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Abstract  

 

Ischemic stroke is a devastating event which further stimulates a cascade of inflammatory 

events in the brain, known as neuroinflammation to occur which is important for repair. 

However, this neuroinflammation is a double-edged sword that can also have a detrimental 

impact within the brain. Numerous inflammatory markers are known to be stimulated following 

an ischemic event and one of interest for this study is C reactive protein (CRP) and its isoforms 

monomeric c reactive protein (mCRP) and native c reactive protein (nCRP). Several different 

cell types were used throughout this work which included U937 monocytes which were also 

differentiated into M0 macrophages. Finally, human microglia cell line HMC-3 cell were also 

used. Lipopolysaccharide (LPS) was used as a positive inflammatory mediator through this 

work. Pro-inflammatory effects were observed when different cell types were treated with 

mCRP or nCRP to test for any inflammatory effects. The liver x receptor agonist (GW3965) was 

selected for its anti-inflammatory properties and current promising research as a therapeutic 

in ischemic stroke. Micro-fragment adipose tissue (MFAT) conditioned media was used to test 

its potential anti-inflammatory effect. Levels of inflammatory activity were measured by several 

different methods including enzyme-linked immunosorbent assay (ELISA), immunofluorescent 

staining, aggregation analysis and qPCR. Results from this study showed that mCRP can alter 

the morphology and physiological function of both U937 monocytes and HMC-3 microglia cells. 

Increased expression of important pro-inflammatory cytokines was observed, including 

interleukin 1 beta (IL-1b), interleukin 6 (IL-6), tumour necrosis factor alpha (TNFa), highlighting 

mCRP pro-inflammatory activity. The LXR agonist (GW3965) significantly reduced key pro-

inflammatory proteins after HMC-3 microglia cells were stimulated with either LPS or mCRP 

inflammatory mediators. However, no up regulation or down regulation was observed in gene 

expression at any time point after treatment. This study demonstrated that mCRP acts as a pro-

inflammatory mediator on HMC-3 and U937 monocytes. MFAT, was also seen to have key anti-

inflammatory properties with secreting key cytokines and chemokines. An in vitro inflammatory 

cell model was used to determine MFAT condition medium can attenuate inflammatory 

cytokine up regulation. MFAT attenuated the up regulation of protein and gene expression 

levels of key cytokines (TNFa, IL-1b, IL-6, and IL-10) which are involved in neuroinflammation 

after an ischemic event such as stroke. In conclusion, this study demonstrated that mCRP could 

cause morphological and behaviour changes in either U937 monocytes or HMC-3 microglia 
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cells. Further to this mCRP demonstrated pro-inflammatory activity, whilst the use of GW3965 

inhibited its pro- inflammatory activity, therefore reducing TNF-α, IL-6, IL-1b, MCP-1, RANTES. 

On another note, MFAT secreted key cytokines and chemokines into conditioned media (IL-1ra, 

Il-1b, IL-4) 
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1.1 Ischaemic stroke  

1.1.1 Epidemiology and pathophysiology of Ischaemic stroke 

 

In the UK, ischemic stroke is the most common type of stroke and accounts for 85% of cases 

with the other 15% due to haemorrhagic stroke. In the UK each year, more than 100,000 people 

suffer a stroke with 38,000 leading to death (King et al., 2020). There is a significant impact on 

the socioeconomic burden and the aggregated cost of stroke, including long-term healthcare, 

rehabilitation, and loss of employment, is estimated to be £25.6 billion per year (Hurford et al., 

2020). An ischemic stroke happens when a blood vessel which supplies the brain becomes 

blocked and impairs the flow of blood to the brain. Due to the lack of nutrients (glucose) and 

oxygen not reaching the brain, cells and tissue begin to die within minutes (Donkor, 2018). 

Ischemic strokes can be subdivided into thrombotic and embolic strokes. Thrombosis is caused 

by a clot which develops in a blood vessel within the brain. The build-up of plaques within the 

blood vessels constricts the vascular chamber, and a clot is formed, causing a thrombotic stroke 

(Kuriakose and Xiao, 2020). Embolic stroke is caused by a clot or plaque debris which has 

developed outside the brain and has travelled to one of the blood vessels in the brain (Diener 

et al., 2020). The other classified stroke is haemorrhagic, which is due to bleeding into the brain 

caused by a rupture of a blood vessel. Haemorrhagic stroke can be further subdivided into 

either intracerebral haemorrhage (ICH) or subarachnoid haemorrhage (SAH) (Shao et al., 2019).  

1.1.2 Risk factors for ischemic stroke  

 

Non-modifiable risk factors for ischemic stroke include age, sex, and race/ethnicity. At younger 

ages, males are at an increased risk of having a stroke compared to women. However, this is 

reversed in older age groups whereby women are at a higher risk  (Wajngarten and Silva, 2019). 

There are also effects of ethnicity with some ethnic groups such as black or South Asian families 

being more prone to having a stroke (Gezmu et al., 2014). Modifiable risk factors are important 

and intervention strategies can be put in place to reduce stroke risk. Modifiable risk factors 

include hypertension, diabetes mellitus, atrial fibrillation, lifestyle issues and obesity (Boehme 

et al., 2017). Most ischemic strokes occur in patients with cardiovascular disease (Arboix and 

Alio, 2010). The following conditions increase the risk of embolic stroke: arrhythmias, valvular 
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heart disease, thrombus and structural lesion and structural heart disease (Chugh, 2019). 

Hypertension is a major risk factor for stroke; the increased pressure damages arteries 

throughout the body leading to them becoming more easily blocked or burst. Weakening of 

blood vessels in the brain leads to a higher risk of having a stroke (Wajngarten and Silva, 2019). 

Making changes to reduce blood pressure can decrease the risk of having a stroke (Law et al., 

2003). People who present with high blood pressure will be recommended to change to a 

healthy lifestyle with tests carried out to decide treatment. There are several types of 

medication available to control blood pressure and many are taken in combination (Dusing et 

al., 2017). According to NHS guidance, if you are under 55 years of age, ACE inhibitor or an 

angiotensin-2 receptor blocker will be used for treatment. For people aged 55 or older and of 

African or Caribbean descent, calcium channel blocker will be used for the treatment (BHF, 

2022). Diabetes is a well-known risk factor for stroke as it can cause pathological changes within 

blood vessels. In patients who have poorly controlled glucose levels, post stroke outcomes are 

poorer, and mortality is greater (R. Chen et al., 2016). Diabetes is characterised by too much 

sugar within your blood (Lopes et al., 2021). This increase in sugar can lead to damage of blood 

vessels causing various microvascular and macrovascular changes leading to greater risk of 

stroke. The factors which are at play include vascular endothelial dysfunction, increased arterial 

stiffness, systemic inflammation and thickening of the capillary basal membrane (R. Chen et al., 

2016). These changes can lead to a blood clot and risk of breaking off and travelling to the brain 

causing a stroke (Fadini and Cosentino, 2018). Atrial fibrillation is a risk factor for ischemic 

stroke and results in a 5-fold increased risk of having a stroke as well as a 2-fold increase in 

mortality (Migdady et al., 2021). Atrial fibrillation is when there is an irregular and rapid heart 

rhythm intern lead to blood clot formation in the heart and increased risk of stroke (Baman et 

al., 2021). 
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1.1.3 Current stroke treatments  

 

Tissue-type plasminogen activator (tPA) cleaves plasminogen on the surface of thrombus to 

form plasmin, a powerful endogenous fibrinolytic enzyme (Chevilley et al., 2015). tPA is licensed 

to improve functional outcome in acute ischaemic stroke up to 4.5 hours after symptom onset 

(Marko et al., 2020). UK guidelines recommend all patients with disabling symptoms should be 

considered for Recombinant tissue-type plasminogen activator (rtPA) treatment within 3 hours 

of symptom onset, and up to 4.5 hours in those aged under 80. Patients presenting at 4.5–6 

hours should be considered on an individual basis for treatment, recognising that the benefits 

are smaller than if treated earlier, but that the risks of a worse outcome, including death, are 

not increased (Hurford et al., 2020). A limited number of severe ischaemic strokes can be 

treated by an emergency procedure called a thrombectomy which removes blood clots and 

restores blood flow to the brain (Tawil and Muir, 2017). This treatment is effective at treating 

ischaemic strokes caused by a blood clot in a large artery in the brain. The procedure entails a 

catheter which is placed into an artery, which is often the groin, and a small device is passed 

through into the artery in the brain (X. Guo and Miao, 2021). The blood clot will be removed 

either by the device or suction. There are several distinct types of device which can be used for 

thrombectomy which include guide catheters, stent-retrievers, microcatheters, aspiration 

catheters, and aspiration pump systems (Jesus, 2022). Haemorrhagic strokes are treated in a 

separate way to ischemic stroke and treatments are outlined below. There are several different 

treatment options available for haemorrhagic stroke. Blood pressure management is a key 

treatment with medication. Another acute treatment is reversal of antithrombotic medication 

such as warfarin. Reversal can be achieved with prothrombin factor concentrate and vitamin k. 

Surgical interventions are another possibility for the treatment of ICH where evacuation of the 

haematoma is necessary (McGurgan et al., 2020). 
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1.2 Neuroinflammation              

1.2.1 Concept of neuroinflammation 

 

Neuroinflammation presents in several types of brain injuries with the focus of this work looking 

at ischemic stroke (Liu 2017). Neuroinflammation is when inflammatory response occurs within 

the spinal cord or the brain because of stimuli and is a protective response (Sochocka et al., 

2017). The response is mediated by cytokines, chemokines, reactive oxygen species (ROS) and 

secondary messenger production (Kempuraj et al., 2017). These mediators are made by the glia 

cells within the central nervous system (CNS) like microglia and astrocytes, endothelial and 

peripherally derived immune cells (DiSabato et al., 2016). After an ischemic stroke there is a 

significant inflammatory response which plays a pivotal role in worsening the brain injury (Jin 

et al., 2010). There is evidence that post ischemic inflammation can cause acute blood brain 

barrier (BBB) disruption, vasogenic edema, haemorrhagic transformation and worsen the 

outcomes of patients neurologically. In the preliminary stages of an ischemic stroke, 

inflammation can contribute to brain damage (S. Chen et al., 2021). However, during the late 

stages, inflammatory response is important for recovery by helping neurogenesis, 

angiogenesis, and neuronal plasticity. A better understanding of the mechanism by which 

neuroinflammation translates from injury to repair is vital to help look for novel therapeutic 

strategies (Candelario-Jalil et al., 2022). During this event, damage-associated molecular 

pattern (DAMP) is produced, leading to the activation of different cell types including the 

resident macrophage (microglia) and endothelial cells (Land, 2015). DAMPS also cause the 

disruption of the BBB by the release of several pro-inflammatory cytokines and chemokines 

(interleukin 1β (IL-1β), tumour necrosis factor-alpha (TNF-α), and interleukin-6 (IL-6), MCP-1, 

Interferon gamma-induced protein 10 (CXCL10), matrix-metalloproteinases (MPPS) and ROS 

(Takata et al., 2021). After damage of the BBB, circulatory cells can infiltrate and lead to 

migration immune cells which cause brain edema and haemorrhage. This in turn leads to 

further neuroinflammation and tissue damage (Li et al., 2018). There is a switch in microglia 

activation from cytotoxic to phagocytic phenotype. This change leads to recovery and repair 

through tissue clearance, and expression of anti-inflammatory mediators’ examples include 

Interleukin 4 (IL-4) and interleukin 10 (IL-10). This recruitment leads to the initiation of the brain 

repair mechanisms, including neurogenesis and angiogenesis (Rajkovic et al., 2018). 
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Neuroinflammation is critical after an ischemic event and figure 1 is a representation of the 

mechanism of a post ischemic inflammation. Focusing on how inflammatory cascade of events 

cause BBB disruption and neuronal injury (Rajkovic et al., 2018; Yang et al., 2019).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mechanisms of neuroinflammation are caused by acute stimuli leading to the production of 

DAMPS. This leads to activations on microglia and endothelial cells leading to breakdown of 

blood brain barrier, through release of major mediators like pro-inflammatory cytokines, 

chemokines, ROS and MMPs. Degradation of the extracellular matrix in both the parenchyma 

and basement membrane induces astrocyte end feet and pericytes lifting from the 

endothelium. Damage of the BBB enables infiltration of circulatory cells with transmigration of 

neutrophils and immune cells. This damage can lead to brain oedema and haemorrhage, 

causing further neuroinflammation and tissue damage. This figure has been adapted from 

blood brain barrier simple longitudinal zoom by biorender.com 2022). Retrieved from  

https://app.biorender.com/biorender-templates/t-5e6170876b78a20088805178-blood-

brain-barrier-simple-longitudinal-zoom (2022) and information included from (Rajkovic et al., 

2018; Yang et al., 2019) 

 

Figure 1 – Mechanism of neuroinflammation post ischemic stroke 
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1.2.2 Monocytes  

 

Monocytes come from the hematopoietic system within the bone marrow and play a pivotal 

role in the innate immune response. Monocytes have several mechanisms which include 

scavenger receptors, low-density lipoprotein receptors, toll-like receptors, chemokine/cytokine 

receptors, Fcγ receptors and adhesions molecules  (ElAli and Jean LeBlanc, 2016). Monocytes 

are distributed throughout the body systematically and when they leave the circulatory system 

and reach the targeted tissue, they then differentiate into macrophages (D. Han et al., 2020). 

There are 3 subsets of monocytes which are classical, intermediate, and non-classical. 

Monocytes are characterised by their cluster differentiation (CD) markers which are CD11c, 

CD14, CD16 and CD115 expression (ElAli and Jean LeBlanc, 2016; Marimuthu et al., 2018). 

During the onset of an ischaemic stroke, circulating monocytes infiltrate into the brain through 

the compromised BBB because of neuroinflammation (J. Park et al., 2020). In human ischemic 

stroke there is an increased number of total monocytes in the blood circulation. Interestingly, 

the number of classical monocyte subset (CD14++ CD16−), significantly increased in blood 

circulation, while the number of the non-classical monocyte subsets (CD14+ CD16++), 

significantly decreased (ElAli and Jean LeBlanc, 2016).  

1.2.3 Microglia and other brain macrophages 

 

The resident innate immune cells within the brain are microglia cells and they represent 

between 5-20% of the glial cell population (Jayaraj et al., 2019). Microglia cells are highly 

specialized, dynamic, and play a key role in the physiology of the CNS (Yu et al., 2020). The most 

widely used markers are ionized calcium-binding adapter molecule 1 (IBA1), CD11b, CD14, 

CD45, CD68, CD80, and CD115 (Jurga et al., 2020). In a healthy human brain, microglia cells 

display a ramified morphology and constantly check the microenvironments in the CNS. 

Microglia cells in response to stimuli move towards the site of injury and transform into an 

amoeboid shape helping their movement (S. X. Zhang, 2019). Classic (M1) or alternative (M2) 

activation has been mostly reported for macrophage responses during peripheral 

inflammation, and, recently, microglia were found to have a similar activation process upon 

ischemic insult (S. C. Zhao et al., 2017). M1 macrophages are induced by interferon gamma 

(IFN-γ) or lipopolysaccharides (LPS) and involved in the acute pro-inflammatory response with 
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several different signalling pathways contributing to M1 macrophage polarization (Orihuela et 

al., 2016). The alternative activation of macrophages (M2) is usually induced by IL-4 or IL-10 

and IL-13 and is involved in the anti-inflammatory response (Eldahshan et al., 2019). Microglia 

are the first line of defence against brain injury (ischaemic stroke) and respond to alterations 

in the brain microenvironment (Dong et al., 2021). When microglia cells turn towards M1 

phenotype they release different cytokines such as IL-1β, TNFa, IL-6, other inflammatory 

cytokines, and ROS into circulation. M2-polarized microglia, by producing anti-inflammatory 

factors (IL-4, IL-10, IL-13, or TGF-β), contribute to the resolution of inflammation and have 

important roles in tissue remodelling and repair as well as angiogenesis by producing insulin-

like growth factor-1 (IGF1), which suppresses apoptosis and increases proliferation and 

differentiation of neural precursor cells (Jurcau and Simion, 2021). Microglia become activated 

rapidly, initiate migration, and activate downstream cell signalling during the first stages of an 

ischemic stroke. Microglia, are an integral part of the immune system, produce inflammatory 

factors, alter the permeability of the BBB, phagocytose vascular endothelial cells, and lead to 

BBB breakdown after stroke, which can result in reduced brain recovery following infarction. 

After ischemia occurs, microglia become activated, and produce detrimental and 

neuroprotective mediators (Dong et al., 2021).  

1.2.4 Cytokines in neuroinflammation after ischemic event 

 

Cytokines have a vital role in the activation, proliferation, and they also range in size (8-26 kDa). 

Cytokines can mediate the inflammatory response or act as anti-inflammatory molecules which 

stop the inflammatory response (Jayaraj et al., 2019). Cytokines can broadly be classified by 

immune response but also have their individual characteristics which are briefly outlined in 

table 1.  
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Table 1 - Overview of cytokines.  

 Source Cell target Function 
IL-1 B cells, dendric 

cells, activated 
monocytes 
macrophages 

B+T cells, natural 
killer cells 

Pro-inflammatory, proliferation, 
differentiation 

IL-4 T helper cells Macrophages B+T 
cells 

B and cytotoxic T cells proliferation, MHC 
class II expression, IgG + IgE production 
stimulation. 

IL-6 T helper cells, 
macrophages, 
fibroblasts 

Activated B cells 
and plasma cells 

Differentiation into plasma cells, IgG 
production, B +T cell growth factors, 
stimulation of acute phase response, 
haematopoiesis, and Immune reactions 

TNF-α Macrophages 
Monocytes 

Macrophages 
Tumour cells 

Phagocyte cell activation, Tumour 
cytotoxicity, Vasodilatation, Leukocyte 
adhesion by expression of adhesion 
molecules 

IFN-γ 
 

T helper cells Various Anti-viral, macrophage activation, increase 
neutrophil, monocyte function, MHC-I+II 
expression on cells 

G-CSF Fibroblasts 
Endothelium 

Bone Marrow 
stem cells 

Granulocyte production, survival, 
proliferation, differentiation, function of 
neutrophil precursors, mature neutrophils 

GM-
CSF 

T cells, 
macrophages, 
fibroblasts 

Stem cells Granulocyte, monocyte, and eosinophil 
production 

TGF-β T+B cells 
 

Activated T+B cells Inhibit proliferation of B+T cells, inhibit 
haematopoiesis, wound healing, 
angiogenesis, and immunoregulation is 
promoted via TGF-β 

Brief discussion of source, target cell and function of cytokine important in neuroinflammation. This table 

presents information from  (Idriss and Naismith, 2000; Prud'homme, 2007; Tanaka et al., 2014; Turner 

et al., 2014) 
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1.2.4.1 Pro-inflammatory cytokines  

 

There are three major cytokines linked to neuroinflammation after an ischaemic stroke and 

they are IL-1β, TNF-α, and IL-6 (Jayaraj et al., 2019).  

1.2.4.1.1. Interleukin 1 beta 

 
IL-1 is a general name for two distinct proteins, IL-1α and IL-1β which have a significant role in 

the up-regulation and down-regulation of acute inflammation (Dinarello et al., 2012). Human 

IL-1α and IL-1β are synthesized as 31-33 kDa cytokines (Fields et al., 2019). In a pro-

inflammatory response IL-1β isoform has a significant role and this cytokine presents in several 

cell types including keratinocytes, fibroblasts, synoviocytes, endothelial, neuronal, immune 

cells such as macrophages, mast cells, and glial cells such as Schwann cells, microglia, and 

astrocytes (Ren and Torres, 2009; Lambertsen et al., 2019). IL-1β is present in the CNS and 

expressed constantly which is important as this cytokine exerts neurotrophic factors 

(Lambertsen et al., 2019). IL-1 receptor antagonist (IL-1Ra) is the endogenous inhibitor and has 

been the most studied in stroke. IL-1β is a pro-inflammatory cytokine and has a key role in both 

acute and chronic inflammatory disorders (Denes et al., 2011). Stroke and traumatic brain 

injury lead to the up-regulation of IL-1β, IL-1Ra, IL-1 receptor (IL-1r) (Murray, Parry-Jones, and 

Allan, 2015). It has been shown that mRNA levels of IL-1β are seen to be increased in the first 

15/30 minutes after the ischemic event (Wang Q, 2007). After the event of an ischemic stroke, 

IL-1β is upregulated and is seen to peak at around 12 to 24 hours in macrophages (microglia) 

and long term astroglia (Lambertsen et al., 2012). There are constituently low levels of IL-1β 

protein and mRNA expressed within the brain and this is regulated by transcriptions, translation 

and cleavages and cellular release. IL-1β stays inactivated until it is cleaved by caspase 1 and is 

then consequently activated. Binding to (IL-1r) occurs when IL-1β is biologically activated and 

this is linked with the interleukin 1 receptor accessory protein which mediates intracellular 

signalling. After an ischemic event, there is an increase level of ATP circulating which 

contributes and promotes cleavage and cellular release of IL-1β (Doll et al., 2014). Signalling 

pathway of IL-1 is presented above in figure 2 highlighting the activated pathway though LPS 

stimulation via transcription of encoding gene IL-1β (Murray, 2015).  
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Image taken from (Murray, 2015) which depicts IL-1 signalling pathway activation from a stimulus 

like LPS. A stimulus will activate the transcription of the gene encoding IL-1β. IL-1β is an inactive 

precursor protein and caspase-1 cleaves this pro-IL-1β to make the active form called IL-1β. A 

variety of factors can promote or inhibit the release of active IL-1β. IL-1β binds to IL-1Ri alongside 

IL-1 receptor accessory protein (IL-1RAcP). Signal transduction is triggered by MyD88, IL-1 

receptor associated kinase (IRAK-1) and IRAK-2, recruitment of TNF receptor associated factor 6 

(TRAF-6) and NFκB from complex with IκB.  

Figure 2 – IL-1 signalling pathway. 
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1.2.4.1.2 Interleukin 6 

 

A well-studied cytokine of interest is IL-6, which is a pro-inflammatory cytokine (Tanaka et al., 

2014). The dysregulation of IL-6 is closely related to the occurrence and outcome of many 

clinical diseases, including coronary heart disease, leukaemia, hypertension, ischemic stroke 

(Erta et al., 2012). IL-6 is produced by several different activated cells including microglia and 

astrocytes in the different regions of the brain (Sanchis et al., 2020). Further to this, IL-6 itself 

can potentially stimulate microglia and astrocytes leading them to releasing a cascade of pro-

inflammatory cytokines and acute phase protein such as CRP and promote recruitment of 

macrophages. The events outlined are essential for the inflammatory reaction resolution and 

starting the acquired immunity response (Camporeale and Poli, 2012). Levels of IL-6 have 

been seen to be reported in stroke patients (Gertz et al., 2012) but there is still doubt on 

whether IL-6 plays a significant role in ischemic stroke and further research is needed. IL-6 is 

produced by many different cells which include neurons, microglia, endothelial cells, and 

astrocytes and at different amounts depending on stimulation. IL-6 stimulates the 

inflammatory response in several diseases which include diabetes, atherosclerosis, 

Alzheimer’s disease, multiple myeloma, rheumatoid arthritis, and depression. Due to this 

response in several different diseases, there is an interest in developing the anti-IL-6 agent as 

a potential therapeutic for these diseases. Levels of IL-6 are increased in stroke and the 

plasma levels have been seen to correlate with increased severity of the infarcts volume size 

and with the outcome becoming less favourable (Gertz et al., 2012). Figure 3 represents an 

overview of IL-6 signalling. IL-6 cytokine has pro-inflammatory and anti-inflammatory 

properties and is encoded by the IL-6 gene in humans. Inflammation driven by IL-6 allows for 

IL-6 trans signalling. This signalling allows the up-regulation ICAM-1, VCAM-1, CXCL1, CXCL5, 

CXCL6, IL-8 and MCP-1 which are key pro inflammatory mediators(Tanaka et al., 2014) 
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Figure 3 - IL-6 signalling pathway 

IL-6 cytokine has pro-inflammatory and anti-inflammatory properties and is encoded by the IL-

6 gene in humans. IL-6 binds to IL-6R to initiate cellular events including activation of JAK 

kinases, Ras and PI3k-mediated signalling which lead to activation of several transcription 

factors. SOCS and PIAS proteins negatively regulate IL-6 activity. Schematic created with 

BioRender.com and adapted from (Bio-techne, 2023a). 
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1.2.4.1.3 Tumour necrosis factor alpha   

 

TNF is a cytokine that can be generated in the brain and many different cells can synthesize this 

which include macrophages and microglia (Doll et al., 2014). TNF-α is made up of 35 amino 

acids, a cytoplasmic domain, 21 amino acid transmembrane segments and a 177 amino acid 

extracellular domain. It presents with a molecular weight of 17.3kDa (Webster and Vucic, 

2020). TNF-α has a role in the acute inflammatory response and seen to exacerbate stroke 

pathology and identified as a key regulator of the inflammatory response. Levels of TNF-α are 

not normally detectable in healthy humans but are seen to be elevated in serum and tissues 

when found in inflammatory and infectious conditions (Bradley, 2008). TNF-α can move across 

the BBB via a receptor-mediated transport system that is upregulated due to inflammation and 

trauma in the CNS. TNF-α gene is located on chromosome 6 and consists of four exons and 3 

introns (Parameswaran, 2010). In stroke research, TNF is one of the most studied cytokines due 

to it being both an immune regulator and a pro-inflammatory mediator. After an ischemic event 

microglia, the resident brain macrophages lead to the production of TNF-α causing further 

damage due to the pro-inflammatory effects (Jayaraj et al., 2019).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.4.2 Anti-inflammatory cytokines  

Figure 4 – TNF a signalling pathways. 

TNFa signalling pathway (Created with BioRender.com) and adapted from (Rolski and 

Blyszczuk, 2020). Downstream signalling is media by two receptors with are TNFR1 or TNFR2. 

TNFα is a precursor bound membrane and is cleaved by TNFα converting enzyme, releasing 

either TNFR1 or TNFR2 which are the soluble forms.  
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1.2.4.2 Anti-inflammatory cytokines 

Anti-inflammatory cytokines include IL-4, IL-10, IL-11, IL-13, an TGF-b (Jeon and Kim, 2016). It 

must be noted that leukaemia inhibitory factor interferon alpha, IL-6 as well as TGF-b  can be 

categorised as having either an anti-inflammatory property or a pro-inflammatory property 

under various circumstances (J. M. Zhang and An, 2007) . 

1.2.4.2.1 Interleukin 4 

 
IL-4 is an important anti-inflammatory cytokine that regulates brain homeostasis and support 

neurogenesis as well as oligodendrogenesis. The function of IL-4 is to regulate immunity and is 

an important player in leukocyte survival under pathological and physiological conditions. IL-4 

starts signalling transduction by two different receptor complexes (type I receptor expressed 

on hematopoietic cells or a type II receptor expressed on nonhematopoietic cells. (Rossi et al., 

2018). Figure 5 is a representation of the IL-4 signalling pathway  (A. D. Keegan et al., 2021). 

Signalling transduction occurs through one of the IL-4 receptors which is either type 1 or type 

2 (Junttila, 2018). Type 1 IL-4 receptor comprises of IL-4Rα and gamma chain/IL-2 R gamma 

subunits. Whereas type 11 receptors consist of IL-4 Rα and IL-13Ra1 which can become 

activated by either cytokine (IL-4 and IL-13). The IL-4 signalling pathway is vital toward 

differentiation of Th2 cells, regulation of B cells, immunoglobulin class switching, promoting 

mast cell survival and proliferation (Kelly-Welch et al., 2005; Daines et al., 2021; A. D. Keegan 

et al., 2021; Bio-techne, 2023b). Macrophage production of several pro-inflammatory cytokines 

including TNF-α, IL-1β and IL-6 can be inhibited by the anti-inflammatory IL-4 via transcriptional 

repression (Anovazzi et al., 2017).  
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Figure 5 - IL-4 signalling pathway. 

IL-4 binding to the IL-4Rα induces heterodimerization with a gamma chain to form the type II 

receptor in macrophages. Janus kinases (Jaks) becomes activated and type II receptors activate 

Jak1, Jak2, and Tyk2. Tyrosine residues in the cytoplasmic tail of the IL-4Rα become phosphorylated 

and act as docking sites for signalling molecules. Insulin receptor substrate family (IRS) and Shc also 

have ability to dock to this site and become phosphorylated. Phosphorylated STAT6 dimerizes, 

migrates to the nucleus, and binds to promoters of genes. STAT6 can act as a transcriptional 

activator or a transcriptional repressor, depending on the specific target gene and activation state 

of the cell. (Created with BioRender.com) and adapted from (Kelly-Welch et al., 2005; A. D. Keegan 

et al., 2021; Bio-techne, 2023b). 
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1.2.4.2.2 Interleukin 10 

IL-10 is a significant anti-inflammatory cytokine that has inhibitory effects on a variety of 

immune cells. IL-10 was first identified in mouse Th2 cells, and was subsequently found to be 

secreted in astrocytes, neurons, B cells, monocytes/macrophages, keratinocytes, and human 

Th1 cells (Iyer and Cheng, 2012). IL-10 could inhibit the production of numerous different 

inflammatory cytokines, which include TNF-α, IL-1β and IL-6. IL-10 has the potential to reduce 

the function of the pro-inflammatory markers in ischemic stroke (Kes et al., 2008; Porro et al., 

2020). The IL-10 gene has a molecular weight of 4.7 kb and is located on chromosome 1 on the 

long arm and contains five exons. The biological activated form of IL-10 is a 36 kDa homodimer 

which is 160 amino acids in length and has two non-covalently bonded monomers (Verma et 

al., 2016). IL-10, when bound to its receptors, causes phosphorylation of Janus kinase 1 (JAK1) 

and Tyrosine kinase 2 (Tyk2). These then become a docking site for signalling transducer and 

activator of transcription 3 (STAT3) which translocate to the nucleus and cause binding to the 

promoter of several IL-10 genes, which is presented in figure 6 (Porro et al., 2020) 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 6 – Interleukin 10 signalling pathway  

Jak1/Tyk2/signal transducer and activator of transcription 3 (STAT3) system are the most 

characterized pathway for IL10 (Porro et al., 2020) Created with BioRender.com 
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1.2.5 Chemokines  

 

The CNS is regarded as immune privileged due to the BBB (Muldoon et al., 2013). Chemokines 

are an important protein with the CNS which can regulate and coordinated immune response 

within the human body (Ramesh et al., 2013). Chemokines belong to the family of 

chemoattractant cytokines. These cytokines play a vital role in cell migration and induction of 

cell movement in response to chemotaxis (Poeta et al., 2019). Chemokines can be broken into 

subclass which are CC, CXC, XC and CX3C and mammals are seen to have among 45 distinct 

types (Bonecchi and Graham, 2016). Chemokine function which is most studied in research is 

cell migration with a particular interest in leukocytes. Chemokine which are dysregulated are 

an important feature which is central to the development of neuroinflammation and 

neurodegeneration. This response can be seen to mediate cell death in several different cell 

types which include neuronal and glial cells. Subsequently. This can then lead to the production 

of pro-inflammatory chemokines and cytokines as previously mentioned (Ramesh et al., 2013). 

Macrophage inflammatory protein (MIP-1α/CCL3), MIP-1β, MCP-1, and RANTES are members 

of the C-C chemokine family.  MIP-1α is produced by different cell types during inflammation. 

The biological function of MIP-1α is inducing the inflammatory response by neutrophil 

infiltration. Monocytes, T lymphocytes, B lymphocytes, neutrophils, dendritic cells, and natural 

killer cells are known to secrete MIP-1α/CCL3 (Keane et al., 1999). In normal conditions, MIP-

1α/CCL3 presents at low levels. Upon stimulation with different factors like (lipopolysaccharide 

(LPS) or pro-inflammatory cytokines (IL-1β), cellular signalling events become activated leading 

to the increase in MIP-1α (Bhavsar et al., 2015).  
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Figure 7 -Chemokine and receptor function.  

 Represented in blue, is the biological process which have been established to be regulated by 

chemokines and their receptors. Cell movement is central and presented as the main biological function 

with the migratory behaviour of the cell movement presented in the light green boxes (Hughes and 

Nibbs, 2018).  
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1.2.6 Inflammatory mediators 

1.2.6.1 Introduction to C reactive protein  

 

An important predictor of cardiovascular disease is C reactive protein (CRP) and has a significant 

role in damage to vessels and plays a role in vascular inflammation (Z. Zhang et al., 2012). CRP 

was discovered in 1930 by Tillet and Francis (Sproston and Ashworth, 2018). Normal CRP 

protein is circulating at reduced concentration in healthy people but in response to an 

inflection, injury, or inflammation the levels increase rapidly to over 1000-fold (Khreiss et al., 

2004; Boncler et al., 2019). Levels of CRP in serum are some of the highest concentrations 

found. Interestingly, when there are no stimuli the levels decrease quickly over a 20-hour 

period. After tissue damage, trauma, cancer and infection, CRP levels within the plasma can 

increase from 1 µg/mL to 500 µg/mL over 24 to 72 hours. IL-6 pro-inflammatory cytokine has 

been seen to be the main inducer of gene expression of CRP and the effects are further 

enhanced by IL-1 (Sproston et al., 2018). CRP can be distinguished into two isoforms, but 

previous research has only studied this protein as CRP. However, with advancing techniques it 

is possible to distinguish between the isoforms through monoclonal antibodies (Rajab et al., 

2020). However, only until recently have these been researched as separate distinct isoforms 

(nCRP and mCRP) (Slevin et al., 2018). This is due to advancing technology in developing specific 

monoclonal antibodies to each specific isoform (Slevin et al., 2018; Sproston and Ashworth, 

2018). CRP is found either as native c reactive protein (nCRP) in circulation or as non-soluble 

monomeric c reactive protein (mCRP) in tissues (Badimon et al., 2018). CRP Is known to present 

in both native and monomeric conformation but the relationship and roles in inflammation is 

less understood with contradictory conclusions on the physiological function (Z. Yao et al., 

2019).  

1.2.6.2 Native C reactive protein production, structure, and function  

 

nCRP which can also be named as pentameric c reactive protein (pCRP) is made up of 5 identical 

non-covalently bound subunits (figure 8). Each subunit is 206 amino acids long and has a 

molecular mass of 23 kDa (Sproston and Ashworth, 2018; Ngwa and Agrawal, 2019). Within the 

human body, liver hepatocytes are the main cells source which synthesize nCRP. In more recent 
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times, other cells have been seen to synthesize nCRP too. These cells include smooth muscles 

cells, macrophages, endothelial cells, lymphocytes, and adipocytes (Sproston and Ashworth, 

2018). CRP is known as a pattern recognition molecule which can bind to specific molecular 

configurations during cell death or present on surface pathogens. Figure 8 is a representation 

of the chemical structure of nCRP. nCRP consists of beta folded sheets which are stabilized by 

intrachain disulphide bonds and opposite to this includes two calcium ions which are vital to 

the integrity and stability of this structure (Slevin et al., 2010; De La Torre et al., 2013; Caprio 

et al., 2018; Slevin et al., 2018; Sproston et al., 2018).  

 

 

 

 

1.2.6.3 Monomeric c reactive protein structure and function 

 

nCRP has anti-inflammatory properties and mCRP has pro-inflammatory. This highlights the 

importance of researching these proteins in their individual forms (Sproston and Ashworth, 

2018). A naturally occurring isoform of CRP is mCRP. nCRP can dissociate into mCRP through 

the incubation of 8 mol/L of urea which contains 10 mM/l of EDTA. Another method of 

dissociation is through heating nCRP to 63oC for around 5 minutes. The dissociation occurs due 

to loss of the secondary structure and alteration within the tertiary structure which leads to 

mCRP epitope expression (Sproston and Ashworth, 2018; Sproston et al., 2018; Z. Y. Yao et al., 

2019). nCRP can be dissociated to mCRP through cell membranes, liposomes, and static 

activated platelets through the binding onto the phosphocholine group (Slevin et al., 2018). As 

Figure 8 - Chemical structure of nCRP 

nCRP is presented as 5 identical subunits which contains hydrophobic core stabilized by intrachain 

disulphide bond (Yellow). The other side of the subunits (Green) the subunit can bind to the two calcium 

ions which participate in the binding of phosphocholine (Z. Yao et al., 2019) 
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well as nCRP, monomeric forms of CRP can be localized in fibrous tissues of normal blood vessel 

intima (De La Torre et al., 2013). Further to this, mCRP has been seen to also accumulate within 

atherosclerotic lesion in which colocalization occurs with resident macrophages (De La Torre et 

al., 2013; Badimon et al., 2018). mCRP is prothrombotic and is important between the interface 

of thrombosis, innate, adaptive immunity and atherogenesis (Filep, 2009; De La Torre et al., 

2013). (De La Torre et al.) found that mCRP but not nCRP increased activation of platelets, 

adhesion, and thrombus growth under arterial flow conditions. mCRP is present in 

atherosclerotic plaques. The mechanical and or spontaneous plaque rupture of lesions rich in 

mCRP may result in increased platelet aggregation and thrombus formation (Khreiss et al., 

2004; Filep, 2009; De La Torre et al., 2013). There has also been detection of mCRP expression 

in the intimal and adventitia neo-vessels in unstable carotid plaques. Pro-angiogenic effect was 

observed in vivo and in vitro with the increase expression of mCRP via the signalling pathway 

ERK/MAPK with further increase in Notch 3 gene expression (Boras et al., 2014). mCRP is known 

to have a key role in modulating inflammation and associated with atherosclerotic plaques 

progression and instability. Within the brain parenchyma there is a build-up of the mCRP 

protein which causes vascular damage and presentation of neurodegenerative 

pathophysiology (Al-Baradie et al., 2021). 
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1.3 Therapeutics targets for the inflammatory response after ischemic stroke 

 

The inflammatory response is a big part of the pathophysiology of a stroke, and the ability to 

block this response is an ever-increasing research issue. Several potential compounds were 

selected for their potential therapeutic effect and anti-inflammatory properties.  

1.3.1 Existing anti-inflammatory compounds 

 

Liver X receptors (LXR) belong to the nuclear receptor superfamily and upon activation will 

stimulate gene transcription (Wouters et al., 2019). LXR can be split into either LXRα or β 

(Morales et al., 2008). The human LXRα gene is located on chromosome 11p11.2, while the 

LXRβ gene is located on chromosome 19q13.3. The expression patterns for LXRα and LXRβ 

mRNA vary significantly from tissue to tissue (Im and Osborne, 2011; Michael et al., 2012). LXRα 

is found and expressed in the adipose tissue, liver, kidneys intestines and tissue macrophages. 

Whereas LXRβ is ubiquitous (Ramon-Vazquez et al., 2019). There are several questions which 

remain when looking into the role that LXR plays within the CNS and inflammation. There is still 

uncertainty if LXR can modulate the course of the CNS inflammation. In current literature there 

is still a question to answer regarding whether it is beneficial to target LXR to determine if it has 

the potential to protect the CNS inflammation. Moreover, LXRs have been shown to mediate 

specific anti-inflammatory activities and modulate the immune response. In turn, leading the 

expression of several distinct factors which play a significant role in the control of inflammatory 

disorders. Figure 9 represents several different LXR activators and how they activate gene 

regulation and by which pathway (Bilotta et al., 2020). As an example, LXR activation induces 

anti-inflammatory response in macrophages by antagonizing NF-κB signalling pathway 

(Wouters et al., 2019). GW3965 hydrochloride, LXR agonist has anti-inflammatory properties 

and has potential as a threptic target for inflammation in macrophages and other immune cells. 

GW3965 has also been seen to regulate the expression of several different pro-inflammatory 

genes (examples include COX2, IL-6 and iNOS) in several different cell types which include 

macrophages, astrocytes, T cells, myeloid and smooth muscle cells. GW3965 has much 

research conducted and activation of LXR can promote neuroprotection and reduces brain 

inflammation in an experimental stroke model (Morales et al., 2008; Spyridon et al., 2011; 

McVoy et al., 2015). GW3965 has been shown to attenuate LPS induced posttranscriptional 
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TNF-a in Kupffer rat cells in a dose dependent manner but interestingly mRNA levels did not 

alter. This does showcase the anti-inflammatory properties GW3965 present with (L. Zhao et 

al., 2021). Therapeutic GW3965 has been shown to reduce stability and size of thrombi and can 

reduce its formation. This shows that GW3965 can be a therapeutic target for preventing 

thrombus formation (Nunomura et al., 2015). 

 

 

 

 

Circadian rhythms have a role to play in inflammation. In a study, looking at LPS induced 

microglia activation, a suppression by REV-ERBa both in vitro and in vivo was shown. GSK4112 

is a small molecule which targets the REV-ERBa, a dominant transcriptional silencer which 

represses the expression of several genes linked to inflammation, metabolism, and circadian 

rhythm (D. K. Guo et al., 2019). Circadian rhythm protein REV-ERBa can regulate 

neuroinflammation. It has been shown that REV-ERBa, which is a nuclear receptor and 

circadian clock component can mediate activation of microglial as well as neuroinflammation. 

BMAL1 is a potential pathway which could regulate neuroinflammation via the transcriptional 

regulation of REV-ERBa (Griffin et al., 2019). 

 

 

LXR can be activated by several factors and can regulate different genes and signalling pathways in 

several different ways as presented in schematic above (Bilotta et al., 2020). 

Figure 9 - LXR activators and effects on gene regulation and pathways 
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1.4 Overview of stem cells  

There has been promising research over the last several years on stem cell therapy. Stem cells 

are unspecialized and can differentiate into more than 200 different cell types and due to their 

nature they are ideal for potential therapeutic repair and regeneration (Zakrzewski et al., 2019). 

The division of stem cells is highly regulated and can differentiate into three different germ 

lines which are ectoderm, mesoderm, and endoderm (Biehl and Russell, 2009). Figure 10 is a 

summary of adult and embryonic stem cells and their differentiation potential (Dayem et al., 

2016). There are several different regions in which adult stems cells can be obtained from, 

which include the brain, skin, bone, and organs which allows the differentiation into specific 

cell lineages (Pittenger et al., 2019). Embryonic stem cells (ESC) come from the inner cell mass 

of a growing blastocyst, and they hold pluripotent properties and give rise to the ectoderm, 

mesoderm, and endoderm which is shown below in figure 10. There are still many 

disadvantages in using ESC which include moral and ethical issues as well as immune reactions 

which could arise after transplanted ESC. There is much research focused on ESC due to the 

potential they hold in regenerative medicine and the engineering of tissue. ESCs are known for 

their pluripotent differentiation capabilities; however, this also can cause issues with long-term 

culture, reliability, and reproducibility. Another crucial factor to note is that it studies have 

shown that ESC can differentiate spontaneously into tumour cells (Zakrzewski et al., 2019). 

However, ESCs and induced pluripotent stem cells (iPSCs) are similar in pluripotency, gene 

expression pattern, morphology, and epigenetic status. The technology of iPSC overcomes the 

issue faced with moral and ethical related issue of human ESC and the potential immune 

rejection. In comparison adult stem cells do not present with the limitation above within in vivo 

models. There is much interest in using adult stem cells in regenerative medicine. However, 

due to the nature of adult stem cells they are limited in their differentiation potential (Moradi 

et al., 2019). 
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1.4.1 Mesenchymal stem cells  

1.4.1.1 Mesenchymal Stem Cells and their potential in neurological regenerative medicine.  

 

Developing new regenerative therapies to repair the brain after ischaemic stroke is vitally 

important and one promising candidate is mesenchymal stem cells (MSCs) which are widely 

investigated as a cell therapy for ischemic stroke (Zheng et al., 2018). MSCs have anti-

inflammatory potential and are immune regulatory with immunosuppressive capabilities (Y. 

Han et al., 2019). MSCs express several different key surface markers which include CD73, 

CD90, CD105 as positive and negative marker for CD14, CD34, CD45 and HLA-DR (Camilleri et 

al., 2016). MSCs are multipotent stem cells and can be known under different names which 

include but not limited to mesenchymal stem cells, mesenchymal stromal cells, and 

(Created with BioRender.com) and adapted from Differentiation of adults cells into different 
linages on the left-hand side. ESCs differentiating ability into three different germ layers 
present on the right hand side. (Dayem et al., 2016). 

Figure 10 - Differentiation on potential of both adult and embryonic stem cells 

Differentiation pathway of either adults stem cells or embryonic stem cells presenting the different 

germ lineages. Image rendered in Bio-Render.com. 
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mesenchymal progenitor cells (Pittenger et al., 2019). MSCs can differentiate into all end stage 

lineages (figure 11) (Musial-Wysocka et al., 2019). Table 2 is a representation of some of the 

most researched MSCs with common characteristics and specific cell surface markers. There 

are great advantages of using MSCs over other stem cells, however their clinical applications 

are hindered by research barriers. One example is being able to obtains adequate cell numbers 

without losing potency during subculture and at high passage numbers (Ullah et al., 2015). 

There have been several studies and clinical trials which have conducted safety tests on 

mesenchymal stem cell-based therapies (Galderisi et al., 2022). Clinical trials have been 

conducted and show that MSC therapy for the potential treatment in ischemic stroke is feasible 

and safe (H. Chen and Zhou, 2022).  

 

 

 

 

Figure 11 - Location MSC can be harvested.  

Mesenchymal 
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MSC can be harvested from several different areas within the human body.  
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Table 2 – Extraction and culture of MSCs derived from various tissues. 

 
 

MSC Type Source Marker Reference 

Adipose derived Stem cells  Human: subcutaneous 

adipose in abdomen, 

buttocks, and abdominal 

zone 

CD29+ CD44+, CD73+, CD90+, CD105+, 

CD146+, CD166+, MHC-I+, CD31−, CD45−, 

and HLA-DR− 

(Zuk et al., 2002; Smadja 

et al., 2012; B. Q. Guo et 

al., 2021) 

Bone marrow stem cells Human: tubular bones, iliac 

crest, and bone marrow 

CD29+, CD44+, CD73+, CD90+, CD105+, 

Sca-1+, CD14−, CD34−, CD45−, CD19−, 

CD11b−, CD31−, CD86−, Ia−, and HLA-DR− 

(Zhu et al., 2010; El-

Ansary et al., 2012; Mao 

et al., 2013)  
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1.4.1.2 Micro-fragmented Adipose tissue as a source of mesenchymal stem cells 

 

Adipose tissue is the most abundant in humans and there are two forms which are white 

adipose tissue (WAT) and brown adipose tissue (BAT) (A. Park et al., 2014). WAT is the focus of 

research, and this tissue is located throughout the body (abdomen, buttocks, and thighs) (Gesta 

et al., 2007). At the cellular level, WAT has high volume of mature adipocytes, MSC, pericytes 

and smooth muscle cells. These MSCs are of particular interest in the WAT due to the capacity 

of further proliferation and expansion. A further benefit of adipose tissue is the extreme high 

metabolic rate with the continuous remodelling (Christiaens and Lijnen, 2010). The use of 

adipose derived mesenchymal stems cells (adMSC) over recent years has gained tremendous 

support and have been isolated from fat tissue through liposuction. The advantages to these 

stem cells and procedures are that there is little or none apparent side effects (Nava et al., 

2019). Enzymatic digestion or mechanical force are two ways to obtain adipose tissue. Firstly, 

enzymatic digestion technique uses enzymes (Collagenase, Trypsin and dispases) to breakdown 

the adipose tissue to form a stromal vascular fraction. This fraction can then be cultured or 

long-term storage through cryopreserved methods. There are several negatives with this 

method including how expensive the method is, the prolonged isolation time, external 

compounds added (enzymes) and can be too aggressive and potentially destroy exosomes 

during processing. In turn, damaging the cells and affecting cell function and viability. On the 

other hand, this method is efficient and yields a higher cell count (Tiryaki et al., 2020). 

Mechanical isolation of adipose tissue is a minimal invasive procedure which uses liposuction 

and fat tissue is normally taken from the abdomen. There are several positives including the 

procedure is minimally invasive. FDA approval has already been granted and the treatment is 

quick and is enzyme free. However, the negative is that this method is particularly expensive. 

Further to this, adMSC is presented in copious quantities in most patients compared to the 

lesser amounts of BM-MSC (0.001 – 0.01 % of total bone marrow nucleated cells). AdMSC 

would be a clinical advantage through these reasons alone, especially if an elderly patient would 

need this as BM-MSC is increasingly challenging to get from elderly patients (Strioga, 2012; 

Tremolada et al., 2016). There are numerous patented devices but one of particular interest is 

Lipogems. The process uses micro-fragmented adipose tissues (MFAT) which preservers the 

structural niche of the tissue. This preservation allows pericytes to turn into MSCs that initiates 
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the regenerative process and releases anti-inflammatory factors. Therefore, Lipogems is often 

described as a ‘time-release’ medium (Randelli et al., 2016; Tremolada et al., 2016; B. Guo et 

al., 2021). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 – Mechanism of lipogems device for adipose tissue processing  

Drawing from (Tremolada et al., 2016) showing the adipose tissue processing through the lipogems 

device. This system is closed and is a low pressure cylindric to harvest a product containing pericytes 

and MSCs.   
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1.4.1.3 Current stroke and inflammatory models available in vitro and in vivo 

 

Stroke is an extraordinarily complex disease, and many factors are included, currently stroke 

research is conducted using either in vitro and in vivo models (Holloway and Gavins, 2016). 

Animal models have been indispensable as a tool to model complex pathophysiology of 

ischemic stroke  (Fluri et al., 2015). The development of animal models was developed with the 

aim to elucidate the mechanism that underline cerebral ischemia and develop new therapeutic 

agents for treatment (Ma et al., 2020). There is ongoing research into establishing in vitro cell 

based models to study the complexity of an ischemic stroke. Brain sections can be used in 

neurological research; however, tissue is limited and during processing tissue can become 

damaged leading to abnormal function. On the other hand, the physiological relevance is high 

and there is application to stroke research through oxygen glucose depletion, chemical 

ischemia, and excitotoxicity (Nogueira et al., 2022). Primary cells are another source to study 

ischemic stroke, in which they are physiological relevant and can be used in OGD, chemical 

ischemia, excitotoxicity and BBB modelling. One disadvantage is that they are limited in 

availability and passage number once in culture (Holloway and Gavins, 2016). The main cellular 

platform used for in vitro stroke research consists of monocultures of human and rodent cell 

lines or primary cells. In general, the use of monocultures is preferred when studying cell-

specific responses to OGD and/or to evaluate the action of neuroprotective compounds on 

specific cell types (Holloway and Gavins, 2016; Van Breedam and Ponsaerts, 2022). The current 

basic in vitro model systems have disadvantages in studying ischemic stroke due to the lack of 

intact blood vessel and flow (Wevers et al., 2021; Van Breedam and Ponsaerts, 2022). 

Microfluidic modelling using 3D printed designs or commercially available chips are bridging 

the gaps in research. Microfluidic devices are a promising way for to allow researchers to 

generate complex environments (oxygen glucose depletion) which can be treated under many 

different conditions (Holloway and Gavins, 2016).  
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1.5 Aims and objectives. 

 

Investigating the effects of inflammatory mediators on the neuroinflammatory response 

 

The principal aims of the work presented in this thesis were to: 

 

1. Characterise morphological changes in monocytes and macrophages caused by mCRP. 

2. Characterise mCRP as pro-inflammatory mediator. 

3. Investigate potential novel anti-inflammatory therapeutic targets using an 

inflammatory in vitro model set up. 

4. Characterise micro-fragmented adipose tissue and its ability as an anti – inflammatory 

target using an inflammatory in vitro model set up. 
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Chapter 2 – Materials and 

methods  
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2.1 Materials  

Table 3 - Materials 

Reagents and chemicals Company 

U937 ATCC® CRL-1593.2 

HMC-3 ATCC CRL-3304 

Roswell Park Memorial Institute Medium (RPMI) Lonza, UK 

Dulbecco’s phosphate buffered saline  Lonza, UK 

Dulbecco’s modified eagle medium Sigma Aldrich 

Foetal bovine Serum (FBS) Sigma Aldrich 

Phorbol myristate acetate (PMA) Sigma Aldrich 

GSK4112 Sigma Aldrich 

GW3965 Sigma Aldrich 

Human IL-8 ELSIA  Sigma Aldrich 

Human MCP-1 Sigma Aldrich 

Human TGF beta 1 Sigma Aldrich 

Lipopolysaccharides (LPS) Sigma Aldrich 

Minimum Essential Medium alpha   Sigma Aldrich 

Tris base  Fisher Scientific, UK 

Tween-20  Fisher Scientific, UK 

Bovine serum albumin (BSA) Fisher Scientific, UK 

Ethylenediaminetetraacetic acid (EDTA) Fisher Scientific, UK 

Bicinchoninic acid assay (BCA) Fisher Scientific, UK  

Dimethyyl sulfoxide (DMSO) Fisher Scientific, UK 

IgG 568 goat anti mouse Fisher Scientific, UK 

Pierce™ Chromogenic Endotoxin Quant Kit Fisher Scientific, UK 

Alexafluro 488 goat anti-rabbit IgG Fisher Scientific, UK 

Quantikine multiplex system 32 self-designed R&D Systems, bio-techbrand® 

DuoSet ELSIA (IL-1 beta, IL-6, IL-10, TNF alpha) R&D Systems, bio-techbrand® 

Human TNF-α DuoSet ELISA R&D Systems, bio-techbrand® 

Human IL-1β/IL-1F2 DuoSet ELISA R&D Systems, bio-techbrand® 

Human IL-6 DuoSet ELISA R&D Systems, bio-techbrand® 
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Human IL-10 DuoSet ELISA R&D Systems, bio-techbrand® 

Human TGF beta 3 DuoSet ELISA R&D Systems, bio-techbrand® 

DuoSet ELISA Ancillary Reagent Kit 2 R&D Systems, bio-techbrand® 

IL-6 anti-mouse (1/50) R&D Systems, bio-techbrand® 

RNAeasy mini kit Norgen  

QuantiTect Reverse Transcription Kit Qiagen 

QuantiNova Syber green qPCR  Qiagen 

Bio-Rad 27-plex human cytokine kit Biorad  

Endotoxin Removal Kit - (Rapid) ABCAM 

Native C reactive protein  My BioSource 

FITC Annexin V Apoptosis Detection Kit 1 BD (Becton, Dickinson) Bioscience 

Trypan Blu solution Corning 

Urea Promega 

Trypsin EDTA  Lonza, Belgium 

Anti-NF-kB p65 (phospho S 536) antibody (1/100).  Cell signalling  

Depc-Treatted Water, DNase/RNase fre Bioline 

Ethanol Fisher chemicals 

Invitrogen™ UltraPure™ Urea Invitrogen 
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Table 4 -Equipment and software 

0.2 um filter pores Merck 

24 well ibidi ibidi 

12 well plate Star labs 

2k Slide A – lyzer dialysis cassette Thermofisher UK 

-80 freezer UltraFlow Freezer Nuarie 

Countless II (cell counter) Life technologies 

Centrifuge 3-16KL Sigma Aldrich 

FLUOstar Omega plate reader BMG-Labtech FluOstar Omega 

Graph Pad version 9 Graph pad 

IR direct heat CO 2 incubator Autoflow 

LAS-X Leica  

Luminex Biorad 

MACSQuant 16 flow cytometer  Miltenyi 

Mr. Frosty™ Freezing Container Fisher 

NanoDrop™ One/OneC Microvolume UV-Vis 

Spectrophotometer 

Thermofisher UK 

Pipette Gibson 

qPCR CFX system Biorad 

Safe Fast premium tissue culture hood Safe fast 

Thunder imaging system and microscope  Leica 

T25 and T75 tissue culture flask Star labs 

Microsoft 365 app suite Microsoft 

Water bath  Grant JB Nova 
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2.2 Methods  

2.2.1 Tissue culture  

2.2.1.1 Complete media preparations  

Table 5 - U937 cell line complete media recipe 

RPMI 500 ml 

Foetal bovine serum  100 ml (20%) 

Penicillin – streptomycin 100 I.U./ml 

 

Table 6 - HMC-3 microglia complete cell media recipe 

Component  Volume 

EMEM 500 ml 

Foetal bovine serum 100 ml (20%) 

Penicillin – streptomycin 100 I.U./ml  

 

Table 7 - Adipose derived mesenchymal stem cells complete media recipe 

DMEM 500 ml 

Foetal bovine serum 100 ml (20%) 

Penicillin – streptomycin 100 I.U./ml 

 

2.2.1.2 Human promonocytic leukaemia U937 cells (ATCC® CRL-1593.2) 

 

Human promonocytic leukaemia U937 cells (ATCC® CRL-1593.2) were thawed rapidly in a 37°C 

water bath until 80% defrosted and decontaminate by spraying with 70% ethanol and placed 

in a class 2 cell culture hood. The defrosted cells were transferred to a 15 ml falcon tube 

containing 9.0 ml of RPMI-1640 complete culture medium (Table 5). The flacon tube was placed 

in a centrifuge and spun at 125 x g for 7 minutes. The supernatant was removed without 

disturbing the pellet and resuspended with the recommended complete medium and 

dispensed into a T-25 cm2 flask. The flask was placed into a tissue culture incubator set to 37oC 

with 5% CO2. The media was changed every 2/3 days until subculture was needed.  
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2.2.1.3 Subculturing human promonocytic leukaemia U937 cells 

U937 cells were cultured under aseptic conditions using RPMI-1640 complete medium (table 

5). Firstly, the U937 cell suspension was centrifuged at 125 x g for 7 minutes before the 

supernatant was discarded and pellet resuspended in 9.0 ml of complete medium. The cells 

were counted using sterile filtered 0.4 % trypan blue dye in a 1:1 ratio and counted using a TC-

10 automated cell counter (Bio-Rad, USA). For all experiments unless stated otherwise the cells 

were set to 1x106/0.5 ml in 12 well plates. Cell viability maintained above 90% for all 

experiments. U937 cells were routinely checked for good health (figure 13). Cells appear round 

and floating in a tightly pack manner 

indicating confluence. Image was 

taken using an Axiovert inverted phase 

contrast microscope at 10x 

magnification. 

 

 

 
 

2.2.1.4 Freezing process for suspension cells 

U937 monocyte cells were placed in a 15 ml or 50 ml flacon depending on the volume with 20 

µl of supernatant taken to measure cell count. From the cell suspension, 20 µl is taken and 

mixed equally (1:1) with trypan blue and counted using the TC-10 automated cell counter 

(Thermofisher). Cells were set to 1x106/ml in freezing media (90 % FBS and 10% DMSO v/v) and 

transferred to 1 ml cryogenic vials. The cryogenic vials were placed in a Mr frosty which allowed 

gradual freezing of the cells over 24-hour period and placed in liquid nitrogen for long term 

storage.  

 

 

Figure 13 – Morphology of high density U937 monocytic 
cells. Images were taken using an Axiovert 10x inverted 
phase contrast microscope. 
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2.2.1.5 PMA differentiation of U937 monocytes to M0 macrophages  

 

U937 monocytes were taken from the T-75 flask and placed in a new 15 ml falcon tube. Phorbol 

12-myristate 13-acetate (PMA) (Sigma Aldrich) cultured medium was prepared to a 

concentration of 50 ng/ml. Cells were set to 1 x 106 cells/0.5 ml and resuspended in PMA 

cultured media. In a 12 well plate, 500 µl of PMA treated monocytes were added to each well 

and placed in a cell culture incubator. Media containing PMA was changed the following day to 

fresh complete media and incubated for a further 48-hours in incubator set to 37°C and 5% 

CO2. 

2.2.1.6 Defrosting HMC-3 microglia cells  

 

Vial of HMC-3 microglia cells was thawed by gentle agitation in a 37°C water bath. The content 

of the vial was transferred into a 15 ml falcon tube and centrifuged at 125 x g for 7 minutes. 

The cell pellet was resuspended in fresh complete medium (Table 6) and placed in a new T-25 

flask and incubated at 37°C and supplemented with 5% CO2. Media was changed every 2/3 days 

until 80% confluence was reached and the cells were sub-cultured. Viability was maintained at 

90%. 
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2.2.1.7 Sub-culturing adherent cells  

 

Firstly, the old media is removed, and cell layer rinsed with PBS to wash any remaining media 

away. Trypsin-EDTA solution (3.0 ml) 

was added and then the flask was 

placed into the cell culture incubator at 

37°C with 5% CO2 for 5 minutes. The 

flask was checked under the 

microscope for detachment and 3 ml of 

complete growth medium was added 

to the flask to stop the reaction. 

Cultures were maintained between 1.0 

x 104 and 2.0 x 105 cell/cm2, with the 

media changed every 2/3 days. Cell 

health was checked via cell viability 

assay using trypan blue and visually inspecting cells (Figure 14). Viability was maintained above 

90%.  

2.2.1.8 Cryopreservation HMC-3 cells 

 

Cells which are around 80-90% confluent were prepared for freezing. The media was removed 

from the flask and the cell remained attached. The cells are firstly washed with DPBS (2X) to 

remove any old media. Trypsin (5 ml) was added to the T-75 flask and placed in cell culture 

incubator with 5% CO2 and 37°C humidity for 5 minutes. Cells were checked under the 

microscope for detachment. The media was collected with the detached cells and pipetted into 

a new 15 ml flacon tube and centrifuged at 125 x g for 7 minutes. The supernatant was removed 

and 1 ml of freezing media (10% DMSO and 90% FBS) was added to the cell pellet and then 

place into cryovials and then into Mr Frosty to allow slow freezing. 

 

 

 

Figure 14 - Morphology of confluent HMC-3 microglia 
cells. Images were taken using an Axiovert 10x 
inverted phase contrast microscope.  
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2.2.1.9 Preparation of MFAT conditioned media  

Micro-fragment adipose tissue (MFAT) was obtained from 10 healthy volunteers according to 

the policies of Manchester Metropolitan University with ethical approval granted (Ethos; 

project ID 24407). MFAT obtained from the clinic within 8 hrs, after washing twice with DPBS 

by centrifuging for 10 minutes at 300 x g. One unit (0.25mL) of MFAT was added into a 6 well 

plate. After 24 hrs and 5 days, the supernatant was harvested and filtered through a 0.22 µm 

protein low binding filter. MFAT conditioned media was stored at -20 oC.   

2.2.1.10 Isolation, Expansion and Characterisation of Adipose-Derived (AD)-MSCs 

 

 

From each MFAT sample, 2 ml were processed for mesenchymal stem cell isolation. Firstly, 

each of the samples of MFAT were washed with PBS and centrifuged at 250 × g for 3 minutes 

to remove blood residual. After discarding of the supernatant, MFAT were digested in 

collagenase type I (1 mg/ml) (ThermoFisher Scientific, Altrincham, UK) with gentle agitation for 

1 hour at 37°C. After 1-hour samples were neutralised MEMα which contained 20 % foetal calf 

serum and centrifuged at 800 x g for 5 minutes to separate the stromal cell fraction pellet from 

the adipocytes. Red blood cell lysis buffer (160 mM) of NH4Cl was added to each sample for 10 

minutes whilst kept on ice and centrifuged at 800 x g for another 5 minutes. The supernatant 

was discarded, with the pellet re-suspended in MEMα containing 20% FBS. The samples were 

then passed through 100 µm nylon strainer and then placed in a separate T-25 flask to allow 

for stem cell growth. Non-adherent cells were observed and removed from the flask the next 

day by washing with PBS to remove such non adherent cells. Fresh MEMα medium containing 

Figure 15 - MFAT sample 10 - Geimsa stain to determine colony count.  

 A) 4x10 magnification, B) 10x10 magnification, C) 10x40 magnification. Images were taken 

using an Axiovert 10x inverted phase contrast microscope.  
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20% FBS. The change of medium was done every two to three days. Cells were tested by the 

Slevin research group previously for adipose stem cell phenotype and results were presented 

in (B. Guo et al., 2021). 

2.2.2 Preparation of C reactive protein isoforms 

2.2.2.1 nCRP preparation and dialysis 

 

In a sterile tissue culture hood, nCRP solution (Bio-source) was added to a 50,000 Da 2k Slide A 

– lyzer dialysis cassette. This was then placed in a cylinder with 2 mM CaCl2 buffer for 24 hours 

with 3x changes of buffer. After 24 hrs, nCRP was extracted from the cassette and a 

bicinchoninic acid (BCA) analysis was performed to determine the new concentration (2.2.6.2). 

2.2.2.2 Dissociation of nCRP to mCRP 

Dialysed nCRP was dissociated to mCRP using the urea/chelation method. In a 1:1 ratio, 1.5 ml 

of nCRP was chelated with stripping buffer (10 mM EDTA and 8M urea/100 mL ddH20). The 

solution was incubated at 37°C for 2 hours prior to the dialysis stage and endotoxin removal.  

2.2.2.3 Dialysis of CRP isoforms (nCRP and mCRP) through 2k lyzer caseate 

In a 5-litre cylinder with autoclaved PBS buffer, the 2k Slide A – lyzer dialysis cassette was 

hydrated for 2 minutes. Once the cassette was hydrated then mCRP was injected into the 

cassette using a needle and a syringe, being careful not to puncher the membrane. The air was 

removed out of the cassette with the syringe ensuring that all the solution remained. The 

cassette was then placed in fresh autoclaved buffer and incubated for 24 hours, and the buffer 

changed 3x during that time. The cassette was removed from the cylinder and air was placed 

in the cassette and then the samples was withdrawn using a needle and a syringe. This was 

conducted in a class II hood to ensure sterile conditions. The concentration of mCRP protein 

was checked for purity and quantified using BCA analysis.  
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2.2.2.4 Endotoxin removal 

The columns were firstly prepared by placing them in endotoxin free collection tubes and 500 

µl of endotoxin removal equilibration buffer was placed in the column and centrifuged at 

(15,000 x g for 5-10 seconds). The flow through was discarded at this point. The column was 

then regenerated by adding 0.5ml rapid endotoxin removal regeneration buffer and 

centrifuged with flow through discarded. This process was repeated for a total of 3x. After this 

was completed then the column was washed 3x using rapid removal wash buffer and 

centrifuged to discard the flow through. The next step was to equilibrate agarose by adding 0.5 

ml endotoxin removal equilibration buffer and a quick spin to remove the solution. This step 

was repeated for a total of 2x. The column was placed in a new collection tube and 0.5 ml of 

nCRP or mCRP was added to the column. The column was incubated for 1 hour at room 

temperature and the sample pass through 3x before centrifuged to collect samples. This entire 

process was completed 2x to remove endotoxins to an acceptable level for experiments. BCA 

is performed on nCRP and mCRP to determine the final protein concentration after purification. 

2.2.2.5 Pierce Chromogenic endotoxin quantitation kit 

 

Firstly, endotoxin standard stock solution is prepared following the guidance from 

ThermoFisher scientific. Each standard vial contains a range of 10-50 EU of lyophilized 

endotoxin which was reconstitute with room temperature Endotoxin-Free Water with the 

volume indicated on each standard vial.  

Table 8 - Dilution table of standard 

Vial Vol of endotoxin 

standard solution 

(ml) 

Volume of 

standard 1 

(ml)  

Endotoxin 

free water 

(ml) 

Final 

endotoxin 

concentration 

(EU/ml) 

Vortex time 

(Min) 

Standard 1 0.20 - 1.80 1.00 2 

Standard 2 - 1.00 1.00 0.50 1 

Standard 3 - 0.5 1.50 0.25 1 

Standard 4 - 0.20 1.80 0.10 1 

Blank - - 0.50 0 - 
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mCRP pH was tested to insure it was in the range of 6-8 to allow analysis with the endotoxin 

kit. The endotoxin plate was placed on a heat block at 37°C to pre heat the plate before 50 µl 

of endotoxin standards, blank and samples were added. The plate remained on the heat block 

when solution was added and then 50 µl of reconstituted amoebocytes lysate reagent added 

to each well. The plate was removed from the heat block and samples were mixed by gently 

tapping the plate 10x and then placed back. The plate was then incubated for 10 minutes. The 

chromogenic substrate was reconstituted and prewarmed for 5 minutes before 100 µl of this 

solution was added to each well and incubated for 6 minutes at 37°C After the 6-minute timer 

was up, stop solution (25% acetic acid) was added to each well at 50 µl each. The plate was 

read on a plate reader at 405nm.  

2.2.3 Microscopy  

2.2.3.1 Inverted microscope  

 

To observe the morphology of U937 monocytes after treatment with mCRP the cells were set 

in a 12 well plate at 1 x 106 / mL and serum starved for 24 hours. The monocytes were treated 

with mCRP protein (100 µg/ml), nCRP (100 µg /ml), LPS at 10 ng/ml and negative control serum 

free media (RPMI). Observation took place using the Anxio invert microscope at 10x 

magnification at two different time points which were 3, 6 and 24 hours.  

2.2.3.2 Viability assays trypan blue  

 

U937 monocyte cells were set to 3 X 105/ml total 1 ml in 12 well plate and treated with LPS 10 

ng/mL, mCRP 100 µg/ml and nCRP 100 µg/ml for 24 hours with readings taken at 3, 6 and 24 

hours to measure cell viability after treatment. Cells were counted using the Bio-Rad TC-10 

automated cell counter and the average was taken from 3 reading per a condition at each time 

point.  
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2.2.3.3 Holomointor live cell tracking of adherent cells.  

HMC-3 microglia cells were seeded at 5% confluence in a 24 well ibidi plate (10,000 cells) in 

complete media and left for 24 hours to adhere to the plate surface. The Holomointor is set up 

in a humified chamber with 5 % CO2 at 37°C. The cells were treated with complete media, LPS 

10 ng/ml, mCRP 100 µg/ml and nCRP 100 µg/ml. The plate is sealed with sterilized HoloLids 

designed for live cell microscope. Holographic imaging was set up according to manufacturer’s 

manual, and a minimum of three fields of view per well was selected with image taken every 

hour for 24 hours. Parameters that will be measured include cell tracking, cell morphology and 

cytotoxicity analysis.  

2.2.3.4 Immunofluorescence  

 

HMC-3 microglia cells were grown on a glass slide inserted into 24 well plate with a seeding 

density set to 1000 cells per slide. The cells were left for 24 hours to allow the cells to attach. 

The old media was aspirated off and the cells were washed with DPBS to remove any unbound 

cells. Each condition was added to the corresponding wells and incubated for 6 hours. (Control, 

LPS 10 ng/ml, mCRP 100 µg/ml, nCRP 100 µg/ml, GW3965 2.5 µm, GW3965 2.5 µM and LPS 10 

ng/ml and finally, GW3965 2.5 µm and mCRP 100 µg/ml). After the treatment period, media 

was aspirated, and the glass cover slips were washed with DPBS. The slides were then blocked 

for 30 minutes with 4% goat serum in DPBS with 80 μl added to each slide. Primary antibodies 

were prepared in blocking solution which included anti human IL-6 anti-mouse (1/50) and Anti-

NF-kB p65 (phospho S 536) antibody (1/100). On to each slide, 80 μl were added and then 

incubated in the dark at 4
o
C overnight. The slides were rinsed 2x in DPBS for 5 minutes at a 

time. The secondary antibodies included were IgG 568 goat anti mouse to detect IL-6 (red) and 

Alexafluro 488 goat anti-rabbit IgG to detect Phoso NfKb P65 (green) at 1/200 dilution with 

blocking solution for 1 hour. The slides were washed 2x with DPBS for 5 minutes at a time to 

remove unbound secondary. Finally, the glass slides were mounted onto cover slip with vector 

shield (h-1200 with DAPI). To fix the glass slides to the coverslips enamel paint was used. The 

samples were view on the thunder microscope system and at analysis with computational clear 

was also performed using the integrated analysis software. The samples were view at 10x63 oil 

magnification at 3 different points (n3). No primary control was added to the analysis.  



   
 

62 
 

2.2.3.5 Scanning electron microscope  

2.2.3.5.1 Scanning electron microscope on adherent cells 

 

HMC-3 cells were set to 500 cells in 50 µl and pipetted in 24 well plate containing silicon wavier 

slides (1 cm in diameter) and left to adhere for 24 hrs in incubator at 37°C with 5% CO2. Cells 

were treated with LPS 10 ng/ml, mCRP 100 µg/ml and nCRP 100 µg/ml for 6 hours. Media was 

removed after 6 hours, and slides washed with DPBS to remove any media. Cells were fixed 

with 2 % glutaraldehyde for 24 hours. The cells were dehydrated using an ethanol gradient 

(30%, 50%, 70% and 100%) and then left to dry before being coated with gold. The waivers 

were mounted on stubbiest ready for viewing on the scanning electron microscope.  

2.2.3.5.2 Scanning electron microscope on suspension cells 

 

U937 cells were set to 500 cells in 50 µl and pipetted in 96 well plate. Cells were treated with 

LPS 10 ng/ml, mCRP 100 µg/ml and nCRP 100 µg/ml and DMSO (20%) for 6 hours. After 

treatment cells were pipetted onto silicon wavier slides 1 cm in diameter and allowed to settle 

onto to the slides and media dry out. Cells were fixed with 2 % glutaraldehyde for 24 hours. 

After 24 hours the cells were dehydrated using an ethanol gradient (30%, 50%, 70% and 100%). 

The waivers were left to dry before being coated with gold and mounted on stubbiest ready for 

viewing on the scanning electron microscope.
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2.2.4 Flow cytometry  

2.2.4.1 Phenotyping analysis of differentiated U937 macrophages by flow cytometry.  

 

U937 cells differentiated macrophages and undifferentiated monocytes were washed 3x with 

DPBS. A total of 500 µl of Trypsin-EDTA solution per well was added and incubated for 7 minutes 

in tissue culture incubator. Another 500 µl of complete media (table 5) was added to the 12 well 

plate. The cells were transferred to 6 separate centrifuge tubes and centrifuged for 7 minutes, at 

a speed of 180 x g with the supernatant discarded. The cells were washed twice in DPBS and 

centrifuged at 180 x g for 7 minutes. Following the last washing procedure, 40 µg/ml of anti-human 

CD11c antibody (Thermo-fisher Anti–Hu CD11c LOT2008210) was diluted in a washing buffer 

containing 10 % FBS and DPBS and incubated in the dark for 15 minutes. The unbound antibody 

was washed with 200 μl of washing buffer and centrifuged at 180 x g for 7 minutes. The 

supernatant was removed, and cell pellet was resuspended in FACS buffer and run on the Miltyni 

flow cytometry instrument and analysed using flowlogic.  

2.2.4.2 FITC Annexin V Apoptosis Detection by flow cytometry  

 

U937 monocytes were observed for apoptosis by flow cytometry using the Annexin-V Fluorescein 

isothiocyanate (FITC) apoptosis detection kit. U937 cells were set in a 12 well plate at 1 x 106 / 500 

µl. The monocytes were treated with mCRP (100 µg/ml), nCRP (100 µg/ml), LPS at 10 mg/ml, 

negative control (RPMI) and positive control (20% DMSO). After treatment, U937 cell suspension 

was removed and placed in new eppendorf tubes. Cells were washed via centrifuging (180 x g for 

7 minutes) and washed with DPBS 1X. DPBS was removed, and the cell pellets were resuspended 

in 1x binding buffer at a concentration of 1 x 106 cells/ml with 100 μl of the solution (1 x 105 cells) 

transferred to the falcon tube for flow cytometry. To the falcon tubes 10 μl of FITC Annexin V and 

10 μl PI was added and vortexed for 10 seconds and incubated for 20 minutes, at room 

temperature in the dark. 15 minutes later, 400 μl of 1x binding buffer was added to each tube and 

sample run though the Miltyni flow cytometry instrument and analysis using flowlogic (n=3).  
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2.2.5 RNA analysis  

2.2.5.1 Primer design  

 

Primers for qPCR were designed using the primer design tool located on the NCBI website. Each 

new set of primer were tested and optimised before use to determine the best annealing 

temperature as seen in figure 16 and 17. After optimisation on primers, it was deemed that 61 oC 

was the optimal annealing temperature for syber green qPCR with 2 µl of cDNA loaded at 500 ng. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 16 - Gene of interest temperature gradient  

D C 

IL-1 β B IL-6 

TNFα IL-8 

A 

Temperature gradient melt peak analysis. Range in annealing temperatures (58 – 65 oC) A) IL-1β 
melt peak, B) IL-6 melt peak, C) TNFα melt peak and D) IL-8 melt peak. Bio-Rad integrated CFX 
analysis software 
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Figure 17 - Housekeeping genes temperature gradient 

A 

B 

C 

RPLPO 

PABPC4 

TBP 

Temperature gradient. Temperature gradient melt peak analysis. Range in annealing temperatures 

(58 – 65 oC) A) TBP, B) PABPC4 and C) RPLPO, Bio-Rad integrated CFX analysis software  
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Table 9 - Forward and reverse primers 

Primer  Forward sequence Reverse sequence  

IL-6 GTGTTGCCTGCTGCCTTCC TCTGCCAGTGCCTCTTTGCT 

IL-8  GATTTCTGCAGCTCTGTGTAA AGACAGAGCTCTCTTCCATCA 

IL-10 AGGGCACCCAGTCTGAGAAC AGGCTTGGCAACCCAGGTAA 

TNFα CTGCACTTTGGAGTGATCGGC CTTGTCACTCGGGGTTCGAGA 

IL-1β TTCGAGGCACAAGGCACAAC TTCACTGGCGAGCTCAGGTA 

PABPC4 AAGCCAATCCGCATCATGTG CTCTTGGGTCTCGAAGTGGAC 

TBP CCACGCCAGCTTCGGAGAGT TCAGTGCCGTGGTTCGTGGC 

RPLPO GCAGCAGATCCGCATGTCCC TCCCCCGGATATGAGGCAGCA 

 

2.2.5.2 RNA extraction  

 

Total RNA was extracted using the Norgen total RNA purification kit, according to manufacturer’s 

instructions: Cells were washed with DPBS prior to lysis with RL buffer, the lysate was then added 

to microcentrifuge tube with 200 µl of 100 % ethanol. Next the lysate was centrifuged at ≥ 3,500 x 

g (~6,000 RPM) for 1 minute to allow the RNA to bind to a spin column. The bound RNA was then 

washed before being eluted from the spin column into a collection tube. The purified RNA sample 

was then stored at -80oC. 

2.2.5.3 Reverse transcription PCR 

Total RNA was converted into complementary DNA (cDNA) using the tetro cDNA synthesis kit 

(Bioline, UK). All samples were set to 500 ng before being added to the cDNA master mix (equates 

50ng) to Master mix includes Oligo (dT)18 (1 µl), 10mM dNTP mix (1 µl), 5x RT Buffer (4 µl), RiboSafe 

RNase Inhibitor (1 µl), Tetro Reverse Transcriptase (200 u/µl) (1 µl). The reaction was prepared on 

ice and once ready was placed in a thermocycler and ran for 45oC for 30 minutes, 85oC for 5 

minutes. cDNA was further diluted 1/10 with RNAase free water (5 ng) and stored at -20oC. 
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2.2.5.4 Quantitative PCR 

 

The master mix contain 2 µl cDNA (equates to 0.5 ng/ml per rection), 5.2 µl of RNAse free water, 

10 µl of syber green master mix, 1.4 µl of forward primer (0.7 µM) and 1.4 µl of reverse primer 

(0.7 µM). The solutions were placed in the thermocycler and ran for step one 95 oC for 2 minutes, 

Step two 95oC for 5 seconds and 61oC annealing and extension for 5 seconds. Step two was 

repeats for 35 cycles.  

2.2.6 Protein analysis 

2.2.6.1 Protein determination - Bicinchoninic acid (BCA assay) 

 

BCA protein concentration was used to observe the final concentration mCRP and nCRP after 

endotoxin and dialysis purification steps.  

 

The kit contains:  

• 2 mg/ml Albumin Standard  

• BCA Protein Assay Reagent A  

• BCA Protein Assay Reagent B  

The unknown protein concentrations were determined using a bicinchoninic acid (BCA) assay kit 

(Pierce, Thermofisher). Standards were made from bovine serum albumin (2 mg/ml) diluted in lysis 

buffer. 25 ml of all samples and standards were added to individual wells on a 96 well plate, run in 

triplicate. 200 ml of master mix (50 parts buffer A to 1-part buffer B) was added to both samples 

and standards, mixed well. Plate was incubated at 37°C for 30 minutes before being read at 562 

nm on a Synergy HTX Multi-mode reader (BioTek) (540-590 suitable if another wavelength not 

available.
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2.2.6.2 DuoSet Enzyme linked immunosorbent assay (IL-1b, IL-6, TGFb 3 TNFa) 

 
 
Supernatant was harvested and placed in 1.5 ml eppendorf’s and spun at 1000 x g and placed in 

new clean eppendorf’s and stored at -80 degree. ELISA were conducted following the R&D 

system duo kit ELSIA manufactories instructions. Capture antibody was prepared using PBS 

included in ELISA kit and 100 μL plated into 96 well plate, sealed and left overnight at room 

temperature. Following day, the plate is washed with 3 x with wash buffer 300 μL and then 

plated blocked with 300 μL of reagent diluted for 1 hour. The standard was prepared using a 

serial dilution following the instruction provided. After blocking, the plate was washed a further 3 

x time using an automated multichannel pipette and added 300 μL per a well and gentle tapped 

on clean tissue paper to remove liquid. The prepared standard and blank were added at 100 μL 

per well which was then followed by 100 μL of samples added to the remaining empty wells. The 

plate was sealed using plate seals provided by Biotechne and incubated at room temperature for 

2 hours. After 2 hours the plate was washed 3x time and a total of 100 μL of detection antibody 

(detection antibody included in the DuoSet ELISA Ancillary Reagent Kit 2) was added to each well 

and plate was sealed and incubated at room temperature for a further 2 hours. Plate was washed 

3 more times and 100 μL of Streptavidin-HRP, was added to each well and covered and incubated 

at room temperature for a total of 20 minutes. After which, the plate was washed three more 

times and 100 μL of substrate solution was added to each well this time incubated in the dark at 

room temperature for a totally of 20 minutes. Stop solution was then added at 50 μl per well to 

stop the reaction and then plate was read on plate reader using wavelength 450 and 570 nm for 

background correction. Analysis was performed using graph and 4-point standard curve was used 

to determine unknown concentrations. All sample were represented in biological and technical 

repeats (n=3).
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2.2.6.3 Sigma Enzyme linked immunosorbent assay (MCP-1, TGFb1 and IL-8) 

Firstly, the kit was brought up to room temperature before any experiment was started using the 

sigma ELISA kits. Once, components had reached room temperature, wash buffer and sample 

diluted buffers were made to the working stock concentration as stated in the protocol from sigma. 

Samples were taken from the -20 storage and allowed to defrost slowly while the standards were 

prepared according to the protocol provided. This is an example taken from IL-8 ELISA kit, but 

concentration of solutions does differ from kit to kit. Briefly the stock concentration of standard 

was briefly spun and 800 μl of 1 x assay dilutant was added and vortexed to mix. From this working 

stock a serial dilution was performed to achieve 7 standards with known concentrations. As seen 

in table 10 presented below. 

Table 10 - Serial dilution example preparation taken from IL-8 sigma ELISA kit used during this work. 
 1 2 3 4 5 6 7 

 10 200 200 200 200 200 200 

Diluent 

vol 

Stock 

solution  

800 μl 

823.3 400 400 400 400 400 

Conc. 50 ng/mL 600 

pg/mL 

200 

pg/mL 

66.7 

pg/mL 

22.2 

pg/mL 

7.4 

pg/mL 

2.5 

pg/mL 

The 7 standards and blank were added to the pre coated capture antibody ELISA plate and samples 

were added to the remain wells. The plate was sealed and placed on a plate shaker set to 50RPM 

and incubated at room temperature for 2.5 hours. After the incubation period, the solution was 

removed, and the plate was washed 4 times with wash buffer using an automated multi-channel 

pipette to dispense 300 μl. After which, the plate was gently tapped on clean tissue to remove 

liquid. To each of the wells, 100 μl of detection antibody is pipette and the plate is resealed and 

incubated at room temperature on a plate shaker set to 50 RPM for 1 hour. The wash steps were 

repeated as previously described and then 100 μl of streptavidin solution was pipetted into each 
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well and the plate covered and incubated with gentle shaking for 45 minutes. After a final plate 

washing TMB one stop substrate was added to each well at a total of 100 μl per well and incubated 

for 30 minutes in the dark. Finally, after 30 minutes the stop solution was added to stop the 

reaction and the plate was read using plate reader to measure the absorbance at 450 nm.  

2.2.6.4 Inflammatory response multiplex analysis  

Supernatant harvested from 12 well plate, from the experiment observing inflammatory effect of 

mCRP and LPS treated with and without GW3965 (2.5 μM) were used for inflammatory response 

multiplex analysis. Firstly, the cell supernatant was centrifuged for 15 minutes at 1000 x g and 

placed in new Eppendorf collection tubes. The all in one 27 cytokine bioplex standard (table 11) 

was prepared by adding 250 μl of HB standard dilutant and vortex for 10 seconds and placed on 

ice for 30 minutes prior to use. A serial dilution was performed in accordance with the protocol to 

achieve 8 known standards of varying concentration which are depicted within the software. To 

each well 50 μl of bead solution was pipetted into each well. The plate was placed on a plate washer 

with a magnetic strip to avoid bead lose during washing stages. 100 μl of wash solution was 

automated by the washer into each well and aspirated and this was repeated 2x. After the washing 

Figure 18 - Diagram of the mechanism of multiplex analysis  
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step, standards, samples, and blank controls were added to wells and incubated at room 

temperature for 30 minutes whilst shaking at 850 RPM. The plate was removed from the shaker 

and the seal removed before the plate was wash 3x using the plated washer as described above. 

After this stage, the detection antibody was added to each well at 25 μl and the plate was covered 

and placed on a shaker for 30 minutes. The plate was washed another 3x and 50 μl of streptavidin 

– PE was added and incubated for a further 10 minutes. The final wash step was performed and 

125 μl of assay buffer was added to each well to prepare for reading. The plate was read using the 

bio-plex luminex and prepared in the bio-plex manager software.  

Table 11 - Inflammatory cytokines and chemokines observed. (Bio-Rad 27-plex human cytokine kit) 
 
 

FGF basic IL-2 VEGF IL-8 

 

PDGF-BB 

 

IL-12 (p70) 

 
Eotaxin 

 

IL-4 MIP-1α 

 

IL-9 TNF-α 

 

IL-13 

G-CSF 

 

IL-5 MIP-1β 

 

IP-10 

 

RANTES 

 

 

GM-CSF 

 

IL-6 IFN-γ 

 

IL-17A 

 

IL-10  

IL-1β IL-1ra IL-7 

 

MCP-1 
(MCAF) 

IL-15  
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2.2.6.5 Measurement of MFAT Critical Cytokine Expression 

(R&D Systems Inc, Oxford, UK) 32 self-designed multiplex kit was prepared for analysis of MFAT. 

Firstly 50 µl of a conditioned culture medium (from MFAT samples of 10 volunteers cultured in T-

25 cm flasks) or control medium obtained after 24 hours, and 5 days of culture were plated onto 

the multiplex analysis plate. Serial dilution of standards was performed and added to plate with a 

microplate cocktail added to each well at 50 µl and incubated for 2 hours. The plate was washed 

using the magnetic plate washer and 100 µl of wash buffer was added per well and this was 

performed once. After the washing procedure was completed then prepared biotin antibody 

cocktail 50 µl was added to each well with and incubated for 1 hour with the plate sealed. The 

wash step was repeated and 50 µl of streptavidin – PE was added and incubated for 30 minutes at 

room temperature. The final wash step was completed, and the microplate was resuspended is 

wash buffer to prepared for reading on the Luminex. This assay was performed by a fellow 

researcher within the Selvin group and data was generated for analysis for this work and the paper 

which is indicated in chapter 5 (B. Guo et al., 2021).  

Table 12 - Inflammatory cytokines and chemokines observed (Quantikine multiplex system (R&D 

Systems Inc, Oxford, UK) 

 

MIG MIP-1b IL-6 IFN-g IL-1Ra 

IL-12(p40) IL-5 GM-CSF MIF TNF-a 

RANTES IL-2 IL-1B Eotaxin Basic FGF 

VEGF PDGF-BB IP-10 IL-13 IL-4 

MCP-1 IL-8 MIP-1a IL-10 G-CSF 

GRO-a HGF IL-3 IL-15 IL-7 

IL-12(p70) IL-17 IL-9 
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2.2.7 Statistical analysis 

 

 

The statistical significance of all data was determined using graph pad version 9 (GraphPad, USA). 

qPCR analysis to determine delta delta CT values was determined using the biorad qPCR software 

and values were transferred to graph pad. The normality of data was determined using the Shapiro-

wilk test and was conducted using graph pad. Test which was employed during this project included 

One way analysis of variance and two-way ANOVA with post hoc analysis using either Bonferroni 

or Tukey analysis. All data presented as mean and standard error mean unless stated other wise 

and significant was deemed another below p = 0.05.  

 

 

 

 

 

 

 

 



   
 

74 
 

Chapter 3 – The impact mCRP 

plays on the morphology and 

physiology of monocytes. 
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3.1 Introduction 

3.1.1 The Role of mCRP in the vascular pathology and atherothrombosis 

 

Atherothrombosis is a complex pathological inflammatory process important to research. 

Atherothrombosis can have detrimental impacts on human health due to forming of 

atheromatous plaques that become unstable and rupture leading to the formation of thrombus 

and accumulation of platelets and coagulation protein (Asada et al., 2020). The occlusive 

thrombi formed could break and induce an ischemic event. Platelets are important between 

innate and adaptive immunity (Ali et al., 2015). The inflammatory pathway is triggered by 

platelets and contributes to atherosclerotic lesion formation and atherothrombosis (Huilcaman 

et al., 2022). nCRP is not detectable in healthy or atherosclerotic vessels. Interestingly, mCRP is 

not detectable in healthy tissue but detected within vessel walls of all stages of atherogenesis 

and begins to accumulate during the progression of atherosclerosis (Badimon et al., 2018). The 

classical complement system becomes activated when nCRP is exposed to ligands and microbial 

through interaction with the C1q. It is understood that nCRP can be dissociated into mCRP. For 

example, when the endothelium is damaged, platelets become activated and spread. On the 

surface of the activated platelets, nCRP becomes stuck and leads to the dissociation of nCRP to 

mCRP which causes a pro-inflammatory effect by activating blood cells. This intern causes the 

activation of an inflammatory response that can lead to the deposit in atherosclerotic lesions 

(Boncler et al., 2019). mCRP which has dissociated has been classed as a critical molecule which 

perpetuates inflammation in many different serious diseases such as Alzheimer’s disease and 

ischemic stroke to name a few. mCRP has been shown to have adhesive-like properties, which 

cause aggregation of blood cells and platelets which in turn stick to arterial tissue. This process 

can lead to further complications including thrombosis in turn leads to atherosclerosis and then 

acute coronary event (Slevin et al., 2010; Badimon et al., 2018; Slevin et al., 2018; Sproston et 

al., 2018; Garcia-Lara et al., 2021; Zeinolabediny et al., 2021).  
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3.1.2 Effects of mCRP on monocytes.   

 

The largest leukocytes are monocytes, and they are found in vertebrates and produced in the 

bone marrow before being released into circulation. In normal human conditions, monocytes 

make up between 3-8% of the cell circulating population. Circulating levels of monocytes 

change based on infection or inflammatory response (Chiu and Bharat, 2016). Monocytes have 

a short life span and some but not all undergo apoptosis within a 24-hour period. The 

monocytes which have not undergone apoptosis migrate into tissues or to the sites of damage 

or infection where they later mature into macrophages (Kratofil et al., 2017). There has been 

ongoing research into the role of platelets, CRP and inflammation have upon each other. The 

role of CRP as a modulator of inflammation and thrombosis stays elusive. As it has both pro and 

anti-inflammatory actions. mCRP stimulates enhanced local production of pro-inflammatory 

cytokines including IL-8, MCP-1, TNF-α IL-6, and associated transcription factors such as Nf-κB 

(Khreiss et al., 2004). CRP can be dissociated into mCRP in several ways but particular of interest 

is how dissociation occurs through activated tissue and cells (including circulating monocytes 

and platelets) when at sites of inflammation or infection. Important properties have been seen 

in mCRP including adhesive like properties. It is understood that mCRP causes aggregation of 

blood cells and platelets within arterial tissue. This then can contribute to further complications 

including thrombosis, linking it potentially to atherosclerosis and subsequent ischemic events 

(Filep, 2009; Slevin et al., 2018; Zeinolabediny et al., 2021).  
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3.2 Aims and objectives. 

 

This chapter aimed to determine, prepare, and test whether CRP isoforms have a 

morphological effect on U937 monocytes. 

 

1) Observe morphological and physiological changes in U937 monocytes after 

stimulation with mCRP or nCRP. 

 

 

2) Determine apoptosis/necrosis effects of CRP isoforms on U937 monocytes.  

 

 

 
3) Elucidate the mechanism in which morphological changes are occurring after CRP 

isoform stimulation. 
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3.3 Results  

3.3.1 mCRP causes morphological changes in U937 monocytes. 

 

U937 monocytes were set in a 12 well plate to 1x106/mL treated with control (complete media), 

LPS 10 ng/ml, mCRP 100 µg/mL and nCRP 100 µg/mL for 24 hr period with images taken at 3 

hrs, 6 hrs and 24 hrs respectively (2.2.3.1). Dissociated isoform of CRP (mCRP) caused 

monocytes to aggregate as seen in figure 19 (C1-C3) over 24 hr period compared to the control 

(A1-3). Figure 18E, mCRP 100 µg/ml shows significant aggregation formation at 3-, 6- and 24-

hour mark compared to control CI 95% 3 hrs (-111.0 -48.53) p= <0.0001, CI 95% 6 hrs (-102.2 

to -39.74) p=<0.0001 and CI 95% 24 hrs (-131.7 to -69.22) p = <0.0001. Further to this mCRP is 

significantly different from CRP isoform nCRP at CI 95% 3 hrs (48.53 – 111.0), CI 95% 6 hrs 

(39.74 to 102.2) p=<0.0001 and CI 95% 24 hrs (69.22 to – 131.7) p = <0.0001. 
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U937 monocytes were stimulated with either (-VE) control, (+VE) LPS 10 ng/ml, mCRP µg/mL or nCRP 

µg/mL for 3,6 - and 24-hour. A1-3 Control, B1-3 LPS 10 ng/ml, C1-3 mCRP 100 µg/mL and D1-3 nCRP 

100 µg/mL. E) mCRP caused significant aggregation formation in U937 monocytes. The size of 

aggregation was measure from point to point in cells which created a clear cluster. Images taken at 10 

x magnification at two fields of view per time point on Zeiss axio microscope. Data represented as Mean± 

SEM, Two-way anova (Post hoc turkey) (p**** <0.0001) n3) 
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Figure 19 – Cell aggregation induced by CRP isoform (mCRP 100 µg/mL) 
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3.3.2 mCRP affects the cell viability of U937 monocytes.  

 

Figure 20A, treatment with mCRP 100 mg/ml (2.426 ± 0.1178) caused a significant decrease in 

cell viability of monocytes at the 3 hrs point, which was significantly lower compared to 

negative healthy control cells (3.684 ± 0.3263) with CI 95% (0.3061 to 2.210), p = 0.0080. Figure 

20B, treatment with mCRP 100 µg/mL (2.086 ± 0.0618) caused a significant decrease in cell 

viability of monocytes at the 6 hrs point, which was significantly lower compared to negative 

healthy control cells (3.338 ± 0.3762) with CI 95% (0.3516 to 2.152), p = 0.0054. Figure 20C, 

treatment with mCRP 100 µg/mL (0.500 ± 0.03313) caused a significant decrease in cell viability 

of monocytes at the 24 hrs point, which was significantly lower compared to negative healthy 

control cells (1.059 ± 0.07440) with CI 95% (0.3405 to 0.7771), p = <0.0001.   

 

 

 

 

 

 

 

 

 

 

Cells were treated with either control (-), LPS 10 ng/ml (+), mCRP 100 µg/mL or nCRP 100 µg/mL for 24-

hour period. Cell counts were taken at 3 time points (3,6, and 24 hours) to observe viability. A) mCRP 

significantly reduces cell count over 3 hours period. B) mCRP significantly reduces cell count over 6 hours 

period. C) mCRP significantly reduces cell count over 24 hours measurement. Data presented as Mean ± 

SEM, One-way anova (Post Hoc turkey) (p* =< 0.05 p ** = <0.01, p*** = < 0.001, p**** <0.0001. (n=3) 

 

 

Figure 20 – The effects of mCRP stimulation on U937 monocytes were examined. 
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3.3.3 mCRP promotes U937 monocytes necrosis.  

3.3.1 – 3-hour measurement of potential apoptosis and necrosis caused by mCRP. 

 

U937 monocytes were treated with either complete medium (-), DMSO 20% (+), mCRP 100 

µg/mL, nCRP 100 µg/mL. Figure 21A is a display of the negative control which has been gated 

for necrosis, apoptosis, dead and live cells. The positive percentage representation is outline as 

necrosis 0.78 %, Dead 10.72%, Apoptosis 1.83% and live 86.89%. Showing that U937 monocytes 

were mostly alive. LPS 10 ng/mL, in figure 21B showed comparable results to the negative 

control (necrosis 0.71%, Dead 12.30%, Apoptosis 1.65 % and 85.33%). Figure 21C, mCRP 100 

µg/mL, showed no significant cell death at the 3-hour mark (necrosis 2.4 %, Dead 15 %, 

Apoptosis 2.06 % and 80.54%). Figure 21D, nCRP 100 µg/mL stimulated monocytes remained 

mostly alive (necrosis 1.17%, Dead 14.93 %, and Apoptosis 1.9 9 % and 81.70 %). Figure 21E, 

the positive control (DMSO 20%) is showing cell death as expected (necrosis 11.31 %, Dead 

55.87 %, Apoptosis 1.27 % and 31.70 %). Figure 21F represents statical analysis performed on 

the flow cytometry analysis of U937 monocytes treated with mCRP 100 µg/mL and nCRP 100 

µg/mL. At the 3-hour mark, DMSO treated cells caused necrosis positive cells and this was 

significantly different from the negative control which was expected CI 95% -13.86 to -7.600 

(p<0.0001). mCRP CI 95% -4.954 to 1.307) and nCRP CI 95% -3.727 to 2.534) did not cause the 

cells to become necrotic when comparing to the control. Interesting, when looking at the dead 

cells, mCRP CI 95% (-7.417 to -1.156), nCRP (-7.347 to -1.086) and DSMO +ve CI 95% (-48.29 to 

-42.03) were all significantly different from negative control. Apoptosis positive cells in all 

treated groups showed no significance difference compared to the control. mCRP CI 95% -3.364 

to 2.897, nCRP CI 95% -3.294 to 2.967 and DMSO CI 95% -2.430 to 3.830. Finally, when 

observing the live cells, there was significant difference between the negative control and 

mCRP CI 95% (3.213 to 9.474) p<0.0001, nCRP CI 95% (1.850 to 8.110) p<0.001 and DMSO 

(20%) CI 95% (1.850 to 8.110) p<0.0001). However, this reduction was not in the same line at 

the positive control of DMSO treated cells.  
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Cells were pre-treated with either complete medium (-ve), LPS 10 ng/mL, mCRP µg/mL and nCRP µg/mL 

and DMSO (20%) +ve for 3 hours. FITC (Annexin V) and PE (PI) double staining was used to separate 

viable cells into live, necrotic, apoptotic, and dead cells. A) Complete media (-VE), B, LPS 10 ng/mL, C) 

mCRP 100 µg /mL, D) nCRP 100 µg /mL and E) DMSO 20% (+VE). F) Statistical analysis of flow cytometry 

data for 3 hours. Representative scatter plots PI Y axis vs FITC x axis. Data represents Mean± SEM (Two-

way anova (Post Hoc Turkey) (p* = < 0.05 p **= <0.01, p*** = < 0.001, p**** <0.0001. (n=3)

Figure 21 – Flow cytometric analysis of apoptosis and necrosis in 3-hour mCRP treated U937 monocytes.  
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3.3.2 – 6-hour measurement of potential apoptosis and necrosis due to mCRP 

 

U937 monocytes were treated with either complete medium (-), DMSO 20% (+), mCRP 100 

µg/mL, nCRP 100 µg/mL. The negative control presented in figure 22A shows the cells are alive 

and do not present as either necrotic or apoptotic based on control treatment (necrosis 2.10%, 

Dead 8.91%, apoptosis 1.09% and 87.91%). U937 monocytes were treated with LPS 10 ng/mL 

for 6-hour period and scatter plot presented in figure 22B showed a similar result to the 

negative control in which cells presented as alive (necrosis 1.26%, Dead 15.80%, apoptosis 

1.95% and live 81%). U937 monocytes were treated with mCRP 100 µg/mL for 6-hour period 

and figure 22C, showed significant cell death at the 6-hour mark after treatment (necrosis 6.73 

%, Dead 76.48%, apoptosis 0.78 % and live 16.02%). nCRP 100 µg/mL showed no significant cell 

death (necrosis 1.35%, dead 14.21 %, apoptosis 2.06 % and live 82.37 %) figure 22D. The 

positive control (DMSO) is showing death of cells as inspected in figure 22E (Necrosis 15.64 %, 

dead 73.28 %, apoptosis 2.68 % and live 8.39%). Figure 22F represents statistical analysis 

performed on the flow cytometry analysis of U937 monocytes treated with mCRP 100 µg /mL 

and nCRP 100 µg/mL. At the 6-hour mark, DMSO treated cells caused necrosis positive cells and 

this was significantly different from the negative control which was expected CI 95% (-22.78 to 

-4.311) p = 0.0013. mCRP CI 95% (-13.87 to 4.602) p = 0.6107 and nCRP CI 95% (-8.492 to 9.979) 

p = 0.9994 did not cause a significant difference to the control when looking if cells became 

necrotic. Interesting, when looking at the dead cells, mCRP CI 95% (-76.81 to -58.34) p = 

<0.0001 and DSMO +ve CI 95% (-73.61 to -55.14) p = < 0.0001 were all significantly different 

from negative control. Apoptosis positive cells in all treated cells showed no significant 

difference to the control. mCRP CI 95% (-8.925 to 9.545) p = >0.9999, nCRP CI 95% (-10.21 to 

8.262) p = 0.9981, DMSO (20% CI 95% (-10.82 to 7.649) p = 0.9878. mCRP treated cells were 

significantly different from the control when looking at the live population, CI 95% (62.65 to 

81.13) p = <0.0001 and this was the case for the positive control DMSO (20%), CI 95% (70.28 to 

88.75) p = <0.0001.  
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Cells were pre-treated with either complete medium (-ve), LPS 10 ng/mL, mCRP µg/mL and nCRP µg/mL 

and DMSO (20%) +ve for 6 hours. FITC (Annexin V) and PE (PI) double staining was used to separate 

viable cells into live, necrotic, apoptotic, and dead cells. A) Control, B, LPS 10 ng/mL, C) mCRP 100 µg 

/mL, D) nCRP 100 µg /mL and E) DMSO 20%. F) Statistical analysis of flow cytometry data for 6 hours. 

Representative scatter plots PI Y axis vs FITC x axis. Data represents Mean ± SEM (Two-way anova (Post 

Hoc Turkey) (p* = < 0.05 p **= <0.01, p*** = < 0.001, p**** <0.0001. (n=3)

Figure 22 - Flow cytometric analysis of apoptosis and necrosis in 6-hour mCRP treated U937 
monocytes. 
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3.3.3 - 24-hour measurement of potential apoptosis and necrosis due to mCRP 

 

The negative control, figure 23A on the scatter plot showed cells were alive and did not present 

with significant apoptosis or necrosis (Necrosis 2.68 %, Dead 16.48%, Apoptosis 1.53 % and 

79.30 %) LPS 10 ng/mL, in figure 23B showed comparable results to the negative control 

(Necrosis 12.72 %, Dead 15.54 %, Apoptosis 1.99 % and 79.76 %). Figure 23C, mCRP 100 µg/ml, 

showed significant cell death at the 24-hour mark (Necrosis 32.12 %, Dead 56.57 %, Apoptosis 

0.91 % and 10.40 %). Figure 23D, nCRP 100 ug/ml showed no significant cell death (Necrosis 

0.71%, Dead 9.01 %, Apoptosis 1.70 % and 88.60 %). The positive control (DMSO) is showing 

the death of cells as inspected in figure 23E (Necrosis 2.97 %, Dead 86.98%, Apoptosis 4.11 % 

and 5.94 %). Figure 23F represents a statical analysis of U937 monocytes treated under several 

conditions (mCRP 100 µg /mL and nCRP 100 µg/mL). At the 24-hour mark, DMSO-treated cells 

had comparable results to the positive control in which no significant necrotic cells compared 

to the control CI 95% (-3.410 to – 2.830) p = 0.9989. Interestingly, when comparing mCRP-

treated cells to the positive control it showed that mCRP caused cells to become necrotic CI 

95% (-32.56 to –26.32) p = <0.0001. At the 24-hour mark, DMSO-treated cells caused significant 

cell death which was expected compared to the positive control CI 95% (-73.62 to -67.38) p = 

<0.0001. At the 24-hour mark, mCRP-treated cells caused significant cell death compared to 

the positive control. CI 95% (-43.21 to -36.97) p = <0.0001. U937 cells which were treated did 

not present any statistical difference from the control which observed apoptotic cells. Finally, 

when observing the live cells, mCRP and DSMO caused a notable change in the negative control 

group. 
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Cells were pre-treated with either complete medium (-), LPS 10 ng/mL, mCRP µg/mL and nCRP µg/mL 

and DMSO (20%) (+) for 24 hours. FITC (Annexin V) and PE (PI) double staining was used to separate 

viable cells into live, necrotic, apoptotic, and dead cells. A) Control, B, LPS 10 ng/mL, C) mCRP 100 µg 

/mL, D) nCRP 100 µg /mL and E) DMSO 20%. F) Statistical analysis of flow cytometry data for 24 hours. 

Representative scatter plots PI Y axis vs FITC x axis. Data represents Mean ± SEM (Two-way anova (Post 

Hoc Turkey) (p* = < 0.05 p **= <0.01, p*** = < 0.001, p**** <0.0001. (n=3)

Figure 23 - Flow cytometric analysis of apoptosis and necrosis in 24-hour mCRP treated U937 monocytes. 
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3.3.4 mCRP treated monocytes cells exhibit apoptosis and necrosis characteristic under 

scanning electron microscope.  

 

All morphological features of apoptotic processes, include change in membrane, integrity, 

losing microvilli, budding, swelling, formation of apoptotic body, and total cell rupture, were 

presented. To visualise and compare detailed features of U937 monocytes treated with 

different pro-inflammatory mediators (mCRP and LPS), samples were visualised using a supra 

40VP electron microscope. Positive and negative controls were used as reference images to 

determine a healthy cell and a dead cell which are in panels Figure 24 - A1-2 DMSO (20%) 

positive cell death control and B1-2 – normal healthy cell control. mCRP but not nCRP caused a 

surprising morphological change in the appearance of U937 monocytes. Representation of the 

morphological changes are presented in panels D1-3 of varying magnifications. Presenting in 

the lowest magnification panel, the treatments of the cells with mCRP appear to cause the cells 

to lay down an extracellular matrix-like substance which is indicated by a red arrow and a 

clustering of monocytes which are circled in red in D1. Further to this, there is a clear change 

in membrane morphology with the integrity of the cells lost through, losing microvilli, budding, 

swelling, formation of apoptotic body, and total cell rupture were present. 
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Figure 24 - Scanning electron microscopic observation on the effects of mCRP on cellular and nuclear morphology in U937 Cells.  
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U937 cells grown in 35 mm dishes (500 cells/dish) were treated with (+) control DMSO (20%) – A1-2, Control B1-2, LPS 10 ng/mL C1-2, 100 µg/mL of mCRP D1-

3, nCRP E1-2. Image where takes with a range of magnification (10,000 kk – 40,000 kk and mCRP had 3 magnification point (2500 kk, 10,000 kk and 40,000 kk 

to insect changes closer. n=3 
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2.3.5 mCRP induced expression of MCP-1 and IL-8 by U937 monocytes in vitro over time. 

 

Housekeeping gene stability was observed as seen in figure 25. TATA-box binding protein (TBP) 

and Polyadenylate-binding protein 4 (PABPC4) was deemed ideal for the use in gene expression 

analysis.  

 

 

 

 

 

 

 

 

 

 

 

TBP and PABC4 were used as housekeeping genes and reference gene stability plot was generated using 

CFX software based on all samples control (complete media negative -), LPS 10 ng/mL (positive +), mCRP 

100 µg/mL, nCRP 100 µg/mL to determine the stability of housekeeping primers (Green – ideal), n=3  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25 – Housekeeping reference gene (TBP + PABC4) stability plot.  
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Table 13 displays the regulation of IL-8 gene expression based on treatment with Figure 26 

representing the statistical analysis of IL-8 gene expression levels presented as relative gene 

expression. U937 monocytes were treated with complete media (-), LPS 10 ng/ml (+), mCRP 

100 µg/ml and nCRP µg/ml for 3, 6 and 24 hours. At the 3-hour mark, LPS caused IL-8 gene 

expression levels to significantly increase compared to the control (p = <0.0001). Interestingly 

even though mCRP caused an up-regulation in IL-8 gene expression levels this was not deemed 

significant compared to the negative control and this was the case for nCRP in which up-

regulation occurred but was not significant. Comparing positive inflammatory mediator LPS to 

mCRP and nCRP. LPS induced IL-8 expression levels (p = <0.0001 and p = <0.0001) compared. 

Samples taken from the 6 hours mark were measured for the expression of IL-8 expression 

levels. LPS-treated U937 monocytes caused a significant increase (p = 0.0326) when compared 

to the control. Interestingly, mCRP and nCRP caused a downregulation in IL-8 gene expression 

levels compared to the control baseline. Further to this, when mCRP and nCRP were treated, 

samples were compared to LPS treatment levels were deemed to be significantly different p = 

0.0087 and p = 0.0087. Samples taken from the 24-hour mark were measured for the 

expression of IL-8 expression levels. LPS-treated U937 monocytes caused a significant increase 

(p = 0.0005) when compared to the control. Interestingly, mCRP-treated monocytes caused IL-

8 expression levels to be upregulated however this level of increase was not deemed significant 

when compared to the control p = 0.1250. nCRP showed the opposite effect in which levels 

were downregulated but this was not a significant decrease when compared to the control 

levels p = 0.9469. However, this downregulation was not significant when compared to the 

control. Further to this, when mCRP and nCRP were treated, samples were compared to LPS 

treatment levels were deemed to be significantly different p= 0.0087 and p = 0.0087.
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Table 13 - IL-8 gene expression analysis of LPS /mCRP treated U937 monocytes. 

Time Target Comparison 95.00% CI of diff. 
 

P Value 
 

3 hrs IL-8 Control VS LPS -1.853 to -1.674 <0.0001 
 

Control VS mCRP -0.1027 to 0.07603 
 

0.9759 

Control vs nCRP -0.09774 to 0.08102 
 

0.9938 
 

mCRP vs nCRP -0.08439 to 0.09437 0.9987 

6 hrs  IL-8 Control VS LPS -0.1851 to -0.006362 0.0326 

Control VS mCRP -0.07073 to 0.1080 0.9384 

Control vs nCRP -0.07073 to 0.1080 0.9384 
 

mCRP vs nCRP -0.08938 to 0.08938 >0.9999 
 

24 hrs IL-8 Control VS LPS -0.2413 to -0.06258 0.0005 
 

Control VS mCRP -0.1641 to 0.01470 0.1250 
 

Control vs nCRP -0.07171 to 0.1070 0.9469 
 

mCRP vs nCRP  0.002972 to 0.1817 0.0410 
 

N: B yellow highlights (Significant) 
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Figure 26 - IL-8 gene expression from U937 monocytes over 24-hour period 

U937 monocytes expressed altered IL-8 gene expression after treatment with 
pro-inflammatory mediators (LPS and- mCRP) or nCRP. U937 monocytes were 
treated with either control, LPS, mCRP or nCRP before cells were lysed and 
prepared for gene expression analysis. A) Pro-inflammatory mediators mCRP 
and LPS significantly alter IL-8 gene expression levels over 24 hours. Delta 
delta CT method was used for analysis with TBP and PABC4 used as 
housekeepers’ genes. Samples were run in 3 technical repeats and 3 
biological repeats. Data represents as Mean ± SEM (Two-way ANOVA (Post 
Hoc Turkey) (p* = < 0.05 p **= <0.01, p*** = < 0.001, p**** <0.0001. (n=3) 
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Table 14 displays the regulation of MCP-1 gene expression based on treatment with figure 27 

representing the statistical analysis of MCP-1 gene expression levels presented as relative gene 

expression. Figure 27 shows the results from the qPCR analysis of MCP-1 gene expression levels 

from the samples observed for aggregation LPS-treated U937 monocytes at the 3-hour mark 

causing the upregulation of MCP-1 which was deemed a significantly increased compared to 

the control p = <0.0001. mCRP caused downregulation of MCP-1 gene expression levels 

however this was not deemed a significant decrease compared to the control. A further note 

is that nCRP-treated monocytes caused an upregulation in MCP-1 expression but again this was 

not deemed a significant increase when compared to the bassline control levels. Levels of MCP-

1 gene expression were significantly downregulated compared to the control when U937 

monocytes were treated with LPS, mCRP and nCRP for 6 hours. These were all deemed to be 

significant decreases p = <0.0001, p=<0.0001 and p=<0.0001. MCP-1 gene expression levels 

were significantly upregulated after treatment with both LPS and mCRP for a 24-hour period P 

= <0.0001 and p = 0.0224). 
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Table 14 - MCP1 gene expression analysis of mCRP treated U937 monocytes. 
 

Figure 27 – LPS and mCRP alter MCP1 gene expression in U973 
monocytes. 
 

 

 

 

 

 

 

 

 

Table present 95.00% CI of diff and p value - N: B yellow highlights (Significant)

Time Target Comparison 95.00% CI of diff. 
 

P Value 
 

3 hrs MCP 1 Control VS LPS -1.562 to -1.250 
 

<0.0001 
 

Control VS 
mCRP 

-0.1341 to 0.1779 
 

0.9799 
 

Control vs 
nCRP 

-0.2448 to 0.06721 
 

0.4138 
 

mCRP vs nCRP -0.2666 to 0.04534 
 

0.2321 
 

6 hrs MCP 1 Control VS LPS 0.1538 to 0.4658 
 

<0.0001 

Control VS 
mCRP 

0.2088 to 0.5208 
 

<0.0001 
 

Control vs 
nCRP 

0.2075 to 0.5194 
 

<0.0001 
 

mCRP vs nCRP -0.1573 to 0.1546 
 

>0.9999 
 

24 hrs MCP 1 Control VS LPS -1.592 to -1.280 
 

<0.0001 
 

Control VS 
mCRP 

-0.3325 to -0.02058 
 

0.0224 
 

Control vs 
nCRP 

-0.1115 to 0.2004 
 

0.8601 
 

mCRP vs nCRP 0.06502 to 0.3770 
 

0.0035 
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U937 monocytes altered IL-8 gene expression after treatment with pro-

inflammatory mediators (LPS and- mCRP) or nCRP. U937 monocytes were 

treated with either control, LPS, mCRP or nCRP before cells were lysed and 

prepared for gene expression analysis. A) mCRP significantly alter MCP-1 gene 

expression levels. Delta delta CT method was used for analysis with TBP and 

PABC4 used as housekeeper genes. Samples were run in 3 technical repeats and 

3 biological repeats. Data represents as Mean± SEM (Two-way ANOVA (Post Hoc 

Turkey) (p* = < 0.05 p **= <0.01, p*** = < 0.001, p**** <0.0001. (n=3) 
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3.4 Discussion  

 

It is only recently in the last years that research has been conducted on individual isoforms of 

CRP but until then research was conducted on CRP with conflicting results. This could have 

been due to CRP isoform not being specified in the research and results could have been due 

to nCRP dissociation into mCRP or lipopolysaccharide contamination (Sproston and Ashworth, 

2018). Therefore, it is vital in research to focus not as a whole but on the specific isoforms of 

CRP.  

3.4.1 Monomeric c reactive induces U937 monocyte physiological and morphological changes. 

 

Firstly, this study demonstrates that mCRP can cause monocytes to form aggregates which 

increase in size over time which was demonstrated and observed under the microscope. Cell 

aggregation is a process of two parts in combination which include cell-to-cell recognition and 

cell adhesion (Youssef, 2016). mCRP has recently been observed to have adhesive-like 

properties which in turn leads to the aggregation of blood cells and platelets (Zeinolabediny et 

al., 2021). mCRP has the potential to contribute to thromboinflammation which is a complex 

interactions of blood coagulations and inflammation (Melnikov et al., 2023). Previous studies 

showed that mCRP induced endothelial cell monocyte adhesion and in the presence of nicotine 

and acetylcholine, this was inhibited (Slevin et al., 2018). This current research into aggregation 

and previous research is vital due to the links of mCRP stickiness to inflammation. Potential 

mechanism of action could be though mCRP platelet glycoprotein (GP) IIb/IIIa which is activated 

by mCRP and causes platelet adhesion via activation of GP IIb/IIIa receptors(Melnikov et al., 

2023). It is understood that mCRP infiltration encourages monocyte attachment to the vascular 

cell wall specifically in the preliminary stages of atherosclerosis. This can lead to a thrombosis 

formation through platelet aggregation leading to a potential ischemic event (Molins et al., 

2011; Slevin et al., 2018). In previous studies, CRP has been shown to promote platelet 

adhesion to endothelial cells and monocytes (Z. Zhang et al., 2012). Platelet aggregation 

analysis in previous studies showed that 100 ug/mL of mCRP induced aggregation of platelets 

but also found that in the presence of 8C10 and 3H12 monoclonal antibody (mAb), aggregation 
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formation was blocked. Interestingly, during this work mAb could not block monocyte cell 

aggregation (Slevin et al., 2018). mCRP protein has played a role in causing aggregation in 

several different cell types including monocytes as seen in the current study (Khreiss et al., 

2004; De La Torre et al., 2013). 

 

3.4.2 Monomeric c reactive protein promotes cell death and necrosis.  

 

Further, there has been little research into individual CRP isoforms and their interaction with 

apoptosis. It has been established that mCRP is causing morphological changes in U937 

monocytes and the cells are appearing to undergo necrosis and cell death. This was presented 

through flow cytometry analysis over several time points. Scanning electron microscopy was 

performed to observe the morphological changes occurring due to the treatment of mCRP at 

higher magnification. This analysis further enhanced the flow cytometry data and the previous 

aggregation results in which the cells were undergoing necrosis and leading to cell death over 

24 hours. In previous work, mCRP but not nCRP was shown to cause apoptosis in human 

coronary artery endothelial cells (HCAECs) through the P38 mitogen signaling pathway. mCRP 

was also seen to cause a significant decrease in cell proliferation, increase cell injury and cause 

apoptosis. However, the effect of pCRP pre-treated HCAECs had no significant effects on 

atherosclerosis-related factors and cell damage. These data suggest that pCRP and mCRP 

exhibit distinct functions, and the CRP activity is expressed only when the circulatory 

pentameric structure of CRP is lost to form mCRP in disease (Y. Zhang and Cao, 2020). 

Interestingly, another study which observed neutrophils showed that mCRP inhibited apoptotic 

morphology development. This indicated that mCRP has different mechanistic roles depending 

on the cell type and conditions they present under. In forcing the importance of observing the 

effects mCRP has on the different cell types concerning inflammation (Khreiss et al., 2002; 

Khreiss et al., 2004). nCRP can make apoptotic cells more susceptible to induced phagocytosis. 

For example, nCRP-bound to apoptotic monocytes and macrophages may be removed via the 

FcγR-mediated phagocytosis (Gershov et al., 2000; Khreiss et al., 2002; Kim et al., 2014). During 

this body of work, it was not found that mCRP nor nCRP treated monocyte underwent apoptosis 

which is different to the observation found in the studies outlined above. However, it must be 

noted that each study used different cell types and different mechanisms were observed 
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potentially leading to different results. It was found in this research that mCRP but not nCRP 

caused necrosis and death of monocytes which fell in line with the positive control used 

(DMSO). As noted, not only did mCRP cause cell aggregation, but there was also the presence 

of necrosis and cell death after the treatment from the 6-hour mark onwards. A study looking 

at HCAECs and the impact of CRP isoforms showed that mCRP caused suppression of 

proliferation, increased damage to the cells and lead to apoptosis. These factors were reversed 

through p38 MAPK inhibitors. This result is presented in a comparable way to the research 

presented above. mCRP was seen to cause cell damage to the U937 cell and inhibited 

proliferation. In the literature, it stated that mCRP can cause a delay in apoptosis, whereas nCRP 

can cause apoptosis through the activation of the complement system. Again, this is 

contradictory to research in this work and by (Y. Zhang and Cao, 2020). However, in a study 

looking at neutrophil apoptosis, mCRP was seen to cause a delay in the onset but not inhibit 

the process altogether (Khreiss et al., 2002; Khreiss et al., 2004). 

3.4.3 MCP-1 and IL-8 gene expression levels are altered after treatment of monomeric c reactive 

protein. 

 

MCP-1 and IL-8 gene expression was analysed after U937 monocytes were treated with several 

conditions including mCRP which was shown to cause monocyte cell-cell adhesion and 

aggregation formation. IL-8 gene expression levels were seen to be upregulated at both the 3 

hours and 24-hour mark compared to the control but not deemed significant after treatment 

with mCRP. Interesting, expression levels decreased at the 6-hour mark. In terms of pro-

inflammatory cytokine production, mCRP increases IL-8 and nCRP has no detectable effect on 

their levels. MCP-1 gene expression levels were measured in this study after U937 monocytes 

treated with mCRP. MCP-1 expression at 3 hrs and 6 hrs time points showed decreased levels 

after treatment with mCRP compared to the control but were unregulated at the 24 hrs time 

mark. MCP-1 is a downstream mediator of CRP activity (Sproston and Ashworth, 2018; Sproston 

et al., 2018). Furthermore, CRP has been shown to increase the expression levels of MCP-1, IL-

6, IL-8, and VCAM-1. With the upregulation of these key markers and pathways, CRP potentially 

could cause increased inflammation in a vascular setting leading to atherosclerosis becoming 

accelerated and intern increase the risk of ischemic stroke (Zhong et al., 2006). On the other 

hand, it is important to note that CRP has two isoforms, and it is also vital to distinguish which 
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isoforms are causing the upregulation in these key inflammatory markers. In this body of work 

outlined above, levels of both IL-8 and MCP-1 showed a marked increase in gene expression 

levels at different time points after the stimulation of mCRP. More interestingly, nCRP showed 

a marked increase as well. Another study, focusing on vascular-damaged CRP stimulation in 

endothelial vascular cells caused a marked increase in the expression of several different 

markers which include MCP-1, ICAM-1 and VCAM-1 which was also seen in the previous study 

discussed. This study found that after 24-hour stimulation with CRP, there was a two-fold 

change in 11 genes which were up-regulated and 6 which showed down–regulation. Most 

interestingly, IL-8 was found to be the most upregulated chemokine (Wang et al., 2005). It is 

important to understand the mechanism by which mCRP is causing this significant increase as 

MCP-1 and IL-8 have roles in the inflammatory acute phase of ischemic stroke (Kostulas et al., 

1998; Losy and Zaremba, 2001; Zhu et al., 2022).  
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Chapter 4 – Targeting LXR pathway with a 

Liver X receptor agonist (GW3965) as a 

potential anti-inflammatory therapeutic 

target for neuroinflammation.  
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4.1 Introduction  

4.1.1 Clinical problems of neuroinflammation 

 

Neuroinflammation is a pathological feature of a wide range of CNS diseases and is evident by 

the loss of structure and function. Inflammation is mediated by the production of several 

different cytokines, chemokines, ROS, and secondary messengers as seen in figure 29. These 

mediators are produced by resident CNS glia (microglia and astrocytes), endothelial cells and 

peripherally derived immune cells. Microglia cells are one of the main drivers in 

neuroinflammation. These cells perform surveillance and macrophage-like activities of the CNS, 

including production of cytokines and chemokines. The neuroinflammatory response is 

mediated by IL-1β, IL-6, and TNFα, CCL2, CCL5, CXCL1, NO, prostaglandins and ROS (Orihuela 

et al., 2016; S. C. Zhao et al., 2017; S. X. Zhang, 2019; Yu et al., 2020). Many of these mediators 

are produced by activated resident CNS cells including microglia and astrocytes (Dong et al., 

2021). Neuroinflammation is known to have several different effects and can present as both 

positive but also negative, as seen in figure 28. On the left-hand side of the schematic 

presented, it shows the positives of neuroinflammation such as injury induced remodelling by 

an increase in IL-4 which drives repolarization of macrophages toward M2 which is anti-

inflammatory. On the right, negative aspects of neuroinflammation are outlined. Chronic, 

uncontrolled inflammation is characterized by increased production of cytokines (IL-1 and TNF), 

ROS, and other inflammatory mediators (iNOS). These markers are accompanied by significant 

recruitment and trafficking of peripheral macrophages and neutrophils. Additionally, a low-

level and chronic inflammatory response driven by IL-1 and IL-6 is caused by aging, follows the 

acute phase of CNS trauma, and leads to reduced neuronal plasticity and cognitive 

impairments. More chronic inflammation is damaging to the nervous system and is 

characteristic of neurodegenerative diseases (DiSabato et al., 2016).  
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4.1.2 The role of mCRP in neuroinflammation  

 

CRP has two isoforms which are nCRP and mCRP. It is known that at different sites of 

inflammation or infection, CRP can increase up to 1000-fold (Sproston and Ashworth, 2018). 

CRP is a biomarker which is used in the clinical setting to measure inflammation or infection. In 

recent times, it was thought that nCRP was a direct mediator of inflammation. In turn, causing 

several different cell processes including endothelial cell adhesion, phagocytosis, and 

distribution of signalling inflammatory proteins. Interestingly, more recent research in and 

around both CRP isoforms has shown that it is the dissociation to mCRP that is the main 

inflammatory event (Caprio et al., 2018). mCRP is a key modulator of inflammation and has 

links to atherosclerotic arterial plaque progression, instability and neuroinflammation after 

stroke. mCRP is known to build up in the parenchyma and seems to connect to vascular 

damage, and neurodegenerative pathophysiology and there are potential links to Alzheimer’s 

disease and dementia (Al-Baradie et al., 2021; Garcia-Lara et al., 2021).  

 

 

 

 

 

 

Figure 28 – Overview of the positive and negative aspects of neuroinflammation 
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4.1.3 Agonist compound GW965 as potential treatment for inflammation  

 
Several questions remain when considering the role the liver x receptor (LXR) plays in the CNS 

and inflammation (Spyridon et al., 2011; L. Zhao et al., 2021). In the current literature, there is 

still a question to answer as to the targeting of the LXR pathway in response to an inflammatory 

event (Spyridon et al., 2011). In cells of the myeloid lineage, LXR has been shown to inhibit the 

inflammatory response through the transcriptional repression of several genes including Nos2, 

Cox2 and IL-6 (Morales et al., 2008; Nunomura et al., 2015). Thus, LXR is one among several 

biological signal pathways that link lipid metabolism and inflammation. Previous studies have 

shown that activation of LXR by oxysterols inhibits pro-inflammatory responses in cultures of 

microglia and astrocytes, suggesting that the LXR pathway might serve as a compensatory anti-

inflammatory function in response to oxidative stress (McVoy et al., 2015). LXR agonist 

(GW3965 hydrochloride) has anti-inflammatory properties and has potential as a therapeutic 

target for inflammation in macrophages and other immune cells. The chemical structure of 

GW3965 can be seen in figure 29. GW3965 has also been seen to regulate the expression of 

several different pro-inflammatory genes (examples include IL-6 and iNOS) in several different 

cell types which include macrophages, astrocytes, T cells and smooth muscle cells. GW3965 

has much research conducted and activation of LXR can promote neuroprotection and reduces 

brain inflammation in an experimental stroke model. (Morales et al., 2008; Spyridon et al., 

2011). GW3965 therapeutic has been shown to reduce the stability and size of thrombi and has 

the potential to reduce the formation of thrombi. This indicates that GW3965 has the potential 

to be a therapeutic target for the treatment to prevent thrombus formation (Nunomura et al., 

2015).  
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Figure 29 - GW3965 chemical structure 
GW3965 hydrochloride is a selective agonist for the liver X receptor (LXR). It is a cell-based reporter 

and GW3965 targets LXRa and LXRb.. This compound presents with a molecular weight of 618.51 

KDa.  
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4.2 Aims and objectives.  

 

The principal aims of the work presented in this chapter were to:  

 

 

1) Observe morphological changes in HMC-3 microglia cells after stimulation LPS and CRP 

isoforms (mCRP and nCRP) (Motility um, motility speed u/h, migration, and migration 

vs directness, cell count, confluence, and cell volume  

 

2) Observe cytotoxicity of potential therapeutic targets GW3965 and GSK4112 

 
 

3) Characterise the inflammatory response of mCRP in treated microglia HMC-3 cells.  

 

4) Elucidate the role of GW3965 as a potential therapeutic to reduce inflammatory 

response.  
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4.3 Results  

4.3.1 mCRP causes morphological changes to HMC-3 microglia cells.  

 

First, it was important to establish whether CRP isoforms could cause the HMC-3 cell line 

(Microglia) to undergo morphological changes which were observed through live cell imaging. 

Cells were grown 1) Control, 2) LPS 10 ng/mL positive control, 3) mCRP and 4) nCRP as described 

in chapter 2 section 2.2.3.3. The morphology of HMC-3 cells was checked at 3 different time 

points which were 3,6 and 24 hours as seen in figure 30. In the control cells presented in A1-3 

over several different time points, normal morphological features were observed. HMC-3 cells 

were stimulated with LPS 10 ng/ml as a positive control for inflammation activation and to 

observe enhanced microglial proliferation. B1-3 represent LPS-stimulated microglia cells. The 

morphology of the cells does not appear to be changed and presents as healthy, however the 

number of cells within the frame appears more compared to the negative control which 

presents like the literature in which LPS has a proliferative effect on HMC-3 cells. C1-3 

represents mCRP 100 μg/ml treated microglial cells. At different time points there has been a 

morphological change within the cells. These cells are round and do not have the characteristic 

of microglia cells. Further to this, a matrix-like grainy structure is shown in and around the 

microglial cells. Finally, D1-3 represent nCRP 100 µg/ml treated microglial cells at the three 

different time points. Again, the images show no morphological changes have occurred with 

nCRP 100 μg/ml. 
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The effects of mCRP (100 µg/ml) on HMC – 3 cells were investigated. 4 treatments were investigated in 

total 1) Control (complete media), 2) LPS 10 ng/mL positive control, 3) mCRP and 4 nCRP. 1A-C - Control 

(3,6 and 24 hrs), B1-3 represents LPS 10 ng/ml. C1-3 represents mCRP 100 μg/ml. D1-3 represent nCRP 

100 μg/ml. Images taken on live cell holographic imager at 20x with 3 fields of view per condition and 

repeated n=3. 

 

 

 

 

Figure 30 - Observing HMC-3 morphological changes caused by mCRP. 
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As demonstrated in the figure above, mCRP is causing a morphological change in HMC-3 cells. 

The morphological effects were observed in more detail, and scanning electron microscopy was 

used to obtain higher magnification images of the cell surface. Cells were grown and treated 

with 1) Control, 2) LPS 10 ng/mL positive control, 3) mCRP 100 µg/ml and 4 nCRP µg/ml as 

described in chapter 2 (2.2.3.5.1). The qualitative analysis of scanning electron microscope 

images showed good viability in the control group and HMC3 cells presented with normal 

morphology.  When HMC-3 microglial cells were treated with mCRP, a morphological change 

was observed. All morphological features of intensive apoptotic processes, including changing 

membrane morphology and integrity, losing microvilli, budding, swelling, formation of 

apoptotic body, and total cell rupture. In the images representing treatment with mCRP (figure 

31E and F), there is clear disruption on the cell surface. When observing the cells under more 

intense magnification, HMC-3 cells presented with budding, cell rupture and a change in 

membrane morphology and integrity. Interestingly, when observing nCRP-treated microglia 

cells, there were no adverse morphological changes and presented visually in a similar way to 

the control. 
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HMC-3 microglia cells - control (A and B) tends to adopt a more rounded morphology with flat protrusions. Further to this the surface appears smooth and no 

loss of membrane integrity. LPS 10 ng/ml (C and D) and nCRP 100 μg/ml (G-H) presents in similar way to the control in which membrane appears intact but the 

surface of the membrane appears not a smooth. mCRP 100 μg/ml (E and F) treated microglia cells appears to have cell surface structural changes with increase 

surface debris and under higher magnification appear to have membrane damaged as indicted with red arrows. mCRP causes these nodule formations on the 

cell surface (yellow arrow). Images were taken at 750 x and 10.00 KX, 3 images taken per field of view. 

Figure 31 – mCRP causes morphological chances to HMC-3 microglia cells.  
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4.3.2 Holographic quantifiable cell morphological and proliferative features after treatment 

with CRP isoforms 

 

The effects of mCRP on microglia cells (HMC-3) were analysed using the phase shift holographic 

live cell imager. This microscope and the integrated analysis software allowed several different 

types of analyses to be completed. Figure 32A-D represents rose plots produced by the 

integrated analysis software to observe the migration of cells. Visually looking at the rose plots, 

mCRP treatment is affecting the migration ability of HMC-3 microglia cells. 32E represents the 

migration of HMC-3 microglia cells which have been treated with several conditions. 

Interestingly, treatment with mCRP protein for 24 hours significantly reduced the migration of 

cells compared to the control (CI 95% 3.440 to 6.567) p = <0.0001. Further to this, when 

comparing the two isoforms mCRP vs nCRP migration is only altered by mCRP (CI 95% -17.78 

to -14.65) p = <0.0001. Figure 32 F, HMC-3 migration directness (migration vs motility) was 

significantly affected over 24 hours after treatment with mCRP (CI 95% -0.08869 to 0.1270) p 

= <0.0001. mCRP compared to nCRP caused a significant effect in migration directness (CI 95% 

-0.1112 to 0.07287) P = <0.0001. Figure 32G, HMC-3 Motility (µm) was significantly affected 

over 24 hours after treatment with mCRP (CI 95% 35.15 to 44.80) P = <0.0001. mCRP caused a 

significant difference in the cells compared to nCRP (CI 95% -41.31 to -31.66) P = <0.0001. 

Indicating Motility (µm) is affected after treatment with mCRP. Figure 32H, Motility speed 

(µm/h) was significantly affected over 24 hours after the treatment of mCRP (CI 95% 5.317 to 

6.186) P= <0.0001. mCRP caused a significant difference in speed compared to nCRP CI 95% -

5.949 to -5.080) P = <0.0001. Indicating speed is affected after treatment with mCRP. 
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HMC-3 single cell tracking analysis performed with the integrated software from the phase shift holographic images. HMC-3 cells were grown and treated with 

1) Control, 2) LPS 10 ng/mL positive control, 3) mCRP and 4 nCRP as described in chapter 2 (2.2.3.3). A-D) Single cell 2D movement trajectories from 50 cells 

chosen at random per field of view were displayed in a rose plot. Original units for cell movement parameters are displayed on the x and Y axis by means of 

logarithmic scale. E) Migration directness, G) cell motility and H) speed. Cell was tracked over a 24-hour period and quantified from single cell tracking data in 

which 50 random cells were chosen. Graphs represent Mean ± SEM (two – way ANOVA multi-comparison (turkey)) (p* =< 0.05, p**** <0.0001. 3 fields of view 

per a well were measured and repeated n=3.

Figure 32 - Holographic imaging of cells reveal the impact of culture extracellular environment on cell migration and cell motility.  
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4.3.3 Determine the kinetic dose response for GW3965.  

 

The kinetic dose response for GW3965 was performed using the live cell imager (holo-monitor) 

with the integrated analysis software. An in-depth analysis can be performed on the single cell 

tracking cell morphology and further looking into cell count, confluence, and mean cell volume 

to determine the effects that the drug compound is having upon the cells. A range of doses was 

selected based on the literature search and a kinetic dose-response assay was performed to 

determine if there are any adverse effects of this agonist on microglial HMC3 cells. Several 

measurement outputs were analysed during this experiment, which included cell count, 

confluence, mean volume, and migration versus directness. Finally, a rose plot was used to 

determine the trajectories after the dose responses of GW3965. Looking at Figure 33 A-E, there 

were no differences within the trajectories. Looking at Figures 34 A and B, the cell count was 

tracked over 24 hours and showed no adverse effects in the dosage response. Interestingly, the 

cell count did increase at all concentrations of GW3965 when compared to the control group. 

Control vs GW3965 (1.25 µM) CI 95% -3484 to -287.1 p = 0.0145, Control vs GW3965 (2.5 µM) 

CI 95% -6313 to – 3254 p = <0.0001, Control vs GW3965 (5 µM) CI 95% -4673 to -1615 p = 

<0.0001, Control vs GW3965 (10 µM) CI 95% -4988 to -1929 p = <0.0001. Secondly, looking at 

Figures 34 C and D, which are looking at the confluence of the cells. Again, there are no adverse 

effects on the cell confluence after treatment with GW3965 at varying dosages. Interestingly, 

the dosage of GW3965 at 2.5 µM (CI 95% -5.117 to -3.029) p = <0.0001, 5 µM (CI 95% -2.929 

to -0.8412) p = <0.0001 and 10 µM (CI 95% -3.971 to 1.883) p = <0.0001 caused a significant 

increase within the confluence compared to the control. Thirdly, Figure 34 E and F were looking 

at the mean cell volume of HMC3 microglial cells and was used to determine if HMC-3 cells 

were affected by the dose response of GW3965. Only a significant effect was found within the 

10 �m dosage (CI 95% -207.6 to -78.58) p = <0.0001. All other doses were found not to be 

significant. Overall, no adverse side effects were presented. Going forward a dose of 2.5 µm 

was used for future experiments based on these results and literature-based searches.
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Single cell 2D movement trajectories from 160 cells chosen at random per field of view were displayed in a rose plot. Original units for cell movement parameters 

are displayed on the X and Y axis by means of logarithmic scale. Each plot represents the migration pathway over the 24-hour period. 

Control 
(Complete 

GW3965 (1.25µM) GW3965 (2.5 µM) 

GW3965 (5 µM) GW3965 (10 µM) 

Figure 33 – HMC-3 single cell 2D movement trajectories after GW3965 drug treatment displayed as a rose plot. 
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The effects of GW3965 varying dosages were investigated using live cell imaging kinetic response 

analysis. 4 concentrations (10 µm, 5 µm, 2.5 µm 1.25 µm) were observed and negative control included. 

A and B) Cell count monitoring of HMC-3 cells treated with varying dosages of GW3965, C and D) Cell 

confluence monitoring of HMC-3 cells treated with varying dosages of GW3965, E and F) Cell volume 

monitoring of HMC-3 cells treated with varying dosages of GW3965. Data presented as Mean ± SEM (2-

way ANOVA) p = * P<0.05, P<0.001, P=<0.0001 n=3.
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Figure 34 – Kinetic response of GW3965 treated HMC-3 microglia cells for 24-hour period.  
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4.3.4 Determine the kinetic dose response for GSK4112. 

 

Another potential compound was analysed, using the kinetic analysis of the holo-monitor, and 

that was GSK4112. A range of doses was selected based on the literature search and a kinetic 

dose-response assay was performed to determine if there are any adverse effects of GSK4112 

on microglial (HMC-3) cells. Several measurement outputs were analysed during this 

experiment, which included cell count, confluence, and mean volume. Finally, a rose plot was 

used to determine the trajectories as seen in Figure 35 A-D. When visually looking at the rose 

plots generated from the internal software, a difference was observed in the migration 

compared to the control. Looking at Figures 36A and B were looking at cell count. There was a 

significant increase in cell count at dosage 2.5 µM compared to the control group in cell count 

compared to the control (CI 95% -3402 to -464.8) p = 0.0058. Interestingly at dosage 10 µM 

there is a significant decrease in cell count compared to the control group (CI 95% 3936 to 

6873) p = <0.0001. Again, when looking at the confluence of the cells figure 36 C and D, there 

was a significant reduction in confluence as dosages 2.5 µM (CI 95% -2.143 to -4.529) p = 

<0.0001, 5 µM (CI 95% -2.065 to -4.452) p = <0.0001 and 10 µM (CI 95% -2.757 to -5.143) p = 

<0.0001 compared to the control. Figure 36 E-F represents the volume [µm³] per capture 

position over time. The volume is significantly decreasing in dosages 2.5µM (CI 95% 457.7 to -

646.8) p = <0.0001, 5 µM (CI 95% 255.9 to 447.1) p = <0.0001 and 10 µM (CI 95% 52.13 to 

243.3) p = 0.0009 in relation to the control group.  

 

From this point onwards GW3965 was carried forward as a potential compound for treatment 

in neuroinflammation. 
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Single-cell 2D movement trajectories from 160 cells chosen at random per field of view were displayed 

in a rose plot. Original units for cell movement parameters are displayed on the X and Y axis using a 

logarithmic scale. Each plot represents the migration pathway over the 24 hours. Single-cell 2D 

movement trajectories from 160 cells chosen at random per field of view were displayed in a rose plot. 

Original units for cell movement parameters are displayed on the x and Y axis using a logarithmic scale. 

Each plot represents to migration pathway over the 24 hours. From the plot, GSK4112 does influence cell 

movement when compared to the control. 

 

 

 

Control GSK4112 10 µm 

GSK4112 5 µm GSK4112 2.5 µm 

Figure 35 - HMC-3 single cell 2D movement trajectories after GSK4112 drug treatment displayed as a 
rose plot. 
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The effects of GSK4112 varying dosages were investigated using live cell imaging kinetic response 

analysis. 3 concentrations (10 µm, 5 µm, and 2.5 µm) were observed and negative control was included. 

A and B) Cell count monitoring of HMC-3 cells treated with varying dosages of GSK4112, C and D) Cell 

confluence monitoring of HMC-3 cells treated with varying dosages of GSK4112, E and F) Cell volume 

monitoring of HMC-3 cells treated with varying dosages of GSK4112. Data presented as Mean ± SEM (2-

way ANOVA) p = * P<0.05, P= *** <0.001, P = **** <0.0001 n=3 

 

 

 

 

 

 

Figure 36 - Kinetic response of GSK4112 over 24-hour period.  
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4.3.5 LPS and mCRP modulated IL-6 protein levels in HMC-3 microglia cells. 

 

HMC-3 cells were seeded in a 12-well plate and the experiment was set when a confluence of 

80% was reached. HMC-3 cells were pre-treated with GW3965 µm, 30 minutes before mCRP 

was added. LPS 10 ng/mL was used as an inflammatory control and complete media was used 

as the negative control for no inflammatory stimulation. To determine the effects of LPS and 

mCRP on the expression of inflammatory mediators, HMC-3 microglia cells were exposed for 6 

and 24 hr to 100 μg/ml mCRP and LPS 10 ng/mL and secreted protein levels of several different 

markers were measured in the supernatant using ELISA or multiplex analysis. As shown in 

Figure 37 A, at the 6 hours mark the negative control presented with Low levels of IL-6 protein. 

LPS 10 ng/ml presented with increased levels of IL-6 above 1500 μg/ml, and this was 

significantly different compared to negative control 484.0 ± 36.43 vs LPS 10 ng/ml 1507 ± 86.20 

(95% CI -1411 to -634.8) p=<0.0001. mCRP 100 μg/ml presented with levels above 1000 mg/ml 

of IL-6 and significantly different from the control 484 ± 36.43 vs mCRP 100 mg/ml 1172 ± 12.35 

(95% CI -1076 to -299.8), p= 0.0007. mCRP showed a similar response to LPS inflammatory 

mediator. GW3965 2.5 mM significantly reduced IL-6 protein which was increased due to the 

inflammatory stimulant LPS at a concentration of 10 ng/ml. LPS 10 ng/ml 1507 ± 86.20 vs 810 

± 66.19 (308.5 to 1084) p=0.0007. This is a similar representation to HMC-3 cells treated with 

mCRP and GW3965 in which levels were reduced compared to the pro-inflammatory mediator 

protein mCRP. mCRP 1172 ± 12.35 vs GW3965 + mCRP 775.3 ± 79.87 (95% CI -8.502 to 784.3) 

p=0.0442, however, levels did not decrease to the baseline levels detected in the control. As 

shown in Figure 37 B, at the 24-hour mark the negative control presented with Low levels of IL-

6 protein. LPS 10 ng/ml presented with increased levels of IL-6 above 2500 μg/ml, and this was 

significantly different compared to negative control p=<0.0001. mCRP 100 μg/ml presented 

with levels above 2000 μg/ml of IL-6 and significantly different from the control p=<0.0001. 

mCRP showed a similar response to LPS inflammatory mediator. Interestingly when treating 

HMC-3 with GW3965 and LPS, levels of IL-6 were not significantly decreased compared to LPS 

p=<0.0001. This is a similar representation to HMC-3 cells treated with mCRP and GW3965 in 

which levels were reduced compared to the pro-inflammatory mediator protein mCRP 

p=<0.0001, however levels did not decease to the baseline levels detected in the control. 
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IL-6 protein levels measured after LPS 10 ng/ml and mCRP 100 µg/ml treatment of HMC-3 plus or minus 

agonist GW3965 µM. A) IL-6 protein levels at 6 hours. B) IL-6 protein levels at 24 hours. Data presented 

as Mean ± SEM - One-way anova (p* = < 0.05 p **= <0.01, p*** = < 0.001, p**** <0.0001. (n=3) 

 

 

 

 

 

 

 

Figure 37 -GW3965 2.5 µM significantly reduces IL-6 protein levels after treatment with pro-inflammatory 
mediators (LPS and mCRP) 
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4.3.6 mCRP activated IL-6 and regulated through NfKb signalling pathway. 

 
HMC-3 cells were treated and prepared as described in chapter 2. Immunofluorescence 

microscopy was used to look at levels of IL-6 (red) and activation of the NfKb p65 signalling 

pathway (green) in microglia cells treated with varying conditions (figure 38A). Microglia cells 

were treated with control (complete media) (222.2 ± 42.38), LPS 10 ng/ml (282.2 ± 33.53), 

mCRP 100 mg/ml (338 ± 74.95), nCRP mg/ml (247.4 ± 30.44), GW3965 2.5 µM (176.3 ± 2.975), 

LPS 10 ng/ml with GW3965 2.5 µM (160.9 ± 1.957) and mCRP 100 mg/ml with GW3965 2.5 µM 

(294.9 ± 31.82). Present in figure 38B, IL-6 Levels did not significantly increase in LPS-treated 

samples compared to the control - 95% CI -142.0 to 4.286 (p= 0.4970) whereas mCRP-treated 

caused a significant increase in IL-6 (95% CI -156.4 to -10.09) p=<0.0001. mCRP caused a 

significant increase in IL-6 compared to nCRP (95% CI - 61.95 to 208.2) p = <0.0001. GW3965 

agonist significantly reduced levels of IL-6 which were increased after LPS (95% CI 83.65 to 

229.9) p=<0.0001. Further to this, the agonist was able to significantly decrease levels of IL-6 

which were increased due to mCRP treatment (95% CI 13.11 to 159.4) p=0.0082. NFkB Levels 

did not significantly increase in LPS treated samples compared to the control - 95% CI -142.0 to 

4.286 (p=0.0854) whereas mCRP treated caused a significant increase in IL-6 (95% CI -156.4 to 

-10.09) p=0.0127.
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A) Immunofluorescent staining results for microglia (HMC-3 cell) stained for anti-mouse IL-6 with secondary IgG 568 goat anti mouse (Red) and Anti-rabbit NfKb 

(Green) with secondary Alexafluro 488 goat anti-rabbit IgG and Nucleus staining (Dapi - Blue) before and after stimulation with LPS and mCRP and treated with 

GW3965 2.5 µM. Samples were view under 10 x 63 magnification with oil (n3).

Figure 38 - GW3965 (2.5 µM) reduced pro-inflammatory IL-6 levels in inflammatory mediator stimulated HMC-3 microglia cells.  
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4.3.7 LPS and mCRP modulated IL-1β protein levels in HMC-3 microglia cells but not TNFα. 

 

As shown in Figure 39 A, at the 6-hour mark the negative control presented with low levels of 

IL-1b protein. LPS 10 ng/ml presented with increased levels of IL-1β above 40 μg/ml, and this 

was significantly different compared to negative control (CI 95% -64.66 to -6.258) p = 0.0182.  

mCRP 100 μg/ml presented with levels above 40 μg/ml of IL-1b which was significantly different 

from the control (CI 95% -58.26 to -4.947) p = 0.0207. mCRP showed a similar response to LPS 

inflammatory meditator. Interestingly when treating HMC-3 cells with GW3965 2.5 µM and LPS 

10 ng/mL, levels of IL-1b were significantly decreased compared to LPS (CI 95% 13.69 to 72.09) 

p = 0.0059. This is a similar result to HMC-3 cells treated with mCRP and GW3965 in which 

levels were reduced compared to the pro-inflammatory mediator protein mCRP (CI 95% 3.517 

to 51.20) p = <0.0248, however, levels did not decrease to the baseline levels detected in the 

control. As shown in Figure 39B at the 6-hour mark the negative control presented with low 

levels of TNFa. LPS 10 ng/ml presented with increased levels of TNF-a but this was not deemed 

significant to the control group (CI 95% -2760 to 525.5) p = 0.1843. mCRP 100 μg/ml presented 

with increased levels of TNFa but levels were not significant compared to the control (CI 95% -

2862 to -424.1) p = 0.1417. Interestingly when treating HMC-3 cells with GW3965 2.5 µM and 

LPS 10 ng/mL, levels of TNFa were not significantly decreased compared to LPS (CI 95% -1335 

to 1348) p = >0.9999. This is a similar result to HMC-3 cells treated with mCRP and GW3965 (CI 

95% -945.6 to 1737) p = 0.7957. 
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Following the treatment of HMC-3 microglia cells with LPS 10 ng/ml or mCRP 100 µg/ml plus or minus 

GW3965 2.5µM for 6 hours, supernatant was collected to measure IL-1β (ELISA) and TNFa protein 

(Multiplex panel). A) IL-1b protein levels at 6 hours and B) TNFa protein levels 6-hours. Data presented 

as Mean ± SEM (pg/ml) - One-way anova (p* = < 0.05 p **= <0.01, p*** = < 0.001, p**** <0.0001. (n=3) 

 

 

 

 

 

 

 

Figure 39 – GW3965 agonist reduced IL-1β levels but not TNF alpha after treatment with LPS and mCRP. 
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4.3.8 The Effects of the GW3965 on LPS/mCRP-Stimulated HMC3 microglia cells expression of 

chemokines   

Figure 40A presented RANTES protein levels after microglial cells were treated with mCRP and 

LPS to induce an inflammatory response plus or minus GW3965 (2.5 µM). When comparing the 

control to LPS-treated cells, levels of RANTES was significantly increased GW3965 (CI 95% -3138 

to -1563) p = 0.0004. Interestingly, mCRP had an increase in RANTES protein levels and was 

significantly different to the control (CI 95% -2240 to -954.1) p = 0.0009. After HMC-3 cells were 

treated with LPS plus GW9365 levels of RANTES were significantly decreased after anti-

inflammatory agonist drug treatment (CI 95% 1242 to 2817) p = 0.0008. After HMC-3 cells were 

treated with mCRP plus GW9365 levels of RANTES were significantly decreased after anti-

inflammatory agonist drug treatment (CI 95% 498.6 to 1785) p = 0.0044. Figure 40B, presents 

the Exotoxin protein levels. Control levels were at baseline, with LPS-stimulated cells 

significantly increasing protein levels CI 95% (-123.3 to – 15.62). mCRP levels were increased 

compared to the control CI 95% (-98.00 to – 9.661) but they were not significantly different. 

After HMC-3 cells were treated with either LPS/mCRP plus or minus GW9365 (2.5 µM), there 

was no significant decrease in the Exotoxin protein levels. Finally, in figure 40C, HMC-3 cells 

treated with LPS 10 ng/ml showed no significant increase in VEGF levels compared to the 

control (CI 95% -3708 to 879.9) p = 0.2695. Whereas mCRP treated cells caused a significant 

increase in VEGF protein levels (CI 95% -4840 to -252.1) p = 0.0318. When cells were treated 

with mCRP 100 µg/ml or LPS 10 ng/ml plus or minus GW3965 (2.5 µM) levels of VEGF were not 

significantly altered. Figure 40D represents IFN-g protein levels which were not significantly 

increased after stimulation with LPS (CI 95% -271.0 to 147.4) p = 0.9710 or mCRP (CI 95% -271 

to 89.62) p = 0.4334 and drug treatment had no effect on VEGF protein expression levels over 

6-hour period.  
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Following HMC-3 microglia cell treatment with LPS 10 ng/ml or mCRP 100 µg/ml plus or minus GW3965 

2.5µM for 6 hours, supernatant was collected for multiplex analysis. A) RANTES protein levels, B) Eotaxin, 

C) VEGF protein level and D) IFN-g protein levels. Data presented as Mean ± SEM (pg/ml) - One-way 

anova (p* = < 0.05 p **= <0.01, p*** = < 0.001, p**** <0.0001. (n=3) 

 

 

 

 

 

 

 

 

Figure 40 – Chemokine protein analysis after treatment with LPS or mCRP plus or minus GW3965  
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Figure 41A shows the measurement of MIP1 a protein levels. No significance was found within 

any of the treated samples. Looking at MIP1b protein results from the multiplex panel in Figure 

41B, LPS treated microglia cells increased levels of MIP1 b significantly compared to the control 

(CI 95% -1422 to -173.1) p = 0.0166. Interestingly, cells treated with mCRP 100 µg/ml increased 

levels of MIP1 b compared to the control group but was not deemed significant. Treatment 

with either mCRP or LPS plus or minus GW3965 showed no difference in protein levels. Finally, 

in Figure 41 C, LPS levels were significantly increased compared to the control (CI 95% -1196 to 

-135.4) p = 0.0180. Interestingly, MCP-1 protein level se created by into supernatant by 

microglia cells were increased but significantly compared to the control (CI 95% -935.7 to 

125.1) p = 0.1399. When HMC 3 microglial cells were treated with GW3965 and stimulated with 

LPS, there was a significant decrease in MCP-1 levels (CI 95% 38.07 to 1099) p = 0.0371. 

Whereas when mCRP-treated cells were treated with GW965, there was no significant decline 

when compared to mCRP on its own. 

 

 

 

 

 

 

 

 

 

 

 

HMC-3 were treated with either LPS or mCRP with or without GW3965 for 6 hours before supernatant 

collection for multiplex analysis. Protein levels of MCP-1 were not significantly altered after the 

treatment of either LPS or mCRP with or without GW3965. A) MIP1, B) MIP-β and C) MCP-1. Data 

presented as Mean ± SEM - One-way anova (p* = < 0.05 p **= <0.01, p*** = < 0.001, p**** <0.0001. 

(n=3) 

 

 

Figure 41 – Regulation of monocyte and macrophage chemokines after microglia cells treated with LPS 

or mCRP.  
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4.3.9 Inflammatory mediators LPS/mCRP significantly increase key anti-inflammatory cytokines 

levels with GW3965 agonist have no effect.  

 

Figure 42A represents the anti-inflammatory protein expression levels of IL-4 after microglia 

cells were treated with either LPS or mCRP plus or minus agonist GW3965 (2.5 µM). After 

treatment with LPS there was an increase in IL-4 protein levels when compared to the control 

group CI 95% (-86.37 to 18.50) p = 0.0064. A similar increased effect was observed when cells 

were treated with mCRP compared to the control group CI 95% (-86.35 to 18.47) p = 0.0065. 

Microglia cells treated with inflammatory mediator mCRP + GW3965 (2.5 µM) did not decrease 

levels of IL-4 compared to cells treated with mCRP alone (CI 95% (-22.88 to 45.02) p = 0.7790). 

Microglia cells treated with inflammatory mediator LPS + GW3965 (2.5 µM) had no effect on 

reducing levels of the anti-inflammatory cytokine IL-4 with CI 95% (-24.17 to 43.70) p = 0.8472. 

Figure 42B is representing IL-9 protein levels after treatment of microglial cells (HMC-3) with 

either control, LPS 10 ng/ml and mCRP 100 µg/ml plus or minus GW3965 (2.5 µM). IL-9 levels 

in LPS (CI 95% -1073 to -398.5) p = 0.0011. HMC-3 cell treated with mCRP for 6 hours showed 

a significant increase in IL-9 levels compared to the control (CI 95% -934.8 to -257.6) p = 0.0033. 

Interestingly, when cells are treated with LPS in conjunction with GW3965 (2.5 µM), levels of 

IL-9 expressed into the collected supernatant are significantly reduced (CI 95% -195.7 to 872.9) 

p = 0.0058. This was also the case for cells treated with mCRP and GW3965 (CI 95% 76.93 to 

754.1) p = 0.0200. Figure 42C represents IL-17 protein levels after microglial cells (HMC-3) were 

treated with LPS or mCRP for 6 hours plus or minus agonist GW3965 (2.5 µM). LPS treated cells 

increased expression levels of IL-17 compared to the control (CI 95% -1885 to -250.3) p = 

0.0149. mCRP stimulated microglia cells increased levels of IL-17 compared to the control (CI 

95% -1919 to -285.1) p = 0.0127 but agonist GW3965 (2.5 µM) in conjunction with LPS or mCRP 

did not decrease levels of IL-17 secreted into the supernatant.  
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Anti-inflammatory cytokine analysis through multiplex after microglia cells with stimulated with key pro-

inflammatory mediators (LPS and mCRP) with or without anti-inflammatory therapeutic (GW3965 2.5 

µm). A) IL-4 protein levels, B) IL-9 protein levels, C) IL-17 protein levels. Data presented as Mean± SEM - 

One-way anova (p* = < 0.05 p **= <0.01, p*** = < 0.001, p**** <0.0001. (n=3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 42 – LPS and mCRP pro inflammatory mediators increases key anti-inflammatory protein 

expression levels in microglia cells  
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4.3.10 Inflammatory mediators have no effect on IL-1b, IL-6 and TNFa gene expression 

levels over time course.  

 
Figure 43A presents the housekeeping gene stability in which it was determined that the 

housekeeping genes were stable and ideal for analysis. Three housekeeping genes were used 

during this analysis, and they were TBP, RPLPO and PABC4. Figure 43B, TNFa data presented 

showed no significant increase or decrease in TNFa gene expression levels when stimulated 

with inflammatory mediators mCRP and LPS nor was reduction observed after treatment with 

anti – inflammatory LXR agonist GW3965 (2.5 µM). As shown in figure 43C, levels of IL-6 were 

also measured after the stimulation of microglia cells with mCRP, and interestingly levels of IL-

6 showed no change to the control compared to LPS which up regulation of IL-6 when 

compared to the control. Figure 43D, Interestingly, when observing gene expression levels of 

IL-1b, LPS and mCRP down regulated expression when compared to control levels. When mCRP 

stimulated microglia, cells were treated with GW3965, levels of IL-1b were seen to be up -

regulated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 43 - Gene expression analysis of HMC-3 cells at 3 hrs.  
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A) Housekeeping gene expression stability was ideal, B) TNF alpha gene expression, IL-6 gene expression 

and C) IL-1 beta gene expression. Data presented as Mean ± SEM - One-way anova (p* = < 0.05 p **= 

<0.01, p*** = < 0.001, p**** <0.0001. (n=3) 

Microglial cells which were stimulated for 6 hrs with LPS or mCRP inflammatory mediator plus 

or minus GW3965 were measured for several different pro-inflammatory cytokine expression 

levels. Figure 44A represents 3 selected housekeeping genes which were a stability test. Green 

indicates the housekeepers are stable and red not ideal unless in combination with more than 

one other ideal housekeeper. Figures 44B, C and D represent the statical analysis of gene 

expression (IL-1b, IL-6 and TNFa) which is present as relative gene expression. Figure B, IL-1b 

gene expression levels were measured at the 6 hrs mark after microglia cells were treated with 

LPS or mCRP plus or minus GW3965 (2.5 �M). Interestingly, mCRP compared to the control 

showed downregulation in IL-1b expression (CI 95% -11.45 to 11.29) p = >0.9999 but not 

deemed significant. Whereas the agonist GW3965 increased levels of IL-1b compared to the 

control (CI 95% -27.64 to -4.900) p = 0.0058. Figure C, IL-6 gene expression levels were 

measured at the 6 hrs mark after microglia cells were treated with LPS or mCRP plus or minus 

GW3965 (2.5 µM). Interestingly, mCRP compared to the control showed no difference in IL-6 

expression (CI 95% -1.648 to 1.623) p = >0.9999. GW3965 showed no increase nor decrease 

compared to the control (CI 95% -1.167 to -2.103) p = 0.8740. Figure D, TNFa  gene expression 

levels were measured at the 6 hrs mark after microglia cells were treated with LPS or mCRP 

plus or minus GW3965 (2.5 µM). Interestingly, mCRP compared to the control showed a 

downregulation in TNFa expression (CI 95% -15.11 to 16.53) p = >0.9999. Whereas the agonist 

GW3965 increased levels of TNFa compared to the control (CI 95% -34.09 to -2.458) p = 0.0273. 
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HMC-3 cells were pre-treated for 6 hrs with and without GW3965 (2.5 µM) and then in conjunction 

stimulated with and with LPS or mCRP to induced a pro inflammatory response to observe therapeutic 

effect of GW3965. A Gene stability analysis of housekeeping genes (TBP, RPLPO and PABC4) in which 

they were deemed suitable. B, IL-1b gene expression levels, B, IL-6 gene expression analysis and D, TNFa 

gene expression. Data presented as Mean ± SEM - One-way anova (p* = < 0.05 p **= <0.01, p*** = < 

0.001, p**** <0.0001. (n=3) 

 

 

 

 

 

 

Figure 44 – Pro-inflammatory gene expression analysis after 6 hr treatment with inflammatory 

mediators and anti-inflammatory agonist. 
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Microglial cells which were stimulated for 24 hrs with LPS or mCRP inflammatory mediator with 

and without the treatment of GW3965 were measured for several different pro-inflammatory 

cytokine expression levels. Figure 45A is a representation of the gene stability plot which 

measured the housekeeping gene stability in which they were established as stable (green). 

Figure 45B, represents TNFa gene expression and shows no significant up regulation or down-

regulation in gene expression after the stimulation with either LPS (CI 95% -1.553 to 0.8462) p 

= 0.8629 or mCRP (CI 95% -1.463 to 0.9363) p = 0.9465 compared to the control group. Figure 

45C represents the expression levels of IL-6. Interestingly the treatment with mCRP compared 

to the control showed no increase or decrease in expression levels (CI 95% -0.9528 to 0.9439) 

p = >0.9999. This was also the case when HMC-3 cells were treated with known inflammatory 

mediator LPS (CI 95% -0.9226 to 0.9741) p = >0.9999. Figure 45D represents the expression 

levels of IL-1b. Interestingly the treatment with mCRP compared to the control showed no 

increase or decrease in expression levels (CI 95% -0.8018 to 0.9102) p = 0.9995. This was also 

the case when HMC-3 cells were treated with known inflammatory mediator LPS (CI 95% -1.395 

to 0.3167) p = 0.3015. 
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HMC-3 cells were pre-treated for 24 hrs with and without GW3965 and then in conjunction stimulated 

with and with LPS or mCRP to induce a pro-inflammatory response to observing therapeutic effect of 

GW3965. A) Gene stability analysis of housekeeping genes (TBP, RPLPO and PABC4) in which they were 

deemed suitable, B) TNFa gene expression levels, C, IL-6 gene expression analysis and D, IL-1b gene 

expression. Data presented as Mean ± SEM - One-way anova (p* = < 0.05 p **= <0.01, p*** = < 0.001, 

p**** <0.0001. (n=3). 

 

 

 

 

 

 

Figure 45 - gene expression analysis of HMC-3 microglial cells stimulated with LPS and mCRP for 

24 hrs to induce an inflammatory in which to test GW3965 as a potential anti-inflammatory 

therapeutic target.  
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4.4 Discussion 

4.4.1 mCRP promotes morphological changes with resident microglia brain cells  

 

mCRP has previously been identified as a pro-inflammatory with the ability to have negative 

effects. Firstly, it was important to establish how mCRP interacts with microglia cells which are 

the resident macrophage in the brain. Microglia cells have been shown to be constantly mobile 

even without inflammation and infection. When microglia cells become activated, the 

morphological changes and the bodies enlarge, become round and their synapses become 

shorter or disappear which enhance their phagocytic and migratory abilities (Yu et al., 2020).  

 

The morphological and functional changes of microglia activated under different stimulations 

are not completely clear (Wu et al., 2018). As described in chapter 3, mCRP has morphological 

effects on U937 monocytes and human coronary artery cells. During this research, it was 

observed that mCRP causes morphological effects on microglia cells (HMC-3 cells) but also 

alters the way the cells migrate and halters the motility of the microglia cells. Interestingly, this 

effect was not seen when microglia cells were treated with nCRP. Scanning electron microscope 

observation of mCRP treated microglia cells showed membrane morphology and integrity 

changes, losing microvilli, budding, swelling, formation of apoptotic body, and total cell 

rupture. Motility and migration are important and microglia cells control this through filaments 

which form a structure known as lamellipodia and filopodia (Franco-Bocanegra et al., 2019). 

Holo monitor microscope system was used to observe and analysis the effects of CRP isoforms 

(mCRP and nCRP) on HMC-3 microglia cells. Microglia cells can change migration when 

stimulated by inflammation. It is well established that different receptors have different effects 

on the migration of microglia cells. For example, LPS has been seen to inhibited microglia 

migration. The mechanism remains elusive to how LPS can inhibited migration of microglia 

cells, but evidence does suggest it could be due to the down regulation of the purinergic 

receptor P2Y12. As previously described, migration is important as when microglia cells 

become activated, they move towards the injury site. In turn, this activation leads to a cascade 

of events in which inflammatory cytokines and chemokines are release causing more damage 

(Yu et al., 2020). Further to this, mCRP was also found to affect the motility and motility vs 

directness. Migration and motility go hand in hand with a significance important in the human 
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body and especially the resident brain cell which move towards sites of inflammation and 

important in neuroinflammation. It is vital to find the mechanism by which mCRP is inhibiting 

HMC-3 motility and migration as this could affect the way microglia cells to neuroinflammation 

after an ischemic event. In this case, mCRP is seen to accumulated after an ischemic event and 

the significant importance of microglia cells in ischemic injury. 

4.4.2 mCRP causes pro-inflammatory cytokine to increase with GW3965 potentially acting as 

an inhibiting compound.   

 

mCRP has been shown to have pro-inflammatory properties whereas nCRP does not. Not only 

is mCRP seen as an inflammatory mediator it is also bound to several different cell types 

including endothelial cells, neutrophils, and macrophages(Fujita et al., 2014). During this 

research, mCRP was used to induce an inflammatory response in HMC-3 microglia cells and had 

a similar stimulatory effect to LPS which is a well-known inflammatory mediator in 

inflammatory in vitro studies (Lively and Schlichter, 2018). mCRP was seen to significantly 

increase pro-inflammatory cytokines levels IL-6 over 6- and 24-hour periods. Further to this, 

levels of IL-1b were significantly increased over 6 hours but returned to normal after 24 hours. 

Interestingly, TNFa levels did increase and were in line with LPS, but the levels were not 

deemed significant when compared to the control. In the current research, mCRP is 

demonstrated to be a molecule that is critical to inflammation, plus the results display the 

damage on different cell types and causing aggregation formation it is vital to research the pro-

inflammatory mechanisms and therapeutic target to reduce this response to aid in 

neuroinflammation treatment after ischemic events  (Sproston and Ashworth, 2018; Sproston 

et al., 2018). In a previous study, levels of TNFa and IL-1b were seen to be induced in 

macrophages and glial cells by mCRP through induction of NO. This showcases the pro-

inflammatory effect of mCRP and perpetuating damage (Al-Baradie et al., 2021). Through the 

stimulation of mCRP, it has also been shown that other pro-inflammatory markers are 

upregulated including IL-6, IL-8, and MCP-1 with the association through the NF-kB 

transcription factor (Zeinolabediny et al., 2021). Interestingly when MCP-1 cytokines levels 

were analysed, LPS caused a significant increase however mCRP did show an increase, but this 

was not significant in line with LPS. As levels were measured at the 6-hour mark as this period 

was important due to acute inflammation response, it could be that the peak of MCP-1 was not 
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observed in this period. This is a possibility as levels did increase but not significantly to the 

control. For example, a study showed that peak MCP-1 levels in mouse brain and serum were 

reached at the 6-hour mark after LPS stimulation  (Thompson et al., 2008). However, it must 

be noted levels can be altered slightly depending on if tissue or fluid is measured. MCP-1 is a 

vital cytokine to research as IL-6 can induce this cytokine (Viedt et al., 2002). IL-6 can regulate 

CRP and with the dissociation to mCRP and the increased levels of IL-6, there is clear evidence 

a cascade of events occurs that interplay with each other in response to inflammatory events  

(Biswas et al., 1998; Arendt et al., 2002; Strecker et al., 2011). Other cytokines and chemokines 

which were seen to be increased during this research included RANTES and IL-9. RANTES is an 

important pro-inflammatory chemokine which at sites of inflammation recruit leukocytes (Hu 

et al., 1999). As seen in this work and previous work to date, we understand that mCRP 

mediated an inflammatory response and increased levels of several important cytokines. There 

is a need to find a potential therapeutic which can reduce such a response after an ischemic 

event to prevent the long-term damage caused by prolonged inflammation. As we understand 

currently inflammation is vital in repair but can also be negative. One such target of interest as 

an anti-inflammatory and potential ischemic stroke treatment is GW3965 LXR agonist. HMC-3 

microglia cells' inflammatory response was induced by mCRP. HMC-3 cells were also then 

treated with and without GW3965 (2.5 µm) to determine if the agonist has the potential to 

block the pro-inflammatory cytokine increase. HMC-3 cells were pre-treated for 30 minutes 

before the inclusion of mCRP 100 µg/ml. Indeed, GW3965 was seen to be able to reduce several 

key pro-inflammatory cytokine and chemokine levels (IL-6, MCP-1, IL-1b, IL-9 and RANTES) in 

HMC-3 microglia cells.  Another study displayed that GW3965 has neuroprotective properties 

which were associated with the NfKb p65 subunit and overall decreased hippocampal 

expression of COX-2 and NfKb target gene presenting that LXR receptor could protect neuronal 

damage after an ischemic event (Cheng et al., 2010). Interestingly, during the current research 

immunofluorescent staining was employed and cells were stained with both IL-6 and NfKb p65 

to determine the potential mechanism which is at play. LPS was seen to increase Il-6 

inflammatory cytokine levels, and this was also the case for mCRP but not significantly. GW3965 

(2.5 µM) was used as a therapeutic to determine if this anti-inflammatory could reduce the 

response of IL-6 in LPS and mCRP-treated microglia cells. Levels were significantly reduced 

when samples were pre-treated with GW3965 and then with LPS inflammatory mediator. 
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However, this was not the case for mCRP treatment HMC-3 cells with therapeutic target 

GW3965. This body of research shows that IL-6 have a play in inflammation and that GW3965 

is a promising anti-inflammatory therapeutic. Nunomura et al. (2015) showed when activation 

of LXRα is caused by the agonist GW3965 the production of key cytokines (IL-1α and IL-1β) are 

suppressed in wild-type LXRα (−/−) BM-derived mouse mast cells. This research indicated this 

may be mediated by LXRβ. This finding indicates that IL-1α may cooperate with IL-1β to regulate 

interleukin networks (Nunomura et al., 2015). 

4.4.3 mCRP does not alter gene expression is several markers at selected time points. 

 

Some interesting results were presented when mCRP-stimulated microglia cells were analyzed 

for gene expression after protein levels were seen to be significantly upregulated. The control 

was set to establish a baseline for each gene of interest which were IL-1b, IL-6, and TNFa which 

are major players in neuroinflammation and ischemic stroke (Pawluk et al., 2020). LPS, which 

was used as the positive control was seen to upregulate IL-1b levels at the 3-hour mark, but no 

change was presented in the other cytokines and other time points of 6 and 24 hours. mCRP 

which is seen as a pro-inflammatory mediator down regulated gene expression of IL-1b levels 

at the 3-hour mark, but no change was noted in either IL-6 or TNFa at the 3-hour mark, or 

subsequently 6- and 24-hour time points. GW365 LXR agonist causes upregulation in gene 

expression of Il-1b at 3 hrs, IL-1b and TNFa at the 6-hour mark. LPS is a known inflammatory 

mediator which has been shown to cause a marked increase in the expression of several 

cytokines. For example, a study observed gene expression of levels of IL-6, −8, TNFα, MMP-9 

and TIMP-1 after human airway epithelial cells were stimulated with LPS. They found that all 

these cytokines were significantly activated through the signaling pathways NF-κB, STAT3 or 

AP-1 (X. Liu et al., 2018). It must be noted that this study used different cells from the work 

presented above which used microglia cells. A study performed on microglia cells showed that 

LPS does indeed cause a marked increase in levels of IL-1b, IL-6, and TNFa in a dose-dependent 

manner (Minogue et al., 2012). Interestingly, during gene expression analysis in this work 

marked increase was only found in IL-1b and not any other cytokine as well as another time 

point. This can then lead to questioning what is happening. It would be increasing in significance 

to obverse a greater time point as the switching on of the genes and the peak levels could be 

missed. From the protein levels, we understand that there are increasing levels of several pro-
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inflammatory cytokines caused by the stimulation of positive control LPS and mCRP which is 

also presented in the literature. As we are aware, mRNA plays a pivotal role in determining the 

protein amount (Y. Liu et al., 2016). This is important to note as we understand protein levels 

are increasing but mRNA was not seen to be upregulated by either mCRP or LPS. 
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Chapter 5 - Determine the potential anti 

– inflammatory potential of Adipose 

derided MSCs. 
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In this chapter, some data has been pre – published in Guo, B.; Sawkulycz, X.; Heidari, N.; Rogers, 

R.; Liu, D.; Slevin, M. Characterisation of Novel Angiogenic and Potent Anti-Inflammatory Effects 

of Micro-Fragmented Adipose Tissue. Int. J. Mol. Sci. 2021, 22, 3271. 

https://doi.org/10.3390/ijms22063271.  

 

More work has been generated since publication which is outlined in chapter 5 of this PhD. Copy 

of the front page is in Appendix of the paper.  
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5.1 Introduction  

5.1.1 Anti-inflammatory benefits of MSCs derived from micro-fragmented adipose tissue. 

 

MSCs are multipotent and self-renew with the ability to repair damaged tissue. MSCs have anti-

inflammatory properties and are immunomodulated, therefore making them potential 

candidates for cell-based therapies (Salari et al., 2020). MSCs can protect against cerebral 

ischemic injury by preventing neuronal damage via the inhibition of apoptosis (Y. Zhang et al., 

2020). After the event of cell or tissue injury, MSCs can become activated by inflammatory 

cytokines and once activated they locate to sites of damage and induce tissue-regeneration. 

MSCs secrete numerous immune factors including  IL-10, fibroblast FGF, vascular endothelial 

growth factors (VEGF), platelet-derived growth factor (PDGF), hepatocyte growth factor (HGF), 

TGF-β, and Insulin like Growth Factor 1 (IGF-1), and though much research has been conducted 

on these cells, the mechanisms by which MSCs are recruited and activated is still unclear (Salari 

et al., 2020). Fat tissue can be a major source of MSCs within the body, and therefore is of great 

interest especially as they also produce numerous immune and cell protective factors such as 

specific anti-inflammatory and immunosuppressive cytokines in addition to growth factors 

including iNOS, TGF-b and TSG 6 as examples. Other principal factors include extracellular 

vesicles that are important as they have been seen to have the ability to retain anti-

inflammatory properties and therefore are also a target for research for cell-based therapist 

(Nava et al., 2019). 

5.1.2 Current use of adipose-derived mesenchymal stem cell in a clinical setting 

 

Fat tissue has several capabilities and a variety of physiological functions. Micro-fragmented 

adipose tissue (MFAT) has already been used in clinical setting with documentation of being a 

success. Some of the conditions which have benefited from the use of MFAT include 

osteoarthritis, post-menopausal vaginal atrophy, the repair of perianal fistulae and diabetic 

foot (Giordano et al., 2014; Cattaneo et al., 2018; Laureti et al., 2020). Several clinical trials have 

tested the role adipose-derived stem cells as a potential therapeutic and regenerative therapy 

in several different disease. Table 18 shows a breakdown of the current clinical trials using 

adipose derived stem cells which is broken into categories of disease to show the important of 
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research in this potential therapeutic. For example, adipose-derived stem cells have been used 

in clinical setting in patients with knee problems like osteoarthritis with promising recovery 

rates or reduced pain. A 2-year follow up study demonstrated that quality of life improved and 

functionally in elderly patient with knee osteoarthritis OA at grade between 2 and 4 (Gobbi et 

al., 2021). 

 

Table 15 – The use of adipose derived stem cell in clinical trials. 

Clinical trial 

number 

status Title Disease/con

dition 

Interventions 

NCT01649700 Completed Treatment of Sequelae 

Caused by Severe Brain 

Injury with Autologous 

Adipose-derived 

Mesenchymal Stem 

Cells 

Brain Injury The efficacy and 

safety of 

autologous 

transplantation 

of ADMSC 

observed  

NCT04063215 Active, not 

recruiting 

A Clinical Trial to 

Determine the Safety 

and Efficacy of Hope 

Biosciences Autologous 

Mesenchymal Stem Cell 

Therapy for the 

Treatment of Traumatic 

Brain Injury and 

Hypoxic-Ischemic 

Encephalopathy 

Traumatic 

brain injury 

Biological: HB-

adMSC 

NCT04744051 Recruiting ATCell™ Expanded 

Autologous, Adipose-

Derived Mesenchymal 

Stem Cells Deployed Via 

Intravenous Infusion 

Post-

concussion 

syndrome 

Drug delivery of 

50, 150, 300 

ADSC Infusion 

were given and 

Placebo Infusion 
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NCT04280003 Recruiting Allogeneic Adipose 

Tissue-derived 

Mesenchymal Stem 

Cells in Ischemic Stroke 

Allogeneic 

Adipose 

Tissue-

derived 

Mesenchym

al Stem Cells 

in Ischemic 

Stroke 

Other: Alogenic 

adipose tissue-

derived stem 

cells 

Drug: Placebo 

solution 

NCT01678534 Completed Reparative Therapy in 

Acute Ischemic Stroke 

with Allogenic 

Mesenchymal Stem 

Cells from Adipose 

Tissue, Safety 

Assessment, a 

Randomised, Double-

Blind Placebo 

Controlled Single Center 

Pilot Clinical Trial 

(AMASCIS-01) 

Ischemic 

stroke 

Drug: Allogenic 

mesenchymal 

stem cells from 

adipose tissue 

Drug: Placebo 

NCT02813512 Completed Clinical Trial Study 

About Human Adipose-

Derived Stem Cells in 

the Stroke 

Stroke Drug: ADSCs 

Activate or completed looking at potential in traumatic brain injury and ischemic stroke. Information was 

obtained from the clinical trials website https://www.clinicaltrials.gov/ 
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5.2 Aims and objectives. 

 

To investigate the properties of MFAT as a potential anti-inflammatory therapeutic using 

in vitro based models and functional assays 

 

1. Fully characterise and compare MFAT from 10 individual donors obtained from 

liposuction and processed by lipogems international spa processing device. 

2. Elucidate the Inflammatory, chemokine and cytokine expression of MFAT cultured 

medium for the potential therapeutic use. 

3. Observe the effects of MFAT cultured medium using LPS to induce inflammation in an 

in vitro model using U937 differentiated monocytes to macrophages.  
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5.3 Results  

5.3.1 Characterisation of key cytokine, chemokine, and growth factor secretion from MFAT 

samples 

 

Multiplex analysis was conducted to observe MFAT secretion of key markers of inflammation, 

regenerative responses, and anti-bacterial and vasculogenesis markers. This data was 

presented in a heat map overview with purple showing the least amount of secretion and 

yellow indicating elevated levels of different molecules secretions as seen in (Figure 46A). Most 

interestingly, there was a notable production of the IL-1Rα antagonist with a significant 

increase between 24 hrs and 5-day culturing in serum-free MEMα as seen in figure 45B 24 

hours 1960 ± 723 (95% CI 292.6 – 3627) vs day 5 20969 ± 10776 (95% CI -3880 – 45817) p = 

0.0039). Significant production of MIG (CXCL9) protein was produced with increasing levels 

between 24 hrs and 5-day culturing in serum-free MEMα as shown in figure 46 C (p = 0.0039). 

24 hours 1844 ± 661.4 (95% CI 318.8 – 3369) vs day 5 4423 ± 755.7 (95% CI -2681– 6166) p = 

0.0039). In Figure 45D, a slightly different profile for a hepatocyte-derived growth factor (HGF) 

was found with notable quantities of HGF produced even after 24 hrs and maintenance of 

secretion over 5 days. 24 hours 1635 ± 572.1 (95% CI 315.8 – 2954) vs day 5 1261 ± 299.7 (95% 

CI 569.6 – 1952) p = 0.6523. 
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24 hours and five days MFAT condition medium were measure for expression of cytokine, chemokine, 

and growth factors. A), Heat map of 32 factors. (B); IL-1Ra was significantly increased between 24 hours 

and 5-day MFAT culture medium (p= 0.0039). (C); There was a significant increase in MIG between one 

day and five-day culturing in serum free MEMα (p = 0.0039). (D); The expression of HGF was found but 

this remained stable between 24 hours and 5-day culturing (p = 0.6523). Data presented figure presented 

as Mean± SEM (CI 95%) and a Wilcoxon test performed (p* = < 0.05 and p **= <0.01, (n=10) 

 

 

 

Figure 46 - Cytokines and growth factors in the MFAT condition medium in a serum free culture for 24hrs 

and 5 days. 
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TGFβ1 and β3 were produced and secreted into the medium by MFAT and levels significantly 

increased over the five-day period. TGFβ1 protein levels were measured at 24 hours (57.80   ± 

24.28) and day 5 (567.7 ± 158.8). Protein levels increased significantly at day 5 compared to 24 

hours (CI 72.80 to 965.0, p = 0.0320) as displayed in figure 47A. TGFβ3 protein levels were also 

measured at the 24 hours (8.535 ± 1.904) and 5-day mark (24.96 ± 4.279). MFAT-conditioned 

media secretion levels of TGFβ3 were significantly increased at day 5 compared to 24 hrs (CI 

95% 6.585 to 26.27, p = 0.0025) as displayed in figure 47B.                                                                                                                                                                                                         

                                         

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 47 – MFAT secretion levels of TGFβ1-3 secretion  
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Levels of TGFβ1 and β3 protein secretion in MFAT conditioned media at 24 hrs and day 5 was 

measured ELISA. A) TGFβ 1 protein levels were significant increased at day 5 (p=0.0320) (n3). 

B) TGFβ3 secretion significantly increased at day 5 (p=0.0025) (n10). Unpaired T test with data 

presented as Mean ± SEM (p* = < 0.05 p **= <0.01) 
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Protein levels of several different cytokines and chemokines were significantly increased in an 

MFAT-conditioned medium in a serum-free culture. IL-1b levels were measured in the 

conditioned media at 24 hrs (2.614 ± 1.037) compared to 5 days (18.16 ± 6.655) with CI 95% (-

19-23 to – 5.649) p = 0.0039. IL-6 secreted levels at 24 hrs (2925 ± 902.7) were higher compared 

to levels at day 5 (1480 ± 333.8) but were not deemed significant with CI 95% (-437.3 to 3568) 

p=0.0742. TNFa levels were significantly different between 24 hours (307.3 ± 69.26) and day 5 

conditioned media (852.2 ± 171.9) with CI 95% (146.6 to 997.7) p = 0.0078. MIP-1 beta protein 

levels were significantly different between 24 hours and 5 days (p=0.0078). IL-4 protein levels 

were significantly increased from 24 hours and 5 days (p=0.0156). 

 

 

  

 

 

 

 

 

 

 

  

 

  

 

 

 

 

A, B, C and D) There was a significant increase in TNFa IL-1b, IL-4 and MIP-1b between one day 

and five-day culturing in serum free MEMα (p < 0.05 *). E) IL-6 levels were not significantly 

different, but levels did drop by day 5. Wilcoxon matched – pairs signed rank test (n9) 
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Figure 48 - Observation of 24 hour and day 5 culture MFAT media for secretion of several important 

cytokines and growth factors in culture media for one day and five days. 
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5.3.2 Differentiation of monocytes into M0 macrophage 

Monocytes were transformed into macrophages using Phorbol 12-myristate 13-acetate (PMA) 

at a concentration of 50 ng/mL for 24 hours. Figure 49A represents monocytes which present 

as round floating cells in suspension. Figure 49B represents monocytes transformed into 

adherent macrophages and characterised by increased adhesion and formation of clumps.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Monocytes (PMA -). A 

Macrophages (PMA +) B 

Figure 49 - Morphology of U937 cells before and after treatment with PMA at 50 ng/mL for 72 
hours to differentiated monocytes to macrophages. 
A) Cell appears to be rounded in shape and remain in suspension (floating). B)  Cell have become 

adherent with the formation of clusters and cell presenting with ruffled membrane. Images taken 

using an axiovert 40C inverted phase contrast microscope at 4 x magnification. 
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The conversion of U937 monocytes into a distinct population of macrophages was confirmed 

via the detection of the FITC-conjugated anti-human CD11c surface marker (Rios de la Rosa et 

al., 2017) by flow cytometry figure 50. Untreated control U937 monocytes lacked the CD11c 

surface marker (17.52%) as well as stained monocytes (16.35). Whereas U937 PMA 

differentiated macrophages were 90.22% positively stained for CD11c+. Figure 50E shows an 

overlap in the 4 different conditions and differentiated macrophages (red) clearly show positive 

staining with a shift to the right. Green, yellow, and blue in the histogram represent control and 

present with no staining for CD11c. The red peak is presenting macrophages which have 

successfully been through PMA treatment and present with positive staining.
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CD11c surface mark was used to confirm the differentiation from monocytes to macrophages by flow cytometry. A) Unstained macrophages (- for 

CD11c, B, Stained Macrophage (+ for CD11c), C) Unstained monocytes (- for CD11c, D) stained monocytes (- for CD11c) and E, overlay of all condition 

to easy represent the shift in stained macrophages which is indicated by the red line. (n=3)

Figure 50 - Flow cytometry confirming U937 monocytes differentiation into M0 macrophages 
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5.3.3 The Effects of the MFAT Conditioned Medium on the LPS-Stimulated Macrophage 

Expression of Pro-Inflammatory Cytokines 

 

IL-1b protein levels were measured in the supernatant collected after U937 differentiated 

macrophages were stimulated with 10 ng/ml of LPS for 6 hours with and without MFAT-

conditioned media (1/10). Figure 51A, IL-1β protein levels were significantly increased 

compared to the control baseline after treatment with the known inflammatory mediator LPS 

CI 95% (-35.26 to -14.38) p = <0.0001. LPS (10 ng/ml) treatment with MFAT conditioned media 

(1/10) showed a reduction in IL-1b protein levels compared to LPS treated samples CI 95% 

15.36 to 36.23) p = (0.0001). Levels of IL-6 protein were significantly increased compared to 

the control baseline after stimulation with LPS inflammatory mediator CI 95% (-6166 to -4740) 

(p = <0.0001). LPS treatment with MFAT-conditioned media showed a reduction in IL-6 protein 

levels compared to LPS-treated samples CI 95% (4507 to 5933) p = 0.0001 (p=0.0001). Further 

observation shows levels nearing baseline.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 51 - MFAT condition medium attenuated LPS (10 ng/mL) mediated cytokines secretion of IL-

1ß and IL-6  
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(A)IL-1b protein expression levels; (B); IL-6 expression. 6-hour incubation of 10 ng/ml LPS with and without 

MFAT (1/10), samples tested from the day five conditioned medium of MFAT cultures by an ELISA. Data 

presented as Mean ± SEM - One-way anova (p**** <0.0001. (n=5) 
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5.3.4 The Effects of the MFAT Conditioned Medium on the LPS-Stimulated Macrophage gene 

expression. 

 
Figure 52 is a reference gene stability plot in which RPLPO and PABCP4 were deemed to be 

ideal as housekeeping gene for analysis of this gene expression analysis.  

 

 

 

 

 

 

 

 

 

Figure 53A presents the IL-1b gene expression analysis in which the 6-hour treated LPS (10 

ng/ml) simulated samples (0.04516 ± 0.007) caused a significant increase in IL-1b expression 

levels when comparing the control baseline group 2.328 ± 0.3634 with a CI 95% -3.106 to -

1.459 (p = <0.0001). LPS 10 ng/ml in combination with MFAT conditioned media (0.06576 ± 

0.009) significantly decreased levels of IL-1b expression when compared to LPS treated samples 

(2.328 ± 0.3634) with a CI 95% 1.438 to 3.085 (p = 0.0001). Figure 53B, presents the IL-6 gene 

expression analysis in which the 6-hour treated LPS (10 ng/ml) stimulated samples (0.01452 ± 

0.003) caused a significant increase in IL-6 gene expression levels compared to the control 

baseline group (2.328 ± 0.2901) with a CI 95% -2.970 to -1.656 (p = <0.0001). LPS 10 ng/ml in 

combination with MFAT conditioned media (0.013 ± 0.0035) significantly decreased levels of 

IL-6 expression when compared to LPS treated samples (2.328 ± 0.2901) with a CI 95% 1.657 

to 2.971 (p = 0.0001). Figure 53C presents a TNFa gene expression analysis in which the 6-hour 

treated LPS (10 ng/ml) stimulated samples (2.328 ± 0.2978) caused a significant increase in 

TNF� gene expression levels compared to the control baseline group (0.1118 ± 0.007) with a CI 

95% -2.892 to -1.540 (p = <0.0001). LPS 10 ng/ml in combination with MFAT conditioned media 

(0.1640 ± 0.082) significantly decreased levels of IL-6 expression when compared to LPS treated 

samples (2.328 ± 0.2978) with a CI 95% 1.488 to 2.9840 (p =<0.0001). Figure 53E presents IL-

10 gene expression analysis in which the 6-hour treated LPS (10 ng/ml) stimulated samples 

Figure 52 – Housekeeping gene stability plot for PABC4 and RPLPO 
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(1.760 ± 0.1678) caused a significant increase in gene expression levels compared to the control 

baseline group (1.000 ± 0.036) with a CI 95% -1.285 to -0.2347 (p = <0.0073). LPS 10 ng/ml in 

combination with MFAT conditioned media (0.9570 ± 0.1374) significantly decreased levels of 

IL-10 expression when compared to LPS treated samples (1.760 ± 0.1678) with a CI 95% 0.2777 

to 1.328 (p =<0.0053). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A)Reference gene housekeeper stability plot, B) IL-6 gene expression, C) TNFa  gene expression, 

D) IL-1b  gene expression and E) IL-10 gene expression, Data presented as Mean ± SEM - (p* = 

< 0.05 p **= <0.01, p*** = < 0.001, p**** <0.0001. (n=5) 
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Figure 54 – MFAT conditioned media attenuates the upregulation of key-pro-inflammatory 
cytokines after LPS treatment.   

 
Figure 55 – MFAT conditioned media attenuates the upregulation of key-pro-inflammatory 
cytokines after LPS treatment.   
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5.4 Discussion 

5.4.1 Characterisation of Cytokine Secretion from MFAT Samples 

Cytokines and growth factors are present in the conditioned medium from MFAT cultures (in a 

serum free culture after one day and five days). Several key markers of inflammation, 

regeneration, anti-bacterial and vasculogenesis were looked at. IL-1Ra levels were increased in 

5-day cultured MFAT conditioned media. IL-1Ra has immunosuppressive benefits as well as 

potential to reduce the inflammatory effects of IL-1, via stopping the binding of either IL-1a or 

IL-1b (Dinarello et al., 2012). There was also an increase in IL-1b levels from the 24-hour mark 

to the five-day mark. Interestingly, when looking at a previous study which indicates derived 

from macrophages could stimulate MSCs to secrete IL-1ra (Lu et al., 2021), there was a 

significant production of MIG protein (CXCL-9) in MFAT conditioned media which increased 

between 24 hours and day 5. This chemokine plays an essential role in the induction of 

chemotaxes to promote differentiation of leukocytes (Venetz et al., 2010). This protein also has 

anti-microbial benefits and is involved in immunoregulatory and inflammatory process. The 

antimicrobial benefits of this protein can help to protect against infection during or after 

treatments. CXCL- 9 has an extremely significant role in the regulation of cell recruitment to 

the sites of inflammation (Koper et al., 2018). Hepatocyte derived growth factor (HGF) was 

found with notable quantities of HGF produced even after 24 h and a maintenance of secretion 

over five days. HGF is secreted by MSCs, which plays an important role in MSC therapy. HGF 

has several different properties which include anti-apoptotic, immune regulation activities, 

which can prevent apoptosis inflammation and promote angiogenesis (Meng et al., 2022). 

There was production of TGFβ1 and β3 in MFAT conditioned media with levels significantly 

increasing between 24 hrs and 5 days. TGFβ1 and β3 are known to coordinate wound healing, 

control immune cell function, regulate differentiation, and cell growth in both epithelial and 

endothelial cells and finally maintain extracellular matrix (Kubiczkova et al., 2012). IL-4 was 

present in the conditioned media of the MFAT samples, levels significantly increased from 24 

hrs to 5 days. IL-4 is an important cytokine in the CNS in which it provides neuroprotection and 

regeneration following an injury by inducing microglia and macrophages to a regenerative 

phenotype (Daines et al., 2021) 
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5.4.2 The Effects of the MFAT Conditioned Medium on the LPS-Stimulated Macrophage 

Expression of Pro-Inflammatory Cytokines 

First, an in vitro inflammatory cell model was established with U937 differentiated 

macrophages. PMA treatment successfully induced the differentiation of U937 monocytes into 

M0 macrophages as seen in figure 48 and 49. The differentiation was confirmed by the 

expression of the CD11c surface marker which are expressed by macrophages and with 

monocytes lacking the marker.  

An LPS in vitro model was used to test the anti-inflammatory properties of MFAT conditioned 

media. MFAT conditioned media was successfully able to reduce IL-1b and IL-6 protein levels 

which were significantly increased after U937 differentiated macrophages were treated with 

LPS. As previously described, MFAT has several different benefits and one include the secretion 

of many different cytokines and chemokines (B. Guo et al., 2021). As from the results, anti-

inflammatory cytokines are released from the conditioned media. From the literature, it is 

known that pro-inflammatory cytokines, IL-1, IL-6 and TNF a can be inhibited by the anti-

inflammatory cytokine like IL-4 and IL-10 in part via the transcriptional repression (Achsah D 

Keegan, 2014; Anovazzi et al., 2017). Gene expression levels were seen to be significantly 

upregulated after the treatment of LPS, which is a similar response in other studies that use 

LPS as a mediator (Suzuki et al., 2000). MFAT was able to significantly reduce levels of gene 

expression in several pro inflammatory cytokines. MFAT has been seen to reduce gene 

expression levels (Zhou et al., 2020). A study found that adipose derived cells were able to 

produce IL-6 in turn promoting osteogenesis (Huh and Lee, 2013). Another found that adipose 

derived stem cell can down regulate gene expression of CCL19, CCL5, TNFSF15 and IL-1b (Taha 

et al., 2020). MFAT is a promising tool for degeneration and has the potential to act as an 

inflammatory inhibitor which has been seen to down regulate important pro inflammatory 

cytokines and chemokines which were observed in this study. 
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Chapter 6 Conclusions and future work 

6.1 Conclusion  

 

It is well established that neuroinflammation has a significant role to play in ischemic stroke. 

Neuroinflammation has a positive role after an ischemic event to induce the healing process. 

However, inflammation is also detrimental and can cause long-term inflammation which 

subsequently causes further damage to the brain. Pro-inflammatory cytokines such as IL-6, 

TNFa and IL-1b play a role in neuroinflammation after the ischemic event. During this project, 

several different experiments were employed to elucidate the inflammatory role mCRP plays 

and the effects upon U937 monocytes or U937 differentiated macrophages and HMC-3 

microglia cells. Selected LXR agonists and MFAT were also analysed to determine if they could 

be successful in attenuating increased pro-inflammatory cytokines production after 

inflammatory stimulation with mCRP or LPS. Determining the potential anti-inflammatory 

benefits of MFAT showed the ability of the tissue to secrete vital anti-inflammatory cytokines 

and chemokines into the conditioned medium. The next step was to employ an inflammatory 

in vitro model to determine if MFAT could significantly attenuate the inflammatory response 

within U937 differentiated macrophages. From the results, it was presented that MFAT does 

have anti-inflammatory properties and thus significantly attenuates the increased production 

of pro-inflammatory cytokines caused by LPS. This research has displayed the importance of 

continued research into different inflammatory therapeutics which could have the ability to 

regulate the inflammatory response for example after an ischemic event. These studies have 

shown the importance of ongoing research into mCRP to unlock the mechanisms this protein 

plays in different cells, inflammation and in ischemic stroke. Two different potential therapeutic 

targets show the promising result in reducing protein and gene expression levels. There are 

several areas which require further work. 
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Key outcomes  

 

1. Demonstrated that mCRP is a pro-inflammatory risk factor and can morphologically 

manipulate microglia cells to prevent normal growth. 

2. Assessed selected compounds of interest for therapeutic treatment and based on this 

screening identified GW3965, an LXR agonist, with potential to reduce inflammatory 

effects of LPS and mCRP.  

3. Established cell line models of inflammation incorporating adipose-derived 

mesenchymal stem cells (AdMSC)  

4. Demonstrated the protective properties of AdMSC mediated through the release of 

anti-inflammatory cytokines including IL-1ra. 

6.2 Future work and limitations  

 

Firstly, in this study, we established that mCRP is causing suspension monocytes to form 

aggregations which become increasingly prominent over 24 hours. mCRP can induce necrosis 

and cell death of U937 monocytes stimulated with mCRP over 24 hours with the effect taking 

place at the 6-hour mark. This was further shown with high-resolution imaging using the 

scanning electron microscope. It is possible to say that mCRP is having a negative impact. The 

next stage would be to determine by which mechanism this damage is occurring. Evaluating 

selected adhesion molecules would be beneficial to determine the mechanism by which 

aggregation formation is occurring. Ideally, this would be performed through ELISA, qPCR, and 

western blot analysis. It must be noted that research was only carried out on U937 monocytes 

alone, and it may have been beneficial to obverse the effect in differentiated macrophages.  

 

It was clear that mCRP caused significant effects on the normal morphology and physiology of 

HMC-3 microglia cells. The data presented showed both migration and motility were affected. 

It was deemed that mCRP caused significant upregulation of several key pro-inflammatory 

markers and further to this LXR agonist GW3965 was deemed to attenuate this response. The 
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next logical step would be to determine the signalling pathway which is activating the 

inflammatory response. Several pathways of significant interest are NfKb and MAPK, which 

have previously been seen to regulate inflammatory signalling in mCRP-treated cells. 

Immortalised microglia cells were used during this work which has the limitation that they do 

not react in the same way as primary cells. Further to these primary cells you can gain true 

biological and technical repeats through specific donors. The main drawback of this 

experimental model is that it was based on a mono 2D culture. Using a 3D-based cell model of 

the neurovascular unit could be beneficial in answering questions about the inflammatory 

response after an ischemic event and testing potential therapeutic compounds.  

 

It was determined that adMSC secrete vital anti–inflammatory cytokines and chemokines. It 

should be acknowledged that our data on the release of cytokines from MFAT was based on 

secretion in a neutral serum-free culture environment and that this may not reflect their 

activity and secretion in vivo. Further to this, using the MFAT in the LPS inflammatory in vitro 

cell model, showed that MFAT has the potential to be able to reduce key pro-inflammatory 

cytokine protein levels and further can regulate gene expression of these several markers. A 

direction for further work would be to test the ability of MFAT and its anti-inflammatory 

properties using an inflammatory model using primary-based glial cells. To establish a better 

understanding and knowledge of how this could be beneficial in neuroinflammation. It is also 

important to determine the mechanism by which the reduction is occurring and which 

signalling pathway is activated. It is known that NfKb is an essential signalling pathway which is 

at play in inflammation and neuroinflammation. 
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