for CD86, indicating a high variation in the 

expression of this marker i.e. the recorded cells were a heterogenous with respect 

to expression of CD86. Overall, however, control cells were negative for CD86, 

whilst cells treated with either KLA or ATP expressed some CD86. Cells treated 

with [KLA+ATP], however, were strongly positive for CD86, as displayed by the 

shift to the right in the associated histogram (Figure 3.8). Furthermore, control 

and ATP-stimulated cells were negative for MHC II and CD80, whilst KLA and 

[KLA+ATP]-treated cells were positive for these markers, as displayed by the shift 

to the right in the associated histograms. MHC II expression in ATP and control 

cells was consistent, as indicated by the tall, narrow peak.  The KLA-treated cells 

displayed the strongest MHC II expression and [KLA+ATP] treated cells 

displayed the strongest CD80 expression.  
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Figure 0.30. Histograms of recorded fluorescence measurements. 

 

  

 

  

Figure 3.8. Flow Cytometry Histograms. Fluorescence intensity as an 

indicator of cell marker expression from RAW 264.7 cells treated with: 8 h 

vehicle (PBS) control (grey), 4 h of 2 mM ATP (green), 8 h of 100 ng/mL KLA 

(red) and 4 h of 2 mM ATP with 8 h of 100 ng/mL KLA (blue). Cell markers 

include: (A) CD80, (B) CD 206, (C) CD11b from antibody panel 1, (D) CD11b 

from antibody panel 2, (E) CD 86 and (F) MHC II. Histograms display 

fluorescence intensity along x- axis and cell count along the y-axis.  
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Table 3.2. Medium Fluorescence Intensity (MFI)  

MFI for cells exposed to: 4 h of 2 mM ATP, 8 h of 100 ng/mL KLA, 8 h of 100 

ng/mL KLA with 4 h of 2 mM ATP or PBS as a vehicle control, as assessed by 

flow cytometry. 

 

 CD11B 

(Panel 1) 

CD11B 

(Panel 2) 

CD11B 

(Mean) 

CD80 CD206 CD86 MHC II 

PBS Vehicle 

Control 

44333 44333 44333 376 177 1138 127 

ATP 33327 35167 34222 1426 170 1661 173 

KLA 49680 50531 50106 3352 253 2382 722 

[KLA+ATP] 41732 39193 40463 4099 277 6733 406 

 

 

3.4.4 Activation of RAW 264.7 cells 

The activation of the inflammatory response in RAW 264.7 cells stimulated with 

KLA and ATP was monitored by measuring the levels of TNF and lipid mediators 

(eicosanoids), which are both inflammatory mediators.   

 

3.4.4.1 TNF ELISA  

An ELISA was conducted to measure the TNF release from cells in response to 

the treatments (Figure 3.9). These data show that TNF increased over the time 

course in all treatment conditions. The KLA and/or ATP treated cells released 

greater amounts of TNF in comparison to their respective vehicle controls. For 

ATP treated cells, the maximum TNF released recorded was ~800 pg/mL whilst 

for KLA this was ~ 13,000 pg/mL, and for [KLA+ATP] treated cells this value 

increased to approximately ~20,000 pg/mL. 
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Figure 0.31. Determination of RAW264.7 TNF Production 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.9. Determination of RAW264.7 TNF Production. TNF concentration 

in culture media compared to matched vehicle (PBS) control [grey bars] in 

response to treatment with (A) 2 mM ATP [green bars] (B) 100 ng/mL KLA [red 

bars] and (C) 2mM ATP with 100 ng/mL KLA [blue bars] over 24 h, at the time 

points selected in section 2.3. Values represent mean ± SD; n =3.  
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3.4.4.2 Eicosanoid Analysis 

Measurements of eicosanoid release from RAW 264.7 cells were carried out to 

monitor inflammatory activation in response to the treatments used. In the single 

time point analysis, 28 out of the 41 monitored metabolites in the multiple reaction 

monitoring (MRM) method were confidently identified and quantified and these 

were from all of the three major biosynthetic pathways (Table 3.3). Lack of 

detection of some eicosanoids are likely due to the RAW 264.7 cells not being 

able to be produce these eicosanoids (Norris et al., 2011). 

 

There were consistencies in the identified eicosanoid between the different 

treatment conditions. However, ATP alone and [KLA+ATP] treatment resulted in 

the identification of additional eicosanoid that were not identified in the cells 

treated with KLA alone. Generally, COX-derived products were found to be 

present in higher concentrations than LOX-derived products. ATP treatment 

resulted in an increase in the production of HETES, HODEs and HDHA compared 

with KLA treatment alone or [KLA+ATP]. The leukotrienes and CYP450 products 

were present, but only in very low amounts with all treatments investigated. 

Combined [KLA+ATP] treatment resulted in a large increase in the monitored 

prostaglandin concentrations. The literature suggests that combined [KLA+ ATP] 

creates a synergistic response in BMDM cells, resulting in enhanced eicosanoid 

release compared to the sum of the two treatments delivered alone. PGD2 and 

11-HETE was assessed in order to confirm whether a synergistic response was 

seen in RAW 264.7 cells in the present study (Figure 3.10).  It appears that, at 8 

h, there is a synergistic response produced on account of a much larger release 

in response to [KLA+ATP] than the sum of the response to KLA and to ATP alone.  
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Table 3.3. Single Time Point Eicosanoid Measurements 

Concentrations (pg/ µL) of eicosanoids. ‘-‘ refers to metabolites which are 
undetected or below the level of detection or quantification.  

Eicosanoid Control ATP KLA [KLA+ATP] 
10_17 DiHDHA - - - - 
11 beta PGF2α - - - - 
11 dehydro TxB2 - - - 0.10 
11 HETE 0.09 0.06 0.12 0.76 
11_12 DHET - - - - 
11_12 EET 0.05 - - 0.05 
12 HEPE 0.11 0.43 - - 
12 HETE 0.21 2.03 0.13 0.14 
13 HODE 0.13 0.58 0.14 0.12 
14 HDHA 0.16 - 0.19 0.14 
14_15 DHET 0.11 - 0.05 0.07 
14_15 EET - - - - 
15 deoxy D12_14 PGJ2 - - - 0.19 
15 HEPE - 0.76 - - 
15 HETE 0.15 0.91 0.11 0.38 
15 OxoETE 0.08 0.11 - 0.05 
17 HDHA 0.40 3.44 0.67 0.73 
20 COOH LTB4 - - - - 
20 HETE - 0.11 - - 
20_hydroxy_LTB4 - 0.12 - - 
5 HEPE - 0.37 - - 
5 HETE - 1.65 0.05 0.05 
5 OxoETE - - - - 
5_6 DHET - - - - 
5_6 EET - - - - 
8 HETE - 0.31 - 0.01 
8_9 DHET - - - - 
8iso PGE2 0.99 - 1.70 47.1 
8iso PGF2α - - 0.03 0.16 
9 HETE - - - - 
9 HODE 0.12 0.39 0.07 0.09 
9_10 diHOME 0.10 0.53 0.10 0.07 
9_10 EpOME 1.15 0.68 1.38 1.10 
dihydro PGD2 0.15 - 0.08 0.16 
dihydro PGE2 - - - - 
iPF2a VI - - - - 
LTD4 - - - - 
LTE4 - - - - 
LxA4 - 0.05 - - 
PGD2 1.85 2.37 4.07 39.8 
PGE2 0.22 0.09 0.32 2.12 
PGF2α 0.26 0.06 0.34 3.38 
TxB2 - - - - 
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Figure 0.32 Synergistic effect of [KLA + ATP] on PGD2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. Synergistic Effect of KLA and ATP on PGD
2 and 11-HETE. Concentration of (A) PGD2 and (B) 11-HETE in treatment 

minus control samples in RAW 264.7 cells in response to treatments of 2mM ATP (green) for 4 h, 100 ng//mL KLA (red) for 8 h and 8 h 

100ng/mL KLA with 4 h 2Mm ATP (blue), all controls were an equivalent volume of PBS.  Mean value of three experiments displayed 

and error bars represent standard deviation of the mean. Kruskal-Wallis with Dunn's post-test carried out to identify significant (p<0.05) 

between treatment groups. ** for p<0.01 and *** for p<0.001. 
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The time-course analysis focused on six eicosanoids to represent the changes in 

the eicosanoid response. The measured concentrations have also been reported 

(Appendix 5). As displayed in Figure 3.11, ATP treatment alone resulted in little 

production of the measured HETEs, and there is little difference between 

treatment and control. However, the concentration of 5-HETE appear to decrease 

with time. The selected prostaglandins monitored increased in concentration over 

time and there is a clear difference between treatment compared to control, 

particularly at the longer time points. The effect of ATP treatment on PGD2 was 

the greatest (~ 4-fold increase), whilst the remaining prostaglandins increased by 

~2-3-fold (Figure 3.11 and Appendix 5).   

 

As displayed in Figure 3.12, the KLA treatment alone also resulted in little 

production of HETEs, although 11-HETE increased markedly (~20-fold) at the 

later time points. There was also little treatment effect with respect to 5-HETE, 

which, if anything, appeared to decrease over time. KLA treatments resulted in 

an increase in production of all the selected prostaglandin. The effect of the KLA 

treatments on PGF2α was the greatest at ~500-fold increase, whilst the remaining 

prostaglandins increased by ~50-150-fold (Figure 3.12 and Appendix 5). 

 

As displayed in Figure 3.13, [KLA+ATP] treatment resulted in an increase in 11-

HETE, at a peak of ~ 50-fold, and little change in 5-HETE production. Again, the 

selected prostaglandins increased over time, with PGD2 showing the greatest 

stimulation at >1000-fold, whilst PGE2 also increased substantially (~1000-fold) 

and the remaining increased by ~50-350 fold. Overall, the combined [KLA+ATP] 

treatment had the greatest impact on eicosanoid production in terms of amplitude 

of response (Figure 3.13 and Appendix 5). It is also interesting to note that the 
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time to reach peak of eicosanoid production is also shorter for the combined 

[KLA+ATP] treatment than for either of the two treatments applied independently. 

KLA alone induced a peak response that was of similar amplitude to that of 

[KLA+ATP], but at a later timepoint. The ATP treatment promoted a slight 

increase over time; however, the peak of increase was much lower than KLA 

treatment alone or in combination with ATP.    
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Figure 0.33 Eicosanoid time course profiles in response to ATP treatment  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. Eicosanoid Release from RAW 264.7 Cells Following ATP Treatment. Bar charts represent 

concentration (pg/ µL) of the eicosanoids in response to 2 mM ATP (green) compared to a vehicle (PBS) control (grey), 

over the course of 20 h. (A) 11-HETE, (B) PGE2, (C) PGF2α , (D) 5-HETE, (E) PGD2 and (F) PGJ2. Mean of three 

experiments, error bars represent standard deviation of the mean.  
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Figure 0.34 Eicosanoid time course profiles in response to KLA treatment 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. Eicosanoid Release from RAW 264.7 Cells Following KLA Treatment. Bar charts represent 

concentration (pg/ µL) of the key eicosanoids in response to 100 ng/mL KLA (red) compared to a vehicle (PBS) control 

(grey), over the course of 24 h. (A) 11-HETE, (B) PGE2, (C) PGF2α
, (D) 5-HETE, (E) PGD2 and (F) PGJ2. Mean of three 

experiments, error bars represent standard deviation of the mean.  
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Figure 0.35 Eicosanoid time course profiles in response to [KLA+ATP] treatment 

 

 

 

 

 

 

 

 

 

 

Figure 3.13. Eicosanoid Release from RAW 264.7 Cells Following [KLA+ATP] Treatment. Bar charts represent 

concentration (pg/ µL) of the key eicosanoids in response to 100 ng/mL KLA with 2mM ATP (blue) compared to a vehicle 

(PBS) control (grey), over the course of 20 h. (A) 11-HETE, (B) PGE2, (C) PGF2α
, (D) 5-HETE, (E) PGD2 and (F) PGJ2.  

Mean of three experiments, error bars represent standard deviation of the mean.  
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3.5 Discussion 

In this Chapter, the ability to activate RAW 264.7 macrophage-like cells with KLA 

and ATP has been investigated as a model for inflammation. This 

characterisation was required prior to more in-depth experiments in subsequent 

chapters.  The effects of the treatments on cell viability (growth, morphology, 

protein content and cytotoxicity), phenotype (cell surface markers) and 

inflammatory mediator production (cytokines and eicosanoids) was assessed.  

 

The concentrations and timing of stimulation were chosen based on experiments 

defined by the LIPID MAPS consortium 

(http://www.lipidmaps.org/protocols/index.html) and supporting literature (Sabido 

et al., 2012; Dinasarapu et al., 2013). The 100 ng/mL KLA is comparable to 1 

µg/mL LPS typically used in in vitro experiments. The biological activity has been 

compared and the EC50s for the TNF response is comparable whilst for the 

eicosanoids, the EC50 for LPS was slightly higher because of the greater purity 

and lower molecular mass of  KLA (Hambleton et al., 1996; Raetz et al., 2006). 

Furthermore, these concentrations complement the endotoxin potency typically 

encountered during an in vivo bacterial invasion (Leive and Morrison, 1972; 

Rietschel et al., 1994). 2 mM ATP is a relatively high concentration, which is 

comparable to the amount of ATP released during inflammation (Pellegatti et al., 

2008) and sufficient to activate purigenic receptors (Tonetti et al., 1994; Tonetti 

et al., 1995).  

 

3.5.1 Cell Morphology and Growth 

The growth curve was used to determine the length of the growth phases to 

compare with literature values. Furthermore, as cells are typically seeded when 



148 
 

they are 70-80% confluent within the exponential phase, this information is useful 

to guide experimental seeding densities for subsequent experiments. Initially, 

cells will enter the lag-phase immediately after seeding. During this phase, cells 

divide slowly as they recover from long-term cold storage in 5% DMSO, as well 

as the seeding procedure. Next, the cells enter the log phase. During this phase, 

cells divide at an exponential rate. It is recommended that experimental analysis 

with cell culture is carried out when cells are still in the log phase of growth 

because this is when they are in optimal health. As the density of cells increases, 

they require more frequent culture medium changes due to the higher demand 

for nutrients, and if cells become overcrowded, nutrient perfusion may be limited 

and their ability to continue to divide will be hindered. As cells approach 100% 

confluency, they enter the stationary phase. During this phase, the cells are 

heading towards the end of their life span and cell division is minimal  (Stoker, 

1973; Freshney, 2010; loki et al., 2013). 

 

The presented cell growth curve displays the characteristic sigmoidal curve 

expected for cells as they progress through proliferation towards the stationary 

phase. The estimated doubling time of ~24 h is consistent with previous reports 

(Zhuang and Wogan, 1997; Raschke et al., 1978). Furthermore, microscopic 

examination of the RAW 264.7 cells revealed a typical heterogenous population 

of both fibroblast-like elongated cells and round lymphoblast-like cells 

(Chamberlain et al., 2015).   

 

The cell counts recorded following stimulation of the RAW 264.7 cells were used 

to identify whether the KLA and ATP treatments selected for this study cause any 

inhibition of proliferation or induction of cell death. The treatments did not cause 
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a notable effect on the measured cell numbers, confirming the suitability of the 

treatments used. This is important as it ensures that changes identified following 

the selected treatments are due to physiological changes, as opposed to changes 

in the viability of cells. 

 

3.5.2 Cell Viability  

Protein measurements can be used to indicate biomass and this method has 

been applied here by way of a relatively crude means of determining whether the 

treatments specific to this study are impacting on the health of the cells. An 

increase in protein content can represent an increase in cell volume and/or 

number (Milo, 2013) and changes to the homeostasis of protein content can 

implicate modulation of cell function as a result of compromised space and 

metabolic activity within cells (Brown, 1991). It was found that there was no 

notable difference in protein measurements between the treatments and their 

vehicle controls.   

 

The protein measurements are taken from intact and adherent cells and there is 

no discrimination between healthy cells and those that have suffered disruption 

to their plasma membrane. Therefore, these measurements are fairly crude, and 

do not completely represent the vitality status of a cell (Sissolak et al., 2019). The 

LDH assay complements this work by quantifying the number of lysed cells in a 

sample (Decker and Lohmann-Matthes, 1988). The LDH assay offers a measure 

of the proportion of cells with compromised plasma membrane integrity. The 

results of these complementary assays confirmed that cell viability was not 

impacted following stimulation with KLA and ATP, either separately or in 
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combination, again confirming the suitability of the agents and concentrations 

used. 

 

3.5.3 Characterisation of RAW 264.7 Cells 

The expression of a selection of cell surface markers indicate that a classically 

activated phenotype is driven by stimulation with KLA and [KLA+ATP], whilst ATP 

alone shows minimal M1 polarisation; the PBS vehicle control cells display a non-

polarised phenotype (M0). It is interesting to note that [KLA+ATP]-stimulated 

macrophages showed a reduction in MHC II and an increase in CD86 and CD80 

expression, compared to KLA-stimulated macrophages (M1 markers). 

Additionally, the peak of CD206 fluorescence was broader and slightly shifted to 

the right in [KLA+ATP]-stimulated cells compared to KLA alone, suggesting a light 

increase in the number of positive CD206-expressing macrophages (M2 marker). 

This indicates that the KLA- and [KLA+ATP]-stimulated macrophages may be in 

different phases of the inflammatory response. The flow cytometry analysis was 

only carried out once and so the results should be viewed with a degree of 

caution, however there was a high degree of consistency with literature (Gautier 

et al., 2012; Misharin et al., 2013; Italiani and Boraschi, 2014; Chávez-Galán et 

al., 2015; Zhu et al., 2017; Li et al., 2018; Taciak et al., 2018). 

 

3.5.4 Activation of RAW 264.7 Cells 

Measurements of TNF release into the culture medium identified the maximum 

TNF released from ATP treated cells was lower (~800 pg /mL at 20 h) than for 

both the KLA and [KLA+ATP] treated cells (~13,000 pg /mL between 12 and 24 

h for KLA and ~20,000 pg /mL at 20 h for [KLA+ATP]).  The TNF measurements 

for the combined treatment is greater than the independent treatments, 
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supporting the proposed synergistic inflammatory activation of macrophages 

following these treatments (Kahlenberg and Dubyak, 2004; Buczynski et al., 

2007; Dinasarapu et al., 2013). The synergistic mechanism involves activation of 

inflammasome signalling  (Piccini et al., 2008; Riteau et al., 2012) and eicosanoid 

biosynthetic enzymes (Buczynski et al., 2007; Kihara et al., 2014) (Figure 3.2). 

Furthermore, whilst both KLA and ATP individually result in TNF release from 

RAW 264.7 cells (Rimbach et al., 2000; Tonetti et al., 1995), P2X7 receptor 

activation by ATP induces the release of TNF-α converting enzyme (TACE) in 

extracellular exosomes. This has been suggested to result in amplification of TNF 

release and provide an additional pro-inflammatory macrophage activation 

mechanism (Gómez and Martínez, 2017).  

 

Soromou et al. reports measurements of 25 ng/mL TNF in RAW 264.7 cell culture 

medium, after 24 h stimulation with LPS (Soromou et al., 2012). This 

measurement is comparable to the 24 h KLA treatment measure (20 ng/mL) 

obtained in this study. Furthermore, Kawamura et al. demonstrated that 24 h of 

ATP stimulation of macrophage cells resulted in very little (50 pg/mL) TNF 

release, whilst LPS and [LPS+ATP] treatment resulted in much greater TNF 

synthesis (~3800 and  ~2500 pg/mL respectively) (Kawamura et al., 2012). The 

similarity in the TNF measurements obtained to those in the literature provides 

confidence that the RAW 264.7 cells themselves and the agents used to 

differentially activate the cells are acting as is expected and therefore, support 

the use of this model as a valid and consistent model for inflammation.  

 

The eicosanoid concentrations were initially measured at a single timepoint (8 h) 

and, following this, a selection of the eicosanoids were monitored over the course 
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of 24 h. It was found that stimulation of RAW 264.7 cells with KLA and or ATP 

stimulated the production of eicosanoids from all three major eicosanoid 

biosynthetic pathways, therefore COX, LOX and CYP450 were all activated, and 

the treatments resulted in widespread production of eicosanoids. However, 

prostaglandins showed the greatest response to treatment, indicating COX was 

more sensitive to KLA and ATP. Generally, the combined treatment resulted in 

the greatest eicosanoid release, with the prostaglandins displaying a consistent 

synergistic response.  This further supports the reported synergistic activation of 

the combined treatment by inducing a pro-inflammatory response in 

macrophages.  

 

LIPID MAPS hold a wealth of published data, including measured eicosanoid 

concentrations in response to KLA stimulation of RAW 264.7 cells and both KLA 

and ATP stimulated BMDM primary macrophage cells. The reported time-course 

profiles of the eicosanoids produced by macrophages, in response to KLA and 

ATP, appear to follow the same profile as the data reported in the literature and 

LIPID MAPS, including the plateau in eicosanoid observed at 8 h (Dennis et al., 

2010). Furthermore, KLA stimulation of RAW 264.7 cells predominantly resulted 

in COX pathway activation, with only a few metabolites detected from the 5-LOX, 

12-LOX, 15-LOX, and CYP450 pathways. The relatively modest stimulation of 5-

LOX metabolites, by KLA alone, as opposed to the [KLA+ATP] treatment, is likely 

due to minimal calcium mobilisation by KLA, whereas co-incubation with 

[KLA+ATP] results in a sustained calcium influx, which is crucial for AA release 

by PLA2 (Norris et al., 2011). The similarity between the results produced in this 

Chapter and those in the literature provides a high degree of confidence that the 

cells are undergoing an inflammatory response, further supporting their use as 
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an inflammatory cell model. The 5- and 11-HETE profiles were notably irregular; 

these eicosanoids were detected at very low levels and the data is variable 

around the recorded baseline levels. Furthermore, the pattern of release of the 

measured HETEs between the different vehicle control treated cells does not 

necessarily compare (Figure 3.11-3.13, A and D). In conjunction with the high 

variability in these data sets, this suggests the HETE time-course measurements 

may lack reliability.  

 

Eicosanoids are rapidly produced and metabolised during inflammation and the 

ability to monitor their production upon inflammatory stimulation of macrophage 

cells helps to confirm activation of the inflammatory response. Although 

macrophage eicosanoid production constitutes a proportion of the overall 

eicosanoids released, further investigation may help to further understand the 

implication of these lipids in inflammatory diseases (Chiurchiù, Leuti and 

Maccarrone, 2018).  

 

The six eicosanoids monitored in the time course assay have been reported to 

have important biological roles. For example, PGE2 exerts its effects through the 

GPCRs, EP (1-4), which activate various intracellular signalling pathways 

associated with inflammation. EP 1, 2 and 4 activation results in increases in 

intracellular cAMP production (Rincon et al., 1988; Diaz-Munoz et al., 2012) and 

Ca2+ levels (Ma et al., 2018). EP3 activation promotes a decrease in cAMP 

concentrations (Hatae, Sugimoto and Ichikawa, 2002). PGE2 is associated with 

fertility and vasodilation (Neisius et al., 2002; Tilley et al., 1999; Audoly et al., 

1999; Ito and Matsuoka, 2008). PGD2 binds to DP receptors (1 and 2), and has 

also been shown to promote increases in intracellular cAMP and intracellular Ca2+ 



154 
 

levels which leads to vasodilation in endothelial cells (Cheng et al., 2006; Medani 

et al., 2015). Furthermore, PGD2 is considered to be a potent constrictor of 

smooth muscle cells (Matsuoka et al., 2000) and, via its stimulation of cAMP 

production has been shown to inhibit platelet-activating-factor, which is required 

for efficient platelet function (Bushfield, McNicol and MacIntyre, 1985). 

 

PGJ2 is a cyclopentane prostaglandin which is metabolised to Δ12-PGJ2 and 15-

deoxy-Δ12,14-PGJ2 (15d-PGJ2). The cyclopentane prostaglandins are ligands 

for PPARγ. 15d-PGJ2 has the highest potency for PPARγ whilst PGJ2 had the 

least (Kliewer et al., 1995). Both Δ12-PGJ2 and 15d-PGJ2 have been shown to 

supress cell cycle progression and promote apoptosis in tumour cells (Lee, 

Jeong-Hwa et al., 1995; Shimada et al., 2002; Tsubouchi et al., 2000). In 

macrophages, the induction of apoptosis through Δ12-PGJ2 and 15d-PGJ2 has 

not been investigated in detail, though cyclopentenone prostaglandins have been 

suggested to promote sustained signalling of PKC and c-Jun N-terminal kinase 

(JNK, a downstream MAPK signalling cassette) to promote apoptosis (Castrillo 

et al., 2003). PPARγ is required for maturation of alternatively activated 

macrophages (Odegaard et al., 2007) and 15d-PGJ2 has been suggested to have 

anti-inflammatory roles by suppressing production of the pro-inflammatory 

cytokines, NO and IL-12. However, TNF and IL-6 is not sensitive to this inhibition 

(Thieringer et al., 2000; Alleva et al., 2002). Therefore, the primary function of 

cyclopentane prostaglandins in macrophages may be related to the promotion of 

the resolution of inflammation. Furthermore, PGJ2 has also been associated with 

regulation of neuronal differentiation and can promote neural outgrowth in PC12h 

neuronal cells, independently of PPARγ activation (Satoh et al., 1999). 
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Demonstrating an involvement of the cyclopentane prostaglandins in signalling 

pathways outside of PPARγ.  

 

PGF2α promotes bronchoconstriction and pulmonary vasoconstriction  (Kang et 

al., 1996) and has been associated with asthma, with increased plasma 

concentrations being associated with severe symptoms (Kääpä et al., 1982). 11-

HETE is associated with leukocyte function and platelet aggregation on account 

of its response to increase thrombin levels (Bailey et al., 1983). 5-HETE has 

proliferative and chemotactic effects on granulocytes (Goetzl et al., 1982; Dodge 

and Thomas, 1985) . 

 

The identified increases in the six eicosanoids (time course analysis) following 

KLA and [KLA+ATP] stimulation exceeds the reported physiological changes in 

these eicosanoids in various inflammatory disease states, such as in serum 

PGE2 by 5-20-fold compared to control (Awad, Morrow and Roberts, 1994; Basu 

et al., 2001; Martínez-Gras et al., 2011; Huang et al., 2017; Huang et al., 2020).  

Although the comparison between in vitro and in vivo should be approached with 

caution, the large increases suggests that the treatment effects are sufficient to 

have a physiological impact. Alternatively, the increases in prostaglandins 

following ATP treatment did not compare to the reported increases in disease 

states, this suggests that P2X7 stimulation alone may not result in a 

physiologically relevant promotion of prostaglandin synthesis.  

 

Altogether, the results of this Chapter indicate that the KLA and ATP treatments 

at the concentrations used do not induce cytotoxic effects, as identified by the 

cell counts, protein and LDH measurements. The agents promote M1 
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differentiation and activation of the cells to generate a pro-inflammatory 

response, as confirmed by the measurements of identification of cell surface 

markers, the secretion of cytokines and production of eicosanoids. 

 

3.5.5 Limitations 

The replicates used in this study are considered technical replicates, as they are 

from the same original batch of cells. Therefore, variability within the results is not 

a result of genetic variance. Variability within the data may however arise from 

technical variability. This includes assay efficiency such as the SPE extraction in 

the case of eicosanoid analysis, instrument efficiency such as the mass 

spectrometer and human error such as pipetting technique. Further, this 

variability may be contributed to by biological variability which would arise from 

variation in the life cycle of cells.  

 

Macrophages are highly diverse and have high plasticity; their phenotype is  very 

sensitive to the environment including the patho-physiological state and the 

presence of local inflammatory cells and modulators, such as cytokines (Misharin 

et al., 2013; Sica, Invernizzi and Mantovani, 2014). Given that macrophages are 

so sensitive, daily variations in temperature and light, cell life cycle and passage 

may account for some biological variation and contribute to variation within the 

results of these assays. However, the results of this Chapter clearly show that the 

cells are viable and responding to inflammatory stimuli. Furthermore, although 

RAW 264.7 cells represent a cell line, their response to inflammatory stimuli is 

clearly dynamic, as has been found for primary cells (Dunster, 2016; Decano and 

Aikawa, 2018; Weinstock et al., 2020). This dynamic response reflects the 

suitability of RAW 264.7 cells as a macrophage model. 
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3.6 Conclusion and Summary 

RAW 264.7 cells have been a predominant cell line used in inflammatory studies, 

including LIPID MAPS. The agents KLA and ATP are commonly used to stimulate 

macrophage cells. The differential activation of these cells, by KLA and ATP, 

generates primarily M1 cells that produce both protein and lipid mediators of 

inflammation (Buczynski et al., 2007). As a result, the stimulation of RAW 264.7 

cells with KLA and ATP was the chosen model for this study.   

 

The results described in this Chapter demonstrate that RAW 264.7 cells respond 

in a manner that reflects the literature and they therefore represent a reliable and 

robust model for interrogating macrophage activation processes in vitro. 

Stimulation with the agents KLA and ATP demonstrated consistent agonists for 

inflammatory responses in the cells. Ultimately, the work reported in this Chapter 

represents a firm foundation for utilization of this model for subsequent analysis 

in this thesis.  
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4.1 Introduction 

Lipids fulfil a large number of structural and functional activities and the synthesis 

or degradation of lipids is central to many biochemical pathways (Faxgeman et 

al., 2002). Given that lipids are both precursors to smaller inflammatory 

molecules, such as eicosanoids, and are metabolically active themselves, the 

analysis of lipids is likely to increase our understanding of the signalling pathways 

involved in the inflammatory response.  

 

4.1.1 Lipids in Inflammation 

Lipids have been shown to be key players in inflammation. For example, high 

dietary cholesterol intake (Tous et al., 2005) and high plasma lipoprotein content 

results in the activation of monocytes into a pro-inflammatory state (Alipour et al., 

2008). Lipid metabolic products include bioactive fatty acids such as the n-6 

eicosanoids and n-3 docosanoids, which have potent pro- and anti-inflammatory 

signalling roles respectively (Bagga et al., 2003).  

 

The promotion of lipid remodelling controls membrane integrity, energy 

metabolism and the production of signalling mediators that contributes to the 

inflammatory response (Rambold, Cohen and Lippincott-Schwartz, 2015). In 

addition to the liberation of the eicosanoid precursor, arachidonic acid (AA) from 

the cell membrane, phospholipid remodelling has many other distinct roles and 

contributions to the inflammatory response. Distinct lipid profile phenotypes have 

been identified upon polarisation of macrophages, indicating the involvement of 

coordinated pathways of lipid remodelling during inflammation (Ecker et al., 

2010). For example, the membrane phospholipid profile has been implicated in 

the polarization of macrophages, with the proportion of phosphatidylcholine (PC) 
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and phosphatidylserine (PS) on the cell surface of influencing the subtype of 

stimulated macrophages. It is suggested that a high PC content promotes M1 

polarisation, whilst a high PS content has the opposite effect (Bosetti et al., 2005).   

 

As a result of their important and widespread roles, lipids are implicated in the 

development of numerous inflammatory diseases. For example, PC and 

sphingomyelin (SM) have been reported to be decreased in COPD, and 

glucocorticoids, often used as anti-inflammatory COPD medication, alter the 

abundance of these lipids to restore homeostasis. As a result, particular SM 

species have been proposed as biomarkers of COPD (Kilk et al., 2018). 

Furthermore, aspirin-exacerbated respiratory disease (AERD), which can occur 

after sensitivity to nonsteroidal anti-inflammatory drugs (NSAIDs), such as 

aspirin, displays abnormal metabolism of the lipoxygenase and cyclooxygenase 

pathways; cysteinyl leukotrienes are reliable biomarkers for aspirin induced 

asthma (Velazquez and Teran, 2013). 

 

High triglyceride (TG) levels is a feature of diabetes, and diabetic patients have 

an increased risk of cardiovascular disease (Barrett-Connor, Grundy and 

Holdbrook, 1982). The increase is suggested to be a bystander effect of 

increased hepatic VLDL and/or decreased VLDL catabolism (Adiels et al., 2008). 

One suggested mechanism for this is that insulin resistance, which is a feature of 

type 2 diabetes, leads to unregulated lipolysis of triglycerides in adipocytes and 

myocytes and higher fatty acids in the blood returning to the liver. The increased 

levels of fatty acids are cytotoxic and lead to increased VLDL TG production 

(Kumar et al., 2017; Kota et al., 2013; Kimura and Mossner, 1996). Additionally, 

insulin resistance interrupts degradation of apolipoprotein B in the liver, resulting 
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in increased apolipoprotein B and VLDL (Sung and Hwang, 2005; Haas, Attie and 

Biddinger, 2013). Further, high concentrations of TG and cholesterol esters are 

also a feature of impaired cardiovascular health via atherogenic plaque formation 

(Helgadottir et al., 2016). This is due to a complex mechanism that involves an 

upregulation of scavenger receptors and phagocytosis, which leads to 

accumulation of cholesterol esters and VLDL in macrophages and the formation 

of foam cells. Foam cells secrete pro-inflammatory mediators, activate TLRs and 

undergo apoptosis, promoting efferocytosis. with continued plaque lesion, 

efferocytosis become less effective and apoptotic macrophages undergo 

necrosis, further promoting inflammation and ultimately thrombosis (Sakaguchi 

et al., 1998; Saraswathi and Hasty, 2006; Seimon and Tabas, 2009). 

 

4.1.2 Lipidomics  

Macrophages are central modulators of the inflammatory process and generate 

a variety of lipid mediators to exert their effect. An initial attempt to define the 

mammalian lipidome by LIPID MAPS included the characterisation of the 

changes in the major lipids (of over 400 lipid species) during the response of 

RAW 264.7 to an inflammatory stimulus. The stimulation in question included KLA 

as a TLR agonist, and compactin, a statin drug, as an inhibitor of inflammation. 

These experiments allow alterations in macrophage lipid metabolism in innate 

and adaptive immune response, and therefore the development of inflammatory 

disease, to be monitored (Dennis et al., 2010). Researchers found that RAW 

264.7 cells undergo immediate changes to fatty acid synthesis (eicosanoids), 

followed by delayed response in sphingolipid and sterol biosynthesis in the wake 

of KLA stimulation. Furthermore, it was found that glycerophospholipids and 

glycerolipids also undergo lipid remodelling. The results were comprehensive, 
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and the study used a range of methods conducted by multiple laboratories. 

However, the study focused on macrophage stimulation via a PAMP-related 

mediator and did not consider stimulation with a DAMP, which also accompanies 

an inflammatory response.  

  

The experiments described in this Chapter sought to further investigate the 

murine macrophage lipidome, by investigating the response of RAW 264.7 cells 

to inflammatory stimulation with KLA and ATP. Therefore, in addition to TLR 

activation by KLA which acts as a PAMP, the response to a DAMP mediator 

(ATP), is monitored. A global lipid approach was taken to investigate widespread 

changes in some of the major lipid classes and in signalling pathways pertinent 

to this response. This analysis forms an overview of the changes in the 

macrophage lipidome upon inflammatory stimulation, with a view to identifying 

novel biomarkers or lipids in the inflammatory response. The findings will be 

compared to those in the literature. 

 

4.2 Chapter Aims 

The experiments described in this Chapter aim to characterise the lipid response 

to inflammatory stimulation of RAW 264.7 macrophage cells using a global 

lipidomic approach. The specific aims were to: 

1.  Identify populations of lipid classes present within RAW 264.7 cells. 

2. Characterise the lipidomic profiles in RAW 264.7 cells in response to 

inflammatory stimulation with the PAMP KLA, and the DAMP ATP. 

3. Conduct functional network analysis to monitor the effect of inflammatory 

stimulation on wider pathways in this macrophage cell line.   
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4.3 Methods 

4.3.1 RAW 264.7 Cell Culture  

RAW 264.7 cells were cultured according to the method described in section 2.2 

in complete high glucose medium. 

 

4.3.2 Stimulation of RAW 264.7 Cells 

RAW 264.7 cells were stimulated for 8 h with 100 ng/mL KLA and/or 4 h of 2 mM 

ATP, or matched vehicle (PBS) controls, as described in section 2.3. The 

experiments were repeated five times (n=5) for each condition.  

 

4.3.3 Lipid Extraction 

Lipid were extracted from cell lysates using a modified Folch procedure, as 

described in section 2.11. 

 

4.3.4 LC-MS Analysis of Lipids 

Extracted lipids were separated using reverse phase chromatography on a 

Thermo Hypersil GOLD C18 column and analysed on a Thermo Exactive Orbitrap 

mass spectrometer using a global approach, as described in section 2.12. 

 

4.3.5 Lipid Data Analysis 

Data analysis was carried out using Progenesis QI (Non-linear Dynamics) to 

align, identify peaks and match to lipid databases (LIPID MAPS, MetaScope) to 

identify lipids, according to section 2.13. XCalibur and Metlin were also used to 

assist with the identification of lipids.  
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Multivariate analysis (using SIMCA) was carried out using an orthogonal partial 

least squares discriminant analysis (OPLS-DA) model with pareto scaling. Pareto 

scaling reduces the impact of noise, artifacts and larger values and helps to 

approximate data to a normal distribution. S-plots were employed to interpret the 

model and determine the p.corr values which help to identify specifies which had 

substantially altered in intensity following treatment. p.corr is the loadings, scaled 

as a correlation coefficient (ranging from −1.0 to 1.0) between the model and 

original data. p.corr values are routinely used to process lipidomic and 

metabolomic datasets (Wheelock and Wheelock, 2013; Surowiec et al., 2017; 

Surowiec et al., 2019). To identify lipid species with statistically different ion 

intensities between treatment and matched vehicle controls, a Student’s paired t-

test was conducted without assuming consistent SD and corrected using the 

Sidak-Bonferroni method. Significance at p<0.05. 

 

4.3.6 Lipid Pathway Analysis  

Lipids with a p.corr change of >0.9 or <-0.9 were subjected to functional network 

analysis. MetaboAnalysis (V.3) was employed using over representation 

analysis, via a hypergeometric test and pathway topology analysis using relative-

betweenness centrality and the KEGG Mus musculus database. Default settings 

were used, including over-representation analysis using a hypergeometric test to 

identify if compounds involved in a particular pathway are enriched compared to 

random hits. ‘Relative betweenness centrality’ was used for topological analysis, 

which incorporates our knowledge about the complex relationships among 

molecules. For example, alterations in certain positions (molecules) of a network 

will trigger a more severe impact on the pathway than alterations occurred in 

marginal or relatively isolated positions (molecules).   
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Figure 0.36. Lipidomic workflow 

  

Figure 4.1. Lipidomic Workflow. The experimental global lipidomic 

workflow undertaken in this Chapter. 
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4.4 Results  

4.4.1 Results Overview 

7706 ions were identified in positive ion mode, and 6241 ions were identified in 

negative ion mode. Many of the identified ions were assigned to lipid species from 

multiple classes of lipids. Representative base peak chromatograms obtained 

from the RAW 264.7 cells are displayed in Figure 4.2. These have been 

annotated to display the expected lipid classes (Lin et al., 1998; Salem et al., 

2016; Ulmer et al., 2017).  

 

Free fatty acids are commonly studied by targeted analysis, as with the 

eicosanoids in Chapter 3, and have not been explored in this Chapter. The 

remaining routinely identified lipids included: PCs, phosphatidylethanolamines 

(PEs), phosphatidylinositol (PIs), PSs, Lyso-PCs, Lyso-PEs, monoglycerols 

(MG), diaglycerols (DGs), TGs, ceramides (CERs), SMs and cardiolipins (CLs). 

Example structures of the remaining classes of lipid identified within the RAW 

264.7 cells are displayed in Figure 4.3.   
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Figure 0.37. Representative BP Chromatograms  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Representative Base Peak Chromatograms. Representative base peak (BP) chromatogram in (A) positive and 

(B) negative ion modes from vehicle control (unstimulated) RAW 264.7 cells. Chromatograms from PBS treated control cells 

however mimic other treatment conditions. Chromatograms annotated with lipid species and their expected retention times. 

Lyso-phospholipid (LPL), fatty acid (FA), monoglycerol (MG), diaglycerol (DG), cardiolipin (CL), phospholipid (PL), 

sphingomyelin (SM), triglyceride (TG), ceramide (CER), phosphatidylinositol (PI), phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), phosphatidic acid (PA) and phosphatidylserine (PS). 
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Figure 0.38.Representative Structures of Lipids identified in RAW 264.7 Cells 

  

Figure 4.3. Representative Structures of Lipids. Example lipids from 

each lipid class reported from RAW 264.7 cells. Sphingomyelin (SM), 

monoglycerol (MG), diaglycerol (DG), ceramide (CER), triglyceride (TG), 

cardiolipin (CL), phospholipid (PL) and lyso-phospholipid (LPL). Structures 

via MDLMOL files obtained from LIPID MAPS. 
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4.4.2 Lipids in RAW 264.7 Cells 

Lipid classes can either ionize preferentially to positive or negative ions according 

to the molecular structure, the solvent system and mass spectrometer instrument 

settings. Therefore, analysis is often carried out in both positive and negative ion 

mode (Bang, Lim and Moon, 2012) to facilitate the differentiation between lipid 

subgroups and improve identification (Hummel et al., 2011). Table 4.1 shows the 

most common ionisation of lipid classes. To demonstrate how the ionisation mode 

improves lipid identifications, Figure 4.4 shows the extracted ion chromatogram 

(XIC) of PC and PE in positive and negative ion mode. 

 

Table 4.1. Lipid Ions Identified in RAW 264.7 Cells.  

Predominant ions of lipid species observed under positive and negative ion mode.  

Lipid Class Positive Ion Mode Negative Ion Mode 
Most Abundant 

Ion Mode 

PC [M+H]+ [M+FA-H]- Positive 

PE [M+H]+ [M-H]- Negative 

PI [M+H]+ [M-H]- Negative 

PS [M+H]+ [M-H]- Positive 

LysoPC [M+H]+ [M+FA-H]- Positive 

LysoPE [M+H]+ [M-H]- Negative 

MG [M+NH4]+ [M-H]- Negative 

DG [M+H-H2O]+ / [M+NH4]+ [M-H]- / [M+FA-H]- Positive 

TG [M+NH4]+ - Positive 

FA - [M-H]- Negative 

CER [M+H]+ / [M+H-H2O]+ [M-H]- / [M+FA-H]- Positive 

SM [M+H]+ [M+FA-H]- Positive 

CL - [M-H]- Negative 

 

Of the identified lipid classes, phospholipids, and PC in particular, were the most 

common lipid identified in these samples. Examples of the various species have 

been displayed in Table 4.2.  
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  Figure 0.39. Chromatography of PC and PE species 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.4. Chromatography of PC and PE species. Example extracted ion chromatograms and structures of 

phosphatidylcholine (PC) (34:2) and PC (34:0) and phosphatidylethanolamine (PE) (34:0) in positive and negative ion modes 

from vehicle control (unstimulated) RAW 264.7 cells. Structures via MDLMOL files obtained from LIPID MAPS. 
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Table 4.2. Lipid Species Identified in RAW 264.7 cells.  

Mass to chare ratio (m/z), parts per million (ppm), positive (Pos), negative (Neg). 

Lipid m/z Formula Mass Error 
(ppm) 

Ion mode 

Phosphatidylcholine (PC) 
PC (34:1) 760.5843 C42H82NO8P -1.08 Pos 
PC (36:2) 786.5997 C44H84NO8P -1.31 Pos 
PC (P-34:0) 746.6055 C42H84NO7P -0.41 Pos 
PC (32:0) 734.5690 C40H81NO8P -0.64 Pos 
PC (32:1) 732.5531 C40H79NO8P -0.96 Pos 
PC (36:1) 788.6155 C44H87NO8P -1.14 Pos 
PC (34:2) 758.5689 C42H81NO8P -0.66 Pos 
PC (33:1) 746.5690 C41H81NO8P -0.60 Pos 
PC (38:2) 814.6304 C46H89NO8P -2.01 Pos 
PC (34:0) 762.5995 C42H85NO8P -1.60 Pos 
PC (P-32:0) 718.5742 C40H81NO7P -0.38 Pos 
PC (P-36:1) 772.6208 C44H87NO7P -0.86 Pos 
PC (40:8) 830.5685 C48H81NO8P 1.88 Pos 
Phosphatidylethanolamine (PE) 
PE (39:2) 784.5869 C44H83NO8P 0.93 Neg 
PE (P-37:0) 744.5923 C42H83NO7P 3.21 Neg 
PE (32:1) 688.4940 C37H71NO8P 2.50 Neg 
PE (34:1) 716.5257 C39H75NO8P 2.95 Neg 
PE (36:3) 740.5257 C41H75NO8P 2.82 Neg 
PE (38:2) 770.5726 C43H81NO8P 2.75 Neg 
PE (P-32:1) 672.4995 C37H71NO7P 3.10 Neg 
PE (P-34:1) 700.5307 C39H75NO7P 2.86 Neg 
PE (P-36:4) 722.4799 C41H73NO7P 4.50 Neg 
PE (P-36:5) 720.4996 C41H71NO7P 3.06 Neg 
PE (P-40:6) 774.5466 C45H77NO7P 2.93 Neg 
PE (P-40:7) 772.5310 C45H75NO7P 3.05 Neg 
PE (36:5) 736.4948 C41H71NO8P 3.42 Neg 
PE (P-38:4-12OH) 766.5414 C43H77NO8P 2.84 Neg 
PE (P-38:4) 750.5464 C43H77NO7P 2.72 Neg 
PE (38:4-12-OH) 782.5340 C43H77NO9P 3.00 Neg 
Phosphatidylserine (PS) 
PS (36:1) 788.5471 C42H80NO10P 2.98 Neg 
PS (34:1) 760.5153 C40H75NO10P 2.55 Neg 
PS (38:0) 818.5942 C44H85NO10P 3.00 Neg 
PS (38:2) 814.5630 C44H81NO10P 3.21 Neg 
PS (40:6) 834.5318 C46H77NO10P 3.24 Neg 
PS (38:1) 816.5786 C44H83NO10P 3.20 Neg 
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Table 4.4 Continued.  

Lipid m/z Formula Mass Error 
(ppm) 

Ion mode 

PS (34:1) 760.5153 C40H75NO10P 2.55 Neg 
PS (41:6) 848.5457 C47H79NO10P 1.00 Neg 
PS (34:2) 758.4975 C40H73NO10P 0.32 Neg 
PS (34:1) 760.5153 C40H75NO10P 2.55 Neg 
PS (36:2) 786.5314 C42H77NO10P 2.94 Neg 
PS (39:0) 832.6099 C45H87NO10P 3.15 Neg 
Phosphatidylinositol (PI) 
PI (36:2) 861.5523 C45H83O13P 2.84 Neg 
PI (38:5) 883.5372 C47H80O13P 3.38 Neg 
PI (34:1) 835.5367 C43H80O13P 2.98 Neg 
PI (38:3) 887.5683 C47H84O13P 3.09 Neg 
PI (36:3) 859.5367 C45H80O13P 2.88 Neg 
Sphingomyelin (SM) 
SM (d34:1) 703.5746 C39H79N2O6P -0.74 Pos 
SM (d42:2) 813.6835 C47H93N2O6P -1.07 Pos 
SM (d40:2) 787.6681 C45H91N2O6P -0.77 Pos 
SM (d42:1) 815.6992 C47H95N2O6P -1.00 Pos 
SM (d34:0) 705.5884 C39H81N2O6P -2.98 Pos 
SM (d34:1) 747.5683 C39H79N2O6P 3.72 Neg 
SM (d42:2) 857.6777 C47H93N2O6P 2.98 Neg 
SM (d40:1) 831.6623 C45H91N2O6P 3.14 Neg 
SM (d34:0) 749.5835 C39H81N2O6P 3.56 Neg 
SM (d42:1) 859.6933 C47H95N2O6P 2.68 Neg 
SM (d36:0) 733.6217 C41H86N2O6P -0.17 Pos 
SM (d38:1) 759.6359 C43H87N2O6P -0.73 Pos 
SM (d36:1) 731.6059 C41H84N2O6P -0.31 Pos 
SM (d33:2) 687.5431 C38H76N2O6P -0.68 Pos 
SM (d31:1) 661.5275 C36H73N2O6P 0.55 Pos 
SM (d31:0) 661.5308 C36H76N2O6P 2.79 Pos 
Ceramide (CER) 
CER (d34:1) 520.5086 C34H67NO3 -0.44 Pos 
CER (d42:2) 630.618 C42H81NO3 -0.51 Pos 
CERp (d40:2) 717.5899 C40H78NO6P -0.85 Pos 
CER (d32:1) 632.6333 C42H83NO3 -1.15 Pos 
CER (d40:1) 604.6024 C40H79NO3 -0.46 Pos 
CERp (d38:2) 716.5258 C38H74NO6P 3.38 Neg 
CERp (d40:2) 744.5573 C40H78NO6P 3.41 Neg 
CER (d42:2) 682.5927 C42H81NO3 2.60 Neg 
CER (d34:1) 572.4828 C34H67NO3 2.39 Neg 
GlcCER (d42:2) 844.6463 C48H91NO8 3.03 Neg 
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Table 4.4 Continued.  

Lipid m/z Formula Mass Error 
(ppm) 

Ion mode 

CER (t42:3) 662.5711 C42H79NO4 -1.01 Pos 
CER (t42:1) 666.6390 C42H83NO4 -0.66 Pos 
Triglyceride (TG)     
TG (52:2) 876.8006 C55H102O6 -1.06 Pos 
TG (50:1) 850.7849 C53H100O6 -1.13 Pos 
TG (54:3) 902.8161 C57H104O6 -1.15 Pos 
TG (50:2) 848.7694 C53H98O6 -1.03 Pos 
TG (48:1) 822.7538 C51H96O6 -0.87 Pos 
TG (48:0) 824.7697 C51H102NO6 -0.57 Pos 
TG (51:1) 864.8011 C54H106NO6 -0.38 Pos 
TG (50:0) 852.8015 C53H106NO6 -0.27 Pos 
TG (52:1) 878.8168 C55H108NO6 -0.39 Pos 
TG (54:2) 904.8324 C57H110NO6 -0.42 Pos 
TG (53:2) 890.8169 C56H108NO6 -0.28 Pos 
Diglycerol (DG) 
DG (38:4) 627.5343 C41H72O5 -0.58 Pos 
DG (50:1) 836.8058 C53H102O5 -0.72 Pos 
DG (50:5) 625.5188 C41H70O5 -0.43 Pos 
DG (52:2) 862.8214 C55H104O5 -0.40 Pos 
DG (52:1) 864.8375 C55H106O5 -0.47 Pos 
DG (36:2) 993.6531 C53H96O15 3.58 Neg 
DG (32:2) 909.5525 C47H84O15 -3.59 Neg 
DG (34:1) 612.5558 C37H69O5 -0.75 Pos 
DG (36:2) 638.5715 C39H76NO5 -0.49 Pos 
DG (32:0) 586.5402 C35H72NO5 -0.53 Pos 
DG (38:1) 668.6185 C41H82NO5 -0.46 Pos 
DG (34:2) 610.5402 C37H72NO5 -0.47 Pos 
DG (36:1) 640.5880 C39H78NO5 0.88 Pos 
Monoglycerol (MG) 
MG (40:5) 869.5572 C49H84O10 2.58 Neg 
MG (45:5) 939.6334 C54H94O10 0.08 Neg 
MG (44:6) 895.5712 C51H86O10 0.60 Neg 
Cardiolipin (CL) 
CL (68:4) 1399.966 C77H142O17P2 0.55 Neg 
CL (70:4) 1427.998 C79H146O17P2 1.07 Neg 
CL (68:3) 1401.981 C77H144O17P2 0.45 Neg 
CL (68:2) 1403.997 C77H146O17P2 0.36 Neg 
CL (68:5) 1397.95 C77H140O17P2 0.44 Neg 
CL (70:5) 1425.9815 C79H143O17P2 0.60 Neg 
CL (72:5) 1456.0289 C81H147O17P2 0.90 Neg 
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Table 4.4 Continued.  

Lipid m/z Formula Mass Error 
(ppm) 

Ion mode 

CL (72:6) 1451.9963 C81H145O17P2 0.05 Neg 
CL (70:3) 1431.0208 C79H147O17P2 1.12 Neg 
CL (76:1) 1519.9827 C85H163O17P2 -2.79 Neg 
CL (72:4) 1456.0289 C81H149O17P2 0.90 Neg 

 

4.4.3 Inflammatory Lipids of Interest  

In addition to monitoring the overall treatment effect on the lipidome, lipids which 

have been previously reported to be implicated in the inflammatory response 

were identified (Table 4.3). These included PC lipids putatively containing AA, 

which are the the precursors for biologically active lipid mediators (including 

eicosanoids) and are commonly identified in RAW 264.7 cells (Rouzer et al., 

2006; Astudillo et al., 2012; Castoldi et al., 2020). 

 

The experiments putatively identified; PC (38:4), PC (40:6), PC (40:7). Of these, 

PC (40:7) was decreased following KLA treatment, and all three were increased 

following [KLA+ATP] treatment. Furthermore, PE (P-36:4-12OH) and PE (P-38:5-

12OH) were putatively identified in this study.  These are eicosanoids esterified 

to phospholipids, which have been produced in excess and are therefore recycled 

back into the membrane. The eicosanoids are therefore retained in cells, until 

released by subsequent inflammatory activation. The treatments did not appear 

to alter the intensity of these lipid species. However the mere identification of 

these lipid species is interesting, given that the esterification of eicosanoids to 

phospholipids is a relatively novel concept (Maskrey et al., 2007; Morgan et al., 

2009). 
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Table 4.3. Inflammatory Related Lipids Identified in RAW 264.7 Cells.  

Mean fold change in normalised peak intensity. p-value from Student’s paired t-test without assuming consistent SD and corrected using 

the Sidak-Bonferroni method. Significance at p<0.05. Standard error (SE), not significant (ns), mass to charge ratio (m/z). ‘Increase’ for 

lipids with a significant increase in abundance.  

Lipid m/z 
ATP KLA [KLA+ATP] 

Fold 
Change 

SE 
p-

value 
Change 

Fold 
Change 

SE 
p-

value 
Change 

Fold 
Change 

SE 
p-

value 
Change 

PC (38:4) 810.5997 0.82 0.27 0.5385 ns 0.25 0.12 0.0003 ns 4.22 1.89 0.0017 Increase 
PC (40:6) 834.5999 0.78 0.26 0.4770 ns 0.29 0.17 0.0089 ns 3.54 1.59 0.0034 Increase 
PC (40:7) 832.5839 0.69 0.22 0.2810 ns 0.24 0.14 0.0011 Down 3.72 1.74 0.0029 Increase 
Lyso PC 

(20:1) 
550.3864 0.90 0.56 0.8702 ns 0.32 0.16 0.0634 ns 1.46 0.95 0.5145 ns 

Lyso PE 
(18:1) 

480.3083 1.19 0.32 0.5553 ns 0.81 0.31 0.5826 ns 1.46 0.49 0.3360 ns 

Lyso PE 
(20:4) 

502.2928 2.00 0.69 0.0630 ns 0.43 0.24 0.1517 ns 1.60 0.76 0.2711 ns 

PE (P-36:4-
12OH) 

738.5104 0.90 0.14 0.5571 ns 1.10 0.23 0.6694 ns 0.91 0.16 0.5921 ns 

PE (P-38:4-
12OH) 

764.5259 0.90 0.14 0.5571 ns 1.10 0.23 0.6694 ns 0.91 0.16 0.5921 ns 

PE (P-36:4) 722.5153 0.90 0.14 0.5571 ns 1.10 0.23 0.6694 ns 0.91 0.16 0.5921 ns 
PE (P-38:4) 750.5465 0.78 0.12 0.1373 ns 0.90 0.11 0.4499 ns 0.99 0.10 0.9221 ns 
PC (P-38:4) 794.6045 0.93 0.32 0.8281 ns 0.30 0.17 0.0074 Down 4.52 2.04 0.0036 Increase 



176 
 

Plasmalogens are ether-linked phospholipids with a vinyl ether bond at the sn-1 

carbon position and an ester bond at the sn-2 carbon position of the glycerol 

backbone. These are highly abundant in macrophage cells and generally contain 

unsaturated fatty acids and in particular arachidonic acid (Farooqui and Horrocks, 

2001). PE plasmalogens esterified with AA have been identified in RAW 264.7 

cells (Lebrero et al., 2019). The results in this study putatively identified; PE (P-

36:4), PE (P38:4) and PC (P38:4). The selected PE species did not appear to 

alter in intensity in response to either treatment, however PC (P-38:4) was 

significantly increased following [KLA+ATP] treatment (~4.5 fold). 

 

Lysophospholipids (LPLs) are breakdown products of phospholipids and 

therefore their presence represents the action of lipolytic enzymes such as 

phospholipases A2. These lipids are structural components of cellular membranes 

that can act as signalling molecules (Pérez-Chacón et al., 2009).  Lyso PC (18.1), 

Lyso PC (20:1) and Lyso PE (20:4) have been reported to be produced by RAW 

264.7 cells (Zhao et al., 2012; Lebrero et al., 2019) and were putatively identified 

in these results, though the treatments did not result in any significant changes in 

abundance.  

 

4.4.4 Regression Analysis to identify Treatment Response 

Regression analysis was carried to identify the relationships between the 

treatment and control samples with regards to their lipid content.  Orthogonal 

partial least squares discriminant analysis (OPLS-DA) was used which is a 

supervised form of multivariate analysis with the treatment groups distinguished 

within the regression algorithm. This approach is commonly used for metabolomic 

data analysis, which generally contain numerous data points over a large 
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dynamic range (Bylesjö et al., 2006; Worley and Powers, 2013; Surowiec et al., 

2017). OPLS is an extension of PLS with OPLS providing a model which is easier 

to interpret. OPLS-DA separates the systematic variation of the input variables 

(X) into either correlated (i.e. predictive/dependent) of output variable (Y) and 

uncorrelated (i.e. orthogonal/independent) of output variable (Y) and identifies 

input variables responsible for changes in the output.  

 

An OPLS-Da scores scatter plot for each treatment and control has been 

presented to visualize the regression.  The x-axis displays the variation between 

the treatment groups whilst the y-axis displays the variation within the conditions 

(Figure 4.6 and 4.7). The scores plots for ATP stimulated cells displays high 

variation within the treatment and control cells and there was not a clear treatment 

effect on the lipidome following ATP stimulation. The scores plots for the KLA 

stimulated cells demonstrate that there was little variation within the KLA treated 

cells in positive ion mode, and little variation in the control group in negative ion 

mode. There was a clear treatment effect for both ion modes demonstrating that 

KLA stimulation promote lipid remodeling on RAW 264.7 macrophage cells. The 

[KLA+ATP] scores plot indicates that there is some variation within the treatment 

and control groups, however there is a clear treatment effect between the 

stimulated and control cells, demonstrating that [KLA+ATP] stimulation promotes 

lipid remodeling.  

 

‘S-plot’ help to visualize the covariance and the correlation between the X-

variables and the predictive score of the OPLS-DA model and is therefore used 

to facilitate interpretation of the model. S-plots help to identify metabolites that 

show statistically significant changes, based both on contributions to the model 
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and their reliability. The S-plot axes are p1 vs p(corr)1 which represents the 

magnitude (i.e. modelled covariation) and reliability (i.e. modelled correlation) 

respectively. Therefore, variables situated far out at either end of the ‘S’ curve 

have high model influence and high reliability and are of relevance in the search 

for alterations (Trygg and Wold, 2002; Wiklund et al., 2008).   

 

S-plots have been presented for each treatment condition in positive and negative 

ion mode (Figure 4.6 and 4.7). The positive ion mode plots indicate that following 

ATP or KLA stimulation, a general decrease in ion intensity is observed, whilst 

following [KLA+ATP] stimulation, there is a general increase in ion intensity.  

 

There was little treatment effect observed from the negative ion mode S-plot with 

a minimal decrease in ion intensity following ATP or [KLA+ATP] stimulation, 

represented by the increase in lipid species in the bottom left quadrant, and a 

minimal increase following KLA alone, represented by the increase in the lipid 

species in the top right quadrant. In general, the positive mode data identified the 

highest number of changes, likely due to the higher resolution and intensity of the 

peaks in this ion mode and the type and larger varieties of lipids which 

preferentially ionize in position ion mode.   
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Figure 0.40. Positive ion mode scores and S-Plots  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Positive Ion Mode Scores and S-Plots. Orthogonal partial least 

squares discriminant analysis (OPLS-DA) scores plots and S-plots to show 

changes in abundance of lipid species in response to (A) ATP, (B) KLA and 

(C) [KLA + ATP] compared to a matched PBS control following OPLS-DA 

analysis (n=5).  
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Figure 0.41. Negative ion mode scores and S-plots 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Negative Ion Mode Scores and S-plots. Orthogonal partial 

least squares discriminant analysis (OPLS-DA) scores plots and S-plots to 

show changes in abundance of lipid species in (A) ATP, (B) KLA and (C) 

[KLA + ATP] compared to a matched PBS control following OPLS-DA 

analysis (n=5).  
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To identify if the treatment effects suggested by the regression analysis result in 

relevant changes to macrophage function, lipid species with large increases or 

decreases in relative abundance (ion intensity) were compared. For this a p.corr 

limit of > 0.9 and < - 0.9 was set to identify increases and decreases respectively. 

As there was a high variation in datasets a stringent criterion (of 0.9) was chosen 

which provides higher reliability in the observed treatment effect.  The data were 

also filtered to remove background noise and unidentified ion species; a summary 

data table is provided (Table 4.4). The KLA treatment resulted in the most amount 

of significant and highest fold changes in ion intensity. This means that, at the 

time point of analysis, the KLA treatment was having the greatest effect on the 

lipidome, promoting widespread lipid remodelling. All treatments resulted in more 

decreases than increases in ion intensity, which suggests the overall effect of 

macrophage stimulation is a decrease in lipid abundance.  

 

Table 4.4. Global Lipidomic Data Summary  
Number of lipid species with a p.corr value > 0.9 (increase) or < - 0.9 (decrease) 

in treatment compared to matched vehicle (PBS) control. Numbers in brackets 

are number of lipid species with a Progenesis QI generated variance stabilized 

ANOVA value <0.05. 

 Positive ion mode Negative ion mode 
 Increase Decrease Increase Decrease 

ATP 0 97 (0) 0 2 (0) 
KLA 23 (21) 156 (119) 2 (0) 7 (1) 
[KLA+ATP] 2 (2) 4 (4) 0 1 (1) 

 

The highest fold changes in lipid species for each treatment condition have been 

displayed (Table 4.5). These included a range of lipid classes however 

phospholipids were found to be altered under all treatment conditions. The KLA 

treatment resulted in many additional significantly altered lipid species with a 

p.corr value within the limits (Appendix 6). 
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Table 4.5. Lipid Changes Following Macrophage Stimulation 
Lipids with a p.corr value > 0.9  or < - 0.9 following macrophage stimulation. Fold 
change from the mean abundance for the compound between treatment and 
matched vehicle control. p-value from Student’s paired t-test without assuming 
consistent SD and corrected using the Sidak-Bonferroni method, significance at 
p<0.05. Mass to charge ration (m/z), parts per million (ppm), not significant (ns). 

Lipid m/z 
Mass Error 

(ppm) 
p- Value 

Fold 
Change 

Change 

ATP 
PE (P-37:0) 746.6025 -4.41 0.0413 5.42 Increase 
PA (30:2) 690.5063 -0.74 0.1425 2.90 ns 
PC (41:3) 854.6627 -0.75 0.1659 2.74 ns 
PC (37:5) 782.5000 3.03 0.0000 2.63 Decrease 
PC (29:0) 692.5220 -0.74 0.1978 2.55 ns 

PE (P-38:5) 732.5289 -4.94 0.0641 2.44 ns 
PE (33:1) 704.5220 -0.72 0.1352 2.38 ns 

PG (P-34:1) 750.5636 -1.03 0.1689 2.36 ns 
PA (36:3) 716.5220 -0.65 0.1541 2.34 ns 
PC (31:0) 737.5783 -2.81 0.0612 2.30 ns 

PA (O-34:1) 748.5480 -0.93 0.1771 2.27 ns 
PC (33:1) 784.5246 -1.01 0.1818 2.27 ns 

KLA 

PC (35:0) 776.6195 4.01 0.0000 Infinity Increase 
GlcCER 
(d33:1) 

686.5561 -0.70 0.0001 Infinity Increase 

MIPC (t34:0) 998.5578 -0.01 0.0003 Infinity Increase 
CER (38:1;O3) 610.5763 -1.04 0.0051 Infinity Increase 

PC (O-42:3 854.7001 0.39 0.0001 120.72 Decrease 
SM (d33:2) 687.5431 -0.68 0.0000 39.52 Decrease 
PC (28:0) 695.5311 -3.37 0.0000 38.32 Decrease 
DG (34:0) 573.4874 -0.55 0.0005 30.92 Decrease 

PC (O-32:0) 688.6000 -0.41 0.0007 29.28 Decrease 
FA (21:3;O) 337.2738 0.34 0.0000 26.26 Decrease 

PE-Cer (d34:1) 705.5203 2.25 0.0000 25.90 Decrease 
PC(O-44:5) 878.6992 -0.63 0.0001 25.38 Decrease 
PS (37:1) 786.5653 1.25 0.0000 22.80 Decrease 
DG (48:1) 813.7297 -1.16 0.0000 21.67 Decrease 
CE (20:3) 692.6335 -0.72 0.0001 19.77 Increase 
PE (38:5) 766.5364 -2.29 0.0001 19.51 Decrease 

[KLA+ATP] 

DG (40:1) 696.6496 -0.61 0.0000 16.47 Decrease 
PC (33:2) 766.5374 2.19 0.0004 7.48 Increase 
CL (70:4) 1430.0056 -3.63 0.0005 5.46 Increase 

CER (20:3) 692.6339 -0.17 0.0004 3.28 Decrease 
MG (32:0) 635.3718 -4.05 0.0013 2.01 Decrease 
FA (14:8) 251.0469 0.05 0.0001 1.42 Decrease 

SM (d42:3) 855.6620 2.92 0.0001 1.31 Decrease 
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4.4.5 Pathway Analysis 

Lipid species with a p.corr change of > 0.9 (increases) or < -0.9  (decreases) 

following stimulation with  ATP, KLA or [KLA+ATP] were subjected to functional 

pathway enrichment analysis using MetaboAnalyst. Only conditions with 

significant pathway impact were displayed. MetaboAnalyst searched for 

enrichment of KEGG Mus musculus pathways. Default settings were as 

described in the methods, however altering the search settings did not alter the 

results. The lipid species which increased following ATP and [KLA+ATP] 

treatment did not relate to any specific pathway.  

 

The ATP treatment resulted in a decrease in; sphingolipid metabolism, 

glycerophospholipid metabolism, linoleic acid metabolism, alpha linolenic acid 

metabolism, GPI anchor biosynthesis and AA metabolism. The KLA treatment 

resulted in an increase in; sphingolipid metabolism, linoleic acid metabolism, 

alpha linolenic acid metabolism, glycerophospholipid metabolism, arachidonic 

acid metabolism and steroid biosynthesis. The KLA treatment resulted in a 

decrease in; glycerophospholipid metabolism, sphingolipid metabolism, linoleic 

acid metabolism, alpha linolenic acid metabolism, glycerolipid metabolism, PI 

signalling, AA metabolism and steroid biosynthesis. The [KLA +ATP] treatment 

resulted in a decrease in; linoleic acid metabolism, alpha linolenic acid 

metabolism, glycerophospholipid metabolism, arachidonic acid metabolism and 

steroid biosynthesis.  
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Figure 0.42- MetaboAnalyst Pathway Analysis  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.7. MetaboAnalyst Pathway Analysis. The enriched pathways 

from lipid species with an p.corr change of > 0.9 (increases) or < -0.9  

(decreases) following stimulation. (A) ATP decreases, (B) KLA decreases, 

(C) KLA increases, (D)  [KLA+ATP] decreases . Size of nodes (circles) and 

x-axis represents number of species which contribute to the pathway 

(pathway impact). Colour of nodes and y-axis represents the significance 

of the pathway enrichment, Red = high to yellow = low.  
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4.5 Discussion 

The experiments described in this Chapter set out to assess the lipids present in 

RAW 264.7 cells and to monitor their response to stimulation with KLA and/or 

ATP.  Multivariate and pathway analysis was also carried out to identify the 

biological pathways implicated in the treatment responses identified. Major 

changes in the macrophage lipidome have been identified following inflammatory 

stimulation highlighting the involvement of lipids in inflammation. Many attempts 

have been made to characterise the murine macrophage lipidome, such as LIPID 

MAPS, and the results obtained in this Chapter complement the existing literature 

and further support the use of the chosen cell model. Additionally, using pathway 

analysis, key biological processes involved in the macrophage inflammatory 

response to the selected agonists have been identified. The results of this 

Chapter support the lipid remodelling of key lipid classes and highlight the 

downstream consequences of stimulating the macrophage liposome.  

 

4.5.1 Lipids Identified in RAW 264.7 Cells 

The major lipids identified included phospholipids, LPLs, glycerides, sphingolipids 

and CLs. Ultimately, there was found to be a remodelling of the lipid profiles in 

RAW 264.7 cells in response to the inflammatory stimulation. The clearest 

changes following stimulation included a range of lipid classes within 

predominantly the phospholipid class, but also sphingolipids and DGs. The 

direction of change did not appear to be dependent on lipid class. In general, 

independent treatments with ATP and KLA resulted in a trend towards a decrease 

in lipid ion species, whilst the combined treatments resulted in a trend towards an 

increase following stimulation.  
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4.5.1.1 Glycerophospholipids   

Traditionally, mammalian cells have been thought to produce predominantly fatty 

acids containing even numbers of carbons, however odd numbered fatty acid 

chains have been identified in RAW cells (Ivanova, Milne and Brown, 2010). In 

this study, PLs (particularly PCs), of both even and odd fatty acid chains were 

putatively identified in the RAW 264.7 cells, supporting previous findings. 

Macrophage differentiation (into an M1 phenotype) is associated with an increase 

in saturated lipids and a decrease in unsaturated lipids (Dennis et al., 2010). 

However, an overall treatment effect on saturation was not clear from the results.  

 

The ion signals from PCs were commonly the most intense, with PE also 

displaying strong signals. This suggests that PC lipids are predominant in RAW 

264.7 cells. PC is a major component of cell membranes and is suggested to 

make up around 50% of the phospholipid mass of most cells (Howe and 

McMaster, 2001). Additionally, high PC content has previously been identified in 

RAW 264.7 cells and following macrophage stimulation poly-unsaturation has 

been reported to increase (Zhang et al., 2017). PC metabolism results in the 

production of platelet activating factor (PAF) which is a potent inflammatory 

mediator (Qian, Lee and Snyder, 1989). Furthermore, PE and PI lipids have 

important roles in signal transduction and the specificity of interactions with 

proteins, such as kinases, and receptors at the cell surface  (Meer, 2005; Dennis 

et al., 2010) and their composition appears to be regulated  by macrophage 

polarisation (Montenegro-Burke et al., 2016). Downstream PE signalling is 

associated with membrane and cell surface reorganisation involved in 

phagocytosis. PE is highly prevalent on the inner membrane leaflet and is 

associated with membrane fluidity and lipid raft formation, leading to efficient 



187 
 

macrophage phagocytosis (Rubio et al., 2018). The results described in this 

Chapter successfully identified PC, PE, PS and PI species in RAW 264.7 

macrophage cells supporting the importance of these lipid species in 

macrophage function.  

 

Previously, a reduced PC and PE content has been reported in M1, following 24 

h of LPS stimulation, compared to M2 and M0 phenotypes. Furthermore, PS and 

SM levels have been reported to be lower in either polarisation state compared 

to monocytes (Montenegro-Burke et al., 2016). In addition, PS species are 

associated with apoptosis and are translocated to the external membrane of 

apoptotic cells to signal for interaction with phagocytes (Wu, Tibrewal and Birge, 

2006). In comparison to this, monocyte differentiation into macrophages has 

been associated with increases in fatty acid, PC and PE synthesis (Ecker et al., 

2010; Zhang et al., 2017). In particular, choline uptake is increased, enhancing 

de novo PC synthesis following TLR activation via a NF-κB-dependent induction 

of the choline transporter, CTL1. The increased PC is suggested to be important 

for macrophages to cope with metabolic challenges such as the glycolytic switch 

that accompanies an inflammatory response (Sanchez-Lopez et al., 2019; 

Petkevicius et al., 2019). Choline uptake in polarised macrophages has also been 

shown to contribute to cytokine secretion (Snider et al., 2018). 

 

In comparison to the literature, the results of this Chapter suggest a significant 

increase in PC content following [KLA+ATP] stimulation (~7.5 fold), and both 

significant increases and decreases in a variety of PL species following KLA 

stimulation. The significantly altered lipid species following KLA stimulation 

included predominantly PC species, which both increased and decreased by 
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modest amounts (up to infinity and ~120-fold change, respectively) and 

decreases in PE (by an average of ~10 fold) (Table 4.5). The increases in PC 

content following [KLA+ATP] and KLA treatment supports the concept of an 

increase in choline uptake following NF-κB activation. The suggested decrease 

following KLA does not support this, but in line with research by Montenegro-

Burke et al, suggests a promotion of the M1 macrophage phenotype. Additionally, 

it is likely that the stimulated RAW 264.7 cells underwent preparation for 

phagocytosis, which may be linked to the decrease in PE species as suggested 

by Rubio et al. The difference in PL profiles between KLA and [KLA+ATP] 

stimulated cells also suggest a difference in the polarisation state of these 

macrophages and highlights the highly dynamic nature of phospholipids following 

macrophage inflammatory stimulation.  

 

Glycerophospholipids containing AA are important inflammatory lipids. The 

mobilisation of AA is important in the inflammatory response because liberation 

of AA from the cell membrane is the rate limiting step in eicosanoid production. 

CoA-dependent acyltransferase enzymes esterify AA to phospholipids, while the 

enzyme cPLA2 releases AA from phospholipids. The release of free AA results in 

Lyso-PL generation (Chilton et al., 1996; Astudillo et al., 2012). The results 

reported in this Chapter putatively identified PC (38:4), PC (40:6) and PC (40:7) 

(Table 4.3). These lipids increased following [KLA+ATP] treatment, and PC (40:7) 

decreased following KLA treatment.  The decrease following KLA may be a result 

of the release of AA as a pre-requisite to the generation of eicosanoids, whilst an 

increase in these lipid species may suggest a re-esterification of AA to recycle 

remaining FA, which is not required for mediator production. The results reported 

in Chapter 3 demonstrated that [KLA+ATP] instigated a strong eicosanoid 
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response and therefore the re-esterification of AA may take place to prevent of 

additional and potentially harmful eicosanoid production. In support of this, free 

AA in the cytosol is reported to be kept at a minimal concentration (Irvine, 1982), 

to control the production of inflammatory mediators and reduce ER stress (Rong 

et al., 2013). Following macrophage stimulation, a promotion of AA re-acylation 

into membrane PL has been reported due to an increase in activity of the 

lysophospholipid acyltransferase enzymes which control the re-esterification of 

free AA to membrane PLs (Perez-Chacon et al., 2010). 

 

In addition to AA-bound phospholipids, 12-HETE bound PE species were 

putatively identified, including PE (P-36:4-12OH) and PE (P-38.:5-12OH) (Table 

4.3). However, none of the inflammatory treatments appeared to alter the 

intensity of these lipid species. Studies have previously indicated that 

eicosanoids can be stored by cells by esterification to phospholipids (O'Donnell 

and Murphy, 2017). A future targeted analysis which profiles these lipids 

throughout the inflammatory response would be highly advantageous to fully 

understanding the roles of these eicosanoid esterified-PLs.  

 

4.5.1.2 Plasmalogens 

The incorporation of plasmalogens affects membrane fluidity and fusion and has 

been linked to the production of n-3 polyunsaturated fatty acids and progression 

of the pro-resolution response. Plasmalogens are primarily reported to be found 

amongst PE species in RAW 264.7 cells (Feulgen and Voit, 1924; Gaposchkin 

and Zoeller, 1999; Lebrero et al., 2019). 
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Plasmalogens containing AA were putatively identified within the RAW 264.7 

cells. The selected PE species did not appear to alter in intensity in response to 

either treatment, however PC (P-38:4) was significantly increased following 

[KLA+ATP] treatment (~4.5 fold) (Table 4.3). As plasmalogens are associated 

with progression of the pro-resolution response, the indicated increase suggests 

a promotion of the anti-inflammatory response. In support of these results, 

addition of plasmalogens to LPS treated mice reduced neuroinflammation (Ifuku 

et al., 2012). The decrease in inflammation was suggested to be due to 

plasmalogens antioxidant properties, which supresses inflammation, as oxidative 

stress preferentially oxidizes plasmalogens over alternative lipid species (Yavin 

and Gatt, 1972; Engelmann, 2004). Furthermore, decreases in PC-plasmalogens 

have been corelated with increases in malignant tumour staging as a result of 

increases in oxidative stress and inflammation  (Bräutigam et al., 1996; Hou et 

al., 2015). Therefore, it is possible that plasmalogen generation is promoted in 

stimulated macrophages to control the inflammatory response.  

 

4.5.1.3 Lysophospholipids 

Lysophospholipids (LPLs) are phospholipids with one of the two O-acyl chains 

removed and are generated when fatty acids are removed from PLs. The 

chromatography of lysophospholipids mimics that of phospholipids, with species 

containing long hydrocarbon chain and increases in saturation eluting earlier 

(Bollinger et al., 2010). These lipids are structural components of cellular 

membranes that can also act as signalling molecules and are therefore 

considered to be bioactive (Pérez-Chacón et al., 2009).  Lysophospholipid-fatty 

acids, such as LPE-20:4, are intermediates in the Lands’ Cycle for the 

esterification of fatty acids into membrane phospholipids via 
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lysophosphatidylcholine acyltransferase (LPCAT) enzymes (Lands and Hart, 

1965).  

 

The results in this Chapter putatively identified LPC (20:1), LPE (18:1) and LPE 

(20:4) (Table 4.3). A higher content of LPLs has been identified in M2 

macrophages, suggesting a link between LPLs and anti-inflammatory activity 

(Zhang, Cuiping et al., 2017). No significant changes in ion intensity were found 

in stimulated cells; an increase would have suggested that lipid remodelling is 

taking place to promote anti-inflammatory and pro-resolving effects. The 

importance of LPL and AA recycling has previously been demonstrated by the 

increases in hypoxia and inflammatory signalling pathways (such as MAPK), 

following impairment of this pathway in sickle cell disease mice (Wu et al., 2016). 

Furthermore, reduced LPCAT activity in macrophages has been implicated in the 

development of inflammatory diseases, including atherosclerosis due to the 

resultant increase in inflammation (Ishibashi et al., 2013), and disruption to 

macrophage polarisation (Taniguchi et al., 2015).  

 

4.5.1.4 Glycerides  

Glycerides are glycerols esterified to fatty acids. There are three hydroxyl groups 

in glycerol and therefore mono-, di- or tri- glycerides can form. (Guella, Frassanito 

and Mancini, 2003; Botte et al., 2011). The retention time for triglycerides (TGs) 

is influenced by the fatty acid composition (i.e the unsaturation and chain length), 

with more saturation and shorter chain length decreasing retention time (Beccaria 

et al., 2015) and the chromatography of DGs and MGs also follow this pattern (Lo 

et al., 2004).  
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Triacylglycerols are highly concentrated energy reserves and breakdown,  

mediated by lipases, results in free fatty acid and MG generation which can 

subsequently be recycled to form new TG, Pl and CE species (Alves-Bezerra and 

Cohen, 2017). The results described in this Chapter identified all three glyceride 

species in RAW 264.7 cells. DG and MGs appeared to significantly decrease 

following macrophage stimulation with KLA and [KLA+ATP], whilst ATP 

stimulation did not result in a significant change in ion intensity outside the 0.9 

p.corr limit (Table 4.5). Taken together, these results suggest that glycerides are 

involved in the lipid remodelling response.  

 

Diacylglycerols arise from the hydrolysis of triglycerides and phospholipids and 

act as intermediates in phospholipid biosynthesis and as second messengers in 

many signalling pathways, including protein kinase C and cytokine signalling 

(Callender et al., 2010; Mahajan, Mellins and Faccio, 2020). The decrease in DG 

species following macrophage activation suggests a downregulation of these 

associated pro-inflammatory signalling pathways. This decrease could suggest a 

promotion of the resolution of inflammation, given that accumulation of these 

lipids is undesirable and may promote inflammation.  Previously, KLA stimulation 

of RAW 264.7 cells promoted an initial increase in DG that was temporarily 

aligned with activation of signal transduction pathways and PI hydrolysis by a 

phospholipase C, following TLR4 activation (Murphy et al., 2007). The results in 

this Chapter dispute those results, given that DG species were found to decrease.  

However, this may be due to the difference in the time point of analysis because 

the previously reported increase in DG was identified after one hour of KLA 

stimulation before falling back to baseline, whilst the analysis in this Chapter was 

conducted following 8 h of stimulation.   
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4.5.1.5 Cardiolipins  

Cardiolipins (CL) are di-phosphatidylglycerol lipids (i.e. consisting of two 

phosphatidic acid moieties connected to a glycerol backbone). These lipid 

species are anionic phospholipids containing four fatty acyl residues. Due to the 

four, partly different acyl chains, with various levels of saturation, CL themselves 

are very complex, with high structural diversity. The chain length, degree of 

oxidation and unsaturation affect polarity and therefore elution from the column 

(Helmer, Korf and Hayen, 2020). CLs produce strong carboxylate anion peaks 

[M-H]- in negative ion mode (Sparagna et al., 2005).  

 

The results of this Chapter suggest a significant decrease in CL species following 

KLA stimulation (by an average of ~10 fold) (Table 8.17, appendix), and a 

significant increase following [KLA+ATP] stimulation (by ~ 5.5-fold) (Table 4.5).  

CLs have been associated with membrane stabilisation (Musatov, Sedlák 2017) 

along with inhibition of the pro-inflammatory lipid mediator; platelet activating 

factor (PAF) (Tsoukatos et al., 1993) and inhibition of TLR4 activation (Coats et 

al., 2016). Therefore, the decreases following KLA stimulation may be to prevent 

the inhibitory effect of CL on the inflammatory response. The increase following 

[KLA+ATP] suggests the pro-inflammatory response is being downregulated and 

therefore these macrophages have switched to a pro-resolving phenotype. The 

importance of the profile of CL lipids in KLA-stimulated macrophages to inhibit or 

prevent excessive inflammation has also been reported previously (Vreken et al., 

2000; Chen et al., 2018). 
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4.5.1.6 Sphingolipids 

Sphingolipids include sphingosine and sphingomyelins which can be converted 

to ceramides. The sphingolipid structure consists of a fatty acid bound to a 

sphingolipid base with a head group. The chromatographic retention time is 

dependent on the hydrophobicity and sphingolipids can ionise in both positive 

and negative ion mode (Tsugawa et al., 2017).  

 

Sphingolipids are major components of cell membranes and are considered 

bioactive because they are involved in key signalling pathways such as the 

inhibition of  PKC activation (Hannun et al., 1986; Wang et al., 2005). These lipids 

have been linked to many important cellular processes including cell proliferation, 

apoptosis, differentiation and immunity (Zhang et al., 1990; Camell et al., 2015; 

Puig et al., 2019). As a result, these lipids are implicated in inflammatory diseases 

(Kilk et al., 2018). Mannosylinositol phosphorylceramides (MIPC) are complex 

sphingolipids that have been associated with membrane integrity and signalling 

(Morimoto and Tani, 2015) .  

 

The results presented in this Chapter identified a significant decrease in the ion 

intensity of SM species following KLA and [KLA+ATP] stimulation and this 

decrease was more prominent following KLA treatment alone (up to ~40-fold 

change) compared to [KLA+ATP] (~1.3-fold change) (Table 4.5). TNF signalling 

has been shown to promote ceramide synthesis (Haimovitz-Friedman et al., 

1997), although the mechanism for this is unknown (MacKichan and DeFranco, 

1999), and KLA stimulation of RAW 264.7 has previously been reported to 

increase the concentration of sphingolipids by 2-fold (Sims et al., 2010). This SM-

ceramide cycle is stimulated by various hormones, cytokines, and growth factors 
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and is associated with inflammation. For example, SM inhibits sPAL2 (the enzyme 

which hydrolyses fatty acids from membrane phospholipids) and SM is degraded 

to ceramides to allow sPLA2 activity (Singh and Subbaiah, 2007). To complement 

this, ceramides have been associated with the promotion of AA mobilisation 

(Balsinde, Balboa and Dennis, 1997). Therefore, it may be that SM is 

downregulated to allow AA to be hydrolysed from the membrane for mediator 

production. To support this, Chapter 3 confirmed upregulation in eicosanoid 

production following all three treatment regimens. 

 

Previously, an increase in sphingolipid content has been identified to peak at 18 

h post KLA stimulation of macrophages, due to the transcription of the rate limiting 

enzyme in de novo sphingolipid synthesis (Dennis et al., 2010). The identified 

decrease in SM observed may therefore be due to their initial down-regulation for 

pro-inflammatory mediator production, combined with the absence of the required 

enzymes to restore homeostasis. 

 

4.5.2 Pathway Analysis  

MetaboAnalyst was used to identify KEGG pathways which were associated with 

the lipids that were found to be altered in response to stimulation (Figure 4.7). 

The ATP and [KLA+ATP] increases did not point to any specific pathways, 

suggesting the changes to the lipidome following these treatments were more 

targeted, affecting individual lipids rather than global changes to wider pathways.  

 

4.5.2.1 Linoleic Acid and Alpha-Linoleic Acid  

Linoleic acid (LA; 18:2 n-6) and α-linolenic acid (ALA; 18:3 n-3) are essential 

lipids, in that they cannot be synthesised de novo and are obtained primarily 
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through the diet (such as vegetable oils) (Abedi and Sahari, 2014).  ALA is an n-

3 poly-unsaturated fatty acid (PUFA), which can be further metabolised to EPA, 

and further elongated and de-saturated to form DHA. LA is an n-6 fatty acid, 

which is metabolised to AA (Sessler and Ntambi, 1998; Buckley et al., 2017). n-

3 fatty acids are considered anti-inflammatory whilst n-6 are considered pro-

inflammatory (Le et al., 2009). Therefore, the indication of LA and ALA 

metabolism therefore suggests that lipid remodelling is taking place to generate 

smaller bioactive mediators to cope with the inflammatory response. Remodelling 

of both LA and ALA suggests that both the pro-inflammatory and pro-resolving 

inflammatory response are being regulated. This notion is supported by previous 

analysis which demonstrated that ALA induced anti-inflammatory and LA induced 

pro-inflammatory effects following LPS stimulation of THP-1 macrophages (Pauls 

et al., 2018).  

 

4.5.2.2 Arachidonic Acid Metabolism 

Arachidonic Acid (AA), also written as all-cis-5,8,11,14-eicosatetraenoic acid, 

contains 20 carbons and four cis-double bonds. This highly abundant PUFA is 

predominantly found esterified to the sn2 position of membrane phospholipids 

such as glycerolipids or glycerophospholipids. In cells such as monocytes and 

neutrophils, 25% of the phospholipid content is AA (Martin, Brash and Murphy, 

2016).  At the membrane AA contributes to structure, fluidity and permeability 

(Tallima and El Ridi, 2018). Furthermore, AA has bioactive effects through its 

activation of various signalling pathways. The metabolism of AA generates potent 

bioactive mediators such as eicosanoids (Gupta et al., 2009; Astudillo et al., 

2012). At rest, free AA is present at low levels in cells but is quickly generated 
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when required for eicosanoid production to contribute to an inflammatory 

response (Dennis and Norris, 2015). 

 

The finding that AA metabolism is modulated in the pathway analysis supports 

the concept of lipid remodelling following inflammatory stimulation of the RAW 

264.7 cells. This Chapter has previously identified remodelling in the PL’s 

containing AA and a possible downregulation of SM for increased PLA2 

activation. Furthermore, the results of Chapter 3 indicated an eicosanoid 

response following macrophage stimulation and AA is the precursor to 

eicosanoids.  

 

Upon stimulation, AA is released from the membrane PLs for oxidative 

metabolism, to generate eicosanoids. Much of the AA released is not converted 

to eicosanoids but recycled via re-esterification to the membrane PLs (Perez-

Chacon et al., 2010). In support of this, the results of this Chapter identified 

increases in possible PL-esterified to AA. Therefore, it is likely that the relevance 

of AA metabolism in this pathway analysis is not only due to the generation of 

smaller bioactive mediators, but also related to re-acetylation of AA (Okuno et al., 

2018; Levi-Montalcini, 1976). 

 

4.5.2.3 GPI Anchor Biosynthesis  

Glycosylphosphatidylinositol (GPI) is a phospho-glyceride which is often bound 

to proteins on the surface of membranes where it has many important signalling 

roles, including the promotion of inflammatory mediator production (Tachado and 

Schofield, 1994). GPI anchors consist of a PE lipid linked to a protein and a 

conserved glycan core with a phospholipid (PI) tail. Cell polarisation has been 
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shown to involved organisation of GPI- anchored proteins (Zurzolo and Simons, 

2016) and GPI-anchored proteins are highly enriched in lipid rafts. Lipid rafts have 

a high sphingolipid content and are required for the promotion of cell trafficking 

and signalling (Bagnat et al., 2000; Cordy et al., 2003). In support of this, our 

results identified high content of sphingolipids, and a decrease in SM abundance 

following macrophage stimulation. Furthermore, lipid remodelling is involved in 

lipid raft formation as PGAP3−/− mice, an enzyme required for PI remodelling to 

form lipid rafts, develop autoimmune-like symptoms, suggested to be due to 

macrophage phagocytosis impairment (Wang et al., 2013). Lipid rafts have been 

associated with roles in response to LPS-mediated activation of macrophages 

because, following stimulation, MAPK signalling components have been shown 

to translocate to lipid rafts (Olsson and Sundler, 2006). Therefore, the 

significance of this ontology suggests a regulation of inflammatory signalling and 

macrophage polarisation.  

 

4.5.2.4 Steroid Biosynthesis 

Steroids are hormones with strong inflammatory roles that can modulate 

macrophage function such as their polarisation state and ability to generate 

inflammatory mediators (Lim et al., 2007; Desgeorges et al., 2019). For example, 

glucocorticoids, a type of steroid, bind to specific cytosolic steroid receptors to 

inhibit inflammation. For example, dexamethasone (DEX), is a synthetic 

glucocorticoid that is used to provide anti-inflammatory benefits, such as in 

asthma therapies, partly as a result of its inhibition of inflammatory modulators 

(Jeon et al., 2000; Barnig, Frossard and Levy, 2018).  
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Steroid biosynthesis was identified to be altered following KLA stimulation, with 

some species increasing and others decreasing following treatment, this 

suggests that dynamic remodelling and modulation of the steroids is involved in 

the response to TLR4 stimulation. In support of the significance of steroid 

biosynthesis following the KLA and ATP stimulation of RAW 264.7 cells, an 

inverse relationship between PUFAs and sterol has been suggested following 

research in foetal hamster (Schmid and Woollett, 2003) and rabbit smooth muscle 

cells (Pomerantz and Hajjar, 1989), suggesting possible interplay between these 

lipid pathways. Furthermore, cholesterol accumulation in macrophages 

contributes to atherosclerotic plaque formation, and such macrophages have 

been shown to produce increased levels of bioactive mediators, including 

eicosanoids and cytokines (Castrillo, Antonio et al., 2003).  

 

4.5.3 Analysis of the Methodology and Future Work 

Lipid standards were not employed in the experiments described in this Chapter 

and therefore it is important to note that the global lipid identifications are putative.  

 

Lipids are very complex molecules with highly diverse structures and therefore, 

no single analytical technology has allowed the identification and quantification 

of all lipid species in a single experiment. Many variations of cellular lipid 

extraction, chromatography and mass spectrometry analysis have been utilised. 

The initial lipidome characterisation of the murine macrophage employed 

numerous mass spectrometry methods which were tailored to lipid species of 

interest (Brown, 2007). Therefore, in future, additional approaches should be 

employed to ensure a complete and comprehensive analysis. These include 

alternative lipid extraction protocols and HPLC analysis. A targeted and more 
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advanced quantitative approach, such as with the use of labels, internal 

standards and/or a triple quadrupole mass spectrometer, should also be taken to 

confirm identities and suggested changes within the macrophage lipidome.  

 

The extraction of lipid from cells is an important factor in the lipid profiling. 

Chloroform/methanol solvent systems are often used to extract major lipid 

classes with high efficiencies. The Folch extraction which has a 2:1 ratio for 

chloroform: methanol is well suited for polar phospholipids (Ulmer et al., 2015). 

This is often the method of choice for the extraction of lipids from cells (Ulmer et 

al., 2017); however, other methods are available such as the Bligh and Dyer, 

which has a 1:2 ratio of chloroform: methanol and is sometimes preferred for the 

extraction of non-polar TGs (Petkovic et al., 2005). Alternatively, butanol may 

increase cholesterol extraction efficiency. However, butanol has a low TG 

extraction efficiency (Ulmer et al., 2015) . 

 

Following extraction, lipids are commonly separated by chromatography. This 

can be avoided via direct infusion, but the reduced separation experienced would 

increase ion suppression (Isaac, McDonald and Astarita, 2011). The 

chromatography of lipids is important to the separation and subsequent 

identification of lipids. This study used reverse-phase chromatography, which 

separates based on polarity and hydrophobicity and is commonly used for 

lipidomic analysis. Hydrophilic interaction liquid chromatograph (HILIC) is an 

alternative option which is also used in lipidomic analysis which results in class-

specific separation of polar lipids. Each method has advantages, for example 

reverse phase allows for the analysis of polar and non-polar lipids in one run. In 

comparison, HILIC is based on hydrophilic interaction allowing class-specific 
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coelution of polar lipids and the avoidance of isobaric overlaps (Pham et al., 2019; 

Lintonen et al., 2014).  Therefore, the ultimate method may be a combination of 

both (HILIC-RP-MS) (Rampler, Schoeny et al., 2018), but this was not available 

for this study. Furthermore, normal phase is another possible chromatography 

technique commonly used in lipidomics. This method adopts a very polar 

stationary phase and a non-polar mobile phase. However, the sensitivity has 

been reported to be lower than reverse phase (Bure et al., 2013).  

 

Following chromatographic separation, the ionisation of lipids is an important 

consideration. The addition of ionisation modifiers to the mobile phase allowed 

for the detection of PL’s in both ion modes; formic acid for positive ion mode and 

ammonium hydroxide or ammonium formate for negative ion mode. This data 

supports the literature findings that the addition of these modifiers particularly 

improved the identification of neutral polar PLs including PC, Lyso-PC, and SM 

which would otherwise be undetected in negative ion mode (Bang, Lim and Moon, 

2012).  The choice of mass spectrometry method and instrumentation is also an 

important factor with high resolution being the most important factor. Our 

laboratory did not have a high-resolution LC-MS/MS available for lipidomic 

analysis, however the Thermo Orbitrap Exactive employed allows for high 

resolution LC-MS analysis and is commonly the choice for global lipidomic 

analysis (Lu et al., 2010; Hummel et al., 2011). 

 

Following mass spectrometry analysis, bioinformatics is carried out to align 

chromatograms, pick peaks and identify lipids by matching peaks to lipid 

databases. This is a developing field and therefore the data analysis is a time-

consuming process (Ejsing et al., 2009; Lisa et al., 2017). The development of 
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algorithms for automation for lipid identification will improve the high-throughput 

analysis of lipids (Yang et al., 2009). Multivariate analysis was subsequently used 

to identify useful information from the large and complex data set. Generally, the 

OPLS-DA models showed a good fit, this is with exception of the negative ion 

ATP and [KLA+ATP] which had a lower Q2 value and therefore lower reliability 

of the model; increasing the number of components of the model did not improve 

the fit. This is likely due to the high variation within the data and minimal treatment 

effect of the lipid species identified in negative ion mode, under these conditions. 

Furthermore, although a good representation of relative abundance, the signal 

intensity is not a direct result of quantity as a result of ionisation efficiency, 

ionisation suppression and artificial formation of species. For example, the signal 

intensity decreases with increasing chain length and degree of unsaturation of 

the component fatty acids (Brugger et al., 1997). PC lipids also ionise better than 

other lipid species and may supress signal of others and were in very high 

abundance. Therefore, it is important to acknowledge the quantitative limits of the 

approach used.  

 

To build upon our understanding, an integrative analysis across the various omics 

may be developed. This integrated approach would form a systematic analysis 

and build a more sophisticated understanding of immunometabolism. 

Furthermore, the catabolism of carbohydrates, proteins, and lipids results in the 

production of acetyl CoA, which is converted ultimately into fatty acids, sterols, 

and other intermediary metabolites. The fatty acids are converted into bioactive 

eicosanoids and more complex lipids. This demonstrates the dynamic nature of 

lipids in inflammation. This Chapter presents a small fraction of the information 

that can be obtained via a global lipidomic approach and therefore demonstrates 
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the importance of the comprehensive evaluation of lipid composition and 

structure in the interpretation of cellular physiological responses. The dynamic 

nature of the lipidome has been highlighted in this Chapter and is often supported 

by literature, such as the temporal changes in lipid classes following macrophage 

stimulation. The analysis was conducted from a single time point and therefore 

does not consider the temporal changes in lipid abundance. Future work would 

focus on the dynamic response to obtain a more holistic understanding of the 

lipidomic response (Bleijerveld et al., 2006). 

 

4.6 Conclusion and Summary  

This Chapter presents a lipidomic analysis of the response of RAW 264.7 cells to 

stimulation with ATP and/or KLA. Lipidomics profiling identified that 

phospholipids, particularly PC, are highly prevalent in the RAW 264.7 cells. Lipid 

remodelling was confirmed in response to stimulation with KLA and/or ATP. 

Overall, the changes identified following [KLA+ ATP] stimulation were consistent 

with a promotion of an anti-inflammatory response, such as AA recycling, whilst 

the changes indicated following KLA stimulation were consistent with a pro-

inflammatory response, such as AA release from PLs. The results presented in 

this Chapter are broadly comparable to literature, which commonly use PAMP 

(LPS or KLA)-mediated stimulation of macrophage cells and the similarities in the 

findings further support the results and the use of this cell model, providing 

additional confidence in the findings.  

 

This Chapter highlights the dynamic nature of the lipidome in response to 

macrophage inflammatory stimulation. The changes in the lipidome that 

accompany the inflammatory response are less well understood than other 
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biomolecules such as genes, mRNA, and proteins and additional comprehensive 

analysis may help to build a complete understanding. This Chapter has 

highlighted the many aspects in which lipids are integral for cellular functions, 

such as in membrane assembly, energy production and intracellular signalling, 

and lipid remodelling underlies biochemical pathways which are essential to 

response to inflammatory stimuli. Lipids are increasingly being considered to be 

bioactive, with major inflammatory roles; lipid biomarker research is one of the 

most widespread applications of lipidomic techniques, both in research and 

clinical settings. This result of this Chapter supports the bioactive properties of 

lipids and promotes the importance of increased knowledge to fully understand 

and utilise their biological importance.   

 

  



205 
 

 

 

 

 

 

 

 

5. Chapter 5 - 

Proteomic 

Investigation of 

Inflammatory 

Responses in RAW 

264.7 Macrophages 
 

  



206 
 

5.1 Introduction 

Proteomics is a powerful experimental approach intended for in-depth analysis of 

the protein components of a cellular system (Wilkins et al., 1996). Proteomics is 

increasingly used as a tool to explore the biology of macrophages, and the 

molecular pathways involved in inflammatory responses (Qin et al., 2017; Kamal, 

Fessler and Chowdhury, 2018; Shen et al., 2020). Subsequently, many 

leukocyte-derived proteins involved in inflammation have been identified, with 

various cytoplastic, structural and functional roles (Wang, Zhao and Andersson, 

2004). 

 

Macrophages play a central role in inflammation by producing a variety of 

inflammatory mediators (e.g. cytokines, eicosanoids, NO and ROS) that help to 

eliminate invading pathogens and repair tissues damaged by trauma (Nathan, 

1987). However, the unregulated release of these mediators results in an 

uncontrolled inflammatory response. In order to carry out a global review of the 

response of macrophages and molecular pathways involved in the associated 

inflammatory responses, proteomic analysis of macrophages following 

stimulation has been employed. The analysis focused on alterations to protein 

abundances as opposed to phosphorylation, of which mechanisms are already 

well characterised during the inflammatory response. Previous studies have 

identified changes in the relative abundance of a host of proteins following LPS 

stimulation of macrophages including increases in pyruvate kinase and 

decreases in platelet‐activating factor acetylhydrolase (Gadgil et al., 2003). 

Furthermore, both label-free (Kamal et al., 2018; Li et al., 2020), and labelling 

technology (such as with chemical mass tagging) (Swearingen et al., 2010) have 

been utilised to study this response.  
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Proteins are important components of inflammatory signalling pathways. The NF-

κB protein family includes RelA, RelB, c-Rel and NF-κB1 (p105/p50), as well as 

associated anchorin-domain containing proteins, such as IκBα, IκBβ, IκBγ, and 

p100 which keep NF-κB inactivated (Senftleben et al., 2001). With the aid of 

global proteomic analysis, additional non-directly associated proteins that 

modulate NF-κB signalling have been identified, such as ubiquitin-ligase proteins 

and associated substrates in T-cells (Shin et al., 2017). MAPK proteins include a 

family of phosphatases which act in a cascade to translate external signals to the 

nucleus (Cadalbert et al., 2010). SILAC analysis has previously revealed proteins 

outside of this direct phosphorylation chain of proteins, such as adaptor proteins, 

which contribute to the initial G protein and MAPK binding and are therefore 

involved in stress response such as cell polarisation (Waszczak et al., 2019). 

Finally, the JAK-STAT pathway is regulated by numerous JAK and  STAT 

proteins, along with additional regulators, such as suppressors of cytokine 

signalling (SOCs), which inhibit STAT recruitment and JAK kinase activity (Starr 

et al., 1997) , and protein inhibitors of activated STAT (PIAs), which bind to STAT 

dimers and prevent their binding to DNA  (Liu et al., 2001).  The identification of 

these additional modulators supports the importance of global proteomic analysis 

in the comprehensive characterisation of the inflammatory response to a given 

agonist.  

 

Prior analyses have identified many proteins and pathways of interest, but it is 

clear that our understanding of the molecular regulatory mechanisms underlying 

the inflammatory response remains incomplete. Further analysis aims to confirm 

previous results, to increase proteome coverage and ultimately to enable a more 

comprehensive understanding of the proteomic inflammatory response. 
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Furthermore, different macrophage polarization states have different proteomic 

signatures, which highlights the link between protein expression and function (the 

functional phenotype) (Court et al., 2017). Due to the vital contribution of proteins 

to inflammation, proteomics has successfully been used to compare physiological 

states and to probe the molecular mechanisms implicated in numerous 

inflammatory diseases, including COPD (Berhane et al., 2005; Yang et al., 2018), 

asthma (Gharib et al., 2011), diabetes (Takahashi et al., 2013) and severe acute 

respiratory syndrome  (SARS) (Shen et al., 2020). 

 

The large datasets obtained from proteomic analysis create a challenge in 

processing and understanding the information generated. Therefore, 

computational approaches are often used to process data with a greater 

efficiency in order to facilitate functional analysis of the identified proteins, 

alongside visualisation of the network of proteins affected by a particular 

treatment. Combined with labelling methods, network analysis can systematically 

interrogate a metabolic network, manage complex data sets and even reveal 

unexpected consequences and implicated pathways  (Hill et al., 2016; Zhao et 

al., 2016).   

 

In this Chapter, a global proteomic analysis has been performed to determine the 

changes in protein abundance following activation of RAW 264.7 cells, with KLA 

and/or ATP. Initially, a label-free approach between experimental conditions was 

carried out to provide an overview of the changes in abundance of macrophage 

proteins.  
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This was subsequently followed by more in-depth quantitative analyses of the 

macrophage proteome through the use of stable isotopic labelling in cell culture 

(SILAC). Proteins with significant changes in the SILAC data set were further 

analysed using gene ontology to identify pathways that are implicated in this 

inflammatory response and to provide a functional output of the data obtained.  

 

5.2 Chapter Aims  

The experiments described in this Chapter were designed to help form a 

comprehensive analysis of the protein response to inflammatory stimulation of 

RAW 264.7 macrophage cells.  

 

The specific aims were to: 

1. Determine the changes in protein abundance following KLA and/or ATP 

inflammatory stimulation of macrophages, using label-free proteomics. 

2.  Conduct a quantitative proteomic analysis, using SILAC, to investigate 

changes in macrophage the proteome protein following KLA and/or ATP 

inflammatory stimulation of macrophages. 

3. Perform functional network analysis to characterise the effect of macrophage 

stimulation on cellular pathways.  
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5.3 Methods 

5.3.1 RAW 264.7 Cell Culture  

RAW 264.7 cells were cultured as described in section 2.2. For label free 

analysis, supplemented (complete) high glucose DMEM growth medium was 

used. For SILAC, complete DMEM for SILAC was used, which included 

supplementation of the heavy amino acids, L-arginine (L-arginine:HCl,13C6, 99%; 

15N4, 99%) and L-lysine (L-lysine:2HCl , 13C6, 99%). 

 

5.3.2 Stimulation of RAW 264.7 Cells 

RAW 264.7 cells were stimulated with 100 ng/mL KLA and/or 2 mM ATP, or 

matched vehicle (PBS) controls and lysed using a QSONICA Q500 probe 

sonicator according to section 2.3. Both label-free and SILAC experiments were 

repeated on three separate occasions.  

 

5.3.3. Protein Extraction  

Proteins were extracted from whole cell lysates in protease inhibitor cocktail 

solution, as described in section 2.14.  

 

5.3.4 1-D SDS PAGE  

1D SDS-PAGE was conducted as described in section 2.15. For label free 

analysis 20 µg protein was loaded in a 1:1 ratio with sample buffer to the gel. For 

SILAC experiments 15 µg of unlabeled whole cell lysate was combined with 15 

µg labelled whole cell lysate cells and loaded onto the gel. 
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5.3.5 In Gel Digestion 

Gel lanes were divided into 24 equal slices and proteins from each slice were 

digested into peptides using an in-gel tryptic digestion, as described in section 

2.16. 

 

5.3.6 LC-MS/MS Analysis of Peptides 

Peptides were analysed by LC-MS/MS using a Waters nanoAcquity UPLC 

platform interfaced to a Thermo LTQ-Orbitrap XL mass spectrometer using data-

dependent acquisition, as described in section 2.17. 

 

5.3.7 Label Free Proteomic Data Analysis 

Raw data files were processed using Progenesis QI for Proteomics and the 

Mascot server was used to match peaks to the SwissPROT Mus muscosa 

(mouse) database to identify peptides, as described in section 2.18.  

 

5.3.8 SILAC Data Analysis 

Raw files were aligned, and peaks identified using Progenesis QI for Proteomics 

and the Mascot server was used to match peaks to the SwissPROT Mus 

muscosa (mouse) database to identify peptides. Proteolabels was used to 

identify quantifiable peptide pairs for subsequent pathway analysis, as described 

in section 2.19. A Wilcoxon-Mann-Whitney test was carried out to identify proteins 

with significantly altered abundances following macrophage stimulation.  p<0.05 

was accepted as being statistically significant.  
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5.3.9 GO Analysis 

Proteins with two or more unique peptides that had significantly altered (p<0.05) 

in abundance between treatment and control conditions were subjected to GO 

analysis using Cytoscape-CluGo, as described in section 2.22. 
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Figure 0.43. Proteomic Workflow  

  

Figure 5.1. Proteomic Workflow. Label free and stable isotope incorporation 

was used in this study to assess the changes in the proteome of RAW 264.7 

cells in response to KLA and ATP.   
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5.4 Results 

5.4.1 Label Free Proteomic Analysis   

In order to fractionate the macrophage proteins 1D-SDS PAGE electrophoresis 

was carried out on whole cell lysates. A representative gel (Figure 5.2) reveals 

that the protein patterns were consistent between samples. Visual inspection 

indicated that there were multiple proteins with predominant bands at 10, 15, 30 

and 40 kDa. 

 

As a means of identifying proteins, each gel lane was divided into 24 bands and 

digested into peptides using trypsin prior to LC-MS/MS analysis. The analysis 

identified 17548 unique peptides from 3907 proteins from all the treatment 

conditions analysed.  A comparison of the protein identifications (Figure 5.3 and 

Table 5.1) indicated that many of the proteins were common between treatment 

groups, with the combined ([KLA+ATP]) treatment having considerable overlap 

with the independent treatments. Each treatment condition also resulted in a 

unique set of altered proteins, which did not overlap with the other treatments. 

The results indicated that the combination of [KLA+ATP] results in a greater 

number of proteins with significant changes compared to vehicle (PBS) control, 

whilst the ATP alone treatment produced the fewest proteins.  The combined 

treatment resulted in a greater proportion of proteins with a decreased abundance 

compared to increased abundance.  
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Figure 0.44. Representative 1D SDS PAGE Gel -1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Representative 1D SDS-PAGE Gel. Representative 1-D Gel of 

20 µg protein prior to protein digestion. Gel Lanes: 1- PBS Control (4 h), 2- 

ATP (4 h), 3- PBS Control (8 h), 4- KLA (8 h), 5- PBS Control (8+4 h), 6- 

[KLA+ATP] (8+4 h).  
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Figure 0.45. Proteins altered following macrophage stimulation in label free analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.3. Proteins Altered Following Macrophage Stimulation in Label Free Analysis. The number of proteins with 

an (A) increase or (B) decrease in normalised abundance following ATP, KLA or [KLA+ATP] treatment compared to a 

matched PBS control, in the label-free dataset. 
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Table 5.1. Numbers of Altered Proteins in the Label-Free Data set.  

Numbers of proteins with altered normalised abundances following ATP, KLA or 

[KLA+ATP] compared to matched (PBS) vehicle controls. Numbers in brackets 

are number of proteins species with a Progenesis QIP-generated variance 

stabilized ANOVA value <0.05. 

Changes compared to control ATP KLA [KLA+ATP] 

Increased 1515 (45) 1121 (57) 1121 (134) 

Decreased 1979 (57) 2127 (109) 2363 (817) 

 

5.4.1.1 Inflammatory and Immune Related Proteins  

The proteomic analysis identified many key proteins that are related to 

inflammatory and immune responses (Table 5.2). These include MAPK enzymes 

(M3K1, M3K19, MK06, ML14, MLTK, MP2K3, MP2K4), nuclear factors (NFAC3, 

NFAC4, NF-ΚB2/NFκB2), the JAK protein (JAK1) and the TNF protein (TNF15). 

The [KLA+ATP] resulted in more significant changes in the abundances of these 

proteins, which were predominantly decreases. Significantly altered proteins 

include a decrease in M3K1 following ATP treatment (0.36-fold), an increase 

MK06 following [KLA+ATP] treatment (~50-fold) and the decreases in M3K1 

(0.26-fold), M3K19 (0.24-fold), NFAC4 (0.01-fold) and TNF15 (0.01-fold) 

following [KLA+ATP] treatment (Figure 5.4). 

 

Additionally, complement proteins (C1QBP, CFAB, CO3, CRIL), which form part 

of the immune system, were also identified, along with NO enzymes (NOS1 and 

NOSTN/TN-NOS/NOS-TN) which are signalling molecules involved in key 

biological processes (Table 5.2). However, these proteins were not significantly 

altered following macrophage stimulation.  
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Figure 0.46. Inflammatory Related Proteins in label free dataset 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Inflammatory and Immune Related Proteins (Label-Free).  Log 

2-fold changes in protein abundance, in significantly altered (p<0.05) proteins 

following treatment with ATP, KLA or [KLA+ATP] compared to a matched 

vehicle control. p-value refers to a Wilcoxon-Mann-Whitney test. Mean values 

displayed from three individual experiments and error bars represent standard 

deviation of the mean. Protein identifications refer to the Uniprot entry name 

with _MOUSE suffix removed. 
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Table 5.2. Selected Proteins within the Label-Free Dataset 

p- value refers to Wilcoxon-Mann-Whitney test and significance at p<0.05. Individual significance tests conducted with no further tests for 

multiple comparisons. Not significant (ns).  

Accession 
Uniprot 

ID 

ATP KLA [KLA+ATP] 
Fold 

Change 
p-

value 
Change Fold Change p-value Change 

Fold 
Change 

p-value Change 

O35658 C1QBP 0.60 0.200 ns 0.73 0.200 ns 0.71 0.300 ns 
P04186 CFAB 1.26 0.350 ns 1.18 0.500 ns 0.93 0.300 ns 
P01027 CO3 6.19 0.500 ns 12.56 0.350 ns 0.99 0.500 ns 
Q64735 CR1L 1.98 0.500 ns 2.11 0.500 ns 1.48 0.500 ns 
P52332 JAK1 6.86 0.200 ns 1.42 0.100 ns 1.91 0.350 ns 
P53349 M3K1 0.36 0.050 Decrease 2.48 0.200 ns 0.26 0.038 Decrease 
E9Q3S4 M3K19 1.46 0.500 ns 0.65 0.200 ns 0.24 0.038 Decrease 
Q61532 MK06 4.46 0.350 ns 6.96 0.100 ns 49.94 0.038 Decrease 
P47811 MK14 1.75 0.500 ns 3.34 0.350 ns 1.12 0.329 ns 
Q9ESL4 MLTK 5.39 0.500 ns 1.15 0.350 ns 3.10 0.329 ns 
O09110 MP2K3 2.04 0.350 ns 2.23 0.200 ns 0.6 0.188 ns 
P47809 MP2K4 10.8 0.100 ns 0.29 0.500 ns 2.25 0.329 ns 
P97305 NFAC3 1.84 0.500 ns 15.24 0.200 ns 1.22 0.329 ns 
Q8K120 NFAC4 1.26 0.350 ns 3.23 0.500 ns 0.01 0.038 Decrease 
Q9WTK5 NFKB2 0.74 0.200 ns 0.1 0.500 ns 1.00 0.300 ns 
Q9Z0J4 NOS1 0.47 0.050 ns 3.91 0.500 ns 0.58 0.200 ns 
Q6WKZ7 NOSTN 0.28 0.100 ns 361.14 0.350 ns 0.29 0.100 ns 
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Table 5.2 continued. 

Accession 
Uniprot 

ID 

ATP KLA [KLA+ATP] 
Fold 

Change 
p-

value 
Change Fold Change p-value Change 

Fold 
Change 

p-value Change 

Q5UBV8 TNF15 3.50 0.500 ns 2.06 0.500 ns 0.01 0.038 Decrease 
P19096 FAS 23.37 0.200 ns 7.00 0.350 ns 1.58 0.500 ns 
O09005 DEGS1 1.28 0.350 ns 1.82 0.350 ns 2.30 0.500 ns 
Q9R1Q7 PLP2 1.97 0.500 ns 0.82 0.350 ns 1.06 0.300 ns 
Q9JJ00 PLS1 1.84 0.350 ns 2.59 0.500 ns 1.42 0.150 ns 
Q9JIZ9 PLS3 1.7 0.500 ns 0.95 0.500 ns 0.29 0.038 Decrease 
P30355 AL5AP 1.73 0.350 ns 1.44 0.350 ns 0.77 0.038 Decrease 
P48999 CP2B1 2.00 0.100 ns 4.58 0.500 ns 0.19 0.038 Decrease 
Q9WV07 LOX5 7.69 0.500 ns 3.34 0.350 ns 0.20 0.038 Decrease 
O70582 LOXE3 1.41 0.350 ns 9.33 0.350 ns 3.52 0.500 ns 
Q9CPU4 LX12B 9.63 0.100 ns 0.09 0.038 Decrease 0.21 0.038 Decrease 
P47713 MGST3 3.31 0.500 ns 4.54 0.350 ns 7.21 0.200 ns 
Q62053 PA24A 3.18 0.350 ns 7.00 0.500 ns 0.12 0.050 ns 
P22437 PE2R2 1.08 0.350 ns 1.2 0.500 ns 2.28 0.329 ns 
Q05769 PGH1 1.16 0.350 ns 3.13 0.500 ns 0.70 0.350 ns 
Q9R0Q7 PGH2 1.84 0.350 ns 3.81 0.200 ns 0.47 0.038 Decrease 
O35658 TEBP 4.36 0.500 ns 1.08 0.350 ns 0.17 0.038 Decrease 
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5.4.1.2 Lipid Related Proteins  

A number of proteins related to lipids were identified and examples of significantly 

altered proteins, along with their respective fold-changes, are presented (Table 

5.2). The identified proteins include lipid metabolism related proteins (FAS, 

DEGS1, CP2B1, MGST3, and TEBP), lipid transfer proteins (PLP2 and PLS3), 

and eicosanoid metabolism related proteins (AL5AP, LOX5, LOXE3, LX12B, 

PA24A, PGH1 and PGH2). [KLA+ATP] treatment resulted in the majority of the 

significant alterations these protein abundances, which were decreases.  

Significantly decreased proteins following [KLA+ATP] treatment included; PLS3 

(0.29-fold), AL5AP (0.77-fold), CP2B1 (0.19 fold), LOX5 (0.2 fold), LOX12B (0.21 

fold), PA24A (0.12 fold), PGH2 (0.47 fold) and TEBP (0.17 fold) (Figure 5.5).  

 

5.4.1.3 Label-Free Gene Ontology  

Single peptide proteins were excluded and proteins with at least two unique 

peptides that experienced a change in abundance with an ANOVA p-value < 

p<0.05 (calculated within Progenesis QI software) following ATP, KLA or 

[KLA+ATP] treatments were subjected to gene ontology, biological pathways 

analysis. Due to the high number of proteins identified, the networks generated 

were complex and as such difficult to interrogate. The networks have been briefly 

discussed, but to improve clarity, a SILAC approach was subsequently employed 

to refine the dataset and identify pathways implicated in the macrophage 

response. 
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Figure 0.47. Lipid and eicosanoid related proteins in label free dataset  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Lipid Related Proteins (Label-Free).  Log 2-fold changes in 

protein abundance, in significantly altered (p<0.05) proteins following 

treatment with ATP, KLA or [KLA+ATP] compared to a matched vehicle 

control. p-value refers to a Wilcoxon-Mann-Whitney test. Mean values 

displayed from three individual experiments and error bars represent 

standard deviation of the mean. Protein identifications refer to the Uniprot 

entry name with _MOUSE suffix removed. 
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Biological process is the largest of the ontology aspects and constitutes a 

collection of molecular functions which refer to processes that a given organism 

is genetically “programmed” to carry out (Thomas, 2017).  The increases in 

biological pathways (Figure 5.6) obtained from the label free data set included 

changes to: inflammatory cell regulation including T-cell differentiation and 

monocyte aggregation, purine metabolism, RNA interference, cell division and 

calcium-signalling dependent exocytosis.  The decreases in biological pathways 

(Figure 5.7A) are highly complex. The [KLA+ATP] treatment results dominated 

this network, therefore, a KLA and ATP alone network was also obtained (Figure 

5.7B). The networks include changes to proteins associated with; ribosomes, 

actin, DNA, energy metabolism and protein localisations. The combined 

[KLA+ATP] stimulation of RAW 264.7 cells resulted in a complex network of 

significant processes which are indicated to be modulated by the agonists. In 

comparison, although KLA alone and ATP alone treatment contributed to 

individual protein changes, these resulted in less complex networks with a lower 

amount of significantly altered pathways. 
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Figure 0.48.  Biological Processes Increases (Label Free) 

 

  

Figure 5.6. Biological Processes Increases (Label-Free). Biological processes network of proteins with a significant 

fold increase in relative abundance after stimulation with ATP, KLA or [KLA+ATP] compared to a matched PBS control. 

Nodes (large circles) are linked by their common genes (red labels) based on a kappa score (≥0.4) with the label of the 

most significant terms displayed. Colour intensity of nodes represent significance of ontology.  
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Figure 0.49. Biological Processes Decreases (Label Free) 

 

 

 

 

Figure 5.7. Biological Processes Decreases (Label-Free). Biological processes network of proteins with a significant fold 

decrease in relative abundance after stimulation with ATP, KLA or [KLA+ATP] compared to a matched PBS control. (A) All 

treatments and (B) KLA or ATP only compared to matched vehicle controls. Nodes (large circles) are linked by their common 

genes (red labels) based on a kappa score (≥0.4) with the label of the most significant terms displayed. Colour intensity of nodes 

represent significance of ontology.  
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5.4.2 SILAC Analysis  

SILAC analysis was undertaken to provide an in-depth quantitative analysis of 

the changes to the proteome following KLA and ATP stimulation of RAW 264.7 

cells. Whole cell lysate from labelled vehicle control and unlabelled stimulated 

cells were combined in stoichiometric amounts and processed accordingly via 

GeLC-MS/MS analysis. The combined dataset, from all treatment groups, 

identified 7304 unique peptides from 2129 proteins. This consisted of 4249 

quantifiable peptide pairs (‘heavy’, labelled and ‘light’, unlabelled) which 

accounted for 476 proteins. Proteins with two or more peptides that had a 

significantly different (p<0.05) normalised abundance between heavy and light 

isotopes were significantly altered in abundance following inflammatory 

stimulation and were categorised as increased or decreased (Table 5.2). 

 

Table 5.3. SILAC Analysis Significant Data 

Numbers of peptides and proteins with significantly different (p <0.05) intensities 

between treatment and control cells. Individual Wilcoxon-Mann-Whitney 

significance tests conducted with no further tests for multiple comparisons.  

 Significantly 
altered peptides 

Significantly 
altered proteins 

Significantly 
increased 
proteins  

Significantly 
decreased 

proteins  
ATP 1102 145 71 74 
KLA 675 99 43 56 
[KLA+ATP] 242 39 13 26 

 

 

Venn diagrams have also been used to identify the overlap between 

identifications (Figure 5.8). ATP treatment alone had the most significant impact 

on protein expression in terms of the number of proteins significantly altered.  
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Figure 0.50  Proteins altered following macrophage stimulation in the SILAC dataset 

 

 

Figure 5.8. Proteins Significantly Altered Following Macrophage Stimulation in the SILAC dataset. The number of 

proteins with a significant (p<0.05) (A) increase or (B) decrease in normalised abundance following ATP, KLA or [KLA+ATP] 

treatment compared to a matched PBS control, in the label-free dataset.  
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Although many proteins were shared between the other treatment conditions, 

there were a number of unique changes demonstrating the broad biological 

effects of ATP treatment. The combined [KLA+ATP] treatment had the least 

changes to protein expression in terms of the number of proteins significantly 

altered, and many of the changes in protein expression were shared across the 

single treatment conditions. The KLA and [KLA+ATP] treatments resulted in more 

significantly decreased proteins than increased, whilst the number of proteins 

significantly increased and decreased following ATP treatment was equal.  

 

The significantly altered proteins were subsequently analysed using gene 

ontology pathway analysis to present the associated gene and gene product 

attributes associated with biological processes and cellular components and the 

KEGG database. The use of the various networks allows for a complete biological 

picture to be built (Henry et al., 2016; Odegaard and Chawla, 2011). The analysis 

revealed a wide variety of significant changes to pathways (ontologies) to which 

the significantly altered proteins belong. The cells treated with ATP alone had the 

most unique ontologies, which were not significantly altered in the other treatment 

conditions. Although the [KLA+ATP]-treated cells did not result in any unique 

ontologies, this condition caused changes to many proteins which were not 

shared with the KLA or ATP alone conditions, therefore these proteins may be 

involved in the synergistic action of the combined treatment. 

 

5.4.2.1 Biological Pathways  

Many of the significant pathways were contributed to by proteins altered from all 

treatments. However, the increase in biological process ontologies was 

dominated by the proteins altered following KLA or ATP alone. The networks 
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have been interrogated in detail, with a particular focus on the [KLA+ATP] 

significant ontologies.   

 

In the biological network (Figure 5.9-5.11); interleukin 4 (IL-4) and (IL-7) cytokine 

signalling were indicated to be affected. The network analysis indicated an 

increase in proteins related to IL-4 and IL-7 signalling following KLA alone and 

ATP alone (Figure 5.9) and decreases in protein related to IL-7 signalling 

following all treatments (Figure 5.10). Proteins involved in the increases in IL-7 

included protein disulfide-isomerase A3 (PDIA3) in the KLA or ATP alone 

condition, and alpha-enolase (ENO1, eno1b) in the ATP alone condition (Figure 

5.11). The decreases in IL-7 are contributed to by decrease in abundance in 

mitochondrial membrane ATP synthase subunit beta (ATP5B) and 60 kDa heat 

shock protein, mitochondrial (CH60, Hspd1) in response to all treatments, and 

protein disulfide-isomerase (PDIA, P4HB) following [KLA+ATP] treatment (Figure 

5.11). 

 

Modulation of further ontologies related to macrophage activation and 

polarisation were identified. For example, trophoblast cell migration was 

promoted (Figure 5.10) and this was supported by decreases in the protein 

calrectin (CALR) following all treatments (Figure 5.11). Monocyte differentiation 

was also increased (Figure 5.9), and this was contributed to by increases in 

myosin 9 (MYH9) in all treatment conditions (Figure 5.11). Furthermore, ATP 

treatment indicated decrease in the modification of actin cytoskeleton in the 

biological network (Figure 5.9). 

.
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Figure 0.51. Biological processes Increases (SILAC) 

 

  

Figure 5.9. Biological Processes Increases (SILAC). Biological processes network of proteins with a significant fold 

increase in relative abundance after stimulation with ATP, KLA or [KLA+ATP] compared to a matched PBS control. Nodes 

(large circles) are linked by their common genes (red labels) based on a kappa score (≥0.4) with the label of the most 

significant terms displayed. Colour intensity of nodes represent significance of ontology.  
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Figure 0.52. Biological processes Decreases (SILAC) 

 

Figure 5.10. Biological Processes Decreases (SILAC). Biological processes network of proteins with a significant fold 

decreased in relative abundance after stimulation with ATP, KLA or [KLA+ATP] compared to a matched PBS control. 

Nodes (large circles) are linked by their common genes (red labels) based on a kappa score (≥0.4) with the label of the 

most significant terms displayed. Colour intensity of nodes represent significance of ontology.  
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Figure 0.53. Protein Changes in Biological Processes Network 

 

 

 

 

Figure 5.11. Proteins Within the Biological Processes Network. Bar charts to display the log 2-fold changes in protein 

abundance after stimulation with; (A) ATP, (B) KLA and (C) [KLA+ATP] compared to a matched PBS control. All proteins 

significantly altered (p<0.05) following Wilcoxon sign ranked test. Mean log 2-fold change of three individual experiments 

and error bars represent standard deviation. Protein identifications refer to the Uniprot entry name with _MOUSE suffix 

removed 
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The biological networks also identified links to DNA transcription and translation, 

including increases in the activity of elongation factors (Figure 5.9), including 

elongation factor 2 (EF2), elongation factor 1-alpha 1 (EF1A1) and elongation 

factor 1-beta (EF1B2) following all treatments (Figure 5.11). 

 

Many other transcription and translation-related changes were identified. These 

include decreases in nuclease activity (Figure 5.10), which was contributed to by 

decreases in abundance of high mobility group protein B2 (HMGB2) following all 

treatments (Figure 5.11). Decreases in purine ribonucleoside triphosphate 

biosynthetic processes was indicated (Figure 5.10), which was contributed to by 

decreases in the abundance of ATP synthase subunit beta (ATP5B), following all 

treatments, and in pyruvate kinase (KYPM, PKM), following KLA alone and 

[KLA+ATP] treatment (Figure 5.9). Furthermore, decreases in telomere 

maintenance via telomere lengthening and ribosome assembly was found to 

decrease (Figure 5.10), and these were contributed to by decreases in the 

abundance of many ribonucleoproteins including heterogeneous nuclear 

ribonucleoprotein U (HNRPU), and ribosomal protein abundances, including 40S 

ribosomal protein S10 (RS10, Rps10), following all treatment agonists, though 

predominantly ATP (Figure 5.11). 

 

Alterations to energy requirements were indicated following macrophage 

stimulation. These include decreases in proton transporting ATPase activity 

which decreased in all treatments (Figure 5.10), as a result of decreases in the 

abundance of ATP5B, V-type proton ATPase catalytic subunit A (atp61va) and 

major vault protein (MVP) (Figure 5.11). GDP dissociation inhibitor activity 

decreased following ATP treatment, and was contributed to by Rab GDP 
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dissociation inhibitor beta (GDIB, Gdi2). Further, changes to energy metabolism 

was also indicated following ATP treatment as a result of an increase in ATP 

biosynthesis and ATP:ADP antiporter (AAA) activity (Figure 5.9). Changes to 

glycolysis was a significantly identified ontology following all treatments and 

modulation of this ontology was contributed to by triosephosphate isomerase 

(TPI), phosphoglycerate kinase 1 (PGK1), ENO1, aldose A (ALDOA; also known 

as fructose-bisphosphate aldolase), glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH), PKM and lactate dehydrogenase (LDH, LDHA). ATP 

treatment resulted in an increase in the abundances of these enzymes, whilst 

[KLA+ATP] resulted in a decrease, except for LDH, which increased (Figure 

5.11). Therefore, whilst ATP treatment indicates an increase in pyruvate 

metabolism (Figure 5.9), [KLA+ATP] treatment indicates a decrease in glycolytic 

processes (Figure 5.10). The KLA treatment resulted in a variable response with 

some proteins increasing in abundance (PGK1 and TPI) whilst some decreased 

(ALDOA, PKM and ENO1) (Figure 5.11), therefore the KLA treatment contributed 

to the significant of is pathway in network of both directions of change (Figure 5.9 

and 5.10). 

 

To highlight the overall effects of each treatment, the proteins with significant 

changes were run through GO analysis individually (Figure 5.12).  Each treatment 

resulted in an interconnected network with both significant increases and 

decreases in important biological processes. ATP stimulation alone resulted in a 

more complex network (Figure 5.12A) whilst the combined [KLA+ATP] treatment 

resulted in the most simplified network (Figure 5.15C). This can indicate that the 

differentially treated RAW 264.7 cells were in different phases of the dynamic 

inflammatory response.   
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Figure 0.54. Treatment Comparison Networks  

 

Figure 5.12. Functional Networks Within Individual Treatments.  Biological Processes network comparison of 

proteins with a significant fold change increase (red) and decrease (green) in relative abundance after stimulation with 

(A) ATP, (B) KLA or (C) [KLA+ATP] compared to a matched PBS control. Nodes (large circles) are linked by their common 

genes (red labels) based on a kappa score (≥0.4) with the label of the most significant terms displayed. Colour intensity 

of nodes represent significance of ontology.  
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The differential treatments resulted in dissimilar significant pathways within the 

networks. The [KLA+ATP] treatment highlighted significant ontologies which are 

consistent with the resolution of inflammation (cytokine signalling), whilst this 

association was less clear with the KLA alone and ATP alone stimulated cells. 

Many of the ontologies within the ATP alone network are also related to 

nucleotide metabolism All treatment networks indicated significant increases in 

translation, indicating an upregulation in gene expression. Furthermore, all 

treatments indicated significant changes to glycolysis however whilst this process 

was found to increase following ATP stimulation, it was decreased following KLA 

and [KLA+ATP] stimulation.  

 

5.4.2.2 Cellular Components 

The cellular component ontologies refer to the subcellular structures and 

macromolecular complexes in which associated gene products perform their 

functions. Therefore, these ontologies refer to the cellular anatomy, as opposed 

to a process directly. These ontologies are important because protein function 

and location are often associated, and diseases are often associated with an 

abnormality within a specific cellular component. Therefore, the use of cellular 

component network analysis (Figure 5.13-5.14) may be used to identify gene 

products that are localised to relevant cellular components (Roncaglia et al., 

2013). As with the biological network, the ATP treatment had the highest number 

of proteins involved in the cellular networks and the combined [KLA+ATP] 

treatment resulted in the least (Figure 5.15). 
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Figure 0.55. Cellular Components Network Increases 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13. Cellular Components Network Increases. Cellular components 

network of proteins with a significant fold change increase in relative abundance 

after stimulation with ATP, KLA or [KLA+ATP] compared to a matched PBS 

control. Nodes (large circles) are linked by their common genes (red labels) 

based on a kappa score (≥0.4) with the label of the most significant terms 

displayed. Colour intensity of nodes represent significance of ontology.  
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Figure 0.56. Cellular Components Network Decreases  

 

 

 

 

 

 

 

 

Figure 5.14. Cellular Components Network Decreases. Cellular components network of proteins with a significant 

fold decrease in relative abundance after stimulation with ATP, KLA or [KLA+ATP] compared to a matched PBS control. 

Nodes (large circles) are linked by their common genes (red labels) based on a kappa score (≥0.4) with the label of the 

most significant terms displayed. Colour intensity of nodes represent significance of ontology.  
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Figure 0.57. Protein Changes in Cellular Components Network 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15. Proteins Within the Cellular Components Networks. Bar charts to display the log 2-fold changes in protein 

abundance after stimulation with; (A) ATP, (B) KLA and (C) [KLA+ATP] compared to a matched PBS control. All proteins 

significantly altered (p<0.05) following Wilcoxon sign ranked test. Mean log 2-fold change of three individual experiments and 

error bars represent standard deviation. Protein identifications refer to the Uniprot entry name with _MOUSE suffix removed 
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The increases identified in the cellular components network include ribosomal 

changes (cytosolic, polysomal, small and large subunits) and mitochondrial ATP 

synthase complex following KLA alone and ATP alone treatment (Figure 5.13). 

The decreases include components of the mitochondrial outer membrane and the 

cytosolic ribosome following KLA alone and ATP alone treatment (Figure 5.14). 

The cellular network also identified decreases in peroxisomal matrix following all 

treatments (Figure 5.14) and this was contributed to by decreases in the 

abundance of 60 kDa heat shock protein, mitochondrial (HSPD1, CH60) (Figure 

5.15).  

 

5.4.2.3 KEGG Ontologies  

The KEGG networks identified that ribosomal activity was aberrated following the 

KLA alone and ATP alone treatments (Figure 5.16 and 5.17), as indicated by the 

many ribosomal proteins with significantly altered abundances, some of which 

increased while others which decreased (Figure 5.18). Of topical interest, 

following the SARS-CoV-2 outbreak, the ribosomal proteins are also associated 

with COVID-19 (coronavirus disease). The associated proteins belong to the 80S 

ribosome and form part of the mRNA surveillance pathway (Shi et al., 2020). 

 

Proteins involved in glycolysis/gluconeogenesis were aberrated with ATP 

treatment, generally resulting in an increase in abundance (Figure 5.18A) and 

therefore suggesting a promotion of this pathway (Figure 5.16), and [KLA+ATP] 

resulting in a general decrease in the abundance of these proteins (Figure 

5.18C), suggesting a downregulation of this pathway (Figure 5.17). As was 

identified in the biological network, the KLA treatment contributed to the 

significance of this pathway in the KEGG networks in both directions of change 
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(Figure 5.16 and 5.17), due to some proteins increasing in abundance (PGK1 

and TPI) and others decreasing (ALDOA, PKM and ENO1) (Figure 5.18). The 

KEGG glycolysis pathway has been further interrogated to display the associated 

proteins which were significantly altered following all treatments (Figure 5.19).  

 

The networks also indicated decreases in proteins related to the spliceosome and 

legionellosis following all treatments, and to vasopressin following ATP treatment 

(Figure 5.17).  Overall, the ATP treatment (Figure 5.17A) had the highest number 

of proteins involved in the KEGG networks whilst the [KLA+ATP] treatment 

resulted in the least (Figure 5.17C). 
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Figure 0.58. KEGG Orthological Network Increases 

  

Figure 5.16. KEGG Orthological Network Increases. The network of KEGG orthologies associated with the proteins 

with a significant fold increase in relative abundance after stimulation with ATP, KLA or [KLA+ATP] compared to a 

matched PBS control. Nodes (large circles) are linked by their common genes (red labels) based on a kappa score (≥0.4) 

with the label of the most significant terms displayed. Colour intensity of nodes represent significance of ontology.  
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Figure 0.59. KEGG Orthological Network Decreases 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17. KEGG Orthological Network Decreases. The network of KEGG orthologies associated with the proteins with 

a significant fold decrease in relative abundance after stimulation with ATP, KLA or [KLA+ATP] compared to a matched PBS 

control. Nodes (large circles) are linked by their common genes (red labels) based on a kappa score (≥0.4) with the label 

of the most significant terms displayed. Colour intensity of nodes represent significance of ontology.  
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Figure 0.60. Proteins Changed in KEGG Networks 

 

 

 

 

 

 

 

 

 

 

 

 Figure 5.18. Proteins Within the KEGG Networks. Bar charts to display the log 2-fold changes in protein abundance 

after stimulation with; (A) ATP, (B) KLA and (C) [KLA+ATP] compared to a matched PBS control. All proteins significantly 

altered (p<0.05) following Wilcoxon sign ranked test. Mean log 2-fold change of three individual experiments and error 

bars represent standard deviation. Protein identifications refer to the Uniprot entry name with _MOUSE suffix removed 
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Figure 0.61. Annotated KEGG Glycolysis Pathway.  

 

 

 

 

Figure 5.19. Annotated KEGG Glycolysis Pathway. The KEGG pathway for glycolysis/gluconeogenesis (mmu00010) 

annotated with the (A) increased and (B) decreased proteins following ATP [green], KLA [red] or [KLA+ATP] [blue] 

stimulation compared to a matched PBS vehicle control.  
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5.5 Discussion 

The experiments described in this Chapter constitute a proteomic investigation of 

the response to inflammatory stimulation of RAW 264.7 cells with KLA and/or 

ATP. A label-free approach was used to provide an overview of the changes in 

abundance of macrophage proteins. This was subsequently followed by more in-

depth quantitative analysis using SILAC which was then subjected to pathway 

analysis. The pathway analysis enabled the identification of many biological 

pathways and related proteins that were implicated in the response to both PAMP 

(in the form of KLA) and DAMP (in the form of ATP) stimulation of macrophages. 

These proteins are biologically relevant as supported by literature and help to 

build a systematic perspective of inflammation.  

 

5.5.1 Label Free Analysis 

The label-free proteomic analysis resulted in the identification of thousands of 

proteins within the RAW 264.7 cells and a subset of these were found to be 

altered following inflammatory stimulation with KLA and/or ATP.  The numbers of 

proteins identified in these results are consistent with previous studies which 

monitor the proteome in LPS stimulated RAW 264.7 cells using a label-free 

approach (Kamal, Fessler and Chowdhury, 2018). 

 

The results indicate that the combination of [KLA+ATP] results in a greater 

number of proteins with significant changes compared to vehicle (PBS) control, 

whilst the ATP alone treatment resulted in the least. This indicates that stimulation 

of macrophage cells with a PAMP has a greater impact on the proteome than 

treatment with a DAMP. However, the combination of the treatments results in an 

amplified response. The combined treatment resulted in a greater proportion of 
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proteins with decreased abundance as opposed to increased. The direction of 

change may reflect the stage of the inflammatory response at the time samples 

were collected (i.e. pro-inflammatory/ pro-resolving) and further interrogation of 

the proteome may indicate pathways which have been activated/inhibited 

following macrophage stimulation.  

 

5.5.1.1 Inflammatory and Immune Related Proteins 

The MAPK signalling pathway involves a cascade of phosphorylation events and 

regulates a wide variety of cellular functions including transcription, cell 

proliferation, differentiation, stress responses, movement, cell division and 

apoptosis (Zhang and Liu, 2002). The results of this Chapter identified MAPK 

proteins (MK06 and MK14), MAPKK proteins (MP2K3, MP2K4) and MAPKKK 

(M3K1, M3K19, and MLTK) following all treatment conditions. [KLA+ATP] had 

the greatest effect on this pathway as it resulted in a significant increase in MK06 

and a significant decrease in M3K1 and M3K19. This suggests an upregulation 

in MAPK proteins, which appear later in the cascade, and a downregulation in 

MAPKKK proteins, which appear earlier in the cascade. Previously, TLR4 

activation has been shown to active MAPK signalling pathways via  MAL/MyD88 

and TRAM/TRIF mediated signalling (Hambleton, McMahon and DeFranco, 

1995; Kawai and Akira, 2010). However, these proteins are kinases and activated 

via phosphorylation and deactivated by phosphatases, and studies have shown 

that changes in MAPK gene expression do not generally corelate with 

phosphorylation (Weintz et al., 2010). Therefore, the protein abundances 

provided in these results do not reflect protein activity. However, they do indicate 

availability, as such, the decreases in abundance following [KLA+ATP] may 
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reflect a promotion of degradation of these proteins as a way of a counter-

regulatory mechanism in the face of increased activation. 

 

Nuclear factors including NFAC3, NFAC4, NFKBS (NF-κB2) and TNF protein 

were identified following all treatment conditions. Nuclear factors are transcription 

factors involved in inflammatory responses, such as promotion of cytokines 

signalling. TLR4 activation by PAMPs signals through TRIF and MyD88, which 

leads to activation of NF-κB (Wang, Quinn and Yan, 2015), and LPS stimulation 

of RAW 264.7 cells has demonstrated upregulation of NF-κB target genes and 

cytokine products (Schmitz et al., 2004).  

 

Although TLR4 activation induces NF-κB (Nyati et al., 2017), a significant 

alteration to the abundance of NF-κB2 was not identified in this study. This result 

is similar to a previous analysis, which also did not identify a significant change 

in NF-κB2 in LPS-stimulated RAW 264.7 cells (Swearingen et al., 2010). This 

suggests that protein expression does not necessarily reflect NF-κB signalling. 

NF-κB activity is dependent on binding to various chaperones to regulate DNA-

binding and therefore transcription activation (Wan et al., 2007; Handschick et 

al., 2014). In addition, NF-κB signalling is highly dynamic (Hobbs et al., 2018) 

and oscillations of activation and deactivation has been reported (Zambrano, 

Bianchi and Agresti, 2014). Therefore, further interrogation of the related 

chaperones and a time-course analysis will enable a more complete review of 

NF-κB signalling in stimulated macrophages. 
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NFATC3 and NFATC4 was also identified and NFAC4 was significantly 

decreased following [KLA+ATP] treatment. Whilst NF-κB has previously found to 

be induced by LPS stimulation, NFAC3 and NFAC4 are constitutively expressed 

and activity is under the control of calcium signalling (Minematsu et al., 2011). 

Therefore, the suggested calcium influx following ATP stimulation (Alonso-Torre 

and Trautmann, 1993; Zumerle et al., 2019), may explain the differential 

treatment response between the agonists.   

 

Furthermore, TNF15 was significantly decreased following [KLA+ATP]. TNF is a 

primary pro-inflammatory cytokine produced by macrophages and it has been 

shown that LPS promotes TNF production, via NF-κB signalling (Shakhov et al., 

1990). Prior results in Chapter 3 (Figure 3.9) demonstrated high TNF production 

following [KLA+ATP] of RAW 264.7 cells, therefore, the suggested decrease may 

be a feedback mechanism to regulate pro-inflammatory signalling that is only 

activated with the combined treatment.  

 

Complement proteins are a vital component of the immune response, which 

support the function of immune cells including B-cells to produce antibodies and 

phagocytosis (Dunkelberger and Song, 2010; Bohlson et al., 2014). Complement 

proteins are also associated with the regulation of macrophages, via their 

promotion of chemotaxis and opsonization ability and therefore phagocytosis 

(Klickstein et al., 1997; Fraser et al., 2009).The identified complement proteins 

include complement C3 (CO3), which is central to complement signalling and 

cleaved to C3a and C3b to promote inflammatory activation. C3 expression is 

also associated with macrophage infiltration (Cui et al., 2017). Complement 

component 1q subcomponent binding protein (C1QBP) is a receptor for the 
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complement component C1q protein and binding promotes the activation of pro-

inflammatory pathways including MAPK pathways (Shi et al., 2017). Complement 

component receptor 1-like protein (CR1L) cleaves complement components and 

prevents amplification of the complement cascade. Complement factor B (CFAB) 

forms part of the alternative complement pathway and is cleaved to Ba and Bb to 

promote inflammatory activation, further CFAB is associated with macrophage 

spreading (Gotze, Bianco and Cohn, 1979; Bianco, Gotze and Cohn, 1979). The 

identified complement proteins were not significantly altered following 

macrophage stimulation. A further, more targeted analysis would be required to 

confirm if these proteins were significantly altered; an increase in completement 

would suggest a promotion of the pro-inflammatory M1 subtype, whilst a 

decrease would suggest promotion of the pro-resolving M2 subtype. 

 

Nitric oxide (NO), is a free radical signalling molecule involved in many biological 

pathways, including inflammation. NO is produced from L-arginine and oxygen 

via NO synthase (NOS) enzymes (Salvemini, Ischiropoulos and Cuzzocrea, 

2003). The NOS enzymes; NOS1 (neuronal NOS/nNOS) and nostrin (NOS-TN) 

were identified following all treatment conditions but were not significantly altered 

by the treatments themselves. nNOS and the splice variant NOS-TN are 

constitutively expressed and are reversibly activated by Ca2+/calmodulin (Bredt 

and Snyder, 1990; Zhang and Vogel, 1994). The constitutive role of these 

proteins may explain why they are not significantly altered following macrophage 

stimulation, as they are not related to inflammation. 

 

Inducible NOS (iNOS/NOS2) is expressed to drive an inflammatory response 

following NF-κB activation (Arias-Salvatierra et al., 2011), and LPS stimulation of 
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macrophage has previously been shown to induce iNOS and unregulated NO 

production (Marletta et al., 1988; Ohata et al., 1997). However, iNOS was not 

detected here, and this is supported by previous proteomic analysis of LPS-

stimulated RAW 264.7 cells at 20 h post treatment (Swearingen et al., 2010), and 

by analysis of LPS stimulated primary mouse macrophages at 48 h post 

treatment (Ding, Nathan and Stuehr, 1988). Other studies have successfully 

identified iNOS mRNA in LPS stimulated RAW 264.7 cells from 5 h, however 

complete gene transcription was difficult to detect (Weisz et al., 1994). Further, it 

is suggested that LPS acts as an iNOS enhancer which increases 

IFNγ −dependent iNOS production (Lu et al., 1998; Chiou, Chen and Lin, 2000), 

and that complete mRNA transcription does not take place with LPS alone (Xie, 

Whisnant and Nathan, 1993). This suggests that although mRNA for iNOS is 

produced following LPS stimulation of macrophages, the rate limiting step is 

protein synthesis. In addition, ATP alone stimulated RAW 264.7 cells have shown 

to produce NO and iNOS mRNA and a synergistic increase was identified 

following [ATP+LPS] stimulation after 6 h (Tonetti et al., 1995). Further ATP 

specifically released from 24 h-LPS stimulated RAW 264.7 cells has been shown 

to stimulate NO production (Sperlágh et al., 1998). However, these studies did 

not monitor iNOS at the protein level and therefore do not represent promotion of 

protein expression. 

 

It is possible that iNOS protein was not yet synthesized at the time of harvest 

following stimulation (8 h KLA and/or 4 h ATP). In support of this, western blot 

analysis has indicated that LPS stimulated RAW 264.7 produce minimal iNOS, 

which peaks at 10 h post stimulation (Noda and Amano, 1997). Other studies 

have identified iNOS in LPS-stimulated RAW 264.7 cells following 12 and 24 h of 
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stimulation, via western blots (Aldridge et al., 2008). The regulation of iNOS 

activity and NOS production is suggested to be contributed to by many factors, 

including calcium signalling (Jones et al., 2007; Zhang et al., 2015), post-

translational modifications (Pan et al., 1996; Navarro-Lérida et al., 2004), and co-

factors such as NADH (Spessert et al., 1994). Ultimately, it is clear that future 

analysis is required to fully comprehend the activation and promotion of iNOS in 

LPS stimulated macrophages. Particularly, an analysis of calcium signalling 

combined with NO production, NOS RNA and protein measurements over time 

would be beneficial.  

 

5.5.1.2 Lipid Related Proteins 

A number of proteins related to lipid remodelling were identified and some were 

found to be altered following macrophage stimulation, supporting the involvement 

of lipids in the inflammatory response. PLS1 and 3 are involved in the bidirectional 

migration of phospholipids in the lipid bilayer in response to calcium. PLS3 was 

significantly decreased following [KLA+ATP] stimulation. These proteins have 

been linked to dyslipidaemia, macrophage dysfunction and inflammatory 

diseases such as obesity and diabetes (Wiedmer et al., 2004). Therefore, the 

downregulation in PLS3 may be a feedback mechanism to prevent macrophage 

dysfunction in the stimulated macrophage cells, although this would require 

further investigation.   

 

Other proteins related to lipid remodelling were identified but not significantly 

altered including; fatty acid synthase (FAS), proteolipid protein 2 (PLP2) and 

sphingolipid delta (4)-desaturase DES1 (DEGS1). FAS is a protein complex that 

catalyses the formation of long-chain fatty acid (primarily palmitate). FAS has 
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been associated with TLR4 activation and inhibition of FAS results in a reduced 

proinflammatory response in macrophage cells, including aberrated TNF 

production (Carroll et al., 2018). PLP2 is an integral ion channel membrane 

protein associated with reduced hypoxia-induced apoptosis (Feng et al., 2020) 

and promotion of metastasis. PLP2 has been reported to bind to PI3K resulting 

in activation of protein kinase B (Akt) and therefore promotion of numerous 

signalling pathways (Sonoda et al., 2010). In relation to this, KLA (Jiang et al., 

2005) and ATP (Bilbao, Santillan and Boland, 2010) stimulate Akt signaling. 

DEGS1 catalyses the insertion of a double bond into dihydroceramide (DhCer) in 

the final step of the de novo ceramide biosynthesis pathway (Pant et al., 2019). 

Ceramides inactivate Akt, via phosphorylation, resulting in regulation of many 

signalling pathways, such as insulin signalling (Stratford et al., 2004). Previously 

LPS stimulation has been shown to promote ceramide synthesis via TNF 

signalling, in mice (Haimovitz-Friedman et al., 1997) and in RAW 264.7 cells 

(MacKichan and DeFranco, 1999). As these proteins have been associated with 

inflammatory signalling in RAW 264.7 cells, a future analysis that specifically 

targets these proteins in order to help identify if they are significantly altered, 

during various phases of the inflammatory response, would be interesting.  

 

5.5.1.3 Eicosanoid Related Proteins  

Proteins related to the production of bioactive lipids, such as eicosanoids, from 

all three major biosynthesis pathway were also identified in all treatments. LX12B 

was found to decrease following KLA treatment, whilst [KLA+ATP] stimulation 

resulted in a significant decrease in the enzymes across all biosynthetic 

pathways. The increase in the number of enzymes expressed pertaining these 
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pathways following the combination of [KLA+ATP] further suggests a synergy 

between these agonists.   

 

Cytosolic PLA2 (cytosolic PLA2 type IV PLA2, PA24A) was decreased following 

[KLA+ATP] with a significance value of p=0.05 (i.e. on the borderline of 

significance). cPLA2  hydrolyses the  ester bond of the AA fatty acyl group 

attached at sn-2 position of phospholipids and is activated by increased 

concentrations of Ca2+ ions (Clark et al., 1995; Murakami et al., 2017). Therefore, 

the driving force for eicosanoid production is calcium, which is not detected by 

proteomics. This is particularly true of ATP-stimulated responses; ATP activates 

receptors to drive fast intracellular calcium signalling (Alonso-Torre and 

Trautmann, 1993; Zumerle et al., 2019). The primary impact following calcium 

signalling is immediate and therefore an enzyme reserve will allow the 

inflammatory response to be triggered immediately. Future analysis to monitor 

activation of key inflammatory proteins combined with analysis of calcium 

signalling would provide a further in-depth review of the mechanisms which 

underpin the inflammatory response.  

 

PGH1 (COX1) and PGH2 (COX2) are the primary COX pathway enzymes which 

metabolize arachidonic acid to PGH2. COX1 is constitutively expressed whilst 

COX2 (which catalyses the rate-limiting step of prostaglandin biosynthesis) is 

controlled (and upregulated) by NF-κB in response to inflammatory activation 

(Biringer, 2018). COX1 has not been reported to be upregulated following TLR4 

activation of macrophages (Eliopoulos et al., 2002; Grkovich et al., 2006). The 

decrease in abundance of COX1 may be related to ‘suicide inactivation’ of COX 

activity, which has been reported to take place within minutes of substrate 
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production (Song, Ball and Smith, 2001). PGE2 synthases (TEBP, also known as 

PGES3 and cytosolic PGES, cPGES) was also significantly decreased following 

[KLA+ATP]. TEBP is constitutively expressed and associated with COX1 activity 

in an early response (Makoto Murakami et al., 2000). Consistent with a previous 

analysis of [KLA+ATP]-stimulated RAW 264.7 cells, the primary isoform 

mPGES1 was not identified at the time point of analysis (Sabido et al., 2012). 

However, 24 h of LPS stimulation has been shown to induce mPGES1 (Tuure et 

al., 2017), suggesting a delay in the synthesis and implying that this enzyme is 

expressed at a later time point of stimulation.  

 

The LOX enzymes arachidonate 5-lipoxygenase-activating protein (AL5AP), 

arachidonate 5-lipoxygenase (LOX5) and 12(R)‐lipoxygenase (LX12B, 12/15-

LOX) were significantly decreased in abundance following [KLA+ATP] 

stimulation. 5-LOX catalyses the first step in leukotriene biosynthesis via 

oxygenation of AA to 5(S)-HpETE, followed by further dehydration to LTA4 

(Samuelsson et al., 1987). 5-LOX is activated by increases in intracellular Ca2+ 

concentrations, which binds reversibly to the N-terminal C2-domain and 

promotes translocation to the membrane for colocalization with cPLA2 and 

association with membrane phospholipids (Wong et al., 1991; Hammarberg et 

al., 2000). ATP binds to 5-LOX and increases enzyme activity, by stabilising the 

enzyme (Rouzer and Samuelsson, 1985). Membrane-bound 5-LOX-activating 

protein (FLAP, AL5AP) is also required at the membrane for 5-LOX activation. As 

such, location of LOX enzymes, in addition to protein abundance, is an important 

factor in LOX activation and lipoxin production (Peters-Golden and Brock, 2001; 

Mandal et al., 2008). Activity of 5-LOX is also regulated by cAMP via PKA, which 

phosphorylates and inhibits activation of the enzyme by preventing nuclear 
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localisation (Flamand et al., 2002), and MAPK signalling which promotes 

activation (Werz et al., 2002).  Arachidonate 12-LOX (LX12B) converts AA into 

12-HpETE which is reduced to 12-HETE (Zarbock et al., 2009). Membrane 

localisation and binding of LX12B is also dependent on calcium signalling 

(Brinckmann et al., 1998) and has been suggested to colocalise with FLAP (Ozeki 

et al., 1999).  

 

Cytochrome P450 1B1 (CP1B1) was also identified and significantly decreased 

following [KLA+ATP] treatment. CP1B1 activity results in the production of 

various ETE and HpETEs, primarily 20-HETE and 12-HETE  (Capdevila, Falck 

and Harris, 2000; Li, Zhu and Gonzalez, 2017). CP2B1 activity is NADPH-

dependent and requires an electron transfer from NAPDH (Capdevila et al., 

1981). However, the enzyme is also positively regulated by MAPK signalling 

(Muthalif et al., 1998). This enzyme was significantly decreased following 

[KLA+ATP] stimulation.  

 

Whereas in many instances the protein abundance was suggested to decrease 

following [KLA+ATP], eicosanoid synthesis was found to be promoted (Chapter 

3, Figure 3.13), highlighting that fact that influences such as transcription, post-

translational modifications, calcium signalling and localisation are important to the 

activity of these enzymes. This has been supported by the finding that post-

transcriptional modification of 5-LOX through phosphorylation regulated enzyme 

activity, whilst protein abundance regulates COX-2  (Werz et al., 2000; Rådmark 

et al., 2007). The proteomic method adopted in this study does not distinguish 

between phosphorylated and non-phosphorylated proteins and therefore this 

method of protein activation was not monitored. Furthermore, a key driver for 
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enzyme activity is substrate concentration, determined by the Michaelis–Menten 

constant (Km), meaning that the enzyme expression is not usually the 

determinant of its activity (Canela et al., 2019). Therefore, protein abundance is 

only important to activity if the enzyme is saturated or has to be induced 

(Northrop, 1998). Therefore, a likely reason for identifying a decrease in 

abundance of key eicosanoid biosynthesis enzymes, but an increase in the 

enzyme products (eicosanoids: Chapter 3) is that product synthesis is primarily 

determined by substrate availability and that the reduction in enzyme expression 

is a counter-regulatory mechanism in the case of excessive eicosanoid 

production.  

 

5.5.1.4 Label Free Gene Ontology 

The label free dataset was subjected to gene ontology analysis to identify 

significantly altered pathways relating to biological processes. This resulted in a 

highly complex network of pathways and as a result, these were difficult to 

interrogate. However, key biological processes were suggested to be significantly 

altered following macrophage stimulation. These included increases in nucleotide 

metabolic processes and cell division. Furthermore, processes with the potential 

to activate immune cells was activated, with T-cell differentiation and monocyte 

aggregation implied. The significance of these processes emphasises activation 

of the inflammatory response. The combined [KLA+ATP] treatment resulted in 

modulation of a complex network associated with proteins which decrease in 

abundance. This included decreases in pyruvate metabolism, RNA and DNA 

processing and these pathways were also identified in the SILAC networks. The 

significance of these pathways has also been confirmed by a recent 
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comprehensive proteomic analysis of LPS-stimulated macrophages (Li et al., 

2020). 

 

Alterations to lamellipodium and actin organisation were also identified in this 

study. Actin has many functional roles in the macrophage. For example, actin 

forms a complex with myosin and upon ATP hydrolysis myosin head is displaced. 

The binding of calcium to tropomyosin C enables the attachment of myosin to a 

new actin molecule, resulting in contraction of the actin-myosin complex 

facilitating shape change and movement. The [KLA+ATP] treatment resulted in a 

decrease in actin organisation and a decrease in the regulation of polymerisation. 

In support of this, LPS-stimulated J774 cells have previously been found to exhibit 

a dynamic actin reorganisation response, including polymerisation followed by 

depolymerisation of actin over time (Kleveta et al., 2012).  

 

Macrophage polarisation results in morphotypes (round and spindle like with M2 

cells exhibiting an elongated shape with more spindles compared to M1 

subtypes) with altered proteomic profiles, which reflect pro- and anti-inflammatory 

functions (Eligini et al., 2015). Therefore, alterations to lamellipodium and 

consequent alterations in cellular morphology may be related to macrophage 

polarisation. Actin also has a role in phagocytic cup formation and closure 

allowing macrophages to complete phagocytosis (Marie-Anais et al., 2016; 

Barger et al., 2019). Phagocytosis is a dynamic process requiring macrophages 

to undergo membrane and cytoskeleton remodelling. Membrane tension 

supports this process; initially pseudopods extend aided by actin polymerisation 

and following this membrane tension promotes remodelling and vesicle 

exocytosis promoting phagocytosis. Therefore, a decrease in actin organisation 
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may be related to regulation of macrophage function, specifically, a 

downregulation in functions associated with M1 macrophages. This indicates the 

[KLA+ATP]-stimulated cells are undergoing transition to pro-resolving 

macrophages. The flow cytometry analysis (Chapter 3, Figure 3.8) also 

suggested this, which found that [KLA+ATP]-stimulated macrophages expressed 

a reduction in MHC II and an increase in CD86 and CD80 expression, compared 

to KLA-stimulated macrophages (M1 markers). This indicates that the KLA- and 

[KLA+ATP]-stimulated macrophages may be in different phases of the 

inflammatory response. It is possible that the variation in marker expression is 

due to the [KLA+ATP]-stimulated macrophages undergoing a transition to the 

resolving phenotype. To support this, the peak of CD206 fluorescence (Figure 

3.8B) was broader and slightly shifted to the right in [KLA+ATP]-stimulated cells 

compared to KLA alone, suggesting a light increase in the number of positive 

CD206-expressing macrophages (M2 marker).  

 

5.5.2 SILAC Analysis 

A robust approach, using SILAC, was undertaken to provide a more refined 

dataset and, using gene ontology, to enable integration of the biological pathways 

which are associated with the significantly altered proteins. The functional 

networks highlight copious pathways and processes implicated following 

macrophage stimulation, and therefore help to visualise the associated 

inflammatory response on a global level. These networks include both 

upregulated and downregulated pathways that have been found to be significant 

altered in response to the treatments used.  
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Key processes were implicated within these networks, which included a 

promotion of macrophage polarisation and dynamic changed to energy 

requirements and transcription and translation. These data are similar to a recent 

study (Li et al., 2020). Further, the numbers of proteins identified is consistent 

with previous SILAC analysis on LPS stimulated RAW 264.7 cells (Dhungana et 

al., 2009; Makkar et al., 2015). The significant pathways from the [KLA+ATP]-

treated cells included many proteins which were not shared with the individual 

treatments, therefore these proteins may be involved in the synergistic action of 

the combined treatment. 

 

5.5.2.1 Inflammatory and Macrophage activation 

The changes to cytokine signalling and cell migration indicate that macrophage 

polarisation was implicated following inflammatory stimulation. IL-7 is a potent 

inducer of M1 macrophage differentiation and macrophage migration and induces 

TNF secretion and PI3K/Akt-dependent and -independent activation of NF-κB  

(Gessner et al., 1993; Li et al., 2012; Kim et al., 2020). Whilst  IL-4 is associated 

with inhibition of macrophage activation and promotion of the M2 macrophage 

phenotype (Stein et al., 1992; Sheng et al., 2018). The upregulation in both pro-

inflammatory (IL-7) and anti-inflammatory (IL-4) signalling following stimulation 

with KLA or ATP alone highlights the dynamic nature of macrophage activation 

and the inflammatory response. Alternatively, the combined [KLA+ATP] 

treatment promoted a clear upregulation in only anti-inflammatory signalling, via 

downregulation of IL-7, suggesting a promotion of the pro-resolving phenotype. 

To support this, the flow cytometry analysis (Chapter 3) indicated that 

[KLA+ATP]-stimulated cells had a higher expression of the M2 marker CD206 

(Figure 3.8). However, this was not reflected in the TNF analysis (Chapter 3) 
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which found that [KLA+ATP]-stimulated cells produced high amounts of the pro-

inflammatory cytokine TNF (Figure 3.9). Although a downregulation in IL-7, at the 

protein level, may be a response to the high TNF signalling, as a control 

mechanism to prevent excess inflammation.  

 

Blockade of IL-7 signalling has previously shown to promote the M2 macrophage 

subtype in thioglycollate-elicited peritoneal macrophages (Bao et al., 2018). 

Furthermore, IL-7 is also a key regulator of T-cell development and homeostasis 

(Tan et al., 2001) and in T-cells, IL-7 signalling is highly controlled  by IL-7 itself 

which negatively regulates its receptor IL-7R and results in increased cell survival 

(Park et al., 2004). Therefore, it is possible that this mechanism is reflected in 

macrophages, resulting in a decrease in responses to IL-7 signalling following 

[KLA+ATP] stimulation. Indeed this dynamic regulation of IL-7 signalling is also 

suggested in macrophages (Leung et al., 2019), but would need to be explored 

further.  

 

The increase in cellular responses to IL-7 signalling in KLA alone and ATP alone 

treated cells, is contributed to by increased abundance of PDIA3. PDIA3 is a key 

enzyme for rearrangement of disulfide bonds and has been shown to promote 

signal transduction through phosphorylation of signal transducer and activator of 

transcription 3 (STAT3), resulting in an promotion of the JAK-STAT signalling 

pathways in hepatocytes (Kondo et al., 2019). Furthermore, PDIA3 upregulation 

promotes immune cell infiltration and inflammation, including macrophage 

activation, in gliomas (Zhang et al., 2020). PDI also promotes phagocytosis in 

bacteria-infected J774 macrophages via coupling to NOX enzymes (Santos et 

al., 2009). Therefore, the increase in PDIA3 in the KLA and ATP alone treated 
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cells suggest a promotion of pro-inflammatory signalling and responses. That the 

same proteins were not increased in [KLA+ATP]-treated cells indicates a 

difference in the stages of the inflammatory response at the time of sampling, or 

alternatively a feedback mechanism to control inflammation and downregulate 

additional pro-inflammatory signalling. 

 

Pathways related to monocyte differentiation were suggested to be promoted in 

all treatment conditions, as a result of increases in myosin 9 (MYH9). MYH9, is a 

class 2 myosin involved in cell motility functions such as cytokinesis, 

phagocytosis and polarity. Contractility within the actin cytoskeleton via actin and 

myosin, is necessary for shape-induced M2 polarisation (McWhorter et al., 2013). 

Furthermore, myosin also has a role in phagocytic cup formation and closure 

allowing macrophages to complete phagocytosis (Barger et al., 2019). It has 

previously been found that that lipoxin-stimulated macrophages redistribute 

MYH9 to regulate phagocytosis (Reville et al., 2006). These physical processes 

may underpin cell differentiation changes during the inflammatory response, such 

as transition from monocyte to macrophage phenotypes or during phagocytosis 

(McWhorter, Davis and Liu, 2015). Therefore, the increase in myosin abundance 

may indicate a promotion of macrophage polarisation and a possible regulation 

in preparation for phagocytosis.   

 

Previous GeLC-MSn analysis identified a decrease in PDI abundance in 48 h 

LPS-stimulated monocytes. They suggest this is due to a promotion of proteolytic 

degradation of PDI via oxidative stress (Gilbert, 1998; Gadgil et al., 2003). Based 

on this finding, the results in this Chapter would suggest a decrease in oxidative 

stress in the KLA or ATP alone treated cells and perhaps the [KLA+ATP] treated 
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cells have a higher oxidative stress as there is no increase in PDIA3. P4HB, also 

a PDI, was decreased in the [KLA+ATP]-treated cells, but not significantly altered 

in the KLA or ATP alone treated cells, again indicating a difference in the oxidative 

environment between the KLA or ATP alone and [KLA+ATP] treated cells. P4HB 

is suggested to contribute to the regulation of some NOX enzymes (including 

NOX2), by controlling the localisation of various ER-located enzyme components, 

which is crucial for NOX complex formation at the cell membrane (Seno et al., 

2001; Paes et al., 2011; Trevelin and Lopes, 2015). As such, the decrease in 

P4HB in [KLA+ATP] stimulated cells may suggest a downregulation of NOX 

complex formation, as a means to limit ROS production. However, the complete 

mechanism of the regulation of NOX enzymes by PDI is unclear, and 

modifications, such as oxidation and glycosylation, as well as calcium signalling 

are likely to be key (Laurindo, Araujo and Abrahao, 2014; Janiszewski et al., 

2005). Therefore, protein abundance alone does not reflect the activity of this 

particular pathway. 

 

5.5.2.2 Energy Metabolism  

Alterations to energy requirements were consistently indicated following 

macrophage stimulation. ATP treatment resulted in a primary increase in the 

abundance of glycolytic proteins, suggesting an increase glycolysis (pyruvate 

metabolism) and an aerobic environment whilst the KLA-treated cells displayed 

aberrant glycolysis metabolism, with enzymes early in the pathway decreased 

and those involved in later steps increased following stimulation. The [KLA+ATP] 

treatment resulted in a primary decrease in these glycolytic proteins, with the 

exception of LDH, which increased. In comparison to the other identified glycolytic 

proteins, LDH was increased in the [KLA+ATP] treated cells. LDH is involved in 
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the anaerobic pathway and catalyses the interconversion between lactate and 

pyruvate coupling this reaction to the interconversion of NAD+ and NADH. When 

pyruvate is in low abundance LDH regenerates NAD+ for anaerobic glycolysis to 

provide short term energy supply (Valvona et al., 2016). Therefore the [KLA+ATP] 

treated cells were indicated to have an insufficient supply of energy, with 

increased anaerobic glycolysis taking place.  

 

Activated macrophages undergo metabolic reprogramming (immunometabolism)  

(Mills et al., 2016), with changes in transcription and posttranscriptional events 

that lead to macrophage activation (Jha et al., 2015). The timing of this metabolic 

switch is critical for successful inflammation (Vats et al., 2006; Tong et al., 2018). 

The results in this Chapter highlight key proteins involved in this switch, such as 

LDH, which was significantly increased following macrophage stimulation.  

 

Oxidative phosphorylation is favoured under normoxic conditions whist restricted 

oxygen (hypoxia) requires anaerobic glycolysis to produce ATP (Wang, Ting et 

al., 2017). The promotion of glycolysis upon LPS treatment in macrophages (M1) 

(Blouin et al., 2004) is known as the Warburg effect (Warburg, Wind and 

Negelein, 1927). This enables a quick energy supply required to supply the 

increased metabolic demand of the inflammatory response. HIF1α is a key 

regulator of the glycolytic pathway in macrophages and inhibition of HIF1α 

prevents pro-inflammatory activation in LPS stimulated primary macrophages (Li 

et al., 2018). The upregulation of HIF1α, upon activation of the inflammatory 

signalling pathways, such as JAK-STAT, also promotes iNOS induction (Takeda 

et al., 2010; Rodriguez-Prados et al., 2010). In addition to glucose consumption, 

oxygen consumption and ROS production is increased through NADPH oxidases 
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(NOX) in the pentose phosphate pathway, resulting in a restriction of oxygen 

available for oxidative phosphorylation (Hard, 1970; Guthrie et al., 1984; Kim et 

al., 2017). In comparison, M2 macrophages use oxidative metabolism, via fatty 

acid oxidation or oxidative phosphorylation, to fuel their longer-term functions, 

and do not rely on glycolysis (Huang et al., 2014; Tan et al., 2015). Further, M2 

macrophages have a reduced NOX activity, as less ROS is required to destroy 

pathogens, and therefore oxygen is less restricted in M2 macrophages, thereby 

preventing a glycolytic state (Balce et al., 2011; Padgett et al., 2015). As such, 

the observed downregulation in glycolysis and ATP biosynthesis in the combined 

[KLA+ATP] treatment, suggest promotion of the M2 phenotype. The energy 

demand in these macrophages may be reduced and so glycolysis is no longer 

required at an elevated rate. Upregulation of glycolysis by ATP treatment 

suggests the cells are actively M1. It is also possible that glycolysis may have 

been reduced following stimulation and, as a result, macrophages upregulate 

glycolysis as a compensatory mechanism to match the demand for energy. By 

comparison, KLA treatment alone caused both upregulation and downregulation 

of different enzymes involved in glycolysis, with enzymes in early pathway events 

decreasing in abundance and later enzymes increasing. It is possible that these 

cells may be fluctuating between anaerobic and aerobic energy production, or 

actively undergoing a metabolic switch, however this would depend on the rate 

limiting steps in glycolysis. 

 

In addition to energy supply, these glycolytic enzymes have been linked to actin 

binding, suggesting roles in cell movement and microtubule formation (pathways 

outside of glycolysis) (Walsh, Keith and Knull, 1989).  ENO1 is a multifunctional 

glycolytic enzyme that can act as a plasminogen receptor and, via TLR4 
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activation, promotes macrophage activation, polarisation and secretion of pro-

inflammatory TNF followed by anti- inflammatory IL-10 (Guillou et al., 2016; Fréret 

et al., 2017). Therefore, the regulation of these proteins may be related to 

alternative inflammatory pathways, outside of the glycolysis pathway.  

 

5.5.2.3 Gene and Protein Expression 

Enzymes involved in processes associated with gene expression was also a 

significantly altered ontology following inflammatory stimulation, as indicated by 

the regulation of translation elongation factors, ribosomal proteins and histones. 

Protein synthesis is essential to all living cells and previous studies have indicated 

that LPS-mediated stimulation of RAW 264.7 cells results in dynamic changes to 

gene expression, including genes and proteins related to the regulation of 

inflammatory signalling pathways and cell differentiation (Sharif et al., 2007; Hald 

et al., 2012; Rutledge et al., 2012). Transcription and the modification of histones 

(i.e. epigenetic regulation) are essential for macrophage activation and the 

regulation of specific gene networks and modifications, such as DNA methylation, 

have been identified during macrophage differentiation (Kittan et al., 2013; 

Wallner et al., 2016). The regulation of these pathways, as identified in the 

networks, further highlights the significance of protein expression in 

macrophages in response to inflammatory activation.  

 

The significant pathways included increases in translation elongation factor 

activity following all treatments. Translation elongation factors (TEFs) act on the 

ribosome to assist in elongation of the polypeptide chain and therefore promote 

protein synthesis. EF1A first delivers an amino-acylated tRNAs to the ribosome 

in a GTP-dependent reaction whilst EF2 catalyses the GTP-dependent 
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translocation step of each codon of RNA along the ribosome (Andersen, Nissen 

and Nyborg, 2003). Therefore, the upregulation of these proteins following 

macrophage stimulation implies an upregulation of transcription. Elongation 

factor activity is regulated by phosphorylation and has been associated with many 

cellular pathways allowing the cells to adapt to various physiological states. For 

example, EF2 is associated with TNF translation elongation (White-Gilbertson et 

al., 2008) and EF2 phosphorylation results in inhibition of protein translation and 

induction of unfolded protein response (UPR) genes, which is upregulated in M1 

macrophages (Yang et al., 2019).   

 

There are two EF1A isoforms; EF1A1 is highly abundant and associated with 

many cellular processes including protein degradation cellular apoptosis and 

cytoskeletal regulation (Dongsheng Li et al., 2013). EF1A2, on the other hand, is 

often referred to as a proto-oncogene due to its overexpression in tumours. These 

two isoforms have been suggested to have complementary non-canonical roles 

for example whilst EF1A1 is associated with apoptosis, EEF1A2 is associated 

with anti-apoptotic activities (Newbery et al., 2007). The discrete increase in 

EF1A1 following [KLA+ATP] suggest that these cells are at a different stage of 

the inflammatory response compared to the KLA and ATP alone treated cells.  It 

would be interesting to study the phosphorylation of these proteins to integrate 

their activity with protein abundance.  

 

DNA-replication dependent nucleosome assembly was suggested to increase 

following KLA or ATP treatment alone. This ontology is contributed to by the 

histone proteins; H32 (h3c14) and H4 (h4c17). These are core histones and 

organise DNA into nucleosomes. In comparison, the [KLA+ATP] treated cells did 
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not experience an increase in these histone proteins, further suggesting a 

difference in the macrophage activities between the [KLA+ATP] and KLA or ATP 

alone treated cells.  

 

Many other transcription and translation-related changes were identified such as 

decreases in nuclease activity and purine ribonucleoside triphosphate 

biosynthetic processes, which was common to all treatments. Furthermore, 

decreases in telomere maintenance via telomere lengthening and ribosome 

assembly was common to all treatments, but prominent in cells treated with ATP 

alone. These pathways indicate alterations to translation and involve numerous 

proteins, including heat shock and ribosomal proteins, such as 40S ribosomal 

protein S10 (RS10, Rps10). The telomere maintenance ontology is contributed 

to by ribonucleoproteins including decreases in heterogeneous nuclear 

ribonucleoprotein U (HNRPU). HNRPU is important for TLR induced pro-

inflammatory cytokine signalling, including TNF, in macrophages by stabilising 

mRNA (Zhao et al., 2012). Therefore, the downregulation of HNRPU, by all 

treatments, suggests a promotion of a reduction in TNF secretion. Chapter 3 

results (Figure 3.9) confirmed a substantial increase in TNF secretion from 

stimulated RAW 264.7 cells, therefore as control mechanism, additional TNF 

signalling (via a decrease in HNRPU) may be prevented. Although the 

downregulation in HNRPU may be associated with the stability of other RNA in 

the stimulated macrophages.  

 

Additionally, outside of their role in translation, ribosomal proteins have been 

directly associated with the inflammatory response. Cellular stress has been 

shown to result in the accumulation of ribosomal proteins in the nucleus, leading 
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to roles independent of ribosomal biogenesis, such as NF-κB signalling (Zhang 

et al., 2013; Zhou et al., 2015; Hobbs et al., 2018). Numerous ribosomal proteins 

have also been associated with the regulation PKR signalling in the nucleus, 

which leads to activation of pathways including MAPK and JNK (Blalock et al., 

2014). The KEGG networks in this Chapter indicated that the significantly altered 

ribosomal proteins, following KLA or ATP-stimulation, were also associated with 

COVID-19 (coronavirus disease). The implicated proteins form part of the 40S 

ribosome which forms part of the mRNA surveillance pathway is hijacked upon 

entry of the SARS-Cov-2 virus into a host cell, resulting in suppression of host 

protein synthesis (Narayanan et al., 2008; Huang, C. et al., 2011) and immune 

functions (Kamitani et al., 2006). This highlights the crucial role of ribosomal 

proteins in the inflammatory response and the regulation of these proteins 

following inflammatory stimulation of RAW 264.7 cells are likely to be partially 

related to the inflammatory and stress response.  

 

5.5.3 Comparison of Label-free and SILAC approaches 

For SILAC analysis, cell lysates from the stimulated and vehicle controls are 

mixed prior to protein extraction. The subsequent preparation steps (GeLC-

MS/MS) are identical, thereby minimizing variability and permitting superior 

quantitative analysis of the cellular proteome between experimental conditions. 

However, although SILAC increases quantification power and reduces variability 

between outcome measures in response to treatments, there is an increase in 

co-eluting peptides and a this has been suggested to increase ionisation 

suppression which may reduce protein coverage (Parker, Halligan and Greene, 

2010). Furthermore, the use of stable isotopic labels is more expensive and time-

consuming than with label-free analysis because complete labelling is required, 
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and this must be monitored. However, SILAC has many advantages other 

alternative labelling techniques; for example, it is cheaper and data analysis is 

less complicated than alternative labelling methods, such as ITRAC. Therefore, 

whilst label free proteomics is cheaper, may result in a greater number of protein 

identifications and is practically simpler than labelling methods, the use of stable 

isotopic labels allows for a more stringent quantification factor (Zhou et al., 2012). 

The SILAC approach requires identification of an identical peptide between 

stimulated and unstimulated cells to be incorporated into the analysis. In 

comparison, differential peptides can contribute to the evaluation of protein 

abundance between stimulated and control cells in the label-free analysis. This 

may explain why the label-free approach resulted in a greater number of 

identifications than SILAC. Furthermore, the SILAC analysis required at least two 

significantly altered peptides per protein to be identified and significantly altered 

between treatment and matched controls to be included in the dataset, these 

stringent criteria may have excluded additional proteins of interest.   

 

A stringent criterion was used for the gene ontology analysis with only peptides 

with a significant (p<0.05) difference in abundance between heavy and light 

peptides being assessed, and only proteins with at least two peptides with a 

significant difference were utilised. Furthermore, only gene ontology terms with a 

significance of p<0.05 were included in the networks. If this criterion was relaxed 

to include single peptide-containing proteins, then a larger biological picture may 

be built; however, the high threshold selected reduces the possibility of false 

positives and allows for a more refined network which is more simple to 

interrogate and detect out useful conclusions (Swearingen et al., 2010). 
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There was consistency between label-free and SILAC approaches between key 

biological processes suggested to be significantly altered following inflammatory 

stimulation. These included the changes in energy metabolism, macrophage 

differentiation and gene expression. This not only supports the observation that 

these are key processes involved in the macrophage inflammatory response, but 

also suggests that both approaches are suitable for proteomic analysis of the 

macrophage inflammatory response. However, there were some differences in 

the results from the two approaches. Whilst the label-free approach indicated that 

the combined [KLA+ATP] treatments resulted in the greatest number of 

significant changes, and therefore associated biological processes. This was in 

contradiction to the SILAC analysis in which the [KLA+ATP] treatment resulted in 

the most simplistic network maps. As the SILAC analysis had a greater 

quantitative power, this may suggest that many of the processes in the label-free 

[KLA+ATP] networks are not as significant and therefore not observed in the 

SILAC networks.  

 

The experiments in this Chapter set out to monitor the changes in protein 

abundance following inflammatory stimulation of macrophage cells and 

subsequently to perform functional network analysis to identify the biological 

processes and global impact of these protein alterations. Key proteins involved 

in the inflammatory response and lipid remodeling were identified and reported 

to have altered abundances. The pathway analysis demonstrates that regulation 

of energy metabolism, macrophage differentiation and gene expression are key 

processes that underpin activation of the macrophage inflammatory response. In 

summary, the analysis suggested that the [KLA+ATP] stimulated RAW 264.7 

cells experienced proteomic changes which often reflected the metabolism of M2 
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macrophages. The KLA alone and ATP alone stimulated RAW 264.7 cells also 

demonstrated proteomic changes which were consistent with inflammatory 

activation of macrophages. However, the polarization state of the macrophage 

was less distinctive (Eichelbaum and Krijgsveld, 2014). Prior analysis, in Chapter 

3 indicated a pro-inflammatory response at the mediator level, as evidenced via 

the prostaglandin and cytokine analysis. This is important because it highlights 

the disparities in temporal changes of the dynamic inflammation response 

between biomolecules. For example, whilst inflammatory mediators may be 

reflective of the pro-inflammatory response, the proteome maybe adjusting to 

subsequently synthesis anti-inflammatory and pro-resolving mediators and reach 

inflammatory homeostasis.  

 

5.5.4 Future Analysis 

The differential treatment responses highlight the impact of both PAMP and 

DAMP treatment of macrophage cells along with the dynamic nature of the 

inflammatory response. The protein analysis was carried out from a single time 

point and previous results indicate that TNF and prostaglandin release plateau at 

around 8 h (the chosen time point following KLA stimulation). The time point of 

study is an important factor to consider because macrophage class switching may 

be occurring as inflammation progresses from pro inflammatory to the resolution 

phase. This is indicated in our results by IL-7 signalling and reduction of glycolysis 

following [KLA+ATP] stimulation.  

 

As macrophage activation during the inflammatory response is highly dynamic, a 

direct comparison between the plausibly pro-inflammatory ATP alone and KLA 

alone stimulated cells, and likely pro-resolving [KLA+ATP]-stimulated cells 
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should be viewed with caution. To extend upon this work, a time course assay 

could be conducted, with a view to highlight the dynamic response of the 

proteome and help to visualise the full inflammatory response of the macrophage 

cells as a result of each of the treatments used.   

 

Further aspects to consider when understanding the mechanism is the activity of 

proteins. Protein expression does not necessarily equal function. For example a 

protein can be low in abundance but have a high activity potency (Millecam et al., 

2018). Or a protein might have low expression, but high substrate availability and 

be highly active (Bennett et al., 2009). Additionally, a down-regulation of a 

pathway or gene expression is a common compensatory response to high 

activation of an enzyme, receptor or process (Goltsov et al., 2011). As such, 

compensatory mechanisms might be active which contribute to the observed 

decreases in abundance of key inflammatory proteins (such as PGH2 and 

TNF15), as a means to control further pro-inflammatory mediator production 

(Cadalbert et al., 2010). Future experiments may wish to combine numerous 

experimental approaches to monitor the activation state of proteins via 

modifications such as phosphorylation or calcium signalling, which may be 

confounding factors to a metabolic pathway.   

 

It should be addressed that the statistical analysis did not include a post-hoc test 

for multiple corrections and therefore it is possible that type 1 errors (false 

positive) are present. With a more powerful study i.e. with more replicates the 

statistical significance of these changes can be obtained with greater confidence. 
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5.6 Conclusion and Summary  

This Chapter highlights the use of proteomics in conjunction with functional 

network analysis to investigate the molecular pathways involved in inflammation. 

RAW 264.7 cells were exposed to physiologically relevant immune modulators 

that not only mimic bacteria but also reflect the signals produced by damaged or 

dying cells during clearance. Label-free and SILAC-based proteomics strategies 

were employed to analyse the global effect of stimulation on mouse 

macrophages, at the protein level. Whilst the label-free analysis identified 

numerous proteins of interest, the SILAC approach enabled detailed functional 

network analysis to be conducted allowing a quantitative map to be built. The 

pathway analysis revealed several key pathways with alterations in expression in 

response to macrophage activation.  
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6.1 Introduction 

Biomolecules, including lipids and proteins, underpin the integrity of the signalling 

pathways and mediators that are central to inflammation. Consequently, the 

turnover (i.e. synthesis and degradation) of molecules involved in the relevant 

pathways is vital to regulating inflammation. Altered turnover kinetics will affect 

the balance between the loss of biomolecules, via degradation/export, and the 

synthesis of new (Eichelbaum and Krijgsveld, 2014; Zhang et al., 2018). An 

improved understanding of the dynamics of these molecular events may 

therefore provide insights into the pathogenesis of inflammatory disease states.  

 

6.1.1 2H2O to Study Dynamics  

Stable isotopic metabolic tracers are commonly used to monitor the dynamics of 

a metabolic pathway. These isotopes vary in the number of neutrons and 

therefore have different masses. However, these isotopes have not been shown 

to significantly alter chemical properties and appear to function in the same way 

(Glibert et al., 2019). Through mass isotopomer distribution analysis (MIDA), the 

incorporation of an isotopic tracer into biomolecules can be measured using mass 

spectrometry and binomial expansion (Hellerstein and Neese, 1999).  Isotopic 

labels have been used to study metabolic dynamics since the 1930s, however 

development of the field has been limited by the availability and sensitivity of 

instruments at the time. For example, analysis of deuterium incorporation was 

carried out using refractometry and densitometry in water (Schoenheimer, 1937). 

Modern scientific advances, particularly the development of high resolution and 

accurate mass spectrometry approaches has enabled the development of this 

field (Hu et al., 2005).  
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Deuterium oxide (2H2O) is a metabolic tracer that can be used to label a large 

variety of biomolecules, including lipids, proteins, DNA and RNA.  As a result, 

multi-omic dynamics can be measured from a single experiment and sample 

(Rachdaoui et al., 2009). This is highly advantageous to minimise experimental 

variation and allows one to build integrated metabolite networks (Sapcariu et al., 

2014).  Additionally, 2H2O can efficiently be applied in both in vivo and in vitro 

settings. As a result, many in vitro and in vivo studies have been conducted 

previously using 2H2O labelling to monitor the dynamics of protein (Wang et al., 

2014; Kasumov et al., 2011) and lipid (Patterson et al., 2002; Bederman et al., 

2006) turnover. 

 

6.1.2 Lipid Turnover  

Lipids are catabolised and metabolised by various biochemical pathways. For 

example, fatty acids are derived either from the diet or via the action of fatty acid 

synthase enzymes which convert acetyl CoA into fatty acids in de novo synthesis  

(Wakil and Abu-Elheiga, 2009). Fatty acids can themselves form larger lipid 

structures, such as triglycerides (TGs), which are derived from the combination 

of glycerol-3-phosphate (G3P) and fatty acids (Strawford et al., 2004). Glycerol-

3-phosphate is derived from glycerol and glucose in gluconeogenesis and carbon 

sources such as pyruvate in glyceroneogenesis. Excess carbohydrates can also 

be converted to TGs during lipogenesis (Flatt, 1970) (illustrated Figure 1.14). 

  

Lipids can be degraded by beta oxidation or peroxidation. Lipases break down 

large lipid structures into fatty acids, which are further metabolised by beta 

oxidation to yield energy and to recycle components (Schmid and Verger, 1998). 

Beta oxidation takes place in the mitochondria and peroxisomes of eukaryotes 
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and generates acetyl-CoA, NADH and FADH2 which feed into the citric acid cycle 

and electron transport chain respectively to contribute to ATP production (Simoni, 

Hill and Vaughan, 2002; Chegary et al., 2009). An increase in lipolysis, which 

accompanies a fasting state, promotes metabolism of TGs into free fatty acids, 

which are subsequently oxidised to acetyl-CoA. The acetyl-CoA can then be used 

to form ketone bodies, which are further oxidised to provide a source of energy. 

Beta oxidation is an important metabolic process and defects in beta oxidation 

have been linked to hypoglycaemia (Eaton, Bartlett and Pourfarzam, 1996; 

Wanders et al., 1999; Bartlett and Eaton, 2004). 

 

6.1.3 Protein Turnover  

Proteins are regulated by many mechanisms including post-translational 

modifications, such as phosphorylation, and location, calcium signalling, cAMP, 

chaperones and via synthesis or degradation (Boisvert et al., 2012). The initial 

step in protein synthesis is transcription, in which RNA polymerase encodes 

nucleotides into mRNA (Ge, Chiang and Roeder, 1996). Following this, 

translation takes place in which ribosomes encode the mRNA into a sequence of 

amino acids using amino-acyl-tRNA, forming a polypeptide chain. Finally, the 

polypeptide chain is processed and folded into a functional protein (Scheper, 

Knaap and Proud, 2007). The two principal pathways for protein degradation are 

via the proteasome poly-ubiquitination and enter the 26S proteasome for 

degradation, in which individual proteins are tagged with poly-ubiquitin, or via 

autophagy where proteins are encapsulated into a phagosome for bulk 

degradation (Clague and Urbé, 2010). Although the true precursor pool for protein 

synthesis is the amino acid-tRNA pool, these are low in abundance and difficult 

to quantify and therefore free amino acids are monitored instead which are easier 



279 
 

to monitor via mass spectrometry (Watt et al., 1991; Johnson et al., 1999). As 

mRNA levels do not always corelate with protein expression, turnover analysis 

can help to provide a link between genotype and phenotype (Doherty and 

Beynon, 2006). 

 

6.2 Chapter Aims 

This Chapter extends previous work in turnover analysis (Hellerstein, 2003; Lau 

et al., 2016; Goh et al., 2018) and demonstrates the use of 2H2O labelling to 

investigate proteome and lipidome dynamics simultaneously. A method has been 

developed in which macrophages are cultured in media enriched with 2H2O and 

subjected to mass isotope distribution analysis (MIDA) in order to calculate the 

rates of synthesis of individual proteins and lipids on a cell-wide scale. The 

feasibility of this experimental approach will be tested as a means monitoring 

protein and lipid turnover in RAW 264.7 cells during an inflammatory response.  

 

The specific aims of this Chapter were to: 

1. Establish a method to monitor lipid and protein turnover in RAW 264.7 cells 

using a 2H2O labelling strategy.  

2. Compare the synthesis rates of lipids and proteins (using 2H2O), between 

unstimulated (PBS vehicle control), and [KLA+ ATP] stimulated RAW 264.7 cells. 
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6.3 Materials and Methods 

6.3.1 RAW 264.7 Cell Culture with 2H2O 

RAW 264.7 cells were cultured as described in section 2.2. Cells were seeded in 

T75 flasks in standard compete high glucose DMEM medium and at various time 

points (Figure 6.1) medium was replaced with 2H2O culture medium, which was 

supplemented with 5% (mol/mol) 2H2O. Following collection, cells were sub-

divided to allow both lipidomic and proteomic analysis from each sample.  

 

6.3.2 Stimulation of RAW 264.7 Cells Following 2H2O Labelling  

RAW 264.7 cells were cultured for up to 120 h in 2H2O media and prior to their 

collection, stimulated for 8 h with 100 ng/mL KLA or PBS vehicle control and 4 h 

of 2 mM ATP or PBS vehicle control, as described in section 2.3. The experiments 

were repeated three times on separate occasions. 

 

6.3.3 Global Lipidomic Analysis 

Lipid were extracted from cell lysates using a Folch procedure, as described in 

section 2.11. Extracted lipids were separated on a reverse-phase 

chromatography Thermo Hypersil GOLD C18 column using a Thermo 1250 

uHPLC system and analysed on a Thermo Exactive Orbitrap mass spectrometer, 

as described in section 2.12. Lipid data analysis was carried out using Progenesis 

QI to align spectra and identify peaks; the resultant data were matched to lipid 

databases to putatively identify lipids, according to section 2.13.  
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Figure 0.62. 2H2O Labelling of RAW 264.7 cells  

 

 

 

Figure 6.1.
 2

H
2
O Labeling of RAW 264.7 Cells. Figure displaying the procedure for the deuterium incorporation into 

cells cultured over 5 days with and without heavy water labelling. Cells were collected after 0, 8, 24,48,72,96 and 120 

h of label addition. To ensure that cell numbers were consistent between samples, the time profile was worked 

backwards. switch to 5% D20 containing media represented by a ~ and sample collection represented by a *.  
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6.3.4 Global Proteomic Analysis  

Proteins were extracted from whole cell lysates in protease inhibitor cocktail 

solution, according to section 2.14. 1D SDS-PAGE was conducted, as described 

in section 2.15. 20 µg of protein was loaded in a 1:1 ratio with sample buffer onto 

the gel. Gel lanes were divided into 24 equal slices and proteins from each slice 

were digested into peptides using an in gel tryptic digestion, according to section 

2.16. Peptides were analysed by LC-MS/MS using a Waters nanoAcquity UPLC 

platform interfaced to a Thermo LTQ-Orbitrap XL mass spectrometer using data 

dependent acquisition, as described in section 2.17. Raw mass spectrometry 

data files were analysed using the Mus Musculus SEQUEST database through 

Proteome Discoverer, according to section 2.20  

 

6.3.5 Turnover Analysis  

Synthesis rates were determined using MIDA analysis, according to section 2.21. 

The normalised abundance of the monoisotopomer peak was plotted against time 

using Prism version 6 (GraphPad), and one-phase decay was used to determine 

the synthesis rate constant, k.    

 

To determine significant changes in synthesis rates between treatment 

(KLA+ATP) and control (PBS) cells, a two-tailed Wilcoxon matched pairs sign 

rank test was carried out using Prism version 6 (GraphPad) The significance level 

p-value was set to 0.05.  
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Figure 0.63. 2H20 Labelling Methodology Workflow 

 

 

 

 

 

  

Figure 6.2. 
2
H

2
O Labelling Methodology Workflow. Heavy water labeling 

over 5 days was used to assess the changes in protein and lipid dynamics within 

RAW 264.7 cells in response to KLA and ATP stimulation. Kinetic equations can 

be applied to the incorporation of deuterium over time in order to generate 

synthesis rates.  
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6.4 Results 

A method was established to incorporate the use of 2H2O to monitor the rate of 

synthesis of individual lipids and proteins, from the same sample. Initially highly 

abundant lipids and proteins were monitored as these have high peak intensities 

and longer mass isotopomer envelopes and were therefore easier to visualise in 

order to confirm 2H2O incorporation.  

 

6.4.1 Deuterium Incorporation into Macrophage Lipids 

The incorporation of deuterium into RAW 264.7 lipids was monitored over the 

course of five days by analyzing the MIDA of the extracted ion chromatograms of 

individual lipids of interest. Figure 6.3 displays an example of the incorporation of 

deuterium into phosphatidylcholine (PC) (34:1). This is a highly abundant lipid 

present in the RAW 264.7 cells. As the duration of labeling increases, the profile 

of mass isotopomers changes, with higher masses increasing in intensity and the 

monoisotopic peak decreasing in intensity. The presence of this change confirms 

successful incorporation of deuterium. The incorporation of deuterium over time 

was interrogated mathematically (Figure 6.4A) confirming that with increasing 

time of 2H2O labelling, the proportion of the monoisotopic peak to the sum of the 

intensity of the isotopic envelope decreases, and the proportion of the higher 

isotopomers increases. The ratio of the intensity of the monoisotopic peak to the 

sum of the intensities of all the isotopomers was then plotted against time (Figure 

6.4B) and fitted using an exponential first order decay equation. This enables the 

determination of the rate of change (k), which reflects the rate of lipid synthesis. 

Furthermore, the graph illustrates that, at around 72 h, the incorporation of 

deuterium reached plateau, suggesting steady-state labelling. 
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Figure 0.64. Deuterium Incorporation into Lipids  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 6.3. Deuterium Incorporation into Lipids. The incorporation of 

deuterium into lipids over time can be monitored from the profile of mass 

isotopomers. An example of phosphatidylcholine (34:1) is displayed 
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Figure 0.65. Rate Calculation for Lipid Synthesis. 

 

 

 

 

 

 

 

 

 

 

A B

Figure 6.4. Rate Calculation for Lipid Synthesis. (A) Change of isotopomer relative abundances with varying timing of 

deuterium incorporation.  (B) Exponential decay curve of the decrease in monoisotopic relative abundance with increasing 

deuterium incorporation. Kinetic analysis of the change in mass isotopomer profiles was conducted to calculate the rate of 

incorporation of deuterium into lipids. The rate of deuterium incorporation represents the rate of newly synthesised lipids.  
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6.4.2 Deuterium Incorporation into Proteins 

The incorporation of deuterium into proteins was monitored over time by 

analyzing the MIDA of the extracted ion chromatograms of individual proteins of 

interest. Figure 6.5 displays an example of the incorporation of deuterium into 

nucleolin, a highly abundant protein present within the RAW 264.7 cells. As the 

time of labeling increases, the profile of mass isotopomers changes, indicating 

successful deuterium incorporation into this protein.  

 

The incorporation of deuterium over time was interrogated mathematically and 

Figure 6.5A shows that, with increasing time of 2H2O labelling, the proportion of 

the monoisotopic peak to the sum of intensity of the isotopic envelope decreases 

and the proportion of the higher isotopomers increases. The intensity of the 

monoisotopic peak was normalised to the sum of the intensities of all the 

isotopomers within the envelope. This ratio was plotted (Figure 6.6B) over time 

and fitted using an exponential first order decay equation to determine the rate of 

change (k) which reflects the rate of protein synthesis.  The curve approached 

plateau between 72 h and 96 h, suggesting steady-state labelling has been 

reached by 96 h.  

 

The above results confirm establishment of a method to incorporate 2H2O 

labelling into individual lipids and proteins within RAW 264.7 cells obtained during 

the same experiment. Kinetic equations were subsequently used to transform 

deuterium incorporation data into synthesis rates.  Based on the above steps the 

synthesis rates of individual lipids and proteins following inflammatory stimulation 

of RAW 264.7 cells, was determined on a global scale.  
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Figure 0.66. Deuterium Incorporation into Proteins  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5. Deuterium Incorporation into Proteins. The incorporation of 

deuterium into proteins over time can be monitored from the profile of mass 

isotopomers. An example of the peptide ‘VEGSEPTTPFNLFIGNLNPNK’ from 

nucleolin is displayed.  
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Figure 0.67. Rate Calculation for Protein Synthesis. 

 

 

 

 

 

A 

Figure 6.6. Rate Calculation for Protein Synthesis.  (A) Change of isotopomer relative abundances with varying timing 

of deuterium incorporation. (B) Exponential decay curve of the decrease in monoisotopic relative abundance with 

increasing deuterium incorporation.  
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6.4.3 Effect of Inflammatory Stimulation Lipid Dynamics 

The synthetic rates of individual lipids within RAW 264.7 cells were determined 

for lipids from across nine identified individual classes. These included: PCs, 

phosphatidylethanolamines (PEs), phosphatidylserines (PSs), 

phosphatidylinositols (PIs), TGs, diglycerides (DGs), sphingomyelins (SMs), 

cardiolipins (CLs) and ceramides (CERs) and included lipids that have been 

previously reported to be involved in the inflammatory response, such as 

arachidonic acid containing phospholipids. The identification of these lipids within 

the RAW 264.7 cells was previously discussed in Chapter 4.  

 

Representative curves of label incorporation into a lipid from each class 

monitored are shown (Figure 6.7). The curves display the incorporation of 

deuterium with increasing time of 2H2O labelling. With the exception of 

cardiolipins, each curve appears to reach a plateau and generally displayed a 

good fit to the exponential curve, as represented by the R2 values supplied in 

Table 6.1. The observed rate constants generally range between 0.001 to 0.05 h-

1, which spans nearly three orders of magnitude. In most cases, the rate 

constants between stimulated and control RAW 264.7 cells were of the same 

order of magnitude, with only subtle differences.  The synthetic rate constants 

have been grouped by lipid class (Table 6.2) and presented as scatter plots 

(Figure 6.8). There was no significant difference in the mean rate constant from 

all interrogated lipid species between [KLA+ATP] stimulated and control cells 

(Table 6.2). Of note, removing the CL values (which had lower confidence) did 

not alter this trend. Furthermore, the mean synthesis rate constants are similar 

overall, and of the same order of magnitude, between the various classes of lipids 

interrogated. 
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Figure 0.68. Example Synthesis Rate Curves for Lipids 

 

 

 

 

Figure 6.7. Example Synthesis Rate Curves for Lipids. Example curves used to deduce synthesis rates of lipids. 

Curves from each class of lipids monitored have been presented which include phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI), triglyceride (TG), diglyceride (DG), 

sphingomyelin (SM), cardiolipin (CL) and ceramide (CER).  Mean of three experiments and error bars represent standard 

deviation of the mean.  
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Table 6.1. Obtained Lipid Synthesis Rates 
Mean values of three separate experiments. p-value refers to Wilcoxon-matched-pairs-sign-rank test between the matched normalised 
abundance of the monoisotopic peak at each time point analysed. Individual significance tests conducted with no further tests for multiple 
comparisons. Significant values (p<0.05) in bold. A (0) and A (∞) are the normalized peak intensities at time 0 and infinity, respectively. R2  

is the goodness of fit and ‘–‘ for no data. 
 

Lipid 
PBS Vehicle Control [KLA+ATP] 

p-value 
Fold 

Change k (h-1) A (0) A (∞) R2 k (h-1) A (0) A (∞) R2 
Phosphatidylcholine (PC)  
PC (32:0) 0.03161 0.5570 0.2192 0.8539 0.05647 0.5602 0.2297 0.8738 0.1563 1.79 
PC (32:1) 0.03033 0.5797 0.2198 0.8936 0.03749 0.5756 0.2327 0.8831 0.2969 1.24 
PC (34:1) 0.02461 0.5738 0.2225 0.8916 0.03118 0.5852 0.2397 0.9628 0.9375 1.27 
PC (36:1) 0.03007 0.5755 0.2951 0.9007 0.02831 0.5688 0.2786 0.8958 0.2969 0.94 
PC (36:2) 0.01941 0.5959 0.2555 0.8765 0.02145 0.5856 0.2700 0.9035 0.8125 1.11 
PC (34:2) 0.04507 0.6079 0.3026 0.8352 0.02384 0.5962 0.2779 0.8074 0.6875 0.53 
PC (33:1) 0.02843 0.5953 0.2587 0.8818 0.02161 0.5278 0.2531 0.7475 0.4688 0.76 
PC (38:2) 0.01968 0.5967 0.2368 0.8851 0.02145 0.5805 0.2536 0.8752 0.8125 1.09 
PC (34:0) 0.02173 0.6115 0.2103 0.8689 0.02364 0.5852 0.2135 0.8891 0.1094 1.09 
PC (P-32:0) 0.02062 0.6378 0.2505 0.8544 0.02479 0.6410 0.2657 0.8168 0.8125 1.20 
PC (P-36:1) 0.01134 0.6341 0.1952 0.8660 0.01526 0.5988 0.2621 0.8737 0.1563 1.35 
PC (38:4) 0.01685 0.6185 0.4286 0.7241 0.006378 0.6023 0.3090 0.7432 > 0.9999 0.38 
PC (40:8) 0.001421 0.6144 0.02657 0.5356 0.01646 0.6051 0.5085 0.6056 0.2969 11.58 
PC (40:6) - - - - 0.002740 0.6166 0.07639 0.6974 - - 
PC (20:1) 0.006876 0.7790 0.3831 0.8657 0.005069 0.7674 0.3444 0.7549 0.6875 0.74 
PC (P-38:4) 0.01394 0.6274 0.3595 0.7891 0.01374 0.6273 0.3548 0.9022 0.6875 0.99 
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Lipid 
PBS Vehicle Control [KLA+ATP] 

p-value 
Fold 

Change k (h-1) A (0) A (∞) R2 k (h-1) A (0) A (∞) R2 
Phosphatidylserine (PS)  
PS (34:1) 0.01136 0.6330 0.2272 0.7204 0.02184 0.5975 0.3270 0.6863 0.0781 1.92 
PS (38:0) 0.01815 0.6577 0.2927 0.8548 0.009299 0.6321 0.1359 0.7806 0.5781 0.51 
PS (38:2) 0.01725 0.6258 0.3325 0.7170 0.01442 0.6367 0.2707 0.8825 0.2188 0.84 
PS (40:6) 0.01225 0.5692 0.3781 0.7963 0.04140 0.5926 0.4390 0.7066 > 0.9999 3.38 
PS (38:1) 0.01465 0.5930 0.3086 0.6420 0.008896 0.6107 0.1059 0.8330 0.2188 0.61 
PS (34:1) 0.007957 0.6205 0.1103 0.7716 0.02035 0.6103 0.2838 0.8231 0.0781 2.56 
PS (41:6) 0.005779 0.6219 0.1220 0.7660 0.02618 0.6005 0.4764 0.4162 0.4688 4.53 
PS (42:1) 0.02237 0.6729 0.2835 0.7986 0.01640 0.5738 0.3045 0.5743 > 0.9999 0.73 
PS (34:2) 0.01209 0.6813 0.2856 0.7577 ~ 0.0005286 0.6111 ~ -3.217 0.5881 0.6875 - 
PS (38:1) 0.01604 0.5933 0.3283 0.6052 0.02889 0.6583 0.3689 0.7548 0.5781 1.80 
PS (34:1) 0.02180 0.6422 0.2566 0.8380 0.02405 0.6276 0.2655 0.9572 0.0156 1.10 

PS (36:2) 0.01172 0.5804 0.2899 0.7871 0.006150 0.5989 0.1228 0.8988 0.2188 0.52 
PS (36:1) 0.009875 0.6439 0.1463 0.9029 0.01504 0.6134 0.2822 0.8881 0.6875 1.52 
PS (39:2) 0.008509 0.6043 0.2857 0.8450 0.01322 0.6034 0.3630 0.8634 0.6875 1.55 
PS (37:0) 0.03066 0.5805 0.2439 0.8918 0.04542 0.5999 0.2633 0.9635 > 0.9999 1.48 
Phosphatidylethanolamine (PE)  
PE (32:1) 0.02581 0.6800 0.2543 0.8699 0.03943 0.6853 0.2763 0.9193 0.1094 1.53 
PE (34:1) 0.01862 0.6496 0.2226 0.8755 0.02497 0.6464 0.2417 0.9580 0.0781 1.34 
PE (36:3) 0.01408 0.6644 0.3621 0.9019 0.01124 0.6555 0.3674 0.9342 0.1563 0.80 
PE (38:2) 0.01616 0.6800 0.2325 0.9069 0.007840 0.6021 0.1257 0.9100 0.6875 0.49 
PE (P-32:1) 0.01541 0.6901 0.1713 0.8689 0.01960 0.6822 0.2118 0.9334 0.468 1.27 
PE (P-34:1) 0.01810 0.6439 0.2020 0.8787 0.02672 0.6549 0.2392 0.9682 0.1563 1.48 
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Lipid 
PBS Vehicle Control [KLA+ATP] 

p-value 
Fold 

Change k (h-1) A (0) A (∞) R2 k (h-1) A (0) A (∞) R2 
PE (P-36:4) 0.01613 0.6373 0.2772 0.8602 0.02339 0.6340 0.3321 0.8807 0.8125 1.45 
PE (P-36:5) 0.01460 0.6563 0.2954 0.8677 0.01809 0.6302 0.2955 0.8881 0.0156 1.24 

PE (P-40:6) 0.01101 0.5897 0.3726 0.6411 0.01769 0.5690 0.3445 0.7912 0.0156 1.61 

PE (P-40:7) 0.01098 0.6353 0.3279 0.8125 0.006555 0.6249 0.2286 0.8643 0.9375 0.60 
PE (38:4) 0.02364 0.6612 0.3942 0.8866 0.02157 0.6371 0.4084 0.9331 0.8125 0.91 
PE (36:5) 0.01280 0.6852 0.3262 0.8631 0.02423 0.6759 0.5034 0.8020 > 0.9999 1.89 
PE (36:4) 0.04689 0.8172 0.4769 0.6529 0.01740 0.7682 0.3495 0.7824 0.4688 0.37 
PE (P-36:4-12OH) 0.02328 0.6294 0.3907 0.9384 0.02585 0.6474 0.4438 0.8930 0.0313 1.11 

PE (38:5-12-OH) 0.01778 0.6657 0.4335 0.8487 0.008113 0.6348 0.3278 0.9019 0.156 0.46 
PE(P-38:5-12OH) 0.02739 0.6586 0.4847 0.5707 1.468e-007 0.6360 -8623 - 0.8125 0.00 
PE(P-38:4) 0.01013 0.6291 0.3175 0.9087 0.01085 0.6267 0.3296 0.8992 0.6875 1.07 
Phosphatidylinositol (PI)  
PI (36:2) 0.02229 0.5807 0.2797 0.8536 0.03075 0.5881 0.3143 0.9289 0.5781 1.38 
PI (38:5) 0.01589 0.5716 0.3621 0.8582 0.03939 0.6053 0.4129 0.9480 0.6875 2.48 
PI (34:1) 0.02867 0.6213 0.3045 0.8011 0.03964 0.6160 0.2745 0.9644 0.0313 1.38 

PI (38:3) 0.01484 0.5841 0.2330 0.8784 0.02751 0.5987 0.3201 0.9223 0.4688 1.85 
PI (36:3) 0.01568 0.6055 0.2281 0.901 0.03328 0.6093 0.3757 0.7984 0.2188 2.12 
Sphingomyelin (SM)  
SM (d34:0) 0.03097 0.5865 0.2575 0.8840 0.04140 0.5912 0.3123 0.7291 0.1094 1.34 
SM (d34:1) 0.01924 0.5864 0.2281 0.8573 0.03013 0.8573 0.2838 0.8487 0.8125 1.57 
SM (d36:0) 0.01976 0.6260 0.2747 0.7808 0.03306 0.6144 0.2615 0.8347 0.0156 1.67 

SM (d38:1) 0.01634 0.6228 0.2640 0.8373 0.02095 0.6039 0.2869 0.8791 0.1563 1.28 
SM (d40:1) 0.01862 0.5955 0.3137 0.8682 0.02818 0.5727 0.3373 0.8952 0.0156 1.51 
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Lipid 
PBS Vehicle Control [KLA+ATP] 

p-value 
Fold 

Change k (h-1) A (0) A (∞) R2 k (h-1) A (0) A (∞) R2 
SM (d36:1) 0.01677 0.6473 0.3382 0.8629 0.02361 0.6140 0.3520 0.7818 0.0156 1.41 

SM (d40:2) 0.01899 0.5937 0.2626 0.8764 0.02279 0.6157 0.2878 0.9534 0.2188 1.20 
SM (d42:1) 0.01927 0.6021 0.3096 0.8598 0.01890 0.5917 0.3416 0.9018 0.2969 0.98 
SM (d42:2) 0.02466 0.5684 0.3199 0.7923 0.02272 0.5541 0.2923 0.8500 0.2188 0.92 
SM (33:2) 0.007757 0.7170 0.4050 0.6314 0.01753 0.6875 0.5317 0.5579 0.3750 2.26 
SM (d31:1) 0.01106 0.6571 0.4600 0.4145 0.02564 0.6982 0.5340 0.6051 0.5781 2.32 
SM (d31:0) 0.04743 0.6881 0.3743 0.7839 0.02009 0.7578 0.3161 0.7977 0.0469 0.42 

Triglycerides (TG)  
TG (50:1) 0.02382 0.5199 0.2275 0.7927 0.03672 0.5086 0.1641 0.9493 0.0156 1.54 

TG (52:2) 0.01193 0.5322 0.1351 0.8109 0.02956 0.5227 0.1960 0.9601 0.0156 2.48 

TG (48:0) 0.02384 0.5211 0.3205 0.3792 0.04533 0.5315 0.2018 0.8462 0.0156 1.90 

TG (51:1) 0.01208 0.5504 0.1755 0.7124 0.0294 0.5266 0.2231 0.9018 0.0313 2.43 

TG (50:0) 0.01852 0.5509 0.3369 0.3912 0.03804 0.5399 0.2527 0.7983 0.0156 2.05 

TG (52:1) 0.02137 0.5271 0.2626 0.5967 0.03178 0.5137 0.1872 0.9600 0.0156 1.49 

TG (54:2) 0.01673 0.5515 0.2297 0.7415 0.02056 0.5407 0.1775 0.9796 0.0313 1.23 

TG (54:3) 0.02274 0.5533 0.4025 0.4299 0.01837 0.5514 0.2564 0.8630 0.0156 0.81 

TG (53:2) 0.01947 0.5226 0.2846 0.5537 0.02303 0.5436 0.2084 0.9595 0.0781 1.18 
Diglycerols (DG)  
DG (34:1) 0.01941 0.6940 0.3117 0.8684 0.02683 0.6908 0.3627 0.8357 > 0.9999 1.38 
DG (36:2) 0.003568 0.6714 -0.1232 0.8403 0.01050 0.6989 0.3634 0.8206 0.0781 2.94 
DG (50:1) 0.01565 0.6080 0.03494 0.8535 0.03099 0.5311 0.1433 0.9012 0.2188 1.98 
DG (52:2) 0.01430 0.6146 0.06715 0.8652 0.02584 0.5846 0.1666 0.9589 0.2188 1.81 
DG (32:0) 0.01158 0.6876 0.2178 0.8227 0.01724 0.6834 0.2823 0.7969 0.3750 1.49 
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Lipid 
PBS Vehicle Control [KLA+ATP] 

p-value 
Fold 

Change k (h-1) A (0) A (∞) R2 k (h-1) A (0) A (∞) R2 
DG (38:1) 0.02196 0.5729 0.1137 0.8694 0.03176 0.5506 0.1460 0.9108 0.0781 1.45 
DG (34:2) 0.01328 0.7321 0.3207 0.8216 0.007620 0.7311 0.1745 0.8816 0.8125 0.57 
DG (52:1) 0.02411 0.5911 0.1303 0.8441 0.03178 0.5240 0.1601 0.9008 0.1094 1.32 
DG (36:1) 0.04061 0.7022 0.2603 0.7784 0.008953 0.6934 0.05873 0.9522 0.5781 0.22 
DG (36:2) 0.01722 0.7051 0.3015 0.8353 0.02115 0.7093 0.3212 0.9593 0.4688 1.23 
Ceramides (CE)  
CER (t42:3) 0.01057 0.6481 0.2187 0.8939 0.01567 0.6117 0.3147 0.7945 0.2969 1.48 
CER (t45:1) 0.01984 0.6545 0.4270 0.2620 0.01457 0.6006 0.3542 0.2868 0.0156 0.73 

CER (t42:1) ~ 2.415e-005 0.5405 - - 0.02305 0.6184 0.2901 0.7939 0.6875 - 
CER (36:2) 0.02481 0.5717 0.4303 0.3976 0.04587 0.5525 0.4607 0.2854 0.8125 1.85 
Cardiolipin (CL)  
CL (68:4) 0.01722 0.4232 0.04694 0.8894 0.01965 0.4248 0.07483 0.9279 > 0.9999 1.14 
CL (70:5) 0.01374 0.4308 0.4308 0.8747 0.007980 0.4010 -0.05565 0.8596 0.5781 0.58 
CL (70:4) 0.01314 0.4022 0.05723 0.7643 0.01764 0.4170 0.07389 0.9524 0.4688 1.34 
CL (68:5) 0.02187 0.4312 0.1297 0.6731 0.01115 0.4336 -0.03841 0.9275 0.3750 0.51 
CL (58:4) 0.02722 0.5029 0.08633 0.8445 0.02236 0.4427 0.07025 0.9734 0.0469 0.82 

CL (72:5) 0.1246 0.6061 0.3012 0.2323 0.004666 0.3876 -0.1165 0.7348 0.1563 0.04 
CL (72:6) 0.02906 0.5855 0.1616 0.5376 0.007214 0.4540 -0.05630 0.8232 0.8125 0.25 
CL (70:3) 0.004669 0.5139 0.03685 0.4145 1.966e-007 0.4291 -4126 - 0.2188 0.00 
CL (76:1) 0.04923 0.4136 0.1112 0.9796 0.04761 0.3776 0.08096 0.9742 0.0625 0.97 
CL (68:3) 0.1396 0.3723 0.3324 0.07899 0.1247 0.4699 0.2972 0.5323 0.9375 0.89 
CL (72:4) 0.02434 0.5868 0.2802 0.2696 0.04656 0.3857 0.2183 0.5125 0.0156 1.91 
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Table 6.2. Grouped Synthesis Rates (k) of Lipid Classes   
p-value obtained via a Wilcoxon signed rank test followed by Bonferroni 
correction. Standard deviation (SD), phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol 
(PI), triglyceride (TG), diglyceride (DG), sphingomyelin (SM), cardiolipin (CL) and 
ceramide (CER).   
 

Class PBS Control [KLA+ATP] p-value Number of pairs 

Mean k SD Mean k SD 

PC 0.0216 0.0106 0.0230 0.0122 >0.99 16 

PE 0.0161 0.0043 0.0161 0.0098 >0.99 10 

PS 0.0149 0.0068 0.0208 0.0117 >0.99 14 

PI 0.0195 0.0059 0.0341 0.0053 0.3125 5 

DG 0.0182 0.0098 0.0213 0.0096 >0.99 10 

TG 0.0189 0.0046 0.0303 0.0088 0.1755 9 

CL 0.0422 0.0460 0.0281 0.0357 >0.99 11 

CE 0.0138 0.0109 0.0194 0.0188 >0.99 4 

SM 0.0204 0.0099 0.0246 0.0072 0.8853 13 

All combined 0.0218 0.0188 0.0241 0.0157 0.1116 92 

 

It was observed that PCs had the largest synthesis rate constant of the 

phospholipids monitored, except for PIs when stimulated with [KLA+ATP]. The 

synthesis rates of CERs appeared to be the lowest of all the classes monitored. 

For PC, DG, CL, CER and SM lipids, the mean of the synthesis rate constants 

and the spread of data between stimulated and control RAW 264.7 cells is similar, 

and it is difficult to identify a clear treatment effect on the synthesis rates. For PS 

and PE lipids, there is a greater spread of data in the [KLA+ATP] stimulated cells 

compared to control, as displayed in the scatter plots (Figure 6.8). However, the 

mean value was not significantly affected. For PI and TG lipids, although the 

scatter plots (Figure 6.8) appear to show a clear treatment effect, this was not 

significant (Table 6.2). It is possible that if more data was obtained then these 

changes may be significant.  
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Individual lipid species with statistically significantly (p<0.05) different synthesis 

rates between [KLA+ATP] and vehicle control treated cells include: PS (34:1), PE 

(P-36:5), PE (P-40:6), PE (P-36:4-12OH), PI (34:1), SM( d36:0), SM (d40:1) , SM 

(d36:1), SM (d31:0), TG (50:1), TG (52:2), TG (48:0), TG(51:1), TG (50:0), TG 

(52:1), TG (54:2), TG (54:3), CER (t45:1), CL (58:4), CL (72:4). Therefore, the 

lipids with significantly changed synthesis rates were predominantly PEs, SMs 

and TGs.  Whilst the incorporation rate into TG and SM was increased, indicating 

an upregulation of synthesis upon inflammatory stimulation of RAW 264.7 cells, 

this rate was generally decreased in PE species, indicating a downregulation of 

synthesis.  

 

As an example, to display the difference in deuterium incorporation, the MIDA 

profile (Figure 6.9) at 0 and 120 h of 2H20 labelling has been compared between 

stimulated and control cells for TG (54:2). The extracted ion chromatograms 

display similar MIDA profiles at 0 h between the treatment and control cells. At 

120 h following deuterium incorporation, the [KLA+ATP]-stimulated cells display 

a remarkably different profile with a decrease in the intensity of the M0 peak and 

an increase in higher masses. In comparison, the shift in MIDA profile of the 

vehicle control treated cells is not as dramatic, indicating lower deuterium 

incorporation.  
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Figure 0.69. Synthesis rates of lipids grouped by class 

 

 

 

 

 

 

 

 

Figure 6.8. Synthesis Rates of Lipids Grouped by Class. Rates of lipids have been grouped and presented as scatter 

plots. Classes include; phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), 

phosphatidylinositol (PI), triglyceride (TG), diglyceride (DG), sphingomyelin (SM), cardiolipin (CL) and ceramide (CER).  

Error bars represent standard deviation, (n=3). 
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Figure 0.70. Deuterium Incorporation into Triglycerides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9 Deuterium Incorporation into Triglycerides. MIDA profile of triglyceride (54:2), at 0 and 120 h following deuterium 

incorporation in PBS control cells compared to [KLA+ATP] treated cells.  
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6.4.4 Effect of Inflammatory Stimulation on Protein Synthesis 

The synthesis rates of individual proteins from RAW 264.7 cells were determined 

and compared between [KLA+ATP] stimulated, and PBS vehicle control cells. 

Proteins associated with the inflammatory response and which contributed to the 

SILAC GO networks, as discussed in Chapter 5 were monitored specifically. 

Representative deuterium labeling curves for a selection of proteins have been 

presented (Figure 6.10). The determined synthesis rates and associated 

parameters from the 64 interrogated proteins are provided (Table 6.3). The 

obtained synthesis rate constants range between 0.005 and 0.1, and therefore 

over three orders of magnitude. In most cases, the rate constants between 

stimulated and control RAW 264.7 cells were similar and of the same order of 

magnitude, with only subtle differences.  The PGH1 and AL5AP rate curves did 

not reach a plateau and therefore the obtained parameters are approximated. 

 

The protein synthesis rates for all interrogated proteins were grouped and the 

mean synthesis rates between the [KLA+ATP] stimulated and control cells was 

not significantly different (Table 6.4). The obtained rate constants were grouped 

and displayed as scatter plots (Figure 6.11). Furthermore, proteins were 

segregated by properties including energy metabolism and ribosomal proteins to 

identify if these functions displayed altered kinetics between stimulated and 

unstimulated cells (Table 6.4). The effect of inflammatory stimulation on these 

properties was difficult to identify due to the large variation in the data and small 

number of data points, and there was no significant different between the mean 

synthesis rates. 
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Table 6.3. Obtained Proteins Synthesis Rates   
p-value refers to Wilcoxon matched pairs sign rank test between the matched normalised abundance of the monoisotopic peak at each 
time point analysed. Individual significance tests conducted with no further tests for multiple comparisons. Significant values (p<0.05) in 
bold. A (0) and A (∞) are the normalized peak intensities at time 0 and infinity, respectively. R2  is the goodness of fit, ID refers to the 
UNIPROT protein ID and ‘–‘ for no data. 

 
Accession 

 

 
Protein Name ID 

PBS Vehicle Control [KLA+ATP] 
p-value 

Fold 
Change 

k (h-1) A (0) A (∞) R2 k (h-1) A (0) A (∞) R2 

P30355 

Arachidonate 5-
lipoxygenase-
activating 
protein 

AL5AP 0.06874 0.4499 0.3239 0.9246 ~7.648e-
006 

0.3923 ~ -
144.3 

0.7609 0.2500 - 

P05064 

Fructose-
bisphosphate 
aldolase A 

ALDOA 0.02815 0.487 0.1933 0.9194 0.02864 0.4963 0.2069 0.9701 0.3125 1.02 

P56480 

ATP synthase 
subunit beta, 
mitochondrial 

ATPB 0.02622 0.3233 0.1342 0.9625 0.03274 0.3233 0.1414 0.8882 0.5781 1.25 

O35658 

Complement 
component 1 Q 
subcomponent-
binding protein, 
mitochondrial 

C1QBP 0.02184 0.1292 0.0243 0.9485 0.05039 0.1564 0.02086 0.9871 0.4375 2.31 

P14211 
Calreticulin 
(CRP55)  

CALR 0.04812 0.1487 0.03671 0.9973 0.02804 0.1325 0.0284 0.9899 0.8438 0.58 

P63038 

60 kDa heat 
shock protein, 
mitochondrial 

CH60 0.02157 0.182 0.02294 0.9769 0.02592 0.2076 0.03431 0.9871 0.0781 1.20 
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Accession 

 

 
Protein Name ID 

PBS Vehicle Control [KLA+ATP] 
p-value 

 
Fold 

Change 
k (h-1) A (0) A (∞) R2 k (h-1) A (0) A (∞) R2 

O35286 

Pre-mRNA-
splicing factor 
ATP-
dependent 
RNA helicase  

DHX15 0.3142 0.5009 0.3624 0.6869 0.07426 0.4801 0.3474 0.6644 0.4375 0.24 

P10126 
Elongation 
factor 1-alpha 1 

EF1A1 0.02847 0.5437 0.3485 0.8264 0.02215 0.5583 0.3988 0.8771 0.0781 0.78 

P58252 
Elongation 
factor 2 

EF2 0.03256 0.4367 0.1768 0.9762 
 

0.01912 0.3531 0.1846 0.9151 0.9999 0.59 

P17182 Alpha-enolase ENOA 0.06534 0.2873 0.1158 0.976 0.1147 0.2695 0.1995 0.2813 0.0781 1.76 

P19096 
Fatty acid 
synthase 

FAS 0.1524 0.5293 0.3651 0.9258 0.0816 0.5121 0.3995 0.5952 0.2969 0.54 

P16858 

Glyceraldehyde
-3-phosphate 
dehydrogenase 

GAPDH 0.02381 0.4215 0.1764 0.9162 0.03291 0.4779 0.1888 0.9785 0.9375 1.38 

Q99PT1 

Rho GDP-
dissociation 
inhibitor 1 

GDIR1 0.01861 0.3521 0.1034 0.9752 0.02664 0.357 0.1208 0.963 0.2969 1.43 

Q61599 

Rho GDP-
dissociation 
inhibitor 2 

GDIR2 0.2181 0.2145 0.1034 0.8587 0.03926 0.1646 0.09475 0.5481 > 
0.9999 

0.18 

P30681 
 

High mobility 
group protein 
B2  
 

HMGB2 0.03509 0.6369 0.4303 0.9283 0.1090 
 

0.5651 
 

0.465 0.8306 
 

0.2188 3.11 
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Accession 

 

 
Protein Name 

ID PBS Vehicle Control [KLA+ATP] 
p-value 

 
Fold 

Change 
ID k (h-1) A (0) A (∞) R2 k (h-1) A (0) A (∞) R2 

Q9Z204 Heterogeneous 
nuclear 
ribonucleoprote
ins C1/C2 

HNRNPC 0.01647 0.4609 0.2492 0.9376 6.74E-
08 

0.4465 -9804 0.8306 0.1875 0.00 

Q8VEK3 

Heterogeneous 
nuclear 
ribonucleoprote
in U 

HNRNPU 0.01855 0.1941 0.00958 0.9519 0.03277 0.238 0.06906 0.8822 0.0781 1.77 

P07901 

Heat shock 
protein HSP 
90-alpha 

HS90A 0.01219 0.3449 0.07854 0.7934 0.0335 0.3553 0.1384 0.985 0.8438 2.75 

P17156 

Heat shock-
related 70 kDa 
protein 2 

HSPA2 0.03587 0.3876 0.1666 0.9971 0.05888 0.4024 0.1909 0.9809 0.8125 1.64 

P63038 

60 kDa heat 
shock protein, 
mitochondrial 

HSPD1 0.01972 0.1889 0.00874 0.994 0.02775 0.2095 0.03059 0.9809 0.2188 1.41 

P52480 
Pyruvate 
kinase PKM 

KPYM 0.04045 0.3274 0.1683 0.9392 0.01696 0.3086 0.1457 0.6594 0.8125 0.42 

P06151 

L-lactate 
dehydrogenase 
A chain 

LDHA 0.02415 0.1793 0.0637 0.8815 0.03158 
 

0.1932 0.05001 0.03158 0.4375 1.31 

P48999 Polyunsaturate
d fatty acid 5-
lipoxygenase 

LOX5 - - - - 0.02714 0.3993 0.1879 0.9696 - - 
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Accession 

 

 
Protein Name ID 

PBS Vehicle Control [KLA+ATP] 
p-value 

 
Fold 

Change 
k (h-1) A (0) A (∞) R2 k (h-1) A (0) A (∞) R2 

Q8VDD5 Myosin-9  MYH9 0.03747 0.2502 0.06826 0.9788 0.04089 0.2655 0.05588 0.9371 0.6875 1.09 

P25799 

Nuclear factor 
NF-kappa-B 
p105 subunit 

NFKB1 0.01491 0.3003 0.118 0.76 0.01197 0.2815 0.09037 0.7698 0.5625 0.80 

Q9Z0J4 
Nitric oxide 
synthase, brain 

NOS1 0.1017 0.6542 0.6208 0.1803 0.7087 0.6917 0.6235 0.1825 0.6875 6.97 

P09103 

Protein 
disulfide-
isomerase  

PDIA1 0.04058 0.1859 0.04369 0.9819 0.0312 0.1721 0.03722 0.9881 0.6875 0.77 

Q9DBJ1 
Phosphoglycer
ate mutase 1  

PGAM1 0.02243 0.3568 0.1401 0.9714 0.03284 0.3483 0.1686 0.873 0.8125 1.46 

P22437 
Prostaglandin 
G/H synthase 1 

COX1 
(PGH1) 

0.06287 0.02567 0.01386 0.9081 ~ 
0.02925 

0.04359 ~ 
692364 

0.6981 0.8125 - 

Q05769 
Prostaglandin 
G/H synthase 2  

COX2 
(PGH2) 

0.00172 0.3234 -0.9035 0.9308 0.01426 0.4436 0.1328 0.8465 0.125 8.29 

P09411 
Phosphoglycer
ate kinase 1 

PGK1 0.00878 0.3041 0.1344 0.679 0.00581 0.2375 -0.2216 0.8423 0.0625 0.66 

Q9R1Q7 
Proteolipid 
protein 2 

PLP2 0.03702 0.5145 0.2132 0.9841 0.03044 0.6612 0.2372 0.9893 0.0313 0.82 

P62821 
Ras-related 
protein Rab-1A  

RAB1A 0.02414 0.5411 0.3348 0.9826 0.03461 0.5457 0.3687 0.9912 0.375 1.43 

Q6ZWV3 
60S ribosomal 
protein L10  

RL10 0.03859 0.5383 0.3058 0.8359 0.0678 0.5265 0.3416 0.9912 0.8125 1.76 

P35979 
60S ribosomal 
protein L12 

RL12 0.02333 0.3926 0.1581 0.9534 0.04047 0.3807 0.2074 0.9699 0.6875 1.73 
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Accession 

 

 
Protein Name ID 

PBS Vehicle Control [KLA+ATP] 
p-value 

 
Fold 

Change 
k (h-1) A (0) A (∞) R2 k (h-1) A (0) A (∞) R2 

Q9CZM2 
60S ribosomal 
protein L15 

RL15 0.03224 0.5956 0.383 0.9815 0.03514 0.5603 0.404 0.553 0.9999 1.09 

P35980 
60S ribosomal 
protein L18 

RL18 0.02487 0.5033 0.3188 0.9648 0.02575 0.473 0.3247 0.9803 0.2969 1.04 

P84099 
60S ribosomal 
protein L19 

RL19 0.03707 0.5662 0.2955 0.9216 0.3411 0.5956 0.02865 0.9414 0.0156 9.20 

P62751 
60S ribosomal 
protein L23a 

RL23A 0.01973 0.4329 0.1407 0.9709 0.01456 0.4614 0.1165 0.9494 0.0469 0.74 

P14115 
60S ribosomal 
protein L27a  

RL27A 0.02482 0.5193 0.3244 0.9967 0.01387 0.5194 0.301 0.8503 0.1563 0.56 

Q9D8E6 
60S ribosomal 
protein L4 

RL4 0.02457 0.4895 0.2786 0.9872 0.02996 0.4974 0.2836 0.9693 0.8125 1.22 

P62918 
60S ribosomal 
protein L8 

RL8 0.02233 0.5461 0.3556 0.703 0.05347 0.6401 0.4252 0.9421 0.0781 2.39 

P99027 

60S acidic 
ribosomal 
protein P2 

RLA2 0.01744 0.4918 0.1925 0.9906 0.1185 0.501 0.3907 0.9243 0.1094 6.79 

P63325 
40S ribosomal 
protein S10 

RS10 0.03183 0.5036 0.372 0.9393 0.03584 0.5031 0.2948 0.2368 0.6875 1.13 

P62281 
40S ribosomal 
protein S11 

RS11 0.02837 0.4672 0.2897 0.8767 0.03892 0.4856 0.29 0.9497 0.5625 1.37 

P62301 
40S ribosomal 
protein S13 

RS13 0.02454 0.3656 0.1369 0.9807 0.02725 0.377 0.1272 0.9459 0.9375 1.11 

Q9CZX8 
40S ribosomal 
protein S19 

RS19 0.03549 0.4165 0.166 0.9557 0.03222 0.3832 0.1755 0.9663 0.9999 0.91 
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Accession 

 

 
Protein Name ID 

PBS Vehicle Control [KLA+ATP] 
p-value 

 
Fold 

Change 
k (h-1) A (0) A (∞) R2 k (h-1) A (0) A (∞) R2 

P25444 
40S ribosomal 
protein S2 

RS2 0.02082 0.4349 0.3118 0.9305 0.03391 0.4685 0.3416 0.942 0.0156 1.63 

P60867 
40S ribosomal 
protein S20 

RS20 0.03545 0.5064 0.2557 0.9152 0.01805 0.5024 0.2593 0.9661 0.0469 0.51 

P62852 
40S ribosomal 
protein S25 

RS25 0.02286 0.551 0.3567 0.9456 0.02965 0.5605 0.38 0.9424 0.4688 1.30 

P62908 
40S ribosomal 
protein S3 

RS3 0.03119 0.4423 0.2188 0.9825 0.03362 0.4617 0.2419 0.9873 0.0313 1.08 

P97351 
40S ribosomal 
protein S3a  

RS3A 0.0221 0.3280 0.1148 0.9738 0.01803 0.3206 0.0998 0.9014 0.9375 0.82 

P97461 
40S ribosomal 
protein S5 

RS5 0.01457 0.2748 0.06636 0.9228 0.03472 0.258 0.1213 0.9671 0.3125 2.38 

P62082 
40S ribosomal 
protein S7 

RS7 0.02695 0.4341 0.2323 0.9825 0.03412 0.4575 0.2695 0.9761 0.0313 1.27 

P62242 
40S ribosomal 
protein S8 

RS8 0.02535 0.4771 0.2111 0.9956 0.05265 0.5119 0.2494 0.976 0.05265 2.08 

Q6ZWN5 
40S ribosomal 
protein S9 

RS9 0.0215 0.4728 0.3191 0.9769 0.04325 0.5115 0.3718 0.9151 0.0313 2.01 

P84104 
 
 

Serine/arginine
-rich splicing 
factor 3  

SRSF3 0.04059 0.3856 0.1553 0.9717 0.05851 0.5109 0.1828 0.7437 0.2969 1.44 

Q01853 

Transitional 
endoplasmic 
reticulum 
ATPase  

TERA 0.03524 
 

0.3974 
 

0.1831 
 

0.9671 
 

0.03384 
 

0.4262 
 

0.1846 
 

0.9790 
 

0.4375 
 

0.96 
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Accession 

 

 
Protein Name ID 

PBS Vehicle Control [KLA+ATP] 
p-value 

 
Fold 

Change 
k (h-1) A (0) A (∞) R2 k (h-1) A (0) A (∞) R2 

Q9D880 

Mitochondrial 
import inner 
membrane 
translocase 
subunit TIM50 

TIM50 0.03748 0.292 0.1589 0.9274 0.01318 
 

0.3488 0.1047 0.797 0.0625 0.35 

P80317 

T-complex 
protein 1 
subunit zeta 

TCPZ 0.02199 
 

0.2328 
 

0.05707 
 

0.9888 
 

0.02646 
 

0.2269 
 

0.06595 
 

0.9711 
 

0.8438 
 

1.20 

Q9DCC8 

Mitochondrial 
import receptor 
subunit TOM20 
homolog 

TOM20 0.02880 
 

0.2200 
 

0.06512 
 

0.9882 
 

0.05987 
 

0.2520 
 

0.06793 
 

0.9643 
 

0.8125 
 

2.08 

P17751 
Triosephosphat
e isomerase  

TPIS 0.04294 
 

0.3610 
 

0.1967 
 

0.9522 
 

0.01168 
 

0.2878 
 

0.1513 
 

0.8315 
 

0.3750 
 

0.27 

P62984 Ubiquitin-60S 
ribosomal 
protein L40 

UBA52 0.07306 0.4208 0.1655 0.9636 0.08709 0.3687 0.1699 0.9797 0.4375 1.19 

 

  



309 
 

Figure 0.71. Example Protein Rate Curves 

 

 

Figure 6.10. Example Protein Rate Curves. Example curves used to deduce protein synthesis rates have been presented. ID’s 

refer to the Uniprot entry name with _MOUSE suffix removed. 
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Table 6.4. Grouped Synthesis Rates (k) of Proteins  

p-value obtained via a Wilcoxon signed rank test followed by Bonferroni 

correction. Standard deviation (SD). 

 PBS Control [KLA+ATP]   
Association Mean k SD Mean k SD p-value Number 

of pairs 
Ribosomal 0.02634 0.006281 0.05071 0.06538 0.0672 24 
Energy  0.03341 0.01349 0.0267 0.01057 >0.99 11 
All  0.0394 0.04814 0.05418 0.09671 0.976 61 

 

Individual proteins with statistically significant (p<0.05) synthesis rates between 

[KLA+ATP] and vehicle control treated cells include (Table 6.3): PLP2, RL19, 

RL23A, RS2, RS20, RS3, RS7 and RS9. The significantly altered proteins are 

predominantly ribosomal proteins. The direction of change for the synthesis rate 

was not consistent as though there was an overall increase, some synthesis rates 

had decreased following [KLA+ATP] stimulation. A synthesis rate could not be 

obtained for LOX5 in the vehicle control, however this protein was consistently 

identified in the [KLA+ATP] treated cells. 

 

Proteins with significantly altered synthesis rates were subjected to GO biological 

processes and cellular components analysis to identify any biological pathways 

which they are associated with. Only the cytosolic ribosome was identified to be 

significantly related to these proteins (Figure 6.12). 
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Figure 0.72. Grouped Synthesis Rates of Proteins  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11. Grouped Synthesis Rates of Proteins. The obtained rates of 

proteins have been grouped and presented as scatter plots. Groups include (A) 

ribosomal, (B) energy metabolism, (C) all proteins and (D) all groups. 

C D
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Figure 0.73.  Biological Processes and Cellular Components Network from 

Proteins with Altered Synthesis Rates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.12. Biological Processes Network from Proteins with Altered 

Synthesis Rates. Biological processes network of a subset of proteins with 

altered synthesis rates, increases (red) and decreases (green) in synthesis rate 

following [KLA+ATP] stimulated compared to PBS vehicle control cells. Nodes 

(large circles) are linked by their common genes (red labels) based on a kappa 

score (≥0.4) with the label of the most significant terms displayed. Colour 

intensity of nodes represent significance of ontology.  
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6.5 Discussion 

This Chapter describes experiments to investigate the synthesis rates of both 

lipids and proteins in RAW 264.7 cells following stimulation with [KLA+ATP]. 

Although static measurements of lipids and proteins following RAW 264.7 

stimulation have been conducted in the preceding chapters, these do not provide 

any temporal information. Investigation of the turnover of biomolecules 

acknowledges the dynamic nature of metabolism and provides a closer readout 

of the cell phenotype (Srivastava et al., 2016). The use of stable isotopic labelling 

is a popular approach for turnover analysis and 2H2O has many key advantages 

over alternative labels. These include the ability to be efficiently applied to an in 

vivo setting and its incorporation into multiple cellular pools and therefore permits 

interrogation of lipidome and proteome dynamics in the same sample (Bederman 

et al., 2006). 

 

The results of this Chapter highlight lipids and proteins which displayed altered 

synthesis rates following [KLA+ATP] stimulation of RAW 264.7 cells. The 

synthesis of such biomolecules may be highly regulated during inflammatory 

stimulation of macrophages cells, and therefore their turnover may serve as key 

biomarkers of a successful inflammatory response.  

 

6.5.1 Establishment of Method  

The initial experiments described in this Chapter aimed to establish a 2H2O 

labelling strategy as a means of determining the rates of synthesis of individual 

lipids and proteins in RAW 264.7 cells. In order to demonstrate proof-of-principle, 

the incorporation of deuterium into highly abundant lipids and proteins was first 

monitored. Given that the fundamental aim of this Chapter was to monitor the 



314 
 

effect of inflammatory stimulation on lipid and protein turnover, as this requires 

more samples and therefore processing time, it was convenient to first establish 

the method and confirm deuterium incorporation into both lipids and proteins.  

 

The results confirm that deuterium was successfully introduced into lipids and 

proteins, as determined by global mass spectrometry and MIDA. The 

experiments identified that steady-state labelling was reached by 96 h in lipids 

and proteins. Different lipids and proteins will reach steady state labelling at 

different times (Li et al., 2012) and therefore, to ensure steady-state was reached 

in the labelling curve, it was decided that future experiments would be analysed 

over 120 h of labelling. Literature reports have conducted similar strategies, with 

analysis for proteins being assayed for up to 150 h (De Riva et al., 2010) and 

lipids for up to 96 h (Castro-Perez et al., 2011).  In agreement with the literature, 

glycerophospholipids, sphingolipids and TGs were readily labelled with deuterium 

as there are many available hydrogen atoms to be exchanged in comparison. In 

comparison, cardiolipins and fatty acids displayed high variability and minimal 

incorporation as there are fewer available hydrogen atoms (Goh et al., 2018). 

 

6.5.2 Inflammatory Lipid Dynamics 

The effect of inflammatory stimulation on macrophage lipid dynamics was 

investigated by comparing the incorporation rates of deuterium, via 2H2O 

labelling, into individual lipids between [KLA+ATP] stimulated, and vehicle control 

RAW 264.7 cells. The derived synthesis rates are diverse, covering three orders 

of magnitude, and overall, the comparisons between stimulated and control cells 

provided similar values of the same order of magnitude. This indicates that 

macrophage stimulation results in only subtle changes to the rate of synthesis of 



315 
 

the specific lipids monitored. It should be acknowledged that metabolism is highly 

complex, consisting of many interconnecting pathways, and therefore a small 

change in  rate constant, which can implicate a biomolecules availability, may 

have a substantial effect on a metabolic pathway (Metallo and Vander Heiden, 

2013). Therefore, even these subtle (and non-significant) changes in the 

synthesis rate constants may be important to the promotion of an inflammatory 

response. Putatively identified lipids with statistically significant changes in 2H2O 

incorporation included: PS (34:1), PE (P-36:5), PE (P-40:6), PE (P-36:4-12OH), 

PI (34:1), SM (d36:0), SM (d40:1) , SM (d36:1), SM (d31:0), TG (50:1), TG (52:2), 

TG (48:0), TG (51:1), TG (50:0), TG (52:1), TG (54:2), TG (54:3), CER (t45:1), 

CL (58:4), CL (72:4).    

 

Prior analysis in Chapter 4, indicated a high abundance of phospholipids in RAW 

264.7 cells and that phospholipid remodelling took place following inflammatory 

stimulation with [KLA+ATP]. Although many of the phospholipids interrogated 

displayed comparable synthesis rates, many displayed altered kinetics. 

Specifically, the incorporation rates of many individual PE species were 

statistically decreased. Many of these altered phospholipid species are 

unsaturated with greater than four double bonds and were therefore likely to be 

esterified to arachidonic acid. Additionally, PE lipids suggested to esterified to 

eicosanoids were putatively identified. A downregulation in the synthesis of PE 

lipids esterified with AA/eicosanoids suggest a downregulation of inflammatory 

mediators and the pro-inflammatory response. Previous results (Chapter 4, Table 

4.13) suggested that the abundance of such lipid species was increased following 

[KLA+ATP] stimulation and, therefore, a decrease in synthesis rates may serve 

as a feedback mechanism to reduce the unnecessary production of these 



316 
 

potentially inflammatory lipids, which would otherwise cause excess inflammation 

or unnecessary drain of the cells resources.  

 

The general trend towards a decrease in the synthesis rates of PE lipids, of 

various degrees of saturation, supports our prior observation of a decrease in 

abundance (Chapter 4), and associated literature (Ecker et al., 2010; Zhang et 

al., 2017), that this class of lipids has a key role in the inflammatory response, 

including signal transduction (Meer, 2005; Dennis et al., 2010) and phagocytosis 

(Rubio et al., 2018). The synthesis rates for some individual PS and PI lipid 

species were significantly increased following [KLA+ATP] stimulation of RAW 

264.7 cells. These species have also been associated with inflammatory roles. 

The composition of phospholipids including PI and PS appear to be regulated by 

macrophage polarisation (Montenegro-Burke et al., 2016) and PS is translocated 

to the external surface of apoptotic cells to signal for phagocytosis (Wu, Tibrewal 

and Birge, 2006). The increase in kinetics supports their involvement in the 

inflammatory response.  

 

The rate constants for CL species indicated a decrease in the synthesis rate of 

these following [KLA+ATP] stimulation as CL (58:4) and CL (72:4) had statistically 

significant reductions in 2H2O incorporation in stimulated cells. In support of this, 

the results of Chapter 4 indicated a decrease in abundance of CLs following 

stimulation (Table 4.5). CLs are associated with inhibition of inflammation 

(Tsoukatos et al., 1993; Coats et al., 2016) and therefore may have been 

downregulated to allow the macrophages to mount an inflammatory response. 

However, the rate curves for CLs did not all reach a plateau and did not have a 

good curve fit (R2 value). Furthermore, there was a high variability, as represented 
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by the error bars, reducing confidence in the obtained rates. The high variation 

within this data set could be due to a number of reasons. Firstly, this species may 

not incorporate deuterium efficiently during synthesis (Goh et al., 2018). 

Alternatively, this species of lipid is highly complex and is made up of multiple 

individual lipid species (fatty acid chains) and each individual lipid species which 

make up cardiolipins may be synthesised at different rates.   

 

Many TG species had a statistically significant upregulation in their synthesis 

following inflammatory stimulation with [KLA+ATP]. This indicates that glycerides, 

and TGs in particular, are highly involved in the RAW 264.7 inflammatory 

response. In support of this, the promotion of DG (Callender et al., 2010; 

Mahajan, Mellins and Faccio, 2020) and TG synthesis following pro-inflammatory 

stimulation of both primary macrophages and RAW 264.7 cells has been well-

documented (Funk et al., 1993; Murphy et al., 2007; Feingold et al., 2012; Huang 

et al., 2014). The increased synthesis of TG, together with lipid droplets which 

store TGs, in response to pro-inflammatory stimulation of macrophages is 

associated with inflammatory mediator production, as inhibition of TG synthesis 

diminished PGE2 and IL-1β production (Castoldi et al., 2020). 

 

TGs are also high energy reserves (Alves-Bezerra and Cohen, 2017; Castoldi et 

al., 2020) and have been shown to contribute to the energy demand of 

phagocytosis (Chandak et al., 2010). Inflammatory stimulation of macrophages 

is accompanied by metabolic regulation to provide energy for the inflammatory 

response (O'Neill and Pearce, 2016). Therefore, the increase in synthesis of TGs 

may be to compensate for the large energy requirement of macrophage 

activation. Previous results in Chapter 5 highlighted altered abundances of many 
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proteins involved in energy metabolism following inflammatory stimulation of 

RAW 264.7 cells with [KLA+ATP].  This suggests the increase in the synthesis of 

TGs is partly related to their role as energy reserves, to compensate for the loss 

of energy to fuel the inflammatory response.  

 

Finally, the SM species (SM (d36:0), SM (d40:1), SM (d36:1), SM (d31:0)), had 

statistically significant changes to 2H2O incorporation. SM species have been 

associated with many anti-inflammatory roles, including inhibition of  PKC (Wang 

et al., 2005; Hannun et al., 1986) and sPAL2 (Singh and Subbaiah, 2007). These 

lipid species are enriched in lipid rafts, which are important in inflammatory 

signalling (Bagnat et al., 2000; Cordy et al., 2003; Wang et al., 2013), as 

addressed in Chapter 4. The promotion of synthesis of this class of lipids may act 

to prevent excess inflammation. Prior results in Chapter 4 identified a decrease 

in the ion intensity of SM species following [KLA+ATP] stimulation of RAW 264.7 

cells. Therefore, the general increase in synthesis rate may also be as a feedback 

mechanism to restore homeostasis in the abundance of these lipids. A future 

investigation to determine the changes in degradation rates of SM species 

following inflammatory stimulation would increase our understanding of these 

dynamics. 

 

6.5.3 Inflammatory Protein Dynamics  

The effect of inflammatory stimulation on macrophage protein dynamics was 

investigated by comparing the incorporation rates of 2H2O into individual proteins 

between [KLA+ATP] stimulated, and vehicle control treated RAW 264.7 cells.  As 

with the lipidomic data, the derived synthesis rates are diverse, covering three 

orders of magnitude. In general, the comparisons between stimulated and control 
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cells provided similar values of the same order of magnitude. However, there 

were proteins with altered kinetics. These included some inflammatory related 

proteins and proteins related to metabolism, but ribosomal proteins displayed 

consistently altered kinetics.  

   

Ribosomal proteins with statistically significant 2H2O incorporation rates included: 

RL19, RL23A, RS2, RS20, RS3, RS7 and RS9. Of these only RS23A and RS20 

displayed a decreased synthesis rate whilst the others increased which indicates 

that protein synthesis was promoted following [KLA+ATP] stimulation. The 

significantly altered ribosomal proteins form part of the small and large ribosomal 

subunit, though the majority are from the small subunit 40S cytosolic ribosomal 

subunit, as the GO analysis also indicates. Ribosomal proteins are involved in 

translation and therefore the suggested altered kinetics indicated protein 

synthesis is involved in the response to [KLA+ATP] inflammatory stimulation of 

RAW 264.7 cells. In support of this, the results in Chapter 5 identified many 

ribosomal proteins which had altered in abundance following stimulation with 

[KLA+ATP]. Additionally, ribosomal proteins have also been associated with cell 

and immune responses such as the regulation of P53 signaling (Gazda et al., 

2012), protein kinase (PKR) signaling (Blalock et al. 2014) and mRNA 

surveillance for viral protection (Kamitani et al., 2006), as has been addressed in 

Chapter 5.  

 

Proteolipid protein 2 (PLP2) displayed a significantly decreased synthesis rate 

following [KLA+ATP]-stimulation. PLP2 is associated with activation of protein 

kinase B (Akt) and therefore promotion of numerous signalling pathways (Sonoda 

et al., 2010). Therefore, a downregulation in the synthesis of PLP2 may be to 
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prevent further activation of Akt signaling (a transcription factor for numerous 

inflammatory related genes). However, the abundance of PLP2 was not found to 

be significantly altered following [KLA+ATP] stimulation (Chapter 5). 

 

Increasing the number of replicates would have ensured greater reliability and 

confidence as due to the time constraints (130 h running time on the Orbitrap-XL 

for single treatment condition); just an n of 1 was achieved for the proteomic 

turnover analysis. However, each time point analysed is from the same subset of 

RAW 264.7 cells and may be considered an individual replicate. Furthermore, a 

good fit of the exponential labelling curve helps to improve confidence in the 

reliability of the results. This is supported by a recent high-profile publication 

which reports turnover rates from a single sample number (Goh et al., 2018). 

Ultimately, due to the low sample number, it is suggested that the results from 

this Chapter should be considered pilot data and guide further investigation into 

the kinetics of the inflammatory response. The result of this study suggests that 

the kinetics of key inflammatory proteins, including complement and eicosanoid 

enzymes, energy metabolism, and ribosomal proteins may be particular focus to 

elucidating the temporal mechanism of macrophage inflammatory activation. 

 

Prior analysis (Chapter 5) reported a decrease in abundance of many 

inflammatory related proteins, including eicosanoid and MAPK proteins, following 

[KLA+ATP] stimulation of RAW 264.7 cells. The results of this Chapter did not 

identify a significant difference in the synthesis rates of these proteins, however 

an increased power of study (such as more replicates) may identify a significant 

change. It would be interesting to monitor the degradation rate of these proteins 

which may be increased, at the timepoint of analysis, to prevent continued 
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activation of the inflammatory response and this would explain the observed 

decreased abundance. A synthesis rate could not be obtained for LOX5 in the 

vehicle control cells. However, LOX5 was consistently identified in the [KLA+ATP] 

treated cells.  This is in contradiction to the prior results in Chapter 5, which could 

consistently identify LOX5 in control cells, and identified a significant decrease in 

the abundance of LOX5. The discrepancy may be due to biological, technical and 

experimental variation as the experiments were performed on different occasions 

on a different subset of cells, and further analysis should investigate further the 

dynamic of LOX5 in activated macrophages. Furthermore, the different software 

packages used between Chapter 5 and Chapter 6 to identify protein hits employ 

different algorithms, which may also contribute to the variability in protein 

identifications between the two approaches (Merl et al. 2012). 

 

6.5.4 Analysis of the Methodology 

It should be addressed that the statistical analysis did not include a post-hoc test 

for multiple corrections and therefore it is possible that type 1 errors (false 

positive) are present. With a more powerful study i.e. with more replicates the 

statistical significance of these changes can be obtained with greater confidence. 

The results in this Chapter should be considered pilot data and these proof-of-

concept results should be replicated in a larger, and more appropriately powered 

study. Furthermore, synthesis rates were obtained from a subset of the lipids and 

proteins identified within RAW 264.7 cells. The lipids and proteins to be analysed 

were determined based on the prior analysis of lipid and protein abundances 

following macrophage stimulation (Chapter 4 and 5). A more complete turnover 

analysis, of the entire set of lipids and proteins in RAW 264.7 cells would likely 

reveal more biomolecules with altered kinetics following macrophage stimulation.  
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The choice of label is an important consideration for many reasons, including 

cost, physiological impacts and must be chemically identical (Antoniewicz, 2013; 

Long and Antoniewicz, 2019). The metabolic pathway of interest, the system’s 

ability to synthesise and process the labelled precursor and the abundance of the 

precursor must also be considered to ensure there is sufficient bioavailability 

(Tigas, Sunehag and Haymond, 2002; Chan et al., 2015). Although radiolabels 

have been used previously to model dynamics, due to safety concerns (Bayly 

and Weigel, 1960; Hiller et al., 2010), improvements in the resolution of mass 

spectrometers (Eckers, Haskins and Langridge, 1997), and their commercial 

availability (Lehmann, Stephan et al. 1992), stable isotopes are now favoured. 

Many stable isotopes, such as 13C and 15N, have been previously used to 

measure the dynamics of a variety of biomolecules (Hiller et al., 2010). For 

example, heavy (13C) palmitic acid has been used to monitor the metabolism of 

lipids in cancer cells. This study used a targeted mass spectrometry approach to 

derive the mechanism of lipid metabolism by mapping the incorporation of 

palmitate following 5 h of labelling. An increase in exogenous fatty acid 

incorporation was identified in structural and signalling lipids. Contrary to 2H2O 

labelling, this method is not able to distinguish between synthesis or degradation 

rates (Louie et al., 2013). In addition to palmitate, acetate and glucose have 

previously been used to study lipid dynamics (Siler et al., 1998). For example, [2-

3H]-glycerol has previously been used to measure VLDL-TG kinetics in human 

participants via administration of a bolus injection (Patterson et al., 2002). 

Lipogenesis was measured using intravenous infusion of 13C-acetate in human 

participants (Hellerstein et al., 1991). For proteins, dynamic SILAC is often used, 

which traces the incorporation or loss of heavy amino acids over time to deduce 
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synthesis or degradation rates respectively. This method has been successfully 

used in vitro and in vivo animal models (Doherty et al., 2009; Doherty et al., 2012). 

 

The ability to monitor the dynamics of both lipids and proteins using 2H2O is highly 

advantageous in order to minimise experimental variation and allow metabolite 

networks, such as proteo-lipidomics, to be built (Sapcariu et al., 2014; Casanovas 

et al., 2015). Secondly, 2H2O is relatively cheap and equilibrates with body water 

quickly (Previs et al., 2004) and can be administered to participants administered 

orally (Robinson et al., 2011). This makes 2H2O suitable for in vivo analysis. 

Subsequently, many in vitro and in vivo studies have been conducted using 2H2O 

to monitor biomolecule dynamics such as proteins (Kasumov et al., 2011; Price 

et al., 2012; Wang et al., 2014), and lipids (Patterson et al., 2002; Brunengraber 

et al., 2003). However, the concentration of 2H2O should be kept to a minimum 

(< 10%), because high amounts (>25%) have reported nausea in patients in vivo 

(Schoenheimer, 1937). The obtained 2H2O derived rates are comparable to rates 

obtained via alternative isotope labels including amino acid tracers (Wilkinson et 

al., 2015).  

 

There are some analytical factors to consider when using deuterium. Firstly, there 

is an increase in hydrophobic binding between protiated compounds to nonpolar 

moieties on silica columns stationary phase than deuterated compounds (D). The 

increase in the strength of the interaction can interfere with the CH/CD bonds 

within mobile phase solutes during HPLC analysis (Turowski et al., 2003). The 

chromatographic retention mechanism can be defined as the sum of all physical 

interaction processes among solute, stationary phase, and mobile phase 

(Kaliszan, 2007). Therefore, these hydrophobic binding effects, may result in 
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subtle changes in retention time. A detailed evaluation of this shift has found it to 

be minimal and inconsequential for purposes of quantitation and suggests that 

the incorporation of deuterium isotopes is a viable route to proteome quantitation 

(Boutilier et al., 2012). The presented results support this notion, and found this 

shift to be minimal, with no apparent effect on MIDA analysis. To support this, 

deuterium isotopic standards are routinely used in quantitative mass spec 

analyses (Deems et al., 2007; Zhang et al., 2007). However, the 

acknowledgement of a possible shift in retention time would need to be accounted 

for in automated MIDA analysis.   

 

Secondly, when using stable isotopic labels it is important to consider the natural 

isotopic background. This is more relevant when using carbon, for which there is 

a relatively high abundance of the naturally occurring 13C isotope (~1.1% per 

carbon atom). In comparison, deuterium has a low natural abundance (~0.02% 

of hydrogen in nature is 2H). Therefore, under high-resolution conditions, the 

intensity of the M+1 peak due to 2H is minimal (e.g. methyl palmitate is in ~0.6% 

compared to that of the monoisotopic peak) (De Laeter et al., 2003; Herath et al., 

2014).  Furthermore, when using stable isotopes, there is a change in the reaction 

rate of a chemical reaction as a result of the heavier isotopes having a lower 

vibrational frequency and require higher energy to change their transition state 

and consequently, as slower reaction rate. This is known as the kinetic isotope 

effect (Bigeleisen and Mayer, 1947). The rate change is most pronounced when 

the relative mass change is greatest. Replacing a H atom with D represents a 

100% increase in mass, whilst 12C replacement with 13C represents an 8% mass 

increase. As such, the rate of a reaction involving a C–H bond is 6–10 times faster 

than a C–D bond, whilst this is around four times faster for a 12C compared to 13C  
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reaction (Westheimer, 1961). The kinetic isotope effect is one possible 

explanation for the adverse effects experienced when high concentrations of 

2H2O2 are used. The KIE can be mathematically determined and this is required 

for absolute measurements of reaction rates however, for relative measurements 

of turnover between two conditions, using low concentrations of deuterium, the 

KIE if often disregarded  (De Graaf et al., 2021; Francis and Kohen, 2014). 

 

The MIDA analysis used in this study is based on a single compartmental model, 

which follows a first order decay curve to generate the rate constant. This method 

assumes that synthesis rate is independent of concentration and requires steady-

state label-incorporation to be reached. Therefore, a long-term experiment is 

required with sufficient data points (Li et al., 2012; Neese et al., 2002; Kasumov 

et al., 2013; Goh et al., 2018). The mathematical approach used in this Chapter 

to determine the synthesis rate has been reported elsewhere (Kim et al., 2012; 

Goh et al., 2018). This approach requires relatively simplified and user-friendly 

mathematics and does not require knowledge of the exact precursor enrichment 

or labelling sites which reduces complexity of the experiments. Many variations 

of equations have been reported in the literature, for example, a multi-

compartmental model (Zech et al., 1979), which has previously been used to 

study TG synthesis (Farquhar et al., 1965). Messmer et al suggest the use of a 

2-compartmental model for in vivo dynamic analysis. However, their comparison 

between a one and 2-compartmental model with deuterium found both to be 

sufficient and to provide comparable rates (Messmer et al., 2005). This study 

proposes that the derived rate constants are sufficient for relative comparisons, 

such as between different treatment conditions of samples obtained within the 

same in vitro experiment.  
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Finally, experiments described in this Chapter have employed 2H2O labelling to 

monitor synthesis rates of lipids and proteins as an assessment of their turnover 

and dynamics under inflammatory stimulation of macrophage cells. To improve 

upon this understanding, the degradation rates of these biomolecules should be 

also monitored which could be conducted using chase experiments to monitor 

the loss of 2H2O over time. Furthermore, other factors such as localisation and 

modifications alter the bioavailability and function of a biomolecule and therefore 

assessment of these and integration with measurements of kinetics and 

abundances will enable a more complete understanding of the mechanisms 

which underlie the inflammatory response.  

 

6.6 Conclusion and Summary 

2H2O was found to be an appropriate method to study turnover of both lipids and 

proteins within the same sample. This approach was applied successfully to 

monitor the synthesis rates of lipids and proteins during [KLA+ATP] stimulation 

of RAW 264.7 cells.  To our knowledge, the exploitation of 2H2O to explore both 

the dynamics of lipids and proteins in stimulated RAW 264.7 cells/ macrophages 

has not been reported elsewhere.  

 

Pilot analysis suggested many classes of lipids and proteins, such as TGs and 

ribosomal proteins, experienced increased synthesis rates during macrophage 

activation. Future analysis should investigate this further as such biomolecules 

may serve as biomarkers to a successful inflammatory response and their 

kinetics may underlie the development of inflammatory diseases.  
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The use of 2H2O labelling is commonly being applied to dynamic analysis and this 

approach has many advantages over other stable isotopic labels. Particularly the 

ability to label multiple biomolecules within a system, and the application to in 

vivo studies allow are key advantages to the application of this technology. The 

development of user-friendly computational tools to efficiently interrogate the 

obtained stable isotope labelling data will likely drive the application of this tool.  
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7. Chapter 7 - Project 

Discussion 
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7.1 General Discussion 

Inflammation is a protective response to infection or injury and an essential 

process in the maintenance of tissue homeostasis. It is a tightly controlled 

sequence of events, which starts with the pro-inflammatory acute phase and is 

subsequently followed by the active resolving phase (Newson et al. 2014). An 

inflammatory response involves a range of immune cells and the integration of 

the many cellular pathways is crucial to the regulation of this process (Kumar et 

al., 1999; Medzhitov, 2008; Ankers et al., 2016).  

 

Macrophages play a central role in inflammation by producing a variety of 

inflammatory mediators including cytokines, lipid mediators and free radicals that 

work together to neutralize and eliminate invading pathogens and repair tissues 

damaged by trauma (Nathan, 1987). In addition, macrophages are central to the 

phagocytosis of invading pathogens and cellular debris (Metschnikoff, 1891). The 

ability to examine macrophage activation at the biomolecular level has the 

potential to provide additional perspectives on inflammatory responses. 

Furthermore, the continued activation of the acute inflammatory response 

contributes to the destruction of tissue function and integrity, whilst chronic, low-

level inflammation ultimately contributes to a wide range of disease profiles (Song 

et al., 2006; Hedayat et al., 2010; Murakami and Hirano, 2012). 

 

Lipidomics and proteomics represent powerful experimental approaches for in-

depth analysis of the components of cellular systems, which are increasingly 

being used as tools to explore the biology of macrophages (Wiedmer et al., 2004; 

Wang, Zhao and Andersson, 2004; Velazquez and Teran, 2013). In this thesis a 

multi-omic strategy was utilised to investigate inflammatory responses of cultured 
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murine macrophage RAW 264.7 cells. Changes in lipid and protein profiles of 

stimulated RAW 264.7 cells were characterized through the use of global 

lipidomic and proteomic analyses. Further, a novel stable isotope labelling 

strategy was developed to monitor the dynamics of the macrophage lipidome and 

proteome over time following inflammatory activation. 

 

7.2 Summary of Findings  

In the first results Chapter (Chapter 3), the RAW 264.7 murine macrophage cell 

line was validated for its ability to model an inflammatory response. RAW 264.7 

cells, which are widely utilized to study inflammation (Kahlenberg and Dubyak, 

2004; Buczynski et al., 2007; Dennis et al., 2010; Dinasarapu et al., 2013), were 

exposed to physiologically relevant immune modulators. The modulators 

employed not only mimic bacterial exposure (using a PAMP - KLA), but also 

reflect the signals produced by damaged or dying cells during clearance (using a 

DAMP - ATP). Measurement of cell markers, secreted TNF and eicosanoids, 

confirmed that the cells were stimulated to polarise into a pro-inflammatory, M1 

phenotype and accurately reflected the temporal variations in the activation and 

response of different components of the inflammatory pathways. The 

combination of these stimuli produced a synergistic effect that boosted the 

inflammatory response in terms of prostaglandin production. Furthermore, cell 

marker expression indicated that co-activation with [KLA+ATP] may promote an 

increase in M2 phenotype compared to KLA stimulation alone. 

 

Having established that RAW 264.7 cells are an appropriate in vitro model system 

that exhibits the functional characteristics of primary macrophages, an untargeted 

lipidomic analysis, was applied to determine the changes in macrophage lipid 
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profile following activation. The data sets presented in Chapter 4 revealed that 

significant lipid remodelling takes place in response to inflammatory stimulation. 

In particular, glycerophospholipids were key lipids involved in the dynamic 

inflammatory response. In addition, pathway analysis indicated that AA 

metabolism was involved in the inflammatory activation of macrophage cells. 

Altogether, these results highlighted the bioactive roles of lipids and confirmed 

that lipid remodelling underlies biochemical pathways, which are essential to 

macrophage responses to inflammatory stimuli. 

 

In Chapter 5, concomitant quantitative proteomic analyses using both label-free 

and SILAC approaches in conjunction with high-resolution LC-MS/MS were 

employed to interrogate the macrophage inflammatory response at the protein 

level. GO analysis and network mapping was carried out to integrate the 

proteomic datasets and present the associated gene product attributes in terms 

of their cellular localisation, biological process and pathway designation. Several 

key proteins and pathways were identified with alterations in expression in 

response to macrophage activation, which included promotion of macrophage 

differentiation and polarisation, and protein synthesis. Further aberrated energy 

metabolism was indicated, with a downregulation of glycolytic protein 

abundances in [KLA+ATP]-treated cells.  

 

Whilst the comparative lipidomic and proteomic measurements obtained in 

Chapters 4 and 5 have provided valuable insights into the biological pathways 

implicated in the macrophage inflammatory response, such as AA and energy 

metabolism, they only provide a ‘snap-shot’ at a given point in time and do not 

address the dynamics of the macrophage lipidome and proteome. Even when a 
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cell is in a position of apparent steady state, the lipid and protein complement is 

in constant flux and there is a continuous cycle of synthesis and degradation. 

Turnover is a  determinant of the metabolic requirement of a cell (Hasunuma et 

al., 2010), which can be influenced by environmental conditions, cellular 

functions, developmental status and extracellular challenge (Hellerstein and 

Neese, 1999). The inflammatory response is a highly dynamic, orchestrated 

process (Newson et al. 2014) and the timings and activity of the many 

inflammatory signalling pathways, mediator production and functional activities of 

biomolecules is crucial to the regulation and a successful inflammatory response 

(Ankers et al. 2016). Therefore, analysis of turnover may increase our knowledge 

of important biochemical pathways.  

 

Turnover was addressed in the final aim of this thesis, which was focused on 

developing an approach to measure the rates of synthesis of individual 

macrophage lipids and proteins on a cell wide scale (i.e. not bulk synthesis rates). 

However, the ability to explore lipidome and proteome dynamics simultaneously 

required a label that could be used to study the synthesis of both lipids and 

proteins. Deuterium oxide (2H2O) was chosen for this purpose. Following the 

establishment of an effective labelling method in RAW 264.7 cells, the synthesis 

rates of lipids and proteins were investigated between [KLA+ATP] stimulated and 

vehicle control cells (Chapter 6). The results demonstrated the feasibility of this 

experimental approach in cellular systems and identified increased synthesis 

rates of triglycerides and either increased or decreased synthesis rates in 

ribosomal proteins.  Therefore, the synthesis rates of these biomolecules may be 

vital to the successful implementation of an inflammatory response. The results 

from all Chapters of this study have been combined and summarised (Figure 7.1). 



333 
 

Figure 7.1. Summary Results Following Stimulation of RAW 264.7 Cells. 

Following KLA and/or ATP stimulation, RAW 264.7 cells express CD11b, CD80, CD86 

and minimal MHC II markers on their surface and experience changes to metabolite 

production, including cytokine signalling and eicosanoid metabolism. The cells also 

experience changes to lipid metabolism, including phospholipids (PLs), sphingolipids 

(SLs), glycerides, cardiolipins (CL), plasmalogens and lyso-phospholipids (LPLs). 

Changes to protein expression were also identified in proteins involved in energy 

metabolism (glycolysis, ATP transporters, mitochondria), macrophage polarisation 

(actin and myosin), transcription and translation (ribosomes, TEFs, histones, 

splicosome), inflammation (MAPK) and lipid metabolism (PLP2 and peroxisome). 

Furthermore, synthesis rates (bold) of various PL (phosphoinisitols (PIs) and 

phosphatidylethanolamines (PEs), sphingomyelins (SMs), triglycerides (TGs), PLP2 

and ribosomes were altered.  



334 
 

7.3 Future Work 

The techniques and methods established, optimised and validated in this thesis 

can be, in principle, applied to a wide range of immune cells such as neutrophils 

and dendritic cells. Although the RAW 264.7 cell line is a suitable model for 

macrophage activation (Maurya et al., 2013), there is the risk that their 

immortalised phenotype does not accurately reflect the characteristics of their 

primary cell counterparts, and technique could be extended to primary cells to 

confirm the findings in primary human cells. Furthermore, in vivo inflammation 

involves a network of many cell types, each with a unique role (Robb et al., 2016). 

Therefore, it would be especially useful to study co-cultures that comprise 

different classes of cells involved in mediating inflammatory responses, and to 

characterise communication between different classes of immune cells which has 

previously been suggested (Marwick et al., 2018).   

 

In addition, the effects of anti-inflammatory drugs on lipid and protein synthesis 

rates in macrophages could be investigated. This might include steroids, such as. 

dexamethasone, and/or non-steroidal anti-inflammatory drugs (NSAIDs), such as 

aspirin. 2H2O labelling opens the potential to conduct in vivo experiments with 

animal models or human volunteers (Lee et al., 1994; Shankaran et al., 2016). 

This work could also potentially be developed and used in studies on lipid and 

protein kinetics in animal models or human volunteers in which the 2H2O is 

administered (Ilchenko et al., 2019). The developed methodology might therefore 

be a tool with which to explore the mechanism of molecular changes in 

inflammatory conditions, such as asthma, COPD and rheumatoid arthritis. 
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An understanding of the dynamics of lipid and protein cellular turnover involved 

monitoring the time-dependent incorporation of a stable isotopic label into 

biomolecular pools using sophisticated analytical and bioinformatic resources. 

However as with any method, there were limitations. The use of 5% 2H2O in 

experiments resulted in low signal-to-noise ratios of labelled lipids and peptides 

of low abundance and low molecular weight, limiting their MIDA, for example with 

LPLs. The use of a higher percentage of 2H2O or the use of 2H2
18O (with an 

additionally labelled oxygen) may provide greater sensitivity. Future experiments 

to investigate inflammatory responses could also focus on turnover rates of 

eicosanoids. However, these bioactive lipid mediators do not incorporate 

hydrogen during their metabolism from AA and therefore in targeted studies the 

use of deuterated AA or O18 would be more appropriate to monitor metabolism of 

this metabolic precursor of eicosanoids. 

 

Another key challenge in the turnover studies was the processing of the large 

volume of complex, mass spectral data. Data analysis workflows using stable 

isotope labelled amino acids in this arena (specifically for use in SILAC-based  

experiments) are well established, employing highly refined software tools 

developed by academic researchers e.g. MaxQuant (Tyanova, Temu and Cox, 

2016) and commercial packages such as Non-Linear Dynamics Progenesis and 

Thermo ProteomeDiscover. In comparison, there are limited programmes 

available for use with other stable isotope tracers, including 2H2O. Most of the 

early development software that has been produced is far less advanced and is 

often difficult to use as they are often developed in house for a specific study of 

interest. Therefore, the analysis of the lipidomic and proteomic turnover data 

outlined in this thesis required a high amount of manual input, which was very 
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time consuming and constituted the rate-limiting step in the translation of turnover 

data to knowledge output. For this reason, only a limited number of protein and 

lipid rates were determined. As such, there is a clear requirement for the 

development of effective bioinformatic resources that would expedite data 

processing and enhance the ability to investigate lipidome and proteome 

dynamics through 2H2O labelling. 

 

Although the controlled and selective synthesis, metabolism and removal of 

biomolecules is critical for most cellular processes, including inflammation 

(Eichelbaum and Krijgsveld, 2014; Zhang et al., 2018), the generation of 

inflammatory mediators and macrophage functions is often regulated by 

additional mechanisms such as phosphorylation cascades (Kyriakis and Avruch, 

2012), and calcium signalling (Zhang and Vogel, 1994; Ma et al., 2018). As a 

result, protein abundance does not always reflect activity and function. This is 

supported by the modest changes observed in the lipids and proteins following 

inflammatory stimulation. Furthermore, the inability to detect some key 

inflammatory proteins suggests that the macrophages are already primed to 

mount an inflammatory response, without the requirement for de novo synthesis 

key proteins. Ultimately, to develop a complete understanding of the mechanisms 

involved in the inflammatory response, a combination of various techniques will 

be required, such as the measurement of protein phosphorylation and calcium 

signalling. 

 

7.4 Application of Findings to Current Knowledge 

This study monitored the effect of inflammatory stimulation of RAW 264.7 

macrophage cells on multiple levels of the omics cascade (Figure 7.2).  
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Figure 7.2. Summary Results Applied to the Omics Cascade. This study investigated the inflammatory response to KLA and/or ATP 

stimulation of RAW 264.7 cells and involved analysis at multiple levels of the omics cascade, including proteomics, metabolomics, 

phenotype and turnover.  A complete investigation of all the levels of the omics cascade will allow a holistic understanding of biology.  
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Commonly individual omics are investigated separately however an integrated 

analysis at multiple levels enables one to build a more complete understanding 

of a biological response (Zierer et al., 2016). The individual omics influence each 

other, for example, genes will be transcribed and translated resulting in protein 

expression, and enzymes will regulate metabolites such as lipids  (Chick et al., 

2016; Sun and Hu, 2016). Although metabolites are often end products of 

biochemical cascades and therefore connect the genome, transcriptome and 

proteome to phenotype (Stanberry et al., 2013), dynamic analysis, which includes 

synthesis and degradation rates, provides an additional parameter which 

contributes to the regulation of compound abundances (Hellerstein et al., 1991; 

Price et al., 2012). The integration of different omics data will provide a greater 

understanding of how the flow of information leads to a functional consequence 

i.e. the phenotypic effect, and may identify causative changes which lead to 

disease progression (Wu et al., 2014; Yugi et al., 2016). 

 

An example of the connections between the various omics levels in the results of 

this study included the alterations to the abundance of many ribosomal proteins 

and the significance of the ribosome highlighted by gene ontology analysis. 

Further dynamic analysis supported the significance of ribosomal proteins in the 

inflammatory response as many displayed altered synthesis rates. This is 

interesting as ribosomal proteins have been associated with inflammatory 

signalling pathways, even independent of the ribosome machinery. For example, 

ribosomal proteins have been shown to; activate JNK via TRADD activation  

(Jang et al., 2012), regulate PI3K/Akt and MAPK (Wang et al., 2013), activate 

NF-κB  (Lim et al., 2011; Wan et al., 2007) and contribute to inflammatory 

cytokine production  (Okamura et al., 2018).  As such, altered ribosomal protein 
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synthesis rates may therefore influence aberrated inflammatory signalling 

pathways, and may serve as clinical biomarkers of inflammatory disease 

progression. Inflammation is a highly complex process in which numerous factors 

may be altered to provide a biological response highlighting the importance of 

further research into this field, using multiple experimental approaches at all 

levels of the omics cascade (Tisoncik-Go et al., 2016). 

 

7.5 Final Conclusions 

Multi-omic technologies are increasingly being used to explore the molecular 

pathways involved in inflammatory responses. The work described in this thesis 

utilised advanced lipidomic and proteomic strategies to investigate the global 

effect of stimulation in cultured mouse macrophages at the lipid and protein level. 

In-depth analysis of the lipid and protein components revealed significant 

metabolic reprogramming along with a change in cell polarisation of the 

macrophages towards a reduced pro-inflammatory phenotype. Further, a novel 

methodology has been established using stable isotope labelling with 2H2O in 

conjunction with high resolution mass spectrometric analyses for lipid and protein 

synthesis analysis on a cellular-wide scale. Using this approach, the rates of 

synthesis of individual lipids and protein were monitored in RAW 264.7 cells 

following treatment with defined immune modulators. This study has produced 

interesting results and each chapter generated interesting hypotheses which 

should be investigated further in a more targeted manner. Furthermore, this study 

demonstrates the ability of advanced multi-omic approaches to probe the biology 

of immune cells and provide additional perspectives on the mechanisms 

associated with macrophage activation. 
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Appendix  

1. Solution Preparation Tables 

ATP and KLA Working Solutions  

Reagent Dilution 1 Dilution 2  Dilution 3 [Final] 

ATP 12.5 mg into 1 
mL PBS for  
25 mM 

80 µL per mL 
medium for 2 
mM 

n/a 2 mM 

KLA 1 mg into 1 
mL   PBS for  
1 mg/mL 

100 µL into 900 
µL PBS for 
100 µg/mL 

1 µL into 1 mL 
medium for 
100 ng/mL  

100 ng/mL 

 

Lysis Buffer 

Reagent Volume/Mass 
SDS 0.1 g 
50mM Tris 0.06 g 
EDTA 3.72 g 
HCl Drops to pH 8 
H2O To 10 mL 

 

Tris-HCl 

Reagent Volume/Mass 
Tris base  60.57 g 
H2O 1 L 
1 M HCl Dropwise until pH 6.8 

 

Sample Loading Buffer  

Reagent Volume/Mass 
Tris 0.5 M - HCl 1 mL 
Glycerol 1 mL 
SDS 0.2 g 
Bromophenol blue 0.01 g 
Dithiothreitol 0.154 g 
H2O 8.6 mL 
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10x Running Buffer  

Reagent Volume/Mass 
Tris base 30.2 g 
Glycine 143.2 g 
SDS 10 g 
H2O Up to 1L 

 

Gel Staining Solution 

Reagent Volume/Mass 
Acetic acid  100 mL 
Methanol 500 mL 
H2O 400 mL  
Coomassie brilliant blue R250 3 g 

 

Gel De-staining Solution 

Reagent Volume/Mass 
Acetic acid  100 mL 
Methanol 400 mL 
H2O 500 mL  

 

100mM Ammonium Bicarbonate   

Reagent Volume/Mass 
Ammonium bicarbonate   1.98 g 
H2O 250 µL  

 

Dithiothreitol 

Reagent Volume/Mass 
Dithiothreitol 0.0154 g  
100 mM ammonium bicarbonate   10 mL 

 

Iodoacetamide 

Reagent Volume/Mass 
Iodoacetamide 0.102 g 
100 mM ammonium bicarbonate   10 mL 
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0.1 µg/µL Trypsin Solution 

Reagent Volume/Mass 
Trypsin  25 µg 
50 mM acetic acid 250 µL 
50 mM ammonium bicarbonate   2.25 mL 

 

2. MRM Transitions for Eicosanoid Species 

Metabolite Precursor Mass Product Mass 
10 ,17-DiHDHA  359.2 153.1 
11 beta PGF2a  353.2 193.2 
11 dehydro TxB2  367.1 161.2 
11-HETE  319.1 167.2 
11, 12-DHET  337.2 167.2 
11,12-EET  319.1 167.2 
12-HEPE  317.1 179.1 
12-HETE  319.2 179.1 
13-HODE  295.1 195.1 
14-HDHA  343.1 205.1 
14, 15-DHET 348.2 207.1 
14, 15-EET  319.1 175.2 
15, D12,14 PGJ2  333.1 271.2 
15-HEPE  317.1 219.1 
15-HETE  319.1 219.1 
15 OxoETE  317.1 113.5 
17-HDHA  343.2 281.2 
20 COOH LTB4  365.1 195.1 
20-HETE  319.1 245.2 
20 hydroxy LTB4 351.1 195.1 
5-HEPE  317.1 115.4 
5-HETE  319.1 115.4 
5 OxoETE  317.1 203.2 
5, 6-DHET  337.2 145.2 
5 6-EET  319.1 191.2 
8-HETE  319.1 155.2 
8, 9-DHET  337.2 127.4 
8iso PGE2  351.1 271.1 
8iso PGF2a  353.1 193.1 
9 - HETE  319.1 151.3 
9 - HODE  295.1 171.1 
9, 10 - diHOME 313.2 201.1 
9, 10 -EpOME  295.2 171.2 
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Metabolite Precursor Mass Product Mass 
dihydro PGD2  351.1 175.1 
dihydro PGE2 351.1 235.1 
iPF2a VI  353.1 115.4 
LTD4 495.2 177.0 
LTE4 438.2 333.1 
LxA4  351.1 115.4 
PGD2  351.0 271.0 
PGE2  351.0 271.0 
PGF2a  353.0 193.0 
TxB2 369.2 169.2 
PGJ2 333.0 189.0 
15 d PGD2 333.1 271.2 
AA 303.1 259.2 
EPA 301.1 257.2 
DHA 327.1 283.2 
PGE2 d4 355.0 275.0 
15 -HETE D8 327.2 226.1 
9,10- DiHOME d4 317.2 203.1 
14,15 -DHET d11 348.2 207.1 
9,10 -EpOME d4 299.3 172.2 
14,15 -EET d11 330.2 175.2 
 EPA d5 306.2 262.2 

 

 

3. Synthesis Rate Equation 

 

For a first order reaction: 

� !"
 �# =  −$ !"% 

Where [A] is a concentration, t is time and k is rate constant. 

 

This is solved via the separation of variables: 

� !"
 �# =  −$ !" 

� !"
  !" =  −$�# 
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And integrated: 

& � !"
  !" =  & −$�#

'

�

 ("

()
 

ln !" − ln !, =  −$#     (the integrated first-order rate law) 

 

To isolate k: 

ln  ("
 ()" = -kt 

k = ln  ("
 ()"  - �%

'  

Therefore, k is the negative slope of the graph of t vs ln  ("
 ()" 

 

In the case of 2H2O labelling, there is an assumption that a given quantity of A is 

not undergoing the reaction, A�∞�. Therefore, the following equation is used:  

ln �A�t� − A�0��
�A�∞�-A�0��   = -kt 

 

This is rearranged to: 

.�t��A�0�
�A�∞�-A�0�� = �1-e-kt� =  A�t�= �A�∞�-A�0���1-e-kt�+A�0� 

ln �A�t� − A�0��  = ln �A�∞�-A�0��  -kt   (the integrated first-order rate law) 

 

To isolate k: 

k = ln �A�t� − A�0�  − ln �A�∞�-A�0��  - �%
'  

Therefore, k is the negative slope of the graph of t vs = ln  ("
 ()"    
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4. LDH Assay Absorbance Readings 

Sample Condition Experiment Mean Absorbance Reading 
(λ = 680 nm - λ =490 nm) 

SD % Viability Sample Type 

Medium no cells 1 0.492 0.006 94.10 Positive Control 
Medium plus cells 1 0.406 0.020 100 Positive Control 
Medium no serum with 
cells  

1 0.335 0.004 100 Negative Control 

1X LDH 1 1.886 0.630 0 Negative Control 
10% DMSO 8 h 1 0.584 0.054 71.67 Negative Control 
PBS 4 h 1 0.453 0.066 100 Vehicle Control 
ATP 4 h 1 0.456 0.036 100 Treatment 
PBS 8 h 1 0.458 0.041 100 Vehicle Control 
KLA 8 h 1 0.439 0.048 100 Treatment 
PBS 8 h + PBS 4 h 1 0.416 0.021 100 Vehicle Control 
KLA 8 h + ATP 4 h 1 0.437 0.010 100 Treatment 
PBS 20 h 2 0.467 0.005 95.90 Vehicle Control 
ATP 20 h 2 0.472 0.030 94.44 Treatment 
PBS 24 h 2 0.455 0.007 98.14 Vehicle Control 
KLA 24 h 2 0.482 0.007 92.77 Treatment 
PBS 24 h + PBS 20 h 2 0.460 0.023 97.64 Vehicle Control 
KLA 24 h + ATP 20 h 2 0.477 0.048 94.09 Treatment 
10% DMSO 24 h 2 0.555 0.006 77.99 Negative Control 
Maximum 1 0.848 0.091  Assay Control 
Spontaneous 1 0.464 0.019  Assay Control 
Maximum 2 0.941 0.049  Assay Control 
Spontaneous 2 0.445 0.022  Assay Control 
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5. Eicosanoid Time-course Measurements 

 

ATP treatment and Vehicle Control  

Concentrations (pg/ µL) of eicosanoids in the ATP and vehicle PBS control time-course data 

Time 
(h)  

11-HETE 5-HETE PGE2 PGD2 PGF2α PGJ2 15d-PGD2 15d-PGJ2 

PBS ATP PBS ATP PBS ATP PBS ATP PBS ATP PBS ATP PBS ATP PBS ATP 
0 0.02 0.02 0.06 0.07 0.02 0.02 0.04 0.05 0.02 0.03 0.01 0.01 0.01 0.01 0.00 0.00 
2 0.01 0.02 0.09 0.04 0.03 0.04 0.10 1.01 0.03 0.08 0.01 0.05 0.01 0.05 0.00 0.00 
4 0.02 0.01 0.02 0.01 0.03 0.06 0.10 1.61 0.03 0.13 0.01 0.10 0.01 0.09 0.00 0.01 
8 0.01 0.01 0.03 0.01 0.04 0.09 0.17 1.73 0.03 0.16 0.02 0.15 0.02 0.15 0.00 0.02 
20 0.01 0.01 0.01 0.01 0.06 0.19 0.36 2.07 0.07 0.46 0.03 0.27 0.05 0.53 0.01 0.07 
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KLA treatment and Vehicle Control  

Concentrations (pg/ µL) of eicosanoids in the KLA and vehicle PBS control time-course data 

Time 

(h)  
11-HETE 5-HETE PGE2 PGD2 PGF2α PGJ2 15d-PGD2 15d-PGJ2 

PBS KLA PBS KLA PBS KLA PBS KLA PBS KLA PBS KLA PBS KLA PBS KLA 
0 0.08 0.08 0.10 0.08 0.01 0.02 0.63 0.52 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2 0.20 0.06 0.05 0.06 0.06 0.04 1.11 0.72 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
4 0.10 0.45 0.03 0.06 0.11 0.12 1.46 1.86 0.02 0.06 0.00 0.01 0.00 0.00 0.00 0.00 
8 0.17 0.33 0.02 0.02 0.12 0.63 1.14 13.69 0.03 0.68 0.00 0.34 0.00 0.50 0.01 0.02 
12 0.04 0.73 0.01 0.01 0.10 1.49 0.73 32.70 0.02 2.01 0.01 1.07 0.00 1.93 0.01 0.20 
24 0.09 0.49 0.03 0.00 0.14 4.00 0.96 48.87 0.09 6.87 0.02 2.48 0.00 7.46 0.00 0.99 

 

[KLA+ATP] treatment and Vehicle Control  

Concentrations (pg/ µL) of eicosanoids in the [KLA+ATP] and vehicle PBS control time-course data.  

 Time 
(h)  

11-HETE 5-HETE PGE2 PGD2 PGF2α PGJ2 15d-PGD2 15d-PGJ2 
[P+P] [K+A] [P+P] [K+A] [P+P] [K+A] [P+P] [K+A] [P+P] [K+A] [P+P] [K+A] [P+P] [K+A] [P+P] [K+A] 

0 0.04 0.04 0.05 0.02 0.01 0.04 0.04 1.37 0.01 0.04 0.02 0.04 0.00 0.00 0.01 0.03 
2 0.03 0.92 0.06 0.03 0.02 0.92 0.05 26.88 0.01 1.05 0.02 1.60 0.00 0.03 0.00 1.51 
4 0.03 1.51 0.13 0.01 0.03 1.75 0.62 48.83 0.01 2.30 0.09 4.64 0.00 0.11 0.05 4.22 
8 0.02 1.66 0.03 0.01 0.03 2.98 0.47 66.60 0.03 4.59 0.15 11.95 0.00 0.29 0.06 8.88 
20 0.01 0.44 0.00 0.00 0.03 3.73 0.26 44.77 0.03 8.24 0.12 17.91 0.00 1.01 0.06 19.24 
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6. Altered Lipids Following KLA Treatment  

Putatively identified lipid species with a p.corr value > 0.9 (increase) or < - 0.9 

(decrease) following KLA stimulation. Fold change from the mean abundance for 

the compound between treatment and matched vehicle control. p-value from 

paired t-test without assuming consistent SD and corrected using the Sidak-

Bonferroni method, with alpha=5.000%. Significance at p<0.05. ns= not 

significant. 

Lipid m/z 
Mass 
Error 
(ppm) 

p-value 
Max 
Fold 

Change 

Direction of 
Change 

PC (35:0) 776.6195 4.01 0.0000 Infinity Increase 
PC (d33:1) 686.5561 -0.70 0.0001 Infinity Increase 
MIPC (t34:0) 998.5578 -0.01 0.0003 Infinity Increase 
CER (38:1;O3) 610.5763 -1.04 0.0051 Infinity Increase 
PC (O-42:3) 854.7001 0.39 0.0001 120.72 Decrease 
SM (d33:2) 687.5431 -0.68 0.0000 39.52 Decrease 
PC (28:0) 695.5311 -3.37 0.0000 38.32 Decrease 
DG (34:3) 573.4874 -0.55 0.0005 30.92 Decrease 
PC (O-32:0) 688.6 -0.41 0.0007 29.28 Decrease 
FA (21:3;O) 337.2738 0.34 0.0000 26.26 Decrease 
Ac4PIM2 (69:1) 1716.102 0.27 0.0062 26.12 Decrease 
PE-CER (d34:1) 705.5203 2.25 0.0000 25.90 Decrease 
PC (O-44:5) 878.6992 -0.63 0.0001 25.38 Decrease 
PS (37:1) 786.5653 1.25 0.0000 22.80 Decrease 
DG (48:1) 813.7297 -1.16 0.0000 21.67 Decrease 
CE (20:3) 692.6335 -0.72 0.0001 19.77 Increase 
PE (38:5) 766.5364 -2.29 0.0001 19.51 Decrease 
Pseudoprotodioscin 1091.537 -0.08 0.0002 18.59 Decrease 
MG (49:0) 969.8347 1.91 0.0003 18.39 Decrease 
MG (49:1) 967.8189 1.76 0.0002 18.09 Decrease 
Glucosyl ester 1195.513 0.80 0.0000 18.04 Decrease 
PA (P-38:2) 713.55 2.88 0.0004 18.01 Decrease 
PC (40:1) 826.67 1.86 0.0013 17.98 Decrease 
CER (d33:1) 506.4927 -0.85 0.0000 17.87 Decrease 
PE (O-40:5) 804.5886 1.13 0.0001 17.60 Decrease 
PC (41:3) 854.6627 -0.75 0.0003 17.57 Decrease 
DG (34:3) 573.4874 -0.55 0.0000 17.39 Decrease 
PC (34:2) 740.559 0.12 0.0000 17.25 Decrease 
DG (38:6) 623.503 -0.60 0.0004 16.97 Decrease 
DM (d32:1) 697.5252 -0.49 0.0000 16.30 Decrease 
PI (P-35:1) 857.5491 -2.76 0.0000 16.06 Decrease 
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Lipid m/z 
Mass 
Error 
(ppm) 

p-value 
Max 
Fold 
Change 

Direction of 
Change 

PC (30:1) 721.5468 -3.21 0.0001 14.89 Decrease 
PC (44:4) 876.6834 -0.71 0.0000 13.71 Decrease 
PC (33:1) 784.5246 -1.01 0.0001 13.66 Decrease 
3-Deoxyvitamin D3 369.3515 -0.16 0.0006 13.49 Decrease 
PC (37:2) 782.6058 -0.05 0.0000 13.48 Decrease 
CL (70:6) 1443.003 -1.89 0.0000 13.32 Decrease 
PE (33:0) 688.5271 -0.64 0.0003 13.14 Decrease 
PG (44:8) 864.5767 2.17 0.0005 12.94 Decrease 
SM (d40:1) 647.512 -0.33 0.0000 12.59 Decrease 
PA (P-33:1) 645.4875 3.32 0.0004 12.51 Decrease 
DG (40:5) 688.5873 -0.27 0.0000 12.32 Decrease 
PA (O-37:0) 743.5408 7.95 0.0003 11.48 Decrease 
Coenzyme Q10 863.6902 -1.04 0.0000 11.06 Decrease 
CER (d41:1) 618.618 -0.58 0.0003 10.95 Decrease 
MG (45:3) 907.7275 4.71 0.0003 10.85 Decrease 
CER (d38:2) 609.5942 2.25 0.0007 10.81 Decrease 
SM (d31:0) 661.5275 -0.53 0.0000 10.70 Decrease 
SM (s42:0) 839.6989 1.60 0.0002 10.47 Decrease 
PA (30:2) 690.5063 -0.74 0.0013 10.25 Decrease 
CER (d42:2) 792.6706 -0.73 0.0006 10.13 Decrease 
FA (18:1) 281.249 1.56 0.0126 9.47 Decrease 
SM (d32:2) 673.5275 -0.57 0.0000 9.34 Decrease 
PS (O-34:1) 748.548 -0.93 0.0011 9.14 Decrease 
GPA (36:3) 716.522 -0.65 0.0002 9.11 Decrease 
Parillin 1049.548 -4.12 0.0001 9.06 Decrease 
PE (P-34:2) 822.6727 -1.02 0.0001 9.01 Decrease 
Dehydrotomatine 1014.524 -2.61 0.0000 8.67 Decrease 
SM (d35:2) 715.5743 -0.81 0.0001 8.65 Decrease 
PC (35:4) 790.5354 -0.40 0.0002 8.47 Decrease 
CL (70:5) 1445.019 -1.98 0.0015 8.44 Decrease 
PC (39:5) 846.6361 -1.21 0.0001 8.44 Decrease 
PC (31:2) 716.5223 -0.29 0.0006 8.39 Decrease 
TG (60:5) 985.7988 -0.91 0.0029 8.30 Decrease 
PE (P-40:3) 804.589 1.55 0.0002 8.24 Decrease 
PG (38:4) 816.5827 9.71 0.0002 8.20 Decrease 
Linolenyl myristate 492.4774 -0.32 0.0002 8.17 Decrease 
DG (38:5) 660.5559 -0.33 0.0001 8.17 Decrease 
PA (32:1) 664.4907 -0.71 0.0013 8.09 Decrease 
GlcCer (d38:0) 780.6341 2.31 0.0003 7.81 Decrease 
PA (P-36:2) 702.543 -0.27 0.0005 7.62 Decrease 
CL (72:5) 1473.049 -2.51 0.0007 7.60 Decrease 
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Lipid m/z 
Mass 
Error 
(ppm) 

p-value 
Max 
Fold 
Change 

Direction of 
Change 

PC (30:0) 742.5351 -0.85 0.0003 7.48 Decrease 
FA (O-32:1) 511.4718 -0.49 0.0001 7.35 Decrease 
PA (O-34:1) 678.5431 -0.21 0.0010 7.29 Decrease 
PIP3 (36:1) 1085.455 0.78 0.0030 7.24 Decrease 
PC (42:2) 852.6835 -0.71 0.0002 7.21 Decrease 
CER (d42:2) 630.6179 -0.64 0.0001 7.01 Decrease 
PA (39:6) 752.522 -0.62 0.0003 7.01 Decrease 
PC (31:1) 718.538 -0.21 0.0006 7.00 Decrease 
PI (36:4) 881.514 -1.23 0.0007 6.99 Decrease 
PC (33:2) 726.5427 -0.66 0.0002 6.96 Decrease 
PC (34:4) 758.5686 -1.10 0.0008 6.65 Decrease 
PE (36:2) 744.553 -1.10 0.0003 6.63 Decrease 
24-Hydroxycalcitriol 415.3207 -0.03 0.0002 6.59 Decrease 
PC (37:2) 784.621 -0.57 0.0010 6.55 Decrease 
SM (d43:2) 827.6989 -1.40 0.0003 6.54 Decrease 
DG (36:3) 601.5187 -0.51 0.0002 6.54 Decrease 
PC (36:4) 764.5561 -3.50 0.0001 6.48 Decrease 
DG (38:3) 629.5499 -0.73 0.0000 6.47 Decrease 
PC (42:3) 850.6677 -0.84 0.0002 6.46 Decrease 
PE (P-36:5) 722.5116 -0.45 0.0001 6.44 Decrease 
CER (d40:1(2OH)) 638.6078 -0.66 0.0002 6.44 Decrease 
PC (31:1) 718.5375 -0.83 0.0003 6.42 Decrease 
PE (36:2) 744.5537 -0.13 0.0000 6.34 Decrease 
PC (40:1) 826.6677 -0.81 0.0018 6.28 Decrease 
SM (d41:2) 799.6679 -1.05 0.0003 6.23 Decrease 
PE (18:1) 480.3082 -0.48 0.0003 6.17 Decrease 
PC (34:3) 738.5432 0.03 0.0001 6.16 Decrease 
SM (d42:2) 813.6835 -1.09 0.0002 6.13 Decrease 
CER (d42:1) 632.6336 -0.64 0.0007 6.08 Decrease 
PC (38:0) 678.5064 -0.68 0.0009 6.00 Decrease 
PC (32:1) 749.5782 -2.88 0.0001 5.99 Decrease 
SM (d32:1) 675.5432 -0.54 0.0001 5.96 Decrease 
PC (37:5) 794.5685 -1.13 0.0003 5.88 Decrease 
PE (35:0) 756.5527 1.81 0.0003 5.87 Decrease 
PC (29:0) 692.5222 -0.45 0.0001 5.85 Decrease 
PS (44:0) 836.5427 -1.14 0.0002 5.84 Decrease 
PC (29:0) 709.5466 -3.55 0.0007 5.79 Decrease 
PC(d34:2(2OH)) 703.5465 -0.25 0.0001 5.79 Decrease 
PA (42:3) 800.6154 -1.28 0.0003 5.76 Decrease 
SM (d33:1) 689.5589 -0.36 0.0001 5.76 Decrease 
PC (37:3) 780.5897 -0.62 0.0003 5.73 Decrease 
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Lipid m/z 
Mass 
Error 
(ppm) 

p-value 
Max 
Fold 
Change 

Direction of 
Change 

PC (36:2) 786.5997 -1.31 0.0003 5.67 Decrease 
PC (33:1) 746.569 -0.60 0.0002 5.65 Decrease 
PA (38:1) 748.5848 -0.41 0.0018 5.62 Decrease 
SM (d42:3) 811.668 -0.99 0.0001 5.60 Decrease 
PE (38:2) 772.5841 -1.29 0.0001 5.60 Decrease 
PE (38:3) 792.553 2.09 0.0001 5.52 Decrease 
PA (28:4) 742.5379 -0.28 0.0003 5.52 Decrease 
PE (O-40:1) 704.5591 0.30 0.0005 5.48 Decrease 
PC (40:3) 840.6471 -0.72 0.0011 5.46 Decrease 
PC (35:1) 774.6001 -0.83 0.0003 5.45 Decrease 
PC (30:0) 706.5376 -0.69 0.0008 5.44 Decrease 
PE (P-38:6) 748.5271 -0.68 0.0000 5.41 Decrease 
PA (44:4) 826.6316 -0.57 0.0001 5.40 Decrease 
21-Methyl-8Z-
pentatriacontene 

522.5969 -0.60 0.0002 5.38 Decrease 

DG (36:4) 599.5031 -0.48 0.0011 5.36 Decrease 
CERP (d40:2) 717.5899 -0.81 0.0003 5.32 Decrease 
PE (P-38:4) 796.5238 1.34 0.0001 5.32 Decrease 
SM (34:1) 703.5746 -0.43 0.0001 5.31 Decrease 
PC (34:1) 760.5843 -1.08 0.0005 5.31 Decrease 
PC (42:4) 848.6518 -1.13 0.0002 5.29 Decrease 
PC (31:0) 720.5534 -0.47 0.0003 5.29 Decrease 
PC (35:6) 764.5215 -1.24 0.0004 5.26 Decrease 
PC (P-40:7) 838.5593 -2.03 0.0001 5.22 Decrease 
PC (33:4) 740.5219 -0.70 0.0006 5.18 Decrease 
PE (38:3) 752.5583 -0.70 0.0000 5.18 Decrease 
PC (O-40:5) 839.665 1.67 0.0006 5.18 Decrease 
CER (d42:2) 630.618 -0.57 0.0005 5.17 Decrease 
PC (33:1) 763.5936 -3.13 0.0005 5.17 Decrease 
PE (40:6) 790.5374 -0.92 0.0008 5.14 Decrease 
SM (d34:2) 701.5588 -0.50 0.0003 5.12 Decrease 
PE (36:1) 768.5527 1.75 0.0007 4.98 Decrease 
DG (40:5) 653.55 -0.48 0.0013 4.96 Decrease 
PE (36:0) 770.5684 1.78 0.0001 4.89 Decrease 
PC (38:7) 804.5525 -1.62 0.0005 4.87 Decrease 
PC (36:5) 780.5525 -1.67 0.0001 4.79 Decrease 
PC (35:5) 766.537 -1.51 0.0003 4.73 Decrease 
PE (38:4) 768.5529 -1.15 0.0003 4.67 Decrease 
PE (O-38:5) 774.5417 1.18 0.0003 4.61 Decrease 
PE (P-40:6) 776.558 -1.05 0.0002 4.59 Decrease 
Cer (42:0;O4) 666.639 -0.66 0.0003 4.54 Decrease 



438 
 

Lipid m/z 
Mass 
Error 
(ppm) 

p-value 
Max 
Fold 
Change 

Direction of 
Change 

DG (48:1) 625.5187 -0.46 0.0008 4.48 Decrease 
PE (P-36:4) 724.527 -0.73 0.0001 4.47 Decrease 
PC (P-36:4) 766.5733 -1.63 0.0012 4.46 Decrease 
PE (P-38:5) 750.5428 -0.50 0.0001 4.42 Decrease 
PA (43:4) 812.6156 -1.00 0.0001 4.37 Decrease 
PC (44:4) 782.5681 -1.64 0.0002 4.35 Decrease 
PE (40:5) 778.574 -0.63 0.0008 4.35 Decrease 
PC (34:3) 778.5372 1.95 0.0010 4.32 Decrease 
Coenzyme Q9 795.6278 -0.95 0.0003 4.30 Decrease 
PC (P-36:5) 792.5889 -1.57 0.0016 4.29 Decrease 
PC (P-40:3) 824.6521 -0.78 0.0032 4.27 Decrease 
PE (38:0) 798.5998 1.95 0.0003 4.25 Decrease 
PC (40:7) 832.5839 -1.38 0.0011 4.14 Decrease 
PC (38:6) 806.5684 -1.27 0.0010 4.12 Decrease 
PC (P-36:6) 790.5727 -2.27 0.0006 4.07 Decrease 
PC (36:1) 810.5997 -0.88 0.0003 3.93 Decrease 
CER (d43:1) 698.6241 2.58 0.0002 3.83 Decrease 
PC (32:1) 754.5374 -0.91 0.0025 3.80 Decrease 
HexCer (40:1;O3) 838.6315 -8.09 0.0020 3.77 Decrease 
LMPK12010438 519.1384 2.49 0.0008 3.73 Increase 
24,25-
Dihydroxyvitamin D 

417.3362 -0.35 0.0002 3.70 Decrease 

PC (38:5) 808.5839 -1.47 0.0036 3.54 Decrease 
Bevantolol 390.1939 4.98 0.0005 3.31 Increase 
Behenoyl-EA 366.3729 -0.31 0.0045 3.29 Increase 
Cer (38:1;O3) 610.5764 -0.74 0.0010 2.88 Increase 
Antrafenine 611.1831 -3.62 0.0013 2.63 Increase 
7,9-Heptadecadiene 281.2491 1.96 0.0005 2.56 Decrease 
Musanolone C 289.0875 1.61 0.0020 2.16 Increase 
GPSer(22:5) 624.2358 4.02 0.0005 1.79 Increase 
11,15-
Dimethyltritriacontane 

537.5351 1.14 0.0001 1.73 Increase 

PS (P-37:0) 790.5964 0.99 0.0025 1.69 Increase 
Delphinidin 361.0084 -0.49 0.0018 1.47 Increase 
9-hydroxycerevisterol 447.3468 -0.24 0.0006 1.46 Increase 
PA (19:3) 429.2401 0.02 0.0002 1.38 Increase 
FA (14:8) 251.0469 0.07 0.0006 1.34 Increase 

 

 


