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Abstract 

Atherosclerosis is a chronic inflammatory disease of the arteries, although the causative 

agents for inducing inflammatory processes related to atherosclerosis remain unclear. 

Dietary patterns may play a role in the commencement of inflammation, which may 

contribute to the progression of the disease. This PhD project aimed to investigate 

potential mechanisms by which processed foods may induce inflammatory responses (in 

vitro, ex vivo and in vivo) and may increase cardiometabolic risk factors, with an emphasis 

on the potential roles of Toll-like receptor (TLR)-2 and TLR4 signaling. 
 

The present findings establish that TLR2 and TLR4 stimulants present in food are critical 

mediators of the capacity of food extracts to induce inflammatory signaling in human 

primary monocytes. Also, chronic dietary PAMP intake in healthy volunteers revealed that 

a low PAMP diet decreases cardiometabolic markers (leukocyte count, body weight, 

abdominal circumference, LDL-C level, thrombocyte counts and plasma leptin 

concentrations) significantly and these effects are rapidly reversed by a high PAMP diet. In 

addition, murine studies suggested that Kupffer cells, rather than hepatocytes, are the 

main sensors of dietary TLR2- and TLR4-stimulants, and that IL-1β signaling plays a key role 

in the expression of the APR and metabolic phenotypes induced by ingested 

lipopolysaccharide (LPS) in mice. Moreover, food additives may have an adverse role in 

changing gut barrier function which may results in the increased translocation of dietary 

TLR-stimulants into the circulation. 
 

In conclusion, these findings suggest that dietary TLR2- and TLR4-stimulants may be 

considered as a new possible risk factor for coronary artery disease. For the prevention of 

atherosclerosis, novel therapies could be developed to target the mechanisms of cross-talk 

between the TLR2/4 receptors, inflammatory responses and lipid regulatory pathways 

recognised by the current project. 
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Chapter 1 Introduction 

1.1. Cardiovascular disease 
 

Cardiovascular disease (CVD) is a general term for a collection of diseases which include 

peripheral arterial disease, coronary artery disease (CAD), stroke and heart failure. 

Cardiovascular disease is currently considered to be one of the major causes of death in 

the world, and one of the main causes of illness worldwide (Frostegård 2013). According to 

the National Health Service (NHS), coronary heart disease (CHD) is responsible for more 

than 73,000 deaths each year in the United Kingdom (UK), and it is estimated that men are 

more likely to be affected with CHD than women when they are under the age of fifty, but 

after that they will be equally affected.  

The heart is a muscle that pumps oxygen-rich blood through a network of arteries to 

the body organs and it returns through veins in a process known as a circulation. The heart 

receives its own supply of blood from blood vessels on its surface called coronary arteries. 

British Heart Foundation (BHF) Professor Martin Bennett at the University of Cambridge 

describes coronary artery disease as “the main arteries of human’s heart become blocked 

due to the accumulation of fatty material (atheroma) in the lining of the coronary artery 

wall and these fatty substances are strange to the human body which leads to 

inflammation” (Bennett 2013). It is believed that human arteries attempt to remove the 

inflammation through repairing the tissue, forming a fibrous material above the fat which 

forms a plaque with time, and the whole condition is referred to as atherosclerosis. 

Furthermore, risk factors which might increase risk of developing cardiovascular disease 

include lifestyle habits, tobacco smoking, excess weight (obesity), stress, 

hypercholesterolemia (high cholesterol), hypertension (high blood pressure), and diabetes. 

In addition, according to BHF statistics, more than a quarter of all deaths in the UK are 

due to cardiovascular disease. Figure 1.1 shows that over one fourth of the deaths in both 

male and female in the UK are caused by cardiovascular diseases, which include strokes 

[6% male and 8% female], coronary heart disease [15% male and 10% female] and other 

heart disease (Arteries, Veins, and Hypertensive diseases) [7% male and 8% female]. 

Furthermore, regarding the costs of cardiovascular diseases in the UK, BHF has estimated 

that the UK government spent 15.2 billion pounds in 2013/2014 on cardiovascular diseases 
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including health care, productivity losses due to mortality and morbidity, hospital 

treatment and prescriptions. Overall, cardiovascular diseases have a huge impact on the 

UK’s economy and are considered to be a major public health problem. 
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Figure 1.1: Deaths by cause in men (A) and women (B) in the United Kingdom in 2014. 

Adapted from (British Heart Foundation, 2015) 
 

Deaths by cause in men and women in the United Kingdom in 2014. 
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1.2. What is Atherosclerosis? 
 

Atherosclerosis is a chronic inflammatory disease, which occurs particularly in the 

intima (sub-endothelial space) of the large and medium sized arteries, with the activation 

of immune competent cells during the process of inflammation. The formation of the lesion 

in the arterial wall is a major precursor of atherosclerosis and this is due to cardiovascular 

risk factors, for instance smoking, high cholesterol, diabetes, and high blood pressure 

(Hansson 2006).  

High concentrations of cholesterol within the blood plasma, especially within the low-

density lipoprotein (LDL) fraction, play a key role in the earliest lesion formation which is 

known as the fatty streak, and which is considered as a common issue in early stages of 

human’s life.  

This leads to the accumulation of fatty materials within the intimal arterial layer, now 

referred to as atheroma, through the process of atherogenesis (Upston et al. 2002). 

Increased endothelial cell (EC) permeability to lipoproteins may result in the activation of 

adhesion molecules in the stressed area of arterial wall. This in turn is responsible for the 

adherence and migration of monocytes from the blood plasma to the intimal layer, where 

they become macrophages. Recruited macrophages then take up LDL within the intimal 

layer and form lipid laden cells referred to as foam cells, which also secrete cytokines and 

matrix modifying enzymes (Jan Nilsson et al. 2004). 

After the formation of foam cells within the intima, the lesion becomes more 

complicated through migration of smooth muscle cells (SMCs) from the media into the 

intimal layer and the formation of a fibrous lesion which is typically known as a ‘fibrous cap’ 

(Frostegård 2013). The fibrous cap represents a kind of healing response to the injury that 

covers up the macrophages, fatty materials, and debris which produces the necrotic core 

and could otherwise protrude into the lumen of the arterial wall (Ross 1999). Until this 

stage atherosclerotic plaques are clinically silent and are commonly referred to as ‘stable 

plaques’. 

However, with the continuous building up of fatty materials, especially LDL, within the 

intimal layer, the plaque can become unstable and the disease could be transformed from 

a chronic inflammatory state to an acute clinical condition due to plaque rupture and 

thrombosis (the formation of a blood clot), that could lead to arterial blockage, resulting in 
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clinical complications such as myocardial infarction (MI) and stroke. Figure 1.2 shows the 

various stages of atherogenesis with the typical duration required for development of each 

stage. Currently, in Western communities the high mortality and morbidity rates are due 

to acute myocardial infarction and stroke (Oliveira et al. 2015). Furthermore, the 

prevalence of asymptomatic coronary atherosclerosis of healthy donors between the ages 

of 20-29 years is about 40% and those between the ages of 30-39 years are about 60% 

(Tuzcu et al. 2001). 
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Figure 1.2: Different stages of atherosclerotic plaque formation. Taken from (Erridge Clett 

2009) 
 

Endothelial cell dysfunction due to the presence of irritants such as LDL molecules within blood is 

considered as a first step in lesion formation. Activation of adhesion molecules on the surface of 

endothelial cells leads to transmigration of blood monocytes to sub-endothelial layers. Monocytes 

develop into macrophages in order to scavenge LDL molecules which result in foam cell formation 

and release of different cytokines. With time, progression of the disease may happen and further 

foam cells may accumulate to increase the size of plaque. Eventually foam cells may die by necrosis 

creating necrotic core. Smooth muscle cells from the tunica media of the artery migrate to the 

stressed area and form a fibrous cap over the plaque so as to protect the plaque (in this case termed 

a stable plaque). The plaque may remain stable for decades but with the presence of further 

inflammatory events may cause the rupture of the plaque leading to the formation of a thrombus 

which may occlude the lumen of the artery. 
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1.3. Mechanisms of Atherosclerosis 
 

Scientists and researchers in the last three decades have agreed that atherosclerosis is 

a condition of lipid aggregation in the arterial wall and this will increase over time until the 

lumen of arteries diameter narrows and the movement of blood becomes difficult. 

Ultimately, this may lead to serious consequences, through blocking the whole artery’s 

lumen and resulting in myocardial infarction or stroke. Also, they recognize that the 

formation of the plaque is within, rather than on, the arterial wall. Researchers have 

furthermore identified a number of key mechanisms of plaque formation, as will now be 

discussed in the following sections.  

 

1.3.1. Endothelial cell dysfunction 

Inflammation contributes to all stages of atherosclerosis from commencement of the 

lesion to the rupture of unstable plaque by the aid of inflammatory cells, mainly 

monocytes/macrophages with T cells also having a key role in the process of atherogenesis. 

The lumen of the arterial wall is covered by endothelial cells, which prevent the adherence 

and penetration by leukocytes due to the expression of tight junctions between the ECs. 

It is thought that irritants, for example smoking, high-fat diet, high blood pressure or 

diabetes, could stimulate ECs to begin expressing adhesion molecules (Poole JC 1958). 

Elevated concentrations of low density lipoprotein (LDL), may also stress the endothelial 

cell to express adhesion molecules which leads to migration of monocytes from the lumen 

of the artery into the intima (Sever et al. 2003). Adhesion molecules, such as vascular cell 

adhesion molecule-1 (VCAM-1) and Intercellular Adhesion Molecule-1 (ICAM-1) will be 

expressed over the surface of ECs in order to capture and recruit monocytes and T cells 

through very late antigen 4 (VLA4) and Lymphocyte Function-Associated antigen 1 (LFA1) 

into the sub-endothelial layer which is known as intimal layer with the production of 

chemokines locally which facilitate the migration into the intimal layer (Cybulsky 1991); 

(Moore et al. 2013) (Figure 1.3). 

Endothelial dysfunction may also occur in response to reduced levels of haemodynamic 

shear stress, which is the frictional force acting on vascular endothelial cells in the direction 

of blood flow. It is thought that endothelial cells perceive this reduced shear force as blood 

slowing, which is apparently seen as a danger signal, thereby resulting in increased 
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expression of inflammatory markers and the consequent acceleration of atherosclerosis 

(Heo et al. 2014). 

 

 

 

 

 

 

 

 

 

1.3.2.  Fatty-Streak formation 

The progression of the disease will continue after the dysfunction of the endothelial 

cells due to the stimulants such as LDL molecules and the expression of adhesion molecules 

over the surface of ECs which have a big role in the migration of monocytes and T 

lymphocytes in to the intimal layer. The process of migration and accumulation of 

monocytes into the intimal layer will be supported by the presence of chemoattractant 

molecules for instance monocyte chemoattractant protein (MCP-1) that recruit monocytes 

into the stressed area and this is the beginning of immune cells accumulation (Libby 2006). 

After the recruitment of monocytes into the sub-endothelial layer, the monocytes will 

begin to mature and they will be transformed to produce macrophages (MΦ). Macrophage 

colony-stimulating factor (M-CSF) is the mediator which has a crucial role in the 

Figure 1.3: Lesion commencement which results in migration of Monocytes and T cells into 

the sub-endothelial layer. Taken from (Hansson 2006) 

 

The presence of irritants (LDL particles) in blood may cause lesion formation in endothelial cells 

which covers the lumen of the arteries. Lesion initiation increases endothelial permeability 

resulting in excessive aggregation of LDL molecules within intimal layer. In response to high 

concentration of LDL particles in the sub-endothelial layer, endothelial cells might express adhesion 

molecules (VCAM-1 and ICAM-1) so as to capture and transport monocytes and T cells into the 

intimal layer through VLA4 and LFA1. 
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transformation of monocyte to macrophage within the intimal layer (Clinton et al. 1992); 

(Rosenfeld et al. 1992). Consequently, the macrophages will release different cytokines, 

and this will have a role in boosting pro-inflammatory signals. Then, macrophages initialize 

the process of engulfment of LDL molecules due to the expression of many pattern-

recognition receptors (PRRs), such as scavenger receptors which may promote foam cell 

formation.  The whole process of monocyte recruitment and the formation of foam cells 

within the intima results in the development of the earliest form of the lesion, which is 

referred to as a fatty streak (Figure 1.4). 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

  

Figure 1.4: Differentiation of monocytes into macrophages and foam cell formation. Taken from 

(Hansson 2006) 
 

Migration of monocytes and T lymphocytes into intimal layer may happen due to excessive accumulation 

of LDL particles. Monocytes differentiated to macrophages by M-CSF initiate engulfment of LDL particles 

through surface receptors (SR-A1, CD36 and TLRs), which results in foam cell formation with the induction 

of inflammatory cytokines. 
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1.3.3.  Stable Plaque 

Foam cell formation through up taking the LDL particles by macrophages, is typically 

followed by the formation of an overlying layer of collagen and smooth muscle cells, 

resulting in a lesion referred to as a fibrous, or stable plaque. With time the number of 

foam cells will amplify as cells take up more lipid particles within the intima. Later these 

cells may die due to necrosis, leaving a mass of cell debris and lipid molecules referred to 

as a ‘necrotic core’, and this promotes the migration of smooth muscle cells (SMCs). 

Figure 1.5 shows the protective role SMCs play by migrating over the necrotic core and 

covering it like a cap, which may protrude into the lumen, finally producing a thick layer of 

fibrous cap (Spagnoli et al. 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Fibrous cap formation. Taken from (Ross 1999)  
 

Continuous aggregation of foam cells in the intimal layers and consequently cell death by necrosis results 

in formation of the necrotic core, a phenomenon which leads to an increase in the plaque size and 

protrude into the lumen of the arteries. In addition, smooth muscle cells from tunica media of the arteries 

may migrate and produce a protective cap over the necrotic core which is known as a fibrous cap. 
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1.3.4.  Unstable Plaque  

Stable plaques have a protective fibrous cap, which protects the lesion from any 

disruption. However, with time continued macrophage influx into the advanced lesion may 

lead to the over expression of pro-inflammatory mediators and proteolytic enzymes, 

consequently the stable plaque may convert to an unstable, vulnerable plaque which is at 

high risk of resulting in thrombus formation and arterial occlusion.  

The reason behind this phenomenon is firstly, due to the production of matrix-

degrading proteases such as matrix metalloproteinase (MMP) family, especially (MMP-1, 

MMP-8 and MMP-13), by activated macrophages, which have a direct role in collagen 

degradation (Dollery 2006). Secondly, the production of pro-inflammatory cytokines by Th1 

cells for instance interferon- and tumor-necrosis factor through the interaction with CD40 

on the macrophages, which decrease smooth muscle cell proliferation and inhibit the 

production of collagen (Amento et al. 1991); (Hansson et al. 1989).  Finally, these factors 

may lead to plaque rupture, thrombosis and complete blockage of the coronary arteries 

(Figure 1.6), which can lead to major consequences of acute coronary syndrome and 

myocardial infarction (Falk E et al. 1996).  
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1.4. Macrophages in Atherosclerosis 
 

The starting point of atherogenesis is thought to be the hyper accumulation of lipid 

particles, especially LDLs, within the blood (dysregulation of lipid metabolism). This leads 

to the immune response through recruitment and migration of monocytes from the blood 

into the stressed area (intima), the monocytes will differentiate to macrophage cells in 

order to scavenge the excessive amount of LDLs, resulting in foam cell generation (Moore, 

Tabas 2011). 

After immune system activation, various kinds of cells participate in the process of 

atherosclerosis including monocytes, dendritic cells (DCs), mast cells, endothelial cells and 

smooth muscle cells, but macrophage have a crucial role in the secretion of pro-

inflammatory cytokines, matrix degrading enzymes and the formation of necrotic core as a 

Figure 1.6: Advanced lesion and thrombosis. Taken from (Ross 1999) 
 

Formation of unstable plaque may depend on the continuous migration of macrophages into the 

stressed part of the artery and formation of foam cells. In addition, the interplay between macrophages 

and T lymphocytes may cause the secretion of pro-inflammatory cytokines which have a vital role in 

the progression of the condition and production of matrix-degrading proteases such as MMP by 

macrophages which have a crucial role in collagen degradation. These events within the plaque may 

lead to plaque rupture and thrombosis. 
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result of cell death (necrosis) and thus are major contributors to the formation of 

atherosclerotic plaque and the progression of the disease (Randolph 2008). 

On the other hand, the presence of immune cells in the area where the lesion is formed 

may have a role in reducing the progression of atherosclerosis and minimizing the 

inflammation in that part, by contributing to a healing process (defensive response) which 

may retard the development of atherogenesis (Nathan, Ding 2010). Furthermore, other 

studies support the idea that macrophages might have a role in regression of the plaque 

development and the process of macrophage aggregation could be reversed (Feig et al. 

2011); (Llodrá et al. 2004).  

Studies have shown that most adult tissue macrophages originate during embryonic 

development and not from circulating monocytes (Slava et al. 2014). However, a certain 

proportion of macrophages in many tissues, particularly in atherosclerotic plaques, can be 

derived from blood monocytes of either the Ly6C+ (inflammatory) or Ly6C- (tissue repair) 

sub-classes (Slava et al. 2014). Following differentiation, macrophages can polarise to 

adopt many different phenotypes, the classification of which is currently much debated. 

However, the most widely discussed phenotypes are the M1 and M2 polarisations, which 

reflect the inflammatory and anti-inflammatory / tissue repair phenotypes, respectively. 

Others include the Mhem,  Mox and M4 polarisations (Chinetti-Gbaguidi et al. 2015). Broadly 

speaking, it is considered that M1 macrophages are more pro-atherogenic than M2 

macrophages, which tend to promote plaque stability (Chinetti-Gbaguidi et al. 2015). 
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Figure 1.7: Lipoprotein uptake and efflux by macrophages. Taken from (Moore et al, 2013) 
 

This figure describes the processes of lipid metabolism in macrophages. Excessive accumulation of 
LDL particles within intimal layer resulting in differentiation of monocytes into macrophages so as 
to scavenge LDL particles via surface receptors on macrophages such as SR-A1, SR-B1, LOX1, CD36 
and TLRs. Foam cells are formed due to aggregation of high concentration of lipoproteins within 
Mφ and triggering of inflammatory processes through activating TLRs, but presence of transporters 
within the Mφ such as ABCA1 and ABCG1 which have a role in lipid efflux to outside of the cell to 
form lipid-poor APOA1 or directly to form mature HDL. 

 

1.4.1. Lipoprotein uptake and foam cell formation 

Accumulation of high concentration of lipoproteins, particularly LDL, within the intima 

will provoke macrophages to scavenge the excess LDLs (Figure 1.7). This process is achieved 

with the aid of scavenger receptors which are expressed on the macrophage cell surface 

and have a critical role in identifying then up taking LDL particles in atherosclerosis (Moore, 

Freeman 2006).  
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The scavenger receptors are pattern recognition receptors and include, scavenger 

receptor A1 (SR-A1; encoded by MSR1), scavenger receptor B1 (SR-B1), CD36 (also known 

as platelet glycoprotein 4), macrophage receptor with collagenous structure (MARCO; also 

known as SR-A2), lectin-like oxidized LDL receptor 1 (LOX1), and scavenger receptor 

expressed by endothelial cells 1 (SREC1) (Kzhyshkowska et al. 2012). However, SR-A1 and 

CD36 are thought to contribute about 75-90% in the process of lipoprotein uptake by the 

macrophages (Kunjathoor et al. 2002). Later, within the macrophage cell due to the 

endolysosomal action the cholesteryl esters of the lipoproteins will undergo hydrolysis and 

the result will be free cholesterol and fatty acids. With the presence of acetyl-coenzyme 

A:cholesterol acetyltransferase 1 (ACAT1) the free cholesterol will undergo re-esterification 

which leads to the formation of cholesteryl fatty acid esters again, which accumulate in 

cytosolic lipid droplets to give the ‘foamy’ appearance of the foam cells (Maxfield, Tabas 

2005). 

Increasing the excessive cholesterol uptake by the macrophages will lead to the 

accumulation of free cholesterol (which could be toxic for the cells) in the ER, and this will 

adversely affect on the process of re-esterification of free cholesterol by the ACAT1. This 

could result in triggering of inflammatory process through activating Toll-like receptor (TLR) 

then nuclear factor-κB (NF-κB) (Yvan-Charvet et al. 2008) and (Zhu X. et al. 2010).  

Abnormality in lipid metabolism within the macrophage results in ER stress, and if this 

continues for a long period it may lead to the apoptosis of the macrophages (Feng B. et al. 

2003). Surrounding macrophages will start uptake of the dead cells by a process known as 

efferocytosis, then with continuing defect of macrophage lipid metabolism and aggregation 

of apoptotic cells in the stressed area, this will result in secondary necrosis, which leads to 

the release of the whole content of the macrophages including the lipid particles, and 

finally the outcome will be necrotic core formation, which is considered as an obvious sign 

of advanced plaque formation (Tabas 2005). 

Although the capacity of each macrophage subtype to take up lipids in the context of 

atherosclerosis is much debated, it is commonly held that while M1 macrophages readily 

accumulate lipids of lipoprotein origin, M2 and Mhem macrophages are relatively resistant 

to lipid accumulation through this route (Chinetti-Gbaguidi et al. 2015). M1 macrophage 

polarisation has also been shown to result in de novo lipid synthesis in vitro (Nicolaou et al. 

2012). 
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1.4.2.  Lipid efflux and regression in plaque formation 

In addition to the presence of the scavenger receptors on the macrophage cells that 

have an important role in lipoprotein uptake, there are a number of transporters within 

the macrophage cells which have a role in lipid efflux to outside of the cell (Figure 1.7). 

These include, ATP-binding cassette subfamily A member 1 (ABCA1) and ATP-binding 

cassette subfamily G member 1 (ABCG1) (Yvan-Charvet et al. 2010). When cholesterol 

levels are elevated within the macrophage cells, this activates the liver X receptors (LXRs) 

resulting in increased expression of ABCA1 and ABCG1 in order to transport the lipid 

outside the macrophage cells (Anna C, Tontonoz 2012).  

Efflux of cholesterol from macrophage cells directly to mature HDL outside the cell 

would be via ABCG1, while ABCA1 will transfer the cholesterol to lipid-poor ApoA1, which 

then develops into mature HDL as the process of lipid efflux continues (Spann et al. 2012). 

Furthermore, lipid efflux may also proceed by other routes such as autophagy, where the 

lipid particles are taken up through the process of lipophagy (Singh 2009). In this process, 

the lipid particle degradation will be performed by the fusion of the autophagosome with 

the lysosome allowing free cholesterol to be liberated to outside of macrophage cell 

through ABCA1 (Ouimet et al. 2011).  

 

1.5. The risk factors of Atherosclerosis 
 

Atherosclerosis is the major cause of coronary heart disease. Over the past decades 

many factors have been reported to be associated with atherosclerosis, including 

hypercholesterolemia, hypertension, diabetes, infectious agents, high-fat diet, and 

cigarette smoking (Figure 1.8), but among these risk factors hypercholesterolemia and 

hypertension are the most commonly measured risk factors (Levy et al. 1990).  
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Figure 1.8: Potential risk factors for atherosclerosis. 

 

1.5.1.Hypercholesterolemia 

The presence of high concentrations of LDL-cholesterol within the blood is considered 

to be the major risk factor for the formation of atherosclerotic lesions (Navab et al. 1996); 

(Griendling, Alexander 1997). The endothelial dysfunction due to elevated levels of LDL in 

the blood may lead to the formation of lesions in the endothelial layer, as LDL particles may 

penetrate and accumulate within the sub-endothelial layer. Immune cells such as 

monocytes/macrophages will be activated because of the entry of LDL particles into the 

sub-endothelial layer and scavenge these particles through receptors on the surface of 

these cells which results in the formation of foam cells (Khoo et al. 1992); (Diaz et al. 1997).  

The aggregation of foam cells within the intimal layer triggers defense mechanisms by 

the immune cells which release pro-inflammatory cytokines (e.g. interleukin-1 and tumor 

necrosis factor-alpha), proteases and pro-apoptotic factors, resulting in the initiation of an 

inflammatory response in the arterial wall (Han et al. 1997); (Falcone et al. 1991). Mortality 

rate can be reduced through LDL cholesterol-lowering treatment of patients with coronary 

heart diseases by low fat diet and therapy with drugs, such as statins (Assmann et al. 1999). 
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1.5.2.  Hypertension  

High blood pressure or hypertension is one of the principal causes of atherosclerosis in 

addition to hypercholesterolemia. The main reason behind elevation of blood pressure is 

the concentration of angiotensin II which leads to the narrowing of the blood vessels 

(vasoconstriction) (Chobanian AV, Dzau VJ. 1996). This stimulates the growth of smooth 

muscle cells and increases their intracellular calcium concentration (Gibbons et al. 1992).  

Furthermore, hypertension participates in the process of atherogenesis, through the 

production of free radicals which increase leukocyte adhesion on the endothelial cells of 

the arterial wall (Swei et al. 1997).  Patients with elevated blood pressure are advised to 

adopt a healthy diet in order to reduce excessive weight, minimise alcohol intake and 

reduce dietary salt intake, so as to control the high blood pressure and keep it in its normal 

level (Taubes 1998); (McCarron 1998). 

 

1.5.3.  Diabetes 

Diabetes is a disease caused by high levels of blood glucose (hyperglycemia). 

Concerning the correlation between diabetes and atherosclerosis, there are 

epidemiological studies which support the role of hyperglycemia in accelerating the risk of 

atherosclerosis incidence (Kannel, McGee 1979). Firstly, high blood glucose may boost 

atherogenesis through NF-κB activation (Piga 2007); (S D Yan et al. 1994). Secondly, glucose 

has the ability to activate macrophage cells in vitro, resulting in increased expression of 

pro-inflammatory cytokines such as interleukin-1β and interleukin-6 (Dasu 2007). Finally, 

the presence of high glucose concentration might have an impact on leukocyte adherence 

to endothelial cells (Gregory Booth et al. 2001). 

Some studies have criticized the idea that hyperglycemia will lead to atherosclerosis, 

for example, experiments on pigs with high blood glucose showed they did not develop 

atherosclerosis (Ross G. 2001). On the other hand, hyperlipidaemic pigs with high blood 

glucose showed accelerated incidence of atherosclerosis (Ross G. 2001). These results 

suggest that the presence of high concentration of lipid and glucose within the blood at the 

same time will boost the incidence of atherogenesis. 
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1.5.4.  Infectious agents 

Many studies have reported an association between atherosclerosis and the presence 

of infectious microorganisms (for example, Chlamydia pneumoniae) (Mlot 1996); (Grayston 

et al. 1995). Chlamydia pneumoniae is a worldwide disease and around 50% of adults have 

antibodies against C. pneumoniae (Grayston JT et al. 1989). C. pneumoniae is one of the 

causes of respiratory tract infection which is known as pneumonia (Grayston et al. 1990). 

Studies have reported associations between atherosclerosis and human blood levels of 

antibodies to C. pneumonia (Puolakkainen et al. 1993). Also, C. pneumoniae has been 

isolated from the arteries of patients with atherosclerosis, while the control arteries were 

free from C. pneumoniae (Ong et al. 1996); (Julio A. 1996).  

Furthermore, macrophages were transformed into foam cells after infection with C. 

pneumoniae in vitro (Kalayoglu, Byrne 1998). Finally, C. pneumoniae increases the 

adherence of macrophages to endothelial cells in vitro during the process of atherogenesis 

(Takaoka et al. 2008).  

 

1.6. Inflammation in Atherosclerosis 
 

Atherosclerosis is defined as a chronic inflammatory disease of the large and medium-

sized arteries (Ross 1999); (Göran K Hansson 2005). The old vision of the pathology of 

atherosclerosis was that it reflects simply the accumulation of lipid particles within the 

arteries and this with time will develop to form a thick plaque which has a vital role in 

occluding the arteries and limiting blood flow (Steinberg 2002). 

However, in the last twenty years most of the studies on the mechanism of 

atherosclerosis have focused more on the immune and inflammatory response through the 

participation of different types of inflammatory cells such as monocyte-derived 

macrophages and T-lymphocytes and their ability to secrete inflammatory mediators for 

instance cytokines and chemokines which are now understood to play an extensive role in 

progression of cardiovascular diseases (Young et al. 2002). 

  



20 
 

 

1.6.1. Pro-inflammatory cytokines 

The majority of cytokines are glycoproteins that may be released by various types of 

cells (endothelial cells, monocytes, smooth muscle cells, hepatocytes, lymphocytes and 

monocyte-derived macrophages) with the ability to regulate diverse biological processes, 

most especially those orchestrating the immune system (Boulay et al. 2003). Blood levels 

of certain pro-inflammatory cytokines are associated with risk of development of 

cardiovascular disease (Stoner et al. 2013).  

It is currently thought that the most vital pro-inflammatory cytokines which participate 

in atherogenesis are tumor-necrosis factor-alpha, interleukin-1 and interleukin-6, the key 

properties of which are summarized in table 1.1. 

 

Table 1.1: Pro-inflammatory cytokines in atherosclerosis. Adapted from (Stoner et al. 2013) 
 

Pro-inflammatory 
Cytokines 

 

Function 
 

Associated with - 

 
 

IL-6 

 

▪ Induction of acute 

phase proteins 

▪ Plaque rupture 

▪ SMC proliferation 

• Acute Coronary Syndromes (ACS) 

• Coronary Artery Disease (CAD) 

• Chronic Heart Failure (CHF) 

• Myocardial Infarction (MI) 

• Unstable Angina (UA) 

 
TNF-α 

 

▪ Leukocyte adhesion 

▪ New vessel formation 

▪ Atheroma 

• Coronary Artery Disease 

• Chronic Heart Failure 

• Myocardial Infarction 

• Peripheral Arterial Disease (PAD) 

 
IL-1 

 

▪ EC activation 

▪ SMC activation 

• Coronary Artery Disease 

• Myocardial Infarction 

• Unstable Angina 

 

Interleukin-6 is a cytokine with diverse effects. For example, it may act both as a pro-

inflammatory and as an anti-inflammatory cytokine, and it is secreted by various types of 

cells (monocyte, lymphocyte, hepatocyte and endothelial cell) (Mahinda Y.et al. 2009) Early 

studies on mice pointed out that the level of IL-6 elevated with the development of the 

atherosclerotic plaque (Huber et al. 1999).  
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IL-6 also has a crucial role in the production and release of acute phase proteins (such 

as C - reactive protein, CRP) which are associated with cardiovascular risk, and promote the 

secretion of matrix metalloproteinases (MMPs) (Casas et al. 2008). 

On the other hand, IL-6 has a role in lowering the activity of pro-inflammatory 

cytokines, through release of interleukin-1 receptor antagonist (IL-1RA) which is also called 

IL-1 inhibitor as it suppresses the inflammatory role of IL-1, and also inhibits the secretion 

of TNF-α (Xing et al. 1998); (Barton 1996). Nevertheless, in regard of atherosclerosis, IL-6 is 

still considered as a pro-inflammatory cytokine which is contributing to the progression of 

atherosclerotic plaque and the formation of unstable condition, potentially resulting in 

thrombus formation and the blockage of arteries lumen (Schuett et al. 2009). 

Another key pro-inflammatory cytokine in atherosclerosis is tumor-necrosis factor-

alpha (TNF-α) (Vassalli 1992), which is released by endothelial cells, macrophages and 

smooth muscle cells (Beutler, Cerami 1989). The main role of TNF-α in atherogenesis is the 

induction of expression of adhesion molecules which increases the recruitment of 

monocytes into the intimal layer (Meager 1999). Experiments by (Ohta et al. 2005) showed 

the differences between apolipoprotein E-deficient mice (apoE-/-)/TNF-α-/- mice and apoE-

/- mice, the lesion size was significantly smaller in apoE-/-/TNF-α-/- mice when compared 

with apoE-/- mice. Levels of intercellular adhesion molecule-1 (ICAM-1) and vascular cell 

adhesion molecule-1 (VCAM-1) were also significantly higher in the apoE-/- mice than apoE-

/-/TNF-α-/-.  

Together these findings support the atherogenic role of TNF-α in atherosclerosis. 

Furthermore, TNF-α might stimulate the expression of chemokines [such as IL-8 and 

Monocyte chemoattractant protein-1 (MCP-1)] at the site of inflammation, resulting in 

further leukocyte recruitment (Young et al. 2002) and (Rollins et al. 1990). 

Interleukin-1 is also considered to be an inflammatory mediator in atherosclerosis. For 

example, studies using apolipoprotein E-deficient mice (apoE-/-) and low density lipoprotein 

receptor knock-out mice (LDLr-/-) receiving a high fat diet showed that blocking the activity 

of this cytokine by subcutaneous injection of IL-1RA resulted in reduced burden of 

atherosclerotic plaque (Devlin et al. 2002) and (Elhage et al. 1998). Furthermore, a study of 

interleukin-1β inhibition and the prevention of recurrent cardiovascular events is also 

currently ongoing in man (Ridker et al. 2011). 
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1.6.2.  Pro-inflammatory chemokines  

Pro-inflammatory chemokines (or chemotactic cytokines) are very small proteins which 

have structural similarity with the cytokines and are considered as a subfamily of cytokines 

(Zernecke 2010); (Zernecke et al. 2008). The main function of chemokines in atherogenesis 

is leukocyte recruitment into the stressed part of arteries.  

Some studies reported that chemokines might also have a role in platelet activation as 

well as migration of smooth muscle cells into the intimal layer (Weber et al. 2000) and (von 

Hundelshausen et al. 2005). The chemokines most commonly associated with the 

development of atherosclerotic lesion are interleukin-8 and monocyte chemoattractant 

protein-1 (MCP-1) (Table 1.2). 

 

Table 1.2: Pro-inflammatory chemokines in atherosclerosis. Adapted from (Stoner et al. 
2013) 
 

Pro-inflammatory 
Chemokines 

 

Function 
 

Associated with - 

 
IL-8 

 

▪ Deactivate circulating 

leukocytes  

▪ Neutrophil recruitment 

• Peripheral Arterial Disease 

• Coronary Artery Disease 

• Chronic Heart Failure 

• Myocardial Infarction 

• Unstable Angina 

 
 

MCP-1 

 
 

▪ Leukocyte recruitment 

• Acute Coronary Syndromes 

• Coronary Artery Disease 

• Peripheral Arterial Disease 

• Myocardial Infarction 

• Unstable Angina 

• Sudden Cardiac Death (SCD) 

 

The cell types most commonly associated with production of interleukin-8 are 

monocytes and macrophages (Remick 2005); (Apostolakis et al. 2009). IL-8 has a principal 

role in promoting the transmigration of lymphocytes and neutrophils into the lesion 

(Tuschil et al. 1992). Investigations by (Hechtman et al. 1991) through injecting IL-8 

inhibitor in rats and rabbits resulted in a notable reduction in neutrophil recruitment into 

the part of artery which is suffering from inflammation.  
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Furthermore, studies by other group have been shown that mice genetically deficient 

in the IL-8 receptor demonstrated an obvious reduction in the number of the macrophages 

in the inflamed part of the artery and the lesion size became much smaller (Boisvert et al. 

1998). 

Monocyte chemoattractant protein-1, or chemokine ligand 2 (CCL2), is also one of the 

chemokines with a major contribution to the recruitment and transmigration of monocytes 

and macrophages to the intimal layer (Satish L. et al. 2010). Evidence has been shown by 

researchers that MCP-1 may promote atherogenesis. For example, studies using apoE-/- 

mice showed that deletion of the MCP-1 gene on this background resulted in less monocyte 

and macrophage recruitment into the stressed part of the artery (Gosling et al. 1999). 

Another study also reported reduced monocyte migration in to the stressed area of the 

artery, in mice deficient in MCP-1 on a low-density lipoprotein receptor knock-out (LDLr-/-) 

genetic background (Gu et al. 1998). 
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1.7. Immune response in Atherosclerosis 
 

During the past decade, investigations have contributed much evidence which supports 

the idea that inflammation has a major role in the process of atherogenesis (Libby et al. 

2009). It is believed that both arms of the human immune response, i.e. innate and 

adaptive responses, are triggered as defense mechanisms against the excessive 

aggregation of the low-density lipoproteins in the sub-endothelial layer (intima) of the large 

and middle sized arteries (Figure 1.9). 

Recruitment of the monocyte derived macrophage cells into the intimal layer in order 

to scavenge the lipid particles and secrete inflammatory mediators (cytokines and 

chemokines), represents the innate arm of immune response which does not rely on 

antigenic stimulation so as to amplify inflammatory responses. On the other hand, adaptive 

immune response are activated through antigen presenting cells (APCs) (macrophages, 

dendritic cells and endothelial cells), which present antigens to the T cells and activate 

them. The activated T cells have the ability to secrete cytokines which have a role in 

regulating the inflammatory response in the process of atherogenesis (Andersson et al. 

2010). 
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Figure 1.9: Interaction between innate and adaptive immunity during atherogenesis. Taken 

from (Hansson et al. 2002) 
 

Human immune response as defense mechanism against excessive accumulation of LDL particles 

within the intimal layer may activate both innate and adaptive immunity during atherogenesis. 

Macrophages (innate immunity) contribute to all stages of atherogenesis (initiation, progression and 

thrombosis) via scavenging lipid particles and releasing inflammatory cytokines. While, T cells 

(adaptive immunity) become activated by the APCs after presenting antigens to them, it is believed to 

have a major role in thrombus formation. 
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1.7.1. Adaptive immunity in atherosclerosis 

Several studies have shown the participation of adaptive immunity in the process of 

atherogenesis (Andersson et al. 2010); (Mallat et al. 2009) and (Weyand et al. 2008). The 

proportion of the T cells which are engaged in the process of plaque formation is around 

10-20% of the whole cells (Jonasson et al. 1986), but they are more abundant during the 

rupture of the advanced plaque, and are therefore thought to have a major role in 

thrombus formation (van der Wal et al. 1994). Macrophages and dendritic cells have a 

critical role in T lymphocyte activation through presenting antigens to naïve T cells, and are 

therefore known as antigen presenting cells (APC). Activated T cells release various types 

of cytokines which may promote either the progression or regression of atherogenesis 

(Andersson et al. 2010). 

T cells consist of different classes or subtypes (Figure 1.12). T-helper (Th) cells bear the 

CD4 surface marker and are sub-divided in to two categories: T-helper -1 (Th1) and T-helper 

-2 (Th2). As shown in Figure 1.10, the interaction between CD40 on macrophages with its 

ligand (CD40L) on Th1 cells promotes atherosclerotic lesion development through 

production of pro-inflammatory mediators including interferon- (IFN) and TNF, IL-2, 

proteases, increase adhesion-molecules expression, increase the tendency to thrombus 

formation, and finally decrease SMC proliferation and collagen production (U. Schönbeck 

et al. 2000). On the other hand, the severity of the plaque might be reduced by the support 

of Th2 cells through production of anti-inflammatory cytokines such as IL-4 and IL-13, 

resulting in producing a stable plaque (Ait-Oufella et al. 2009) (Figure 1.11). 
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Figure 1.10: Progression of inflammation, due to the macrophages and TH1 cells interaction, 

which results in pro-inflammatory cytokines production. Taken from (Hansson, Libby 2006) 

Figure 1.11: Regression of inflammation, due to the activation of TH2 and T regulatory cells, 

which results in anti-inflammatory cytokines production. Taken from (Hansson, Libby 2006) 
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Cytolytic T cells are considered as another class of T cells and they bear the CD8 surface 

marker. These cells have the ability to kill diverse cell types, including vascular cells involved 

in atherogenesis. Cytolytic T cells could have a vital role in programmed cell death 

(apoptosis) within the plaque, which in turn may increase the progression of the plaque 

(Jonasson et al. 1986) (Ludewig et al. 2000). 

Furthermore, regulatory T cells (Treg) another subtype of T cells has an interesting role 

in suppressing the inflammatory reactions within the plaque through secreting anti-

inflammatory cytokines, which includes transforming growth factor-beta (TGF-β) and 

interleukin-10 (Taleb et al. 2008) (Figure 1.11). 

In addition to T lymphocytes, B lymphocytes as a humoral immune response in 

atherosclerosis have an essential role in reducing or attenuating the progression of 

atherogenesis. For example, studies showed that the removal of spleen in mice which 

causes the depletion of B cells and in turn results in low level of antibody production (the 

spleen has a role in boosting the immune system through antibody production), might lead 

to accelerated atherogenesis (Caligiuri et al. 2002).  Moreover, mice with a high level of 

cholesterol may show a robust humoral response against the low-density lipoproteins 

molecules. 
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Figure 1.12: Cells of adaptive immunity participating in atherogenesis. Taken from (Libby et 
al. 2009) 
 
This figure summarizes the biological functions of different cells involved in adaptive immunity in 

relation to the progression (up arrows) and regression (down arrows) of atherosclerotic plaque 

formation. T-helper-1 cells have a major role in releasing pro-inflammatory cytokines and Cytolytic T 

cells have a vital role in programmed cell death (apoptosis) of macrophages, endothelial cells and 

SMCs. While, T-helper-2 cells and regulatory T cells are able to express anti-inflammatory cytokines, 

and B lymphocytes reduce the development of atherosclerotic plaque via antibody production. 
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1.7.2.  Innate immunity in atherosclerosis 

Innate immunity is the first line of defense mechanism involved in the immediate 

response after the entry of invading microbes (Medzhitov, Janeway 2000). Innate immunity 

works by detecting highly conserved pathogen-associated molecular patterns (PAMPs) 

such as bacterial lipopolysaccharide (LPS) and bacterial lipoprotein (BLP) through germ-line 

encoded pattern recognition receptors (PRRs), such as macrophage scavenger receptors 

and TLRs (Janeway, Medzhitov 2002); (Krieger 1997).   

In the early stages of atherogenesis different sorts of cell will be recruited into the 

artery (Figure 1.13), but the most common one is the monocyte/macrophage which has a 

principal role in promoting the secretion of pro-inflammatory mediators (cytokines) (Charo, 

Ransohoff 2006). Notably, hyperlipidaemic mice display elevated levels of pro-

inflammatory monocytes, as supported by detection of the Ly6C or Gr-1 markers, which 

are thought to be similar to the human inflammatory monocyte subset (An et al. 2008). In 

addition to monocytes that have an obvious role in atherogenesis, mast cells have also 

been recognized in the atherosclerotic intimal layer (Kovanen 2007); (Libby, Shi 2007). Mast 

cells have the ability to release pro-inflammatory cytokines, for instance interleukin-6 and 

interferon-γ which promote atherogenesis (Sun et al. 2007).  

Other studies have shown the role of platelets in activating innate immunity as they 

have the ability to secrete myeloid-related protein (MRP)-8/14 which is a pro-inflammatory 

mediator (Healy et al. 2006). However, other studies reported that the activation of innate 

immunity would be by linking the MRP-8/14 to the TLR4 (Vogl et al. 2007). 
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1.8. TLRs and atherosclerosis 
 

Inflammatory processes support the progression of atherosclerosis and this in turn will 

have a role in developing various kinds of cardiovascular diseases (Falck-Hansen et al. 

2013).  As mentioned previously that different factors may have a possible role in 

developing or accelerating the risk of atherosclerosis such as hypercholesterolemia, 

hypertension (Levy et al. 1990) and hyperglycemia (Kannel, McGee 1979). However, 

evidences have been shown that innate immune mechanisms may play a crucial role in 

commencing and developing atherosclerotic processes, predominantly through activating 

or stimulating Toll-like receptors (specifically, Toll-like receptor (TLR)-2 and TLR-4) 

(Westerterp et al. 2007); (Mullick et al. 2005); (Kathrin S. et al. 2004). 

Figure 1.13: Components of innate immunity participating in atherogenesis. Taken from (Libby 
et al. 2009) 
 

This figure shows that different cells of innate immunity may participate in the processes of 

atherogenesis. Monocytes as a main cell that contribute to atherosclerosis, which consist of two subsets 

the more inflammatory monocyte with high levels of cell surface marker Ly6C (or GR-1 in mice) which 

release high levels of inflammatory cytokines (TNF-α and IL-1β), while the less inflammatory monocytes 

with low levels of cell surface marker Ly6C, which secrete transforming growth factor-beta, scavenger 

receptor A and CD36. Dendritic cells as APCs which present antigen to the T-cells so as to activate them. 

Mast cells might have inflammatory role through elaborating inflammatory mediators such as IL-6 and 

Interferon-γ. Platelets have a role in stopping of bleeding, express CD40 Ligand and release mediators 

(TGF-β, RANTES, myeloid related protein 8/14 and platelet derived growth factor). 
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Toll-like receptors are considered as a major family of pattern recognition receptors. 

There are ten TLRs in the human genome, and they are expressed by various kinds of 

immune cells (macrophages, dendritic cells, B cells, and particular types of T cells) and non-

immune cells (e.g. endothelial cells and epithelial cells) (Akira et al. 2006); (Erridge 2008). 

The presence of specific ligands of TLRs, such as lipopolysaccharide (LPS) and bacterial 

lipopeptide (BLP) which are recognised by TLR-4 and TLR-2 respectively, results in activation 

of TLR-signaling through the formation of TLR dimers, which mostly will be homodimers or 

heterodimers as in the case of TLR2/1 and TLR2/6 (Cole 2010); (Stewart et al. 2010). 

Toll-like receptor signalling pathways typically propagate through myeloid 

differentiation primary-response protein 88 (MyD88)-dependent pathways for all TLRs as 

it is shown in figure 1.14, with the exception of TLR3 which utilises MyD88-independent/TIR 

domain-containing adaptor inducing IFN-β (TRIF)-dependent pathways (Falck-Hansen et al. 

2013). The main structure of TLRs consist of leucine-rich repeat domain (LRR) and 

Toll/Interleukin-1 receptor (TIR) domain, in which the PAMP detection will be via LRR and 

the signal transmission will perform by the TIR domain, which binds directly to the adaptor 

proteins when dimerised (Takeda, Akira 2005); (Newton, Dixit 2012).  
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Figure 1.14: Toll-like receptors signaling pathways. Taken from (https://www.cellsignal.com/)  
 

This figure illustrates specific ligands of TLRs (LPS and BLP) that can be recognized by TLR4 and TLR2, results 

in the dimerization of these receptors and activation of cytoplasmic adaptor proteins. Interaction of TLRs 

with cytoplasmic proteins leads to activation of Inhibitor kappa B kinase which causes activation and 

translocation of NF-kB from cytoplasm into nucleus and this in turn induces transcription of different 

inflammatory genes.  

https://www.cellsignal.com/
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The Michelsen and Curtiss groups have shown that deletion of the TLR2 or TLR4 gene 

in mice decreases the extent of the formation of atherosclerotic lesions in mouse models 

of atherosclerosis (Mullick et al. 2005); (Kathrin S. et al. 2004). Regarding the importance 

of TLR2 in the progression of atherosclerosis (Table 1.3), an obvious reduction in 

atherosclerotic lesion development was observed in TLR2−/−LDLR−/− mice when compared 

with LDLR−/− mice fed with a high fat diet for fourteen weeks (Mullick et al. 2005). 

Furthermore, studies by (Mullick et al. 2008) suggested that at the aortic arch in LDLR−/− 

mice, the expression of TLR2 by endothelial cells was amplified over the site of the lesion. 

Concerning the contribution of TLR4 in the development of atherosclerotic plaque (Table 

1.3), genetic deletion of TLR4 in ApoE−/− mice results in about a 55% reduction in the 

development of the lesion when compared with ApoE−/− mice expressing functional TLR4 

(Kathrin S. et al. 2004). Moreover, the potential utility of TLR4 as a therapeutic target was 

shown through the demonstration that treatment of rats with antibody targeting TLR4 

resulted in a significant decline of the blood pressure and the release of the pro-

inflammatory cytokines was diminished (Bomfim et al. 2012). 

 

Table 1.3: Toll-like receptors with their ligands (PAMPs) in the development of 
atherosclerosis. Adapted from (Erridge 2008) 
 

Toll-Like 
Receptors 

 

PAMPs 
Atherosclerotic plaque 
progression features 

 
TLR2/1/6 

 
 

Di/Tri-acyl lipopeptide 
 

 

• Foam cell formation 

• Monocyte activation and adhesion 

• Arterial endothelial cell activation 

 

 
TLR4 

 
 

Lipopolysaccharide  
 

 

• Foam cell formation 

• Monocyte activation and adhesion 

• Arterial endothelial cell activation 
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The presence of particular sorts of the pathogen associated molecular patterns 

(PAMPs) together with a specific TLR would be the key factor in the activation of the innate 

immunity through stimulating TLR signaling pathway and in turn will have a role in releasing 

and the translocation of nuclear factor kappa-B (NF-kB) from the cytoplasm in to the 

nucleus which leads to the up-regulation of the pro-inflammatory cascade (Falck-Hansen 

et al. 2013). As a result of the union of PAMP with a specific TLR, this leads to the initiation 

of pro-inflammatory cytokine release. 

Studies have shown that PAMPs, such as BLP or LPS, can be recognized independently 

of intact or live microorganisms (Laman et al. 2002); (Juvonen et al. 1997). Regarding the 

origin or the source of these PAMPs, different investigations were done in this field showed 

that there might be a link between dietary and lifestyle factors and the existence of these 

PAMPs in the circulation. For example, a study conducted by (Wiedermann et al. 1999) 

showed that cigarette smoke will increase the amount of LPS in the circulation when 

compared with a non-smoker. Other workers showed that high fat diet and obesity increase 

the level of PAMPs within the circulation compared with healthy or untreated controls 

(Patrice 2007); (Erridge C et al. 2007c); (Paola Brun et al. 2007). 

A number of potential mechanisms have been proposed to link PAMP exposure to the 

development of atherosclerotic plaques, as shown in figure 1.15. Firstly, the PAMPs could 

have a vital role in the activation of the monocytes as well as their adhesion to the 

endothelial cells through upregulation of expression of adhesion molecules, including VLA-

4, LFA-1, Macrophage antigen-1 (Mac-1) and Urokinase receptor (uPAR). Secondly, PAMPs 

may also have a role in directly stimulating endothelial cells which in turn results in the 

increased expression of vascular adhesion molecules such as E-selectin, ICAM-1, VCAM-1 

and chemokines (IL-8 and MCP-1), all of which have a role in the transmigration of the 

monocytes in to the intimal layer. Finally, PAMPs may promote the accumulation of 

cholesterol within macrophages, resulting in foam cell formation within the sub-

endothelial layer, potentially via the reduction of cholesterol efflux as a result of reduced 

ABCA-1 and SR-B1 activity (Erridge 2008). 
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Figure 1.15: The role of PAMPs in atherosclerotic plaque progression. Taken from (Erridge 
2008)  
 

Effects of PAMPs on atherogenesis processes and plaque formation may be due to up-regulation of 
adhesion molecules on the monocytes (VLA-4, LFA-1, Mac-1 and uPAR), activation of vascular adhesion 
molecules on the endothelial cells (E-selectin, ICAM-1, VCAM-1) and the release of chemotactic 
cytokines (IL-8 and MCP-1). Furthermore, cholesterol accumulation and foam cell formation may 
increase after the exposure of macrophages to PAMPs and this might be happen through the 
suppression of ABCA-1 and SR-B1.   
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1.9. Bacterial lipopolysaccharide in Atherosclerosis 
 

Bacterial lipopolysaccharide (LPS or Endotoxin) is the major component of the outer 

surface of Gram-negative bacteria. This glycolipid is essential for both the structural and 

functional integrity of bacterial outer membrane (Erridge et al, 2002); (Caroff, Karibian 

2003); (Rietschel et al. 1994) and (Trent et al. 2006). 

The LPS of Gram-negative bacteria consists of three different regions which includes, 

lipid A, core saccharide and O-antigen polysaccharide (Erridge et al, 2002); (Caroff, Karibian 

2003); (Rietschel et al. 1994) and (Trent et al. 2006). The lipid A component is the 

endotoxically active part of the LPS molecule. Previous study has shown that synthetic lipid 

A (which was prepared synthetically by a group of researcher in japan in the 1980s (K. 

Tanamoto et al, 1984)) has identical biological properties to the lipid A of E. coli (Galanos 

et al. 1985), and this confirmed that lipid A of LPS molecules is the part which is highly 

endotoxically active. Lipid A consists of a disaccharide covalently linked to two phosphoryl 

groups and four acyl chains (Erridge et al, 2002); (Caroff, Karibian 2003); (Rietschel et al. 

1994) and (Trent et al. 2006). Whereas the core region of bacterial endotoxins is relatively 

well conserved, there are over 160 recognized O-serotypes for E. coli alone (Rietschel et al. 

1993). The inner core is distinguished by the presence of uncommon sugars such as 3-

deoxy-D-manno-octulosonic acid (Kdo) and L-glycero-D-manno heptose (hep). The outer 

core is more variable than the inner core and consists of common hexose and hexosamine 

sugars (glucose, galactose, N-acetyl galactosamine and N-acetyl glucosamine) (Hammond 

et al. 1987) and (Dalla Venezia et al. 1985). The O-antigen polysaccharide contains 

repeating units of between one and eight glycosyl residues which vary greatly between 

strains by means of sugars, sequence and chemical bond. These differences in the structure 

lead to unlimited diversity of O-polysaccharide region, resulting in the existence of 

hundreds of serotypes for a specific Gram-negative species. The O-chain is the furthest part 

of the LPS which is expressed on the outer membrane of the Gram-negative bacteria; this 

is why it is considered as a major antigen target by the host adaptive immune system 

(Erridge et al. 2002); (Caroff, Karibian 2003); (Rietschel et al. 1994) and (Trent et al. 2006). 

Nevertheless, Gram-negative bacteria exploited this dissimilarity as one strategy to 

promote survival by providing resistance to components of the innate immune system and 

helping to avoid recognition by the immune cells receptors (Trent et al. 2006).  
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Bacteria are surrounded by an envelope that gives the shape and integrity of the 

microbial body. The outer membrane of the Gram-negative bacteria protects these 

microbes from environmental changes, entrance of toxic compounds and has an essential 

role in nutrient transport. The main component of these microorganisms membrane is LPS, 

which is important for bacterial viability. 

When Gram-negative bacteria multiply or die, free LPS molecules are shed from the 

surface of the bacterial membrane (Westphal et al. 1978). Bacterial LPS then interacts with 

various host cell types for example endothelial cells, smooth muscle cells, granulocytes and 

thrombocytes, in particular macrophages/monocytes as the most essential cells in the 

process of LPS recognition (Galanos et al. 1992). Consequently, the interaction between 

LPS molecules and macrophages will result in the secretion of inflammatory cytokines, such 

as TNF-α, IL-1 and IL-6 (Vogel et al. 1990). The release of these cytokines in low levels into 

the circulation appears to have protective effects such as resistance against infections and 

priming the immune response. However, if high levels of these mediators reach the 

circulation, destructive effects including high fever, increased heart rate, multiple organ 

Figure 1.16: General structure of the bacterial lipopolysaccharide. Taken from (Erridge et al. 2002) 
 

Lipopolysaccharide is a major component of Gram-negative bacterial membranes. It consists of three 
separate sections (from inside to outside): Lipid A, which confers endotoxicity; the Core region, 
comprising relatively well conserved sugars; and the O-chain, which is highly variable and the primary 
target for antibody responses to LPS.  
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failure, shock and potentially death may occur (Caroff, Karibian 2003) and (Galanos, 

Freudenberg 1993). 

The innate arm of the immune response as a first line of defense against microbial 

infections. Bacterial endotoxin is considered to be one of the most potent stimulants of 

innate immunity. LPS binds first to lipid shuttle proteins, including LPS-binding protein (LBP) 

and CD14. These then transfer LPS molecules to the TLR4/ Myeloid differentiation protein 

2 (MD-2) complex. This results in the activation of pro-inflammatory transcription factors 

and the synthesis and release of inflammatory cytokines (Beutler 2002); (Palsson-

McDermott, O'Neill 2004); (Freudenberg et al. 2008); (Schromm et al. 2000) and (Jerala 

2007). 

 

 

 
 
Figure 1.17: Lipopolysaccharide recognition by the MD-2/TLR-4 complex. Taken from (Kim 
et al. 2007) 
 

Recognition of endotoxin molecules achieved by the action of the four-principal endotoxin-binding 
proteins. LPS-binding protein (LBP) interacts with the endotoxin-rich bacterial membrane, 
endotoxin monomers are then transferred to CD14, which in turn transfers LPS to Myeloid 
differentiation protein 2 (MD-2) and to the MD-2/TLR4 complex which results in the receptor 
dimerization and the activation of intracellular signal cascade. 
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Many previous studies have supported the hypothesis that chronic exposure to 

endotoxin may be pathogenically linked to atherosclerosis. Studies in man have shown that 

intravenous (i.v.) injection of low-doses of LPS results in a transient, low-grade 

inflammatory response involving the upregulation of circulating markers, such as IL-6, TNF-

α and CRP (van Deventer et al. 1990). Whereas, an i.v. bolus of LPS (2 ng/kg) induces a 

pronounced fever and sickness response in volunteers (involving increased heart rate, high 

temperature, nausea, and malaise) (Marlous et al. 2014). Moreover, in animal studies, 

injections of endotoxin on weekly basis results in accelerated progression of atherosclerotic 

lesions in rabbits primed with hypercholesterolomic diets (Lehr et al. 2001) and in 

apolipoprotein E-deficient mice (Ostos et al. 2002). Accumulating experimental evidence 

suggests that chronic inflammatory response associated with the low level endotoxemia, 

which may be an important risk factor for cardiovascular disease (Bonora et al. 1998). 
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1.10. Pathways of lipid metabolism  
 

Dyslipidaemia is the abnormality within the lipid profile, including a variety of disorders 

connected to increased levels of total cholesterol, LDL, or TG, or lower levels of HDL. 

Dyslipidaemia may happen because of a single disorder in one lipoprotein, or may 

represent a combination of lipoprotein abnormalities, such as elevated TG and low HDL. 

Both genetic and environmental factors may contribute to increased risk of 

dyslipidaemia. For example, fatty diets, diseases (diabetes and liver disease), and 

sometimes medications may result in a dyslipidemic condition. A dyslipidemia may be the 

consequence of over production or lack of clearance of the lipoprotein particles, or due to 

other abnormalities such as apolipoproteins or enzyme deficiencies. 

Studies have shown the association between cardiovascular disease and amplified 

levels of serum cholesterol (Castelli 1984). Intervention studies have conclusively shown 

that cholesterol lowering therapy reduces risk of cardiovascular diseases (Downs et al. 

1998) and (Pedersen et al. 2004). 

In addition, both genome-wide association studies (GWAS) of common SNPs associated 

with lipid traits, and studies of Mendelian disorders of lipoprotein metabolism, have 

confirmed that circulating lipoprotein concentratsions are causally related to risk of CVD, 

particularly in the context of LDL-C and triglycerides (Strong and Rader 2010). 

Cholesterol plays a key role in the facilitation of membrane transport, synthesis of bile 

acids and hormones. Triglyceride (TG) is crucial for energy production and storage. Both 

lipids are insoluble, and they are transported in the blood in more complex structures, 

called lipoproteins.  

Plasma lipoproteins are composed of both lipid and protein. Triglyceride and 

cholesterol ester comprise the inside of the particle, and free cholesterol, phospholipid, 

and specific apolipoproteins form the surface of the particle. Lipoproteins are classified into 

five main forms based on their density. They are chylomicrons, very low-density 

lipoproteins (VLDL), intermediate density lipoproteins (IDL), LDL and HDL. 

Chylomicrons are produced by intestinal epithelial cells after the absorption of digested 

fat. They are transported in the blood to tissues (muscle, adipose, and the liver). These 

tissues contain high concentrations of lipoprotein lipase (LPL), which hydrolyses TG in the 
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chylomicrons and the TG-depleted chylomicron is called a remnant particle, which is 

transported to the liver to produce free-fatty acids that are utilised by the muscle cells to 

generate energy or used in hepatic VLDL synthesis (Gotto A 1999). VLDL are similar to 

chylomicrons with a high concentration of TG (Gotto A 1999). The TG of VLDL are also 

hydrolysed by LPL to make fatty acids which can be used by the adipose and muscle tissue. 

The remainder of this particle is called Intermediate-density lipoproteins (IDL). IDL is taken 

up by the liver via the LDL receptor then converted to LDL by the action of hepatic lipase 

(HPL). Low-density lipoproteins contain the majority of the cholesterol in the blood and 

deliver cholesterol to the cells. LDL receptors in peripheral cells or liver bind with LDL and 

clear it from the blood. Finally, the high-density lipoproteins (HDL) are particles synthesized 

in the liver and intestines. Nascent HDL obtains free cholesterol from peripheral tissues by 

the aid of circulating enzyme called lecithin cholesterol acyltransferase (LCAT) which 

promotes the uptake of free cholesterol by HDL through reactions known as esterification. 

Transferring of cholesterol ester from the HDL core to other lipoproteins such as LDL 

molecules is mediated by another enzyme, known as cholesteryl ester transfer protein 

(CETP) (Rifai N et al. 1997). HDL lipoproteins have a cardioprotective role, as they facilitate 

the transfer of cholesterol from atherogenic lipoproteins and peripheral tissues to the liver. 

Apolipoproteins (Apo) such as Apo-A, Apo-B, Apo-C and Apo-E, have crucial roles in the 

packaging of lipids into lipoproteins. Furthermore, they enhance the recognition of 

lipoprotein particles by enzymes which process lipids from the lipoprotein particles. For 

example, Apo-CII activates lipoprotein lipase (LPL), which removes TG from lipoprotein 

particles such as chylomicrons and VLDL. 
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Figure 1.18: General structure of lipoproteins. Taken from (Attia 2012) 
 

Cholesterol is a fat-soluble molecule which cannot travel through the circulatory system by itself.   
For this reason, cholesterol is packaged in molecules known as lipoproteins. Lipoproteins consist of 
TG and cholesterol on the inside, and phospholipids and apolipoproteins on the surface. 
 
 

Three main pathways for the generation and transport of lipids within the body include 

the exogenous pathway, the endogenous pathway, and the reverse cholesterol transport 

pathway (Vaughn G. 1999) and (Rifai N et al, 1997). 

The exogenous pathway starts with the formation of chylomicrons in the epithelial cells 

of the intestines through packaging TG and cholesterol from the diet together after the 

processes of digestion and absorption of dietary fat. Chylomicrons pass through the 

intestinal lymphatic system into the blood. Circulating chylomicrons interact with the 

capillaries of adipose tissue and muscle cells which provide TG to the adipose tissue where 

it may be stored and will be available for the body to be used as energy. Lipoprotein lipase 

hydrolyses the TG and free-fatty acids are released. The remaining chylomicrons, which are 

known as remnant particles, are removed from the circulation by the chylomicron remnant 

receptors present on the liver, while other components of the chylomicrons are repackaged 

into other forms of lipoproteins, such as HDL molecules. 
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Figure 1.19: An illustration of the exogenous lipid pathway. 
 

Lipids are digested, resulting in the formation of chylomicrons (1). Chylomicrons within the 
circulation interacts with the capillaries of adipose tissue and muscle cells (2). LPL hydrolyses the 
chylomicrons which releases TG and free-fatty acids (3). The remaining chylomicrons become 
chylomicron remnant particles (4). Components of the chylomicrons are repackaged into HDL 
particles (5). Chylomicron remnant particles are removed from the plasma by chylomicron remnant 
receptors present on the liver (6) and (7). Chylomicron remnant particles are hydrolysed in the liver 
to form free fatty acid and cholesterol (8). 
 

The endogenous pathway relates to the de novo synthesis of lipids by the liver. TG and 

cholesterol ester are synthesised by the liver and packaged to form VLDLs which are then 

released into the circulation. LPL in tissues will process VLDL particles to release fatty acids 

and glycerol. The fatty acids are used by the adipose cells for storage or by muscle cells as 

energy. Later, the remaining of the VLDL will become smaller, denser lipoprotein which 

known as IDL. LDL receptor on the liver will absorb some of the IDL particles. Nevertheless, 

other IDL particles are processed in the liver by hepatic-triglyceride lipase (HPL) to form a 

smaller, denser particle than IDL and it known as LDL. 
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Figure 1.20: An illustration of the endogenous lipid pathway. 
 

Free fatty acid and cholesterol molecules are assembled within the liver to form very low-density 
lipoproteins (1). VLDL particles within the circulation which interacts with the capillaries of adipose 
tissue and muscle cells (2). LPL hydrolyses the VLDLs which releases TG and free-fatty acids (3). The 
remaining VLDLs become smaller particles known as IDL (4). Some components of the VLDL are 
repackaged into HDL particles (5). IDL particles are delivered to the liver by the LDL receptors (6). 
IDL particles are hydrolysed in the liver by hepatic-triglyceride lipase (HPL) to form LDL particles (7). 
Circulating LDL particles will transport cholesterol molecules to the peripheral tissues (8) and (9). 
LDL receptors reuptake LDL particles back to the liver (10). 
 

Reverse cholesterol transport is a vital pathway in transporting cholesterol from the 

tissues back to the liver (Genest J 1990). The main lipoprotein which contributes to reverse 

cholesterol transport is HDL (Gotto A 1999). After esterification by the plasma enzyme 

lecithin cholesterol acyltransferase (LCAT) (Fielding 1995), several mechanisms have been 

suggested regarding the way by which the HDL delivers cholesterol esters to the liver. First, 

cholesteryl ester transfer proteins (CETP) transfers CE to TG-rich particles for clearance by 

hepatic ApoB receptors. Alternatively, cholesterol ester-rich HDL particles may be taken up 

directly by receptors in the liver.  
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A further possibility is that the liver may uptake the cholesterol esters directly without 

catabolism of the HDL cholesterol particle (Genest J 1990) and (Gotto et al. 2000).  

 

 

 

 

 

 

 

 

 

 

Figure 1.21: An illustration of the reverse cholesterol transport pathway. 
 

Free nascent HDL molecules within circulation (1). HDL accepts cholesterol from peripheral tissues 
through ATP binding cassette transporter (ABCA1) (2). HDL delivers cholesterol esters to the liver 
through scavenger receptor B1 (SR B1) and LDL receptor on the liver (3). LDL particles formation in 
the liver (4). 
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1.11.  Diet and Atherosclerosis 
 

It is well recognised that both dietary factors and inflammation contribute to 

atherosclerosis (Paoletti et al. 2006). Evidence is also emerging to suggest that dietary 

factors may regulate inflammatory tone in man. For example, studies using animal models 

revealed that administration of a high fat diet promoted a state of low-grade systemic 

inflammatory signaling which was also associated with increased atherosclerosis, insulin 

resistance and metabolic syndrome (Shi et al. 2006). Other studies also showed that levels 

of plasma SAA and inflammatory markers in vascular tissues increased in mice fed high fat 

diet when compared to mice fed normal diet (Scheja et al. 2008). Similar findings have been 

reported in human dietary studies. Long term (4 weeks) feeding of human volunteers with 

high fat snacks or fast foods was revealed to increase plasma CRP levels significantly (Tam 

et al. 2010) and (Astrand et al. 2010). Subjects consuming a Western type diet, typified by 

refined and processed foods, consistently show higher CRP levels than those that adhere 

to a ‘prudent’, or ‘Mediterranean’ diet, characterized by frequent consumption of fresh 

produce, including vegetables, legumes and fish (Fung et al. 2001). It has been shown that 

the consumption of processed meat products significantly increases the risk of coronary 

heart disease, stroke, and diabetes mellitus when compared with consumption of an 

equivalent amount of non-processed meats (Micha et al. 2010). There is also some 

evidence that acute dietary fat intake by human volunteers’ results in increased IL-6 levels 

in the postprandial phase, reviewed by (Herieka M and Erridge C 2014). 

It has been frequently proposed (Lee et al. 2004) that saturated fatty acids (SFA) may 

have the ability to promote inflammatory cytokine production via direct stimulation of TLR2 

or TLR4 signaling pathways. However, studies conducted by (Erridge C 2009) have shown 

that SFAs are in fact unable to stimulate TLR2 or TLR4 signaling, and that earlier reports of 

this capacity reflected contamination of reagents used. In addition, a meta-analysis of 

epidemiological studies revealed that there is no remarkable evidence to support a 

significant correlation between dietary saturated fat intake and the risk of cardiovascular 

diseases (Siri-Tarino et al. 2010). 

Taken together, these results suggest a strong association between commencement of 

diets rich in processed foods and elevation of inflammatory markers in mice and humans. 

However, the mechanisms promoting this association remain unclear. 
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1.12.  Current evidence implicating the microbiota 
 

Much evidence supports a potential connection between infectious micro-organisms 

and atherosclerosis (Mlot 1996); (Grayston et al. 1995); (Grayston JT et al. 1989) and 

(Puolakkainen et al. 1993). However, it is now becoming appreciated that the commensal 

microbiota of the intestine may also be able to regulate factors relevant to cardiovascular 

risk. 

Studies have revealed the link between pathogens for instance Helicobacter pylori, 

Chlamydia pneumoniae, and cytomegalovirus and the risk coronary artery diseases (Epstein 

et al. 1996) and (Saikku et al. 1988). However, studies using germfree hyperlipidaemic mice 

found that infectious microbes are not the crucial factor for the progress of murine 

atherosclerotic plaque (Wright et al. 2000). 

Approximately 100 trillion microbes reside in the human large intestine, where they are 

thought to contribute to diverse host functions such as innate immunity, gut epithelial cells 

protection, and the digestion and absorption of many nutrients (Backhed et al. 2005) and 

(Eckburg et al. 2005). 

Studies have reported possible associations between the intestinal flora and the 

progression of metabolic diseases such as obesity and insulin resistance (Ley et al. 2006) 

and (Reigstad et al. 2009). Mouse metabolomics studies have also pointed towards 

potential roles for the gut microbiota in metabolic defects such as insulin resistance and 

non-alcoholic fatty liver disease (Dumas et al. 2006). 

Furthermore, in a large clinical cohort study (Wang et al. 2011), reported an association 

between gut-flora-dependent phospholipid metabolism and atherosclerosis risk through 

generation of pro-atherosclerotic metabolites of the dietary lipid phosphatidylcholine (PC). 

Specifically, free choline, trimethylamine N-oxide (TMAO) and betaine-were all identified 

in plasma and then shown to predict risk for CVD. 

Foods such as eggs, milk, liver, red meat, poultry, shell fish and fish, are considered to 

be the main dietary sources for choline, and hence TMAO production (Zeisel et al. 2003). 

TMAO, is formed in the liver through the oxidation of trimethylamine (TMA), which arises 

from microbial (but not host) metabolism of free choline (Cashman et al. 2003) and (al-

Waiz et al. 1992).  
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Specifically, intestinal microbes catabolise free choline in the gut to produce betaine 

and TMA (al-Waiz et al. 1992). The TMA is then absorbed and metabolized with the aid of 

the hepatic enzyme Flavin monooxygenase-3 (FMO3), which converts odorous TMA to 

odourless TMAO (Lang et al. 1998) and (Zhang et al. 1999). This process shows a critical 

role of gut flora in TMAO formation (from dietary lipid phosphatidylcholine) (Figure 1.22). 

Moreover, intestinal microbiota metabolism of L-carnitine (which is abundant in red 

meat), has also been suggested to stimulate the progression of atherosclerosis. A study by 

(Koeth et al. 2013) revealed that chronic dietary L-carnitine supplementation in mice 

significantly enhanced synthesis of TMA and TMAO, and increased atherosclerosis, but 

when the intestinal microbiota was suppressed, this did not happen. 

These studies have raised the hypothesis that dietary choline may promote 

cardiovascular disease. On one hand, studies by (Danne et al. 2007); (LeLeiko et al. 2009) 

and (Bidulescu et al. 2007) have suggested a link between high levels of total choline in the 

blood and cardiovascular diseases. On the other hand, (Dong et al. 2002) and (Zaina et al. 

2005) have reported that choline and betaine may produce epigenetic variations in the 

genes associated to atherosclerosis. Also, in rodent models an acute choline deficiency 

results in lipid accumulation in liver (steatohepatitis), heart and arterial tissues (Salmon 

1962). 
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Figure 1.22: Role of intestinal microbial flora in metabolism of dietary PC and 
atherosclerosis. Taken from (Wang et al. 2011)  
 

The pro-atherogenic microbial gut flora produced metabolite TMAO through cleavage of a 
trimethylamine from phosphatidylcholine, choline, and betaine, which results in the formation of 
TMA, and subsequently oxidation of TMA by hepatic FMO3 which generates TMAO. 
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1.13.  PAMP content of the human microbiota and evidence 
of translocation 

 

The mammalian TLRs are considered to be the major pro-inflammatory receptors of 

PAMPs, such as bacterial LPS and bacterial lipopeptide, which are abundant in many 

bacteria (Erridge 2010). Thus far, nearly twenty endogenous damage-associated molecular 

pattern (DAMPs) have been reported to stimulate TLR-signalling. These molecules are 

associated with tissue damage, and include molecules such as oxidized lipids and host 

proteins (Bianchi 2007). However, many believe that the results of those earlier studies 

reflect endotoxin contamination of reagents used (Bausinger et al. 2002); (Tsan, Gao 2007) 

and (Taylor et al. 2005).  

Hence, the main sources of PAMPs in the lumen of the human intestine are the 

commensals and dietary sources (Erridge 2011a).  

Notably, the microbiota is not evenly distributed along the intestinal tract. The load of 

gut microflora of the small intestine ranges from 100 to 105 cfu/ml in the duodenum and 

the jejunum, and reaches a maximum of 105-108 cfu/ml in the terminal of ileum (Berg 

1996). By contrast, the luminal microflora for large intestine reaches from 1010 to 1012 

bacteria per gramme in healthy subjects. 

Experiments by (Posserud et al. 2007), have shown that most microbial flora of the 

small intestine composed of Gram positive bacteria with very limited presence of Gram 

negative bacteria. By contrast, the large intestine contains large numbers of both Gram-

positive and Gram-negative bacteria, and thus serves as the main source of TLR-stimulants 

in the human gut (Berg 1996); (Posserud et al. 2007); (Erridge et al. 2010) and (Alhawi et 

al. 2009). 

It should also be noted that the surface area of the small intestine (300 m2), is much 

larger than that of the large intestine (0.35 m2). This is because of the presence of villi in 

the small intestine, which enable the absorption of nutrients, particularly fats and fat 

soluble molecules (DeSesso, Jacobson 2001). Other evidence (Ghoshal et al. 2009), has 

revealed that LPS is fat soluble, and is absorbed in the small intestine by the aid of 

chylomicrons in the presence of fat rich diet. These evidences together suggest that the 

small intestine is probably the main site of PAMP absorption in the body. 
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Numerous studies in human subjects (Erridge C et al. 2007c) and (Laugerette et al. 

2011) and in animal models (Ghoshal et al. 2009) and (Patrice D. 2007), have shown that 

high fat diets have a crucial role in translocation of PAMPs from intestinal lumen in to the 

circulation. In addition, other studies reported an increase in the level of endotoxin in mice 

plasma due to four weeks high fat diet (Patrice D. 2007) and (Paola Brun et al. 2007). 

Radiolabeling experiments and limulus assay has confirmed the translocation of LPS from 

intestinal lumen into circulation through measuring LPS levels in the blood of mice which 

were orally gavaged with LPS (Ghoshal et al. 2009) and (Yoshino et al. 1999). Furthermore, 

mild postprandial endotoxemia was induced in human volunteers and mice after a fat-rich 

meal (Erridge C et al. 2007c) and (Ghoshal et al. 2009). 
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1.14.  Previous studies examining PAMP content of foods 
 

An earlier study by (J M Jay et al. 1979) measured the endotoxin content of ground beef 

by the limulus amoebocyte lysate (LAL) test as a rapid indicator of microbial contamination. 

They reported levels of endotoxin in purchased minced beef of up to 7.4 μg LPS per gram. 

In addition, high bacterial load (around 105 - 107 colony forming units per gram) was also 

observed in the ground beef. Another study reported that cow’s milk can contain between 

1 and 100 ng LPS per ml (Gehring et al. 2008). 

However, using the LAL assay for the quantification of biological activities of TLR 

stimulants in foodstuffs is widely considered to be inappropriate since false positive results 

are common due to the detection of non-inflammatory β-glucans which are a common 

ingredient of foodstuffs (Elin, Wolff 1973). Also, measurements of bacterial lipopeptide 

(Pam3CSK4) and flagellins cannot be achieved using the limulus assay (Erridge, Samani 

2009). Moreover, common forms of non-enterobacterial lipid-A, which can often be 

antagonists of TLR4 and LPS signaling in human cells, can show a positive reaction in the 

limulus assay (Erridge et al. 2007) and (Rossignol et al. 2006). 

Previous work from our group (Erridge C 2010) and (Erridge 2011b) showed that 

processed foods can contain high levels of TLR2 (BLP) and TLR4 (LPS) stimulants of microbial 

origin arising from the processing and storage of products. Commonly consumed foods 

were shown to contain large amounts of both TLR4 and TLR2 stimulants (up to 2.7 μg/g 

LPS-equivalent and 1.1 μg/g BLP-equivalent per gram of food). These studies employed a 

recently developed quantitative bioassay based on transfection of HEK-293 cells with 

specific receptors and NF-κB sensitive reporter to measure TLR2- and TLR4-stimulants in 

the foods (Erridge et al. 2010). 

The kinetics of accumulation of TLR2- and TLR4-stimulants in meat products were also 

examined. In these experiments, a variety of meat products such as beef, pork, and turkey 

minced meats and intact steaks or breast, all purchased from local supermarkets were held 

at 5 ◦C in air or under a modified atmosphere packaging for up to 8 days. TLR-stimulants 

accumulated in the meat products during storage, reaching the highest levels (nearly 80 μg 

lipopeptide-equivalents/g and approximately 7 μg lipopolysaccharide-equivalents/g) in 
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meat that was minced rather than intact, and when stored in air rather than under a 

modified atmosphere (Erridge C 2010) and (Erridge 2011b). 

 

  



55 
 

 

1.15.  Results of previous studies in our laboratory 
 

Previous studies in our laboratory found that chronic treatment of wild-type (C57BL/6) 

mice with drinking water containing a mixture of 3 PAMPs (LPS, Pam3CSK4, and iEDAP) for 

10 weeks caused significant increases in inflammatory gene expression in the liver (PTX, IL-

1β, IL-6, TNF-α, and Apo-AI), without induction of elevated plasma SAA (Figure 1.23-A and 

B). In addition, it was found that plasma total cholesterol, HDL cholesterol and efflux to 

ApoB-depleted serum, is decreased significantly in mice treated with 3 PAMPs in drinking 

water (Figure 1.24-A and B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.23: Effects of dietary PAMP supplementation on circulating SAA protein and hepatic 
mRNA markers of the acute phase response in mice. 
 

Wild-type C57BL/6 mice (n=10 per group) received normal chow with normal drinking water (Ctrl) or 
drinking water supplemented with 100 µg/ml LPS, 1 µg/ml Pam3CSK4 and 1 µg/ml iEDAP. After 10 
weeks, plasma content of SAA was measured by ELISA (A) and hepatic expression of acute phase 
markers was measured by RT-PCR (B). Results are presented as means ± SEM. 
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Furthermore, chronic treatment of ApoE-/- mice with 3 PAMPs (LPS, Pam3CSK4, and 

iEDAP) mix in drinking water for 10 weeks on low fat diet (LFD) promotes development of 

aortic atherosclerosis which was quantified by Oil-red-O staining (Figure 1.25-A and B). 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.25: Effects of dietary PAMP supplementation on aortic atherosclerotic plaque 

formation in ApoE
-/-

 mice. 
 

ApoE
-/-

 mice (n=10-12 per group) received normal chow with normal drinking water (Ctrl) or drinking 
water supplemented with 100 µg/ml LPS, 1 µg/ml Pam

3
CSK

4
 and 1 µg/ml iEDAP. Aortic 

atherosclerosis was quantified by Oil-red-O staining after 10 weeks treatment. Representative 
images of low and high PAMP treatment group aortas are shown in panel A. Percentages of plaque 
staining as a proportion of total aortic areas are shown in panel B. 

Figure 1.24: Effects of dietary PAMP supplementation on serum cholesterol efflux capacity and 
lipoprotein cholesterol levels. 
 
Wild-type C57BL/6 mice (n=10 per group) received normal chow with normal drinking water (Ctrl) or 
drinking water supplemented with 100 µg/ml LPS, 1 µg/ml Pam3CSK4 and 1 µg/ml iEDAP. Cholesterol 
efflux capacity of ApoB-depleted serum (A), and lipoprotein cholesterol levels (B), were measured after 
10 weeks. Results are presented as means ± SEM. 
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Moreover, so as to explore mechanisms of action of dietary PAMPs, a study was 

performed to explore the acute effects of PAMP ingestion. Wild-type C57BL/6 mice (n=5 

per group) received normal chow and drinking water, and were then orally gavaged with 

200 μl of saline alone (control), 1 mg/kg Pam
3
CSK

4
, 2 mg/kg LPS, 1 mg/kg iEDAP, 10

9
 heat-

killed E. coli, or a mixture of Pam
3
CSK

4
, LPS and iEDAP. Circulating SAA was measured in 

plasma 24 hours after gavage. There was no significant response to acute gavage with a 

single PAMP or mix of PAMPs and there was also no induction of APR markers in the liver. 

(Figure 1.26) 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.26: Acute effects of single oral gavage with defined PAMP treatments on circulating 
SAA protein in mice. 
 
Wild-type C57BL/6 mice (n=5 per group) receiving normal chow and drinking water were orally gavaged 

with 200 μl of saline alone (control), 1 mg/kg Pam
3
CSK

4
, 2 mg/kg LPS, 1 mg/kg iEDAP, 10

9

 heat-killed E. 

coli, or a mixture of Pam
3
CSK

4
, LPS and iEDAP (Mix). Circulating SAA was measured in plasma 24 hours 

after gavage. Results are presented as means ± SEM. SAA was not significantly elevated in any treatment 
group compared to control. 
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Attempts to increase gut barrier permeability in mice using indomethacin showed that 

24 hours after indomethacin treatment, orally gavaged FITC-LPS translocated into the inner 

part of intestinal villi, and concentrations of unlabelled LPS increased dramatically in plasma 

(Figure 1.27). 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.27: Absorption of FITC-LPS and dextran in orally gavaged mice. 
 
Wild-type C57BL/6 mice (n=3-4 per group) were pre-treated with 4 weeks normal chow diet (Ctrl), 
4 weeks normal chow then 10 mg/kg indomethacin given orally (Indo), or 4 weeks high-fat diet (Fat). 
24 h after indomethacin treatment, mice were orally gavaged with 2 mg/kg LPS with FITC-dextran 
(A, B), or 1 mg/kg FITC-labelled LPS (C). Serum LPS was measured by LAL assay and FITC-dextran by 
fluorescence at 90 minutes (A, B). Results are presented as means ± SEM. FITC-LPS was located in 
intestinal tissues by fluorescence microscopy (C). Arrow indicates FITC-LPS accumulation within 
villus. 
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Thus, at the point of commencement of my project, previous results from our laboratory 

had indicated that: 

 

(i) Processed foods can contains high levels of stimulants of TLR2 and TLR4 

(ii) These might translocate into the circulation 

(iii) This could be enhanced by impaired gut barrier function 

(iv) Such translocation of dietary PAMPs may impact on hepatic gene expression 
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Hypothesis 

The hypotheses I aim to test in this project are as follows: 

 

1. The capacity of processed foods to stimulate inflammatory cytokine production is 

dependent on food content of TLR2 and TLR4 stimulants in vitro. 

2. Dietary PAMPs can be absorbed to promote systemic inflammation and lipid 

disturbance in vivo. 

3. Gut barrier function is a key regulator of responsiveness to dietary PAMPs. 

4. Macrophage-hepatocyte cross-talk plays a key role in lipid responses to dietary 

PAMPs. 
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Chapter 2 Materials and Methods 

2.1. Materials 
 

A list of the materials used throughout the project and their sources are listed in table 

2.1. 

Table 2.1: Details of materials. 
 

Material Supplier / Country 
Acrodisc Syringe Filter  Sigma / UK 
Actinomycin-D  Sigma / UK 
Amplex cholesterol assay  Invitrogen / UK 
Amplex glucose assay  Invitrogen / UK 
anti-TLR2-FITC  R&D Systems / UK 
anti-TLR2-FITC  R&D Systems / UK 
anti-TLR2-PE  R&D Systems / UK 
anti-TLR2-PE  R&D Systems / UK 
C57BL/6 mice J  Charles River / UK 
cAMP  Sigma / UK 
Cell scraper  Greiner / Germany 
Cell strainer  Greiner / Germany 
Chemiluminescence substrate solution  Thermo Scientific / UK 
Clodronate liposomes  Clodro_lipos / Netherlands 
Cytokines (IL-6, TNF-α, and IL-1β)  Peprotech EC / UK 
DAPI (4',6-diamidino-2-phenylindole)  SIGMA / UK 
Dimethyl sulfoxide (DMSO)  Sigma / UK 
Dulbecco’s Modified Eagle’s Medium (DMEM)  Sigma / UK 
ELISA kits for human IL-6, TNF-α, IL-1β, CRP and leptin  R&D Systems / UK 
ELISA kits for mouse IL-6, TNF-α and IL-1β  R&D Systems / UK 
Embedding moulds  Thermo Scientific / UK 
Fetal bovine serum (FBS)  Sigma / UK 
Gene Juice  Novagen /USA 
Gentamicin  Gibco / UK 
High cholesterol diet  TestDiet / UK 
High fat diet  TestDiet / UK 
Histopaque 1077 solution  Sigma-Aldrich / UK 
Human insulin ELISA kit   Millipore / USA 
IL-1R1-/- mice  Charles River / UK 
Indomethacin  Sigma / UK 
Isotype control antibodies  Santa Cruz Biotech / USA 
Isotype control antibody (rat IgG2a-PE)  R&D Systems / UK 
Limulus Amoebocyte Lysate (LAL) kit  Assoc of Cape Cod / USA 
Low fat diet  TestDiet / UK 
Luminometer plate  Greiner / Germany 
Maxisorp Microtiter well strip   Nunc / Denmark 
Methylthiazoletetrazolium (MTT) kit  Life technologies / UK 
Nitrocellulose membrane (Protran)  Whatman / UK 
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Novex MOPS gel running buffer  Fisher / UK 
Nupage precast gels  Fisher / UK 
OCT embedding matrix   Cell Path / UK 
P. acnes bacteria  ECACC / UK 
PAMPs (LPS E. coli [O111:B4], Pam3CSK4 [Synthetic BLP], iEDAP)  Invivogen / France 
Phosphate buffered saline (PBS)  OXOID/England 
Plasmocin  InvivoGen / France 
Polyethylene glycol (PEG)  Sigma / UK 
Polysine histological slides  Thermo Scientific / UK 
Primary antibody (Rabbit polyclonal IgG)  Santa Cruz Biotech / USA 
Primary antibody (rat anti-mouse F4/80)   Santa Cruz Biotech / USA 
Primary antibody (TLR2/TLR4 rabbit polyclonal)  Santa Cruz Biotech / USA 
Primer pairs  Fisher / UK 
Protein ladder (PageRuler)  Thermo Scientific / UK 
RNEasy RNA miniprep kit  QIAGEN / UK 
RPMI-1640 medium  Life technologies / UK 
Scintillation fluid  Fisher / UK 
Secondary antibody (Alexa Fluor 488 goat anti-rat)  Santa Cruz Biotech / USA 
Secondary antibody (Goat anti-rabbit IgG conjugated with HRP)  Santa Cruz Biotech / USA 
SensiMix SYBR Green  BIOLINE / Germany 
Serum Amyloid A (SAA) Mouse ELISA kit  Abcam / UK 
Tetramethyl benzidine (TMB)  SIGMA / UK 
Triglyceride assay kit  Wako / USA 
Vacutainer collection tube  BD Worldwide / Germany 

 
  

http://www.bd.com/
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2.2. Preparation of processed food extracts 
 

Twenty four different kinds of processed foods were purchased from two different 

supermarkets. Each food was chosen on the basis of a relatively high content of minced 

meat, chopped onion and cheese. No signs of spoilage were observed in the foods in terms 

of their colour or smell. They were stored at typical refrigeration temperature (4oC) before 

being transported to the laboratory and then homogenized using a blender 

(Philips/Holland). The blender jar was cleaned and rinsed thoroughly with distilled water, 

then filled with 500 ml distilled water and 50 g of processed food (1:10 dilution). The 

content were then homogenised at high power for 1 minute. One aliquot of the food was 

centrifuged at 3,000 g for 5 minutes then the supernatant was filtered through a sterilized 

micro-filter (0.2 µm Acrodisc Syringe Filter/Life Sciences). The 1 ml filter-sterilized food 

extract aliquots were stored at -20°C before performing experiments to investigate for 

capacity to induce inflammatory signaling and the presence of PAMPs (LPS and BLP). After 

each homogenization, the blender jar was thoroughly cleaned and rinsed with distilled 

water several times before using it again. 

  

2.3. Cell lines and Culture condition 
 

2.3.1. J774 cell line 

The J774 cell line (ATCC TIB-67) is a transformed murine macrophage cell line. These 

cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma) supplemented 

with 10% fetal bovine serum (FBS) (Sigma) and 0.01% Plasmocin (InvivoGene), which 

prevents infection of the cells with mycoplasma (Uphoff 2012). The J774 cell line was split 

by cell scraper (Corning/Life sciences), when confluence reached 90% then transferred into 

a sterilin container (25 ml universal tube) and centrifuged at 300 g for 5 minutes.  

The supernatant was discarded and the pellet was re-suspended in 10 ml DMEM 

medium. A 1 ml aliquot of this was then used to seed a fresh T75 culture flask containing 

24 ml medium (i.e. the cells were routinely split to a surface area ratio of 1:10).  
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The rest of the cells were counted using a haemocytometer and cultivated in 96, 24, or 

6 well plates at various concentrations according to the requirements of each experiment. 

Stock aliquots of J774 cells were kept frozen in 90% FBS and 10% dimethyl sulfoxide (DMSO) 

(Sigma-Aldrich) in cryovials placed in liquid nitrogen. 

 

2.3.2.  L929 cell line 

The L929 cell-line (ATCC CCL-1) is a transformed murine fibroblast cell-line. These cells 

were seeded in DMEM supplemented with 10% FBS (Sigma) and 0.01% plasmocin 

(InvivoGen) and were typically passaged to one tenth density twice per week. Prior to use 

the cells were washed with phosphate buffered saline (PBS) (OXOID/England) then 5 ml 

trypsin (10x Trypsin/EDTA - Ethylene Diamine Tetra acetic Acid) was added for 2-3 minutes 

at 37oC until they were fully detached. The contents of the flask were transferred into a 

universal tube and centrifuged at 300 g for 5 minutes after which supernatant was 

discarded and 10 ml medium was added to re-suspend the pellet. The remaining L929 cells 

were cultured in 96 well plates for use in TNF-α bioassays. 

 

2.3.3.  HEK-293 cell line 

The TLR-deficient HEK-293 cell line (ATCC CRL-1573) is derived from human embryonic 

kidney. HEK-293 cells were grown in DMEM with 10% FBS and 0.01% plasmocin. The cells 

were split twice per week by the trypsinization method as described in 2.2.2. HEK-293 cells 

not used for maintenance cultures were plated in a 96 well plates at 3x104 cells per well so 

as to perform the transfection assay for quantification of TLR-stimulants. 

 

2.3.4.  HepG2 cell line 

The HepG2 cell line (ATCC CRL-10741) is a human hepatoma-derived cell line, which 

was isolated from the liver tissue of a 15-year-old white male with a well-differentiated 

hepatocellular carcinoma. These cells were grown in DMEM supplemented with 10% FBS 

and 0.01% plasmocin. The HepG2 cell line was split when confluence reached 70-80% by 

the trypsinization method as described in 2.2.2, except that after each split, the 

resuspended cells were passed through a 16 gauge needle using a syringe (10 ml/BD 
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Plastipak) 3-4 times, to disperse cells into single cell suspension and to avoid clumping (3D 

structures) of HepG2 cells (Figure 2.1). A 1 ml aliquot of this was then used to seed a fresh 

T75 culture flask containing 24 ml medium (i.e. the cells were routinely split to a surface 

area ratio of 1:10). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

2.3.5.  Caco2 cell line 

The human intestinal Caco-2 cell line (ATCC HTB-37) is originally obtained from a human 

colon adenocarcinoma and extensively used as a model of the intestinal barrier. These cells 

were seeded in DMEM supplemented with 10% FBS and 0.01% Plasmocin. The Caco-2 cell 

line was split when confluence reached 80-90% by the trypsinisation method as described 

in 2.2.2. 

 

2.3.6.  HeLa cell line 

HeLa cells (ATCC CCL-2) are human cervical cancer cells, derived from human cervix. 

Hela cells were the first type of human cancer cell to be cultured continuously for in vitro 

experiments. These cells were grown in DMEM supplemented with 10% FBS and 0.01% 

HepG2 Day 1  HepG2 Day 2 

HepG2 Day 3 HepG2 Day 4 

Figure 2.1: A confluent layer of HepG2 cells showing lack of clumping 
following disaggregation by the syringe technique (section 2.3.4). 
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Plasmocin. The HeLa cell line was split when confluence reached 70-80% by the 

trypsinisation method as described in 2.2.2. 

 

2.3.7.  RAW 264.7 cell line 

The RAW 264.7 cell line (ATCC TIB-71) is a transformed murine macrophage cell line. 

They are a commonly used model of mouse macrophages for the study of cellular 

responses to microbes and their products. These cells were grown in DMEM supplemented 

with 10% FBS and 0.01% Plasmocin. 

The RAW 264.7 cell line was split when confluence reached 90% by cell scraper 

(Corning) then transferred into a sterilin container (30 ml universal tube) and centrifuged 

at 300 g for 5 minutes. The supernatant was discarded and the pellet was re-suspended in 

10 ml DMEM. A 1 ml aliquot of this was then used to seed a fresh T75 culture flask 

containing 24 mls medium (i.e. the cells were routinely split to a surface area ratio of 1:10). 

 

2.4. Mouse strains, diets and IL-1R1 KO mice genotyping 
 

Experiments were performed using wild-type C57BL/6J mice and mice with 

homozygous deficiency in the IL-1 receptor (IL-1R1-/-). All mice used for these experiments 

were males, the line bred normally and showed no health defects. Two pairs from each of 

C57BL/6J and IL-1R1-/- mice were maintained as breeders without crossing to any other 

strains. All offspring from these mice were weaned as normal and fed a normal chow diet 

(Low fat diet) until 7 weeks of age, after which they were transferred to a high cholesterol 

(Test Diet 5TJT) or high fat (Test Diet 5TJN) diet. The "High-Cholesterol" diet contained 

approximately 40% of energy from fat, 44% from carbohydrate and 16% from protein, with 

1% cholesterol added. The "High fat diet" provided 40% of energy from fat, 44% from 

carbohydrate, 16% from protein and cholesterol was added at 0.15%. 30% of the fat was 

from lard, 30% from butterfat, 30% from vegetable oil, 7% from soybean oil and 3% from 

corn oil. The low fat normal chow diet (Test Diet 5755) provided 22% of energy from fat, 

60% from carbohydrate and 18% from protein. 

All mouse experiments were conducted with both institutional and Home Office 

approval, under Home Office project licence reference 60/4332. 
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For genotyping, ear snips of IL-1R1-/- mice were collected in 0.5 ml eppendorfs for the 

DNA extraction, 70 μl of 0.05 M NaOH were added to each ear sample, ensuring one or two 

pieces were submerged, tubes were incubated on hot block at 95oC for 30 minutes. Then, 

the samples were cooled to room temperature and briefly centrifuged. Next, 7 μl of 1M 

Tris (pH7.5) were added to each sample, gently mixed and the DNA samples were stored in 

fridge for PCR reaction. 

In the PCR reaction, positive and negative controls (WT and IL-1R1-/- DNA) were 

included in every PCR run, 1 μl of DNA sample (extracted from the ear snips) as template 

to each reaction was mixed with 12.5 μl PCR ready mix, 9 μl H2O and 2.5 μl of 5 μM triple 

primers (Mutant forward, Wild type forward and Common reverse). The Rotor Gene Q RT-

PCR cycler was programmed to apply denaturing step at 94°C, thermal clamping (10 cycles) 

at (94°C, 65°C, 68°C), standard PCR (28 cycles) at (94°C, 60°C, 72°C), extension at 72°C 2 min 

and hold at 10°C. Finally, the samples were run on 1% agarose gel (Figure 2.2). 

 

Figure 2.2: Typical band patterns obtained following agarose gel electrophoresis of PCR 
products used to monitor genotype of the IL-1R1 KO mouse colony. 
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2.5. J774 cell challenge and TNF-α bioassay 
 

For macrophage challenge, 96 well plates were seeded with 100 µl of J774 cells 

resuspended at a density of 1 x 105 cells/ml and then incubated for 2-3 days at 37°C and 

5% CO2. Food extracts were diluted 1:10 in complete tissue culture medium (DMEM with 

10% FCS), and 100 µl of this was then used to replace the medium of the J774 cells in each 

well. Cells were cultured with extracts for 3 hours (the timepoint of maximal TNF-α release), 

then supernatant (50 µl per well) was collected and transferred into a fresh 96 well plate 

then stored at -80 °C before assay. 

For reasons of cost, TNF-α was routinely measured using the L929 cell bioassay. This 

assay makes use of the fact that L929 cells undergo apoptosis in the presence of TNF-α and 

the transcriptional inhibitor actinomycin-D. 96-well plates were seeded with 100 µl of L929 

cells at a concentration of 4 x 105 cells/ml in medium which also contained 1 μg/ml 

actinomycin. These plates were then incubated for 3 hours at 37°C and 5% CO2 to allow the 

cells to become adherent and a confluent monolayer to form. Then, a standard curve was 

prepared by adding 10 µl stock recombinant TNF-α (10 μg/ml) to 100 µl medium in the first 

well of one of the rows on the plate. 3.2 fold serial dilutions were then made in subsequent 

wells in the same row by transferring 45 µl from the first well to the next, mixing gently, 

and then repeating, while paying careful attention to avoid scratching the monolayer. This 

resulted in a 10 fold dilution every second well. Next, 10 µl of each macrophage culture 

supernatant was added to other wells in the same plate and incubated overnight at 37°C 

and 5% CO2. 

After an overnight incubation, the contents of each well were discarded and 50 µl 

crystal violet solution (0.5 g crystal violet powder in 20 ml methanol with 80 ml distilled 

water) were added to each well for 4 minutes. Subsequently, the plates were washed with 

running tap water and dried with a tissue. Then 100 µl of 20% acetic acid was added to 

each well to solubilise the remaining adherent cells. The absorbance of each well was then 

read at A562 nm using a Microplate Reader ELx800 (BIO-TEK/USA) to quantify the amount 

of TNF-α in each well by comparison with the standard curve. 
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A standard curve was created using recombinant TNF-α (from 100 ng/ml), which 

yielded a close correlation with absorbance when an exponential equation was applied to 

the points within the usable range of the curve (a typical example is shown in figure 2.3). 
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Figure 2.3: An example of a L929 bioassay TNF-α standard curve. 
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2.6. ELISA technique 
 

Enzyme-linked immunosorbent assay (ELISA) was performed to detect and quantify 

specific antigens of interest in plasma or supernatants. There are three different formats 

of ELISA (Direct assay, Indirect assay and Capture assay "Sandwich") as shown in figure 2.4. 

The key steps in ELISA are the immobilization of the specific antigen of interest and the 

washing process after each step, which should be performed properly so as to remove the 

non-adherent antigen and decrease the background signalling. 

 

 

 

 

 

 

  

Figure 2.4: Different types of ELISA.  
 
Three different ELISA methods (Direct, Indirect, and Sandwich) are shown. The ELISA technique is based on the 

recognition of an antigen from the sample through using a specific antibody (Detection Antibody). The reaction 

between an enzyme (e.g. HRP) conjugated to the antibody and the substrate (TMB) will give a visible color 

change which is proportional to the amount of antigen in the sample. 
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2.6.1.  ELISA for measurement of pro-inflammatory cytokines (IL-6, 
TNF-α, and IL-1β) produced by human whole blood, PBMCs 
and monocytes 

Sandwich ELISAs were applied in our experiments in order to quantify IL-6, TNF-α, and 

IL-1β (R&D Systems Duoset kits) in the supernatant from whole human blood (diluted 1:20 

in PBS for assay), human PBMCs (1:20) and human monocytes (1:100) challenged with food 

extracts. The supernatants were stored at - 80°C before assay. 

Each assay was performed according to the manufacturer’s instructions. Briefly, a high 

protein binding microtiter well strip (Nunc, Maxisorp) was used to plate capture antibody 

(diluted 1:200 in PBS) specific for each cytokine. The plate was then incubated in the dark 

overnight at room temperature. The next day, the plate was washed three times with PBS 

(300 μl per well) and then 300 μl reagent diluent (1% Bovine Serum Albumin, BSA, in PBS) 

was added to each well for one hour to block unbound sites. Subsequently, the plate was 

washed again and a standard curve was made using 2-fold serial dilutions in PBS with a 

starting concentration of 120 ng/ml for IL-6, 370 ng/ml for TNF-α, or 75 ng/ml for IL-1β. 

The supernatant samples (frozen at - 80°C) were defrosted and added at a dilution of 

1:10 in PBS for IL-6 and TNF-α measurement (1:4 for IL-1β), and the plate was then 

incubated for two hours.  After that the plate was washed three times with PBS and 100 μl 

of the detection antibody diluted 1:200 in PBS / 1% BSA was added to each well for two 

hours before washing the plate three times again. Then streptavidin- horseradish 

peroxidase (HRP) was diluted 1:200 in PBS / 1% BSA and 100 μl of this was added to each 

well for 20 minutes. The final wash was performed and then 100 μl/well of the substrate 

[Tetramethyl benzidine (TMB)] (SIGMA) was added for 20 minutes. Finally, to stop the 

reaction 100 μl/well stop solution (2% H2SO4) was added after which the optical density 

was read at 450 nm by Microplate Reader ELx800 (BIO-TEK/USA). Standard curves were 

created using Microsoft Excel to allow calculation of the quantity of IL-6, TNF-α, and IL-1β 

in each well. 
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2.6.2.  Assessing pro-inflammatory cytokine (IL-6, TNF-α, and IL-1β) 
production by murine liver slices and primary kupffer cells by 
ELISA 

ELISAs were performed to quantify the pro-inflammatory cytokines IL-6, TNF-α, and IL-

1β (R&D Systems Duoset kits) in the collected supernatant from treated murine liver slices 

with or without 1 µg/ml E. coli LPS of three groups of wild-type C57BL/6 mice fed a normal 

chow (LFD), high fat diet (HFD) or HFD with intraperitoneal injection of 1 mg clodronate 

liposomes, for 4 weeks, and the supernatant from murine primary kupffer cells of wild-type 

C57BL/6 mice challenged with PAMPs (iEDAP, Pam3CSK4 or LPS, 100 ng/ml each). The 

supernatants were stored at - 80°C before assay. 

Duoset ELISA was performed as in section 2.6.1, but the capture antibody was diluted 

1:60 in PBS and the standard curve was prepared from a top concentration of 1 ng/ml for 

IL-6, 2 ng/ml for TNF-α, or 1 ng/ml for IL-1β. In addition, the supernatant samples (frozen 

at - 80°C) were defrosted and added at a dilution of 1:5 in PBS, also the detection antibody 

diluted 1:60 in PBS / 1% BSA and the HRP was diluted 1:50 in PBS / 1% BSA. 

 

2.6.3.  ELISA assay for measuring circulatory serum amyloid A (SAA) 
in mice 

Abcam’s Mouse Serum Amyloid A (SAA) ELISA kit was used to measure SAA in mouse 

plasma samples, according to the manufacturer’s instructions. Briefly, ready supplied 96 

well plate strips (abcam), that the anti-Serum Amyloid A antibodies was adsorbed to the 

surface of polystyrene microtiter wells was used. A standard curve was made using 2-fold 

serial dilutions in 1X diluent solution with a starting concentration of 2,000 ng/ml. The 

plasma samples (frozen at - 80°C) were defrosted and added at a dilution of 1:1,000 in 1X 

diluent solution, and the plate was then incubated at room temperature for sixty minutes.  

After that the plate was washed three times with 1X wash buffer and 100 μl of 1X Enzyme-

Antibody Conjugate (anti-Serum Amyloid A antibodies conjugated with HRP) diluted 1:100 

in 1X diluent solution was added to each well and incubated at room temperature for thirty 

minutes.  
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Next, the plate was washed three times with 1X wash buffer and 100 μl/well of TMB 

Substrate Solution was added into each well for ten minutes in the dark at room 

temperature. After ten minutes, 100 μl of stop solution was added to each well after which 

the optical density was read at 450 nm using a microplate reader ELx800 (BIO-TEK/USA). 

Standard curves were created using Microsoft Excel to allow calculation of the quantity of 

SAA in each well. 

 

2.6.4.  Evaluating serum CRP levels in healthy human volunteers by 
ELISA 

DuoSet ELISA kits (R&D) were used to quantify CRP in human plasma samples. Plasma 

was prepared from blood samples by centrifugation (1,000 g, 15 mins), aliquoted and 

stored at - 80oC before assay.  

Duoset ELISA was performed as in section 2.6.1, but the capture antibody was diluted 

1:200 in PBS and the standard curve was prepared from a top concentration of 1000 pg/ml. 

In addition, the plasma samples (frozen at - 80°C) were defrosted and added at a dilution 

of 1:2000 in PBS, also the detection antibody diluted 1:200 in PBS / 1% BSA. 

 

2.6.5.  ELISA technique for measuring plasma leptin concentrations 
in healthy human volunteers 

Leptin concentrations were measured in human plasma samples by ELISA (R&D 

DuoSet). Plasma was prepared from blood samples by centrifugation (1,000 g, 15 mins), 

aliquoted and stored at - 80oC before assay. 

Duoset ELISA was performed as in section 2.6.1, but the capture antibody was diluted 

1:120 in PBS and the standard curve was prepared from a top concentration of 2000 pg/ml. 

In addition, the plasma samples (frozen at - 80°C) were defrosted and added at a dilution 

of 1:2 in PBS, also the detection antibody diluted 1:60 in PBS / 1% BSA and the HRP was 

diluted 1:40 in PBS / 1% BSA.  
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2.6.6.  ELISA assay for evaluating insulin levels in healthy human 
volunteers 

Human insulin ELISA kit (Millipore) was used to measure insulin concentration in the 

human volunteer’s sera for the chronic dietary PAMPs intervention study, according to the 

manufacturer’s instructions. Briefly, all reagents were pre-warmed to room temperature 

immediately before setting up the assay. 10X concentrated HRP wash buffer (50 mM Tris 

Buffered Saline containing Tween-20) were diluted 1:10 with 450 mL deionized distilled 

water. Then, required number of strips were removed from the Microtiter Assay Plate (pre-

coated with mouse monoclonal anti-human insulin antibodies). The strips were assembled 

in an empty plate holder and each well was filled with 300 μl of diluted HRP wash buffer, 

then incubated at room temperature for 5 minutes. Plates were washed, then 20 μl of 

Matrix Solution (Charcoal treated human serum) was added to the NSB (Non-Specific 

Binding), Standard, and Control wells. Also 20 μl Human Insulin Standards (2, 5 10, 20, 50, 

100, and 200 μU/mL) were added in the order of ascending concentration to the 

appropriate wells. 

Sequentially 20 μl of the unknown samples were added in duplicate to the remaining 

wells. 20 μl Detection Antibody (Pre-tittered Biotinylated Monoclonal Mouse anti-Human 

Insulin Antibody) were added to all wells. The plate was covered with plate sealer and 

incubated at room temperature for 1 hour on a microtiter plate shaker (approximately 400 

to 500 rpm). Wells were then washed 3 times with 300 μl Wash Buffer per well per wash. 

Then, 100 μl Enzyme Solution (Pre-tittered Streptavidin-Horseradish Peroxidase Conjugate 

in Buffer) was added to each well. The plate was covered with plate sealer and incubated 

at room temperature for 30 minutes on a microtiter plate shaker (approximately 400 to 

500 rpm). Wells were then washed 3 times with diluted HRP Wash Buffer, 300 μl per well 

per wash. After that, 100 μl of substrate solution (TMB) was added to each well, 5 to 20 

minutes. Blue colour were formed in wells of insulin standards with intensity proportional 

to increasing concentrations of insulin. 100 μl of Stop Solution (0.3 M HCL) was added, 

stopping the reaction and turning the blue colour to yellow. Absorbance was read at 450 

nm using a Microplate Reader ELx800 (BIO-TEK/USA). Standard curves were created using 

Microsoft Excel to allow calculation of the quantity of leptin in each well. 
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2.7. TLR transfection and luminescent reporter assays 
 

HEK-293 cells were used for TLR-transfection assays because they are readily 

transfected and do not endogenously express most TLRs. HEK-293 cells were resuspended 

to 3 x 105 cells/ml in complete medium and transfected with mixed plasmid [pCD14 (30 ng 

per well), pNF-kB-ELAM (10 ng), pRL-TK (10 ng), and either pTLR4/MD2 (30 ng) or pTLR2 

(10 ng), depending on whether LPS or BLP was to be quantified, respectively] using 

GeneJuice (Novagen/USA), then cultured in ninety-six well plates. After that, the plate was 

incubated for 2-3 days at 37°C and 5% CO2 to allow full expression of each gene. 

Later, eight wells in duplicate from the transfected cells were challenged with 3.2-fold 

dilutions of standard from a top concentration of 100 ng/ml to 0.1 ng/ml as a lowest 

concentration using LPS from E. coli (O111:B4) as the standard for quantifying TLR4 

stimulants, or alternatively the synthetic BLP (Pam3CSK4) for quantification of TLR2 

stimulants.  The food extract samples were diluted 1:10 with DMEM plus 1% FBS and then 

added to the transfected cells in remaining wells. 4 wells received medium alone as 

unchallenged controls. The plates were incubated at 37°C and 5% CO2 for 18 hours. 

Finally, the cells were lysed by lysis buffer (25mM Tris, 8mM MgCl2-6H2O, 1mM DTT, 

1% Triton, Glycerol, and dH2O) and transferred into an opaque walled, transparent bottom, 

luminometer plate (Greiner), and read using firefly reagent (Lysis buffer, 1mM ATP, 0.25 

mM Lucferin, and 1% BSA) in a NOVOstar device (BMG LABTECH/Germany). Subsequently, 

expression of the house-keeping gene promoter-driven renilla reporter was measured in 

duplicate plates using coelenterazine diluted to 2 μg/ml in PBS as substrate. Standard 

curves were prepared using Microsoft Excel to enable calculation of the abundance of TLR4 

or TLR2 stimulants (the biological activity relative to LPS or Pam3CSK4) in each well. 

  

http://www.google.co.uk/url?sa=t&rct=j&q=&esrc=s&frm=1&source=web&cd=3&cad=rja&uact=8&ved=0CFAQFjAC&url=http%3A%2F%2Fwww.perkinelmer.co.uk%2FCatalog%2FCategory%2FID%2FLuminescence%2520Assay%2520Systems&ei=3sVYU9PdDcKaOtzagMAO&usg=AFQjCNGL4NoSbYvUsf7DYQiRjaEU1nrXnw&bvm=bv.65397613,d.d2k
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2.8. Preparation of human PBMC and monocytes from 

whole blood 
 

Blood samples were collected from volunteers after a consent form was signed and 

approval was obtained from the University Of Leicester College Of Medicine Research 

Ethics Committee for the experiments which include human subjects (reference 

NCT02430064). Blood was taken from a forearm vein by a phlebotomist on the day of the 

experiment and the blood was collected via using a vacutainer collection tube (BD 

Worldwide) containing sodium citrate in order to prevent coagulation. 

After collection of blood, the tubes were taken directly into the cell culture laboratory 

and the same amount of sterilized PBS was added to each tube of blood, gently mixed and 

then gently layered over 3 ml of histopaque 1077 solution (polysucrose, 57 g/L, and sodium 

diatrizoate, 90 g/L, Sigma-Aldrich) in a 15 ml clear conical bottom centrifuge tube. The 

tubes were centrifuged at 800 g for 25 minutes, with acceleration set to setting 5 and 

deceleration to setting 2 (Allegra X-30R Centrifuge - Beckman Coulter / MEADOWROSE). 

The human red blood cells and the polymorphonuclear leukocytes were pelleted to the 

bottom of the tube with the histopaque layer above it. Between the plasma (top layer) and 

the histopaque was a thin, cloudy layer of the peripheral blood mononuclear cells (PBMCs, 

consisting mainly of monocytes and lymphocytes) which were collected gently by a Pasteur 

pipette. The collected cells were washed with sterilized PBS once by centrifugation at 300 

g for 5 minutes (Acceleration 9 and Deceleration 9), and then re-suspended in RPMI plus 

10% FBS, so as to achieve a concentration of 1 x 106 cells/ml, then cultured in a 6 well cell 

culture plate (2.5 ml per well), challenged with the food extracts and incubated for 18-24 

hours at 37°C and 5% CO2. 

For preparation of purified monocyte cultures from PBMC, the cells were washed three 

times with sterilized PBS through centrifugation at 300 g for 5 minutes (Acceleration 9 and 

Deceleration 9) then re-suspended in RPMI plus 1% FBS, so as to achieve a density of 1 x 

106 cells/ml, then plated in a 96 well plate (300 μl per well) and incubated for 1 hour at 

37°C and 5% CO2. The monocytes became adherent to the bottom of each well and the 

non-adherent or non-attached cells were discarded by washing them vigorously 5 times 

with medium (RPMI) inside each well. Another three times washing was done with 

http://www.bd.com/
http://www.bd.com/
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sterilized PBS (150 μl per well) to further purify the monocyte layers within each well, which 

were used for TLR inhibition experiments. 

 

2.9. LAL assay 
 

Limulus Amoebocyte Lysate is an aqueous extract of blood cells (amoebocytes) from 

the horseshoe crab (Limulus polyphemus). LAL contains enzymes that are activated in a 

series of reactions in the presence of endotoxin. The last enzyme activated in the cascade 

splits the chromophore [para-nitro aniline (pNA)] from the chromogenic substrate, 

producing a yellow colour, as shown in figure 2.5. The amount of pNA released and 

measured photometrically at 405 nm is proportional to the amount of the endotoxin in the 

sample. 

The kinetic chromogenic Limulus Amoebocyte Lysate (LAL) assay (Associates of Cape 

Cod) was used to quantitfy endotoxins in the sterile filtered food extracts and in healthy 

human volunteers serum in both acute and chronic dietary PAMP intervention studies, 

after denaturation of limulus-activity masking proteins in plasma by heating at 70oC for 10 

minutes. 

A standard curve was prepared in a 96-well plate using 2-fold serial dilutions of LPS 

from E. coli (O111:B4) in pyrogen free water with a starting concentration of 0.2 ng/ml. 

After that, the samples (stored at - 80°C) were defrosted and added at a dilution of 1:10,000 

in pyrogen-free water for the sterile filtered food extracts and 1:10 for plasma samples, 

then added to the same plate beside the standard curve at 100 µl for each well in duplicate. 

LAL reagent was prepared through adding 3.2 ml LAL reconstitution buffer to the 

pyrochrome vial and left it on ice with foil over top of vial for 5-8 minutes, then 30 µl of LAL 

reagent was added to each well of second, separate 96 well plate. A multichannel pipette 

was used to transfer the standards and the samples from plate 1 quickly onto the LAL 

reagent in plate 2. The plate was mixed on plate mixer for 20 seconds then incubated in a 

plate reader at 37°C. The plate was then read at 405 nm [NOVOstar device (BMG 

LABTECH/Germany)], every 5 minutes for up to one and half hours.  

Standard curves based on time of each well to reach OD of 0.2 were created using 

Microsoft Excel to allow calculation of the quantity of endotoxin in each well. 
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Figure 2.5: LAL Chromogenic Endotoxin Quantitation reaction scheme.  
 
The Limulus Amoebocyte Lysate combined with a small volume of a sample, and endotoxins in the 

sample activate the proteolytic activity of Factor C. When the chromogenic substrate is added, the 

protease splits the p-nitroalinine (pNA), resulting in a yellow color that can be quantitated by 

measuring the absorbance at 405 nm and extrapolating against a standard curve. 

 

2.10.  Fluorescence microscopy for macrophage lipid 

droplets 
 

The effect of food extracts on macrophage lipid accumulation was investigated using 

fluorescent microscopy. J774 macrophages were plated at a density of 1 x 104 cells per well 

of 96 well plates. Food extracts diluted 1:10 in medium, LPS (1 μg/ml) or Pam3CSK4 (10 

μg/ml) were added into the wells. After three days incubation at 37°C and 5% CO2, the 

medium was discarded and the cells were rinsed with PBS then 100 μl PBS containing 4% 

paraformaldehyde (PFA) was added to each well.  

 

The plate was incubated at 4oC for 10 minutes, during which a fresh stock solution of 

Nile Red dye (9-diethylamino-5H-benzo[a]phenoxazine-5-one) was prepared by diluting a 

1 mg/ml stock in acetone to 10 μg/ml in PBS. The Nile Red dye reveals intracellular lipid 
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droplets through giving a green color when examined under fluorescent microscopy 

without interacting with other cell components (Greenspan 1985). 

The PFA was removed from the plate and replaced with 100 µl/well of Nile Red and the 

plate was incubated in the dark for 20 minutes. The cells were then washed gently twice 

with PBS (200 µl per well). After that J774 cells were treated with freshly prepared DAPI 

(4',6-diamidino-2-phenylindole) (SIGMA/Life Science) 0.125 μg/μl in PBS. DAPI is a specific 

nucleic acid stain that emits a blue color when observed under ultraviolet illumination. The 

plate was incubated at room temperature in the dark for 5 minutes then rinsed three times 

with PBS then directly examined by fluorescent microscopy (AMG/EVOS). Cells were 

examined at 40X magnification power using the following channels sequentially for 

detection of Nile Red (GFP - Green fluorescent protein - channel) and then DAPI (DAPI - 

Blue fluorescent channel). Three pictures were captured from each well at each 

wavelength. Overlay images were prepared using the EVOS microscope software with 

settings conserved for each treatment. 

 

2.11. RT-PCR for quantification of gene expression 
 

RNA was extracted for analysis of gene expression by RT-PCR from cell lines (primary 

and secondary), human PBMCs, mouse primary hepatocytes and mouse liver, adipose and 

aortic tissue. 

 

2.11.1.  RNA preparation 

Total ribonucleic acid (RNA) was extracted from cells and tissue samples using the 

RNEasy RNA miniprep kit (QIAGEN) according to the manufacturer’s instructions. Briefly, 

adherent cells were dislodged using the rubber end of a syringe (1 ml/BD Plastipak), then 

the content of each well was transferred into an eppendorf tube and pelleted (5,000 g for 

2 minutes). The cell pellets were treated with lysis buffer RLT containing β-

mercaptoethanol (β-ME), which has a crucial role in denaturing the RNases. 

Bead-beater tubes (Precellys CK14 tubes with beads) were used to homogenise solid 

tissue samples. In these instances, 20-30 mg tissue samples, 350 µl RLT and 3.5 µl β-ME 

were added into Precellys CK14 tubes, the tubes were vibrated in a Precellys machine using 
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the pre-set liver tissue setting. Homogenized tissue samples were then cooled on ice before 

centrifugation at 4,000 rpm for 3 minutes, and the supernatant were carefully transferred 

into eppendorf tubes. Then, 70% ethanol was added to the lysate, so as to precipitate RNA 

over the membrane of the RNEasy mini column. After that, columns were washed with 

buffers to remove contaminants, and finally RNAse free water was used so as to elute 

purified RNA from the membrane of the RNEasy mini column into a nuclease free 

eppendorf. The RNA concentration of each extract was then quantified using a NanoDrop 

Spectrophotometer ND-8000 (Labtech/UK). 

 

2.11.2.  DNAse treatment of extracted RNA and cDNA preparation 

DNAse treatment of RNA was carried out as a second major step for RNA purification 

to prevent non-specific amplification of contaminating genomic DNA in subsequent PCR 

experiments. The extracted RNA was treated with 10x DNase buffer and rDNase I (Ambion) 

which has the ability to digest deoxyribonucleic acid (DNA). The tube was incubated for 30 

minutes at 37°C, after that the whole mixture was transferred into 0.2 ml tubes and mixed 

with DNase inactivation reagent (Ambion), then the mixture was centrifuged at 10,000 g 

for 1.5 minutes, the supernatant was moved into a new tube, then stored at -80 °C or the 

next step was performed. 

In the next step the extracted RNA was converted to complementary deoxyribonucleic 

acid (cDNA) using reverse transcriptase (Superscript-III, Invitrogen) enzyme. 5 μl RNA was 

transferred into a nuclease free eppendorf tube, then 1 μl Oligo-dT20 (2.5 μM final 

concentration), 1 μl deoxyribonucleotide triphosphate (dNTP) mix (which contains dATP, 

dTTP, dCTP, dGTP, 10 mM each, Promega) and 7 μl RNAse free water was added to the 

tube, then mixed and heated at 65°C for 5 minutes in a heat block. The tube was then 

instantly on ice for 1 minute. Next, 4 μl of 5x first strand buffer (250 mM Tris-HCI [pH 8.3], 

375 mM KCI, 15 mM MgCl2), 1 μl of 0.1 M Dithiothreitol (DTT), and 1 μl of superscript-III 

enzyme (200 U/μl) were added to the tube and gently mixed then incubated at 50°C for 60 

minutes.  

After that the reaction enzymes were inactivated through raising the temperature to 

70°C for 15 minutes. The prepared cDNAs were stored at -20 °C or used directly for Real 

Time - Polymerase Chain Reaction (RT-PCR). 
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2.11.3.  Performing RT-PCR 

Real Time - Polymerase Chain Reaction (RT-PCR) is considered to be a powerful 

technique for the detection and quantification of a gene of interest with high sensitivity 

because of the exponential amplification of the template and specific annealing of targeted 

primers. Three main steps of PCR (Denaturation, Annealing and Extension) were used for 

the purpose of amplifying a specific PCR product and this was achieved using a Rotor Gene 

Q RT-PCR cycler (QIAGEN), which measures fluorescence signals generated from 

intercalating SYBR green dye into double-stranded DNA as it is formed during the reaction. 

A typical RT-PCR amplification plot is shown in figure 2.6. The Y axis denotes the 

fluorescence of the dsDNA as the product forms, and the X axis shows the PCR cycle 

numbers. The amplification proceeds exponentially and the point at which the fluorescence 

signals exceed a common threshold is known as threshold cycle (Ct). 
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Figure 2.6: An example of RT-PCR plot. 
 
The graph shows exponential product amplification after robust increase in the fluorescence 
signals. The signals were become detectable above the threshold level and this known as threshold 
cycle (Ct) for a product. 

 

The primers used to amplify different genes for human and mouse are listed in tables 

2.2a and b. They were designed via NCBI/PrimerBank website or from the literature. The 

specificity of each primer pair was tested by Agarose gel electrophoresis (Figure 2.8a and 

b). Human 36B4 or mouse β-actin was used as a positive control and as a housekeeping 

gene to normalize the expression of other genes in subsequent analyses. Also, no template 

control (NTC) and no reverse transcription (NRT) control reactions were included to detect 

contamination. The final volume per reaction was 25 μl consisting of 2 μl of template cDNA, 

1.5 μl mixed forward and reverse primer (0.5 μM), 9 μl of Milli-Q water and 12.5 μl of the 

SensiMix SYBR Green (BIOLINE). The Rotor Gene Q RT-PCR cycler was programmed to apply 

two thermal stages, denaturation step at 95°C, annealing and extension at 60°C repeated 

for 45 cycles. 



83 
 

Relative gene expression was calculated for each cDNA sample and primer set using 

Rotor Gene software (QIAGEN). Briefly, this software captures the fluorescence of each 

individual sample, at every cycle of the PCR reaction, and plots an amplification curve for 

each individual sample. The software then plots the second differential of each curve to 

identify both the Ct point and the amplification efficiency of each individual reaction. In 

this way, expression of an mRNA species of interest can be accurately measured in all 

samples within a run by comparison with an internal control cDNA sample (which in this 

project typically derived from untreated cells). As reaction efficiency measured in this way 

accounts for variations in efficiency between primer pairs, this method is far superior to 

the commonly used 2ΔCT method, which assumes a reaction efficiency of 100%, that is very 

rarely achieved in practice. In our experiments, reaction efficiencies were consistent within 

runs (i.e. for the same primer pairs), and ranged between 85 and 95% (multiplier 1.7 to 

1.9), which is within the range for accurate measurement. Gene expression is calculated 

relative to the first sample in the run, which was always control (i.e. comparative 

quantitation), taking into account the specific amplification efficiency of each primer set. 

Expression of the relevant housekeeping gene was also measured in each sample and 

compared to the same internal control cDNA sample. qPCR results are expressed in later 

chapters as expression of gene of interest in each sample divided by housekeeping gene 

for each sample. 

To further validate PCR primer pairs, and to exclude the possibility of interference from 

non-specific products or primer-dimer formation, a melt curve was performed for every 

qPCR reaction (Figure 2.7). The existence of a single peak for the melt curve analysis in each 

experiment confirmed that a single product had been amplified (as confirmed by gel 

electrophoresis, see below). 
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Figure 2.7: An example of Rotor Gene analysis in qPCR run (A. Amplification Plot and B. 

Melt Profile).   
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Figure 2.8b: Assessment of mouse primer pair specificity by agarose gel electrophoresis. 
 
Agarose gel electrophoresis (2%) of the RT-PCR products were tested with thirteen primer pairs using 
cDNA of mouse liver as template. Each primer pair was assessed individually in duplicate. Lane M: 
represents the DNA ladder marker (100 bp) and lanes 1-26: duplicate RT-PCR reactions using mouse 
primers specific to B-actin, IL-6, TNF-α, IL-1β, SAA1, SAA3, Apo-A1, LCN, Hp, CD68, CD14, TLR2 and TLR4, 
separately. The presence of a single product migrating at the correct size indicated a successful and 
specific primer design. 
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Table 2.2a: List of human primers for real-time PCR study. 
 

  

Primer pairs 
Database 

access number 
Sequence Tm (°C) 

Amplicon 

Size (bp) 

36B4 (forward) 

36B4 (reverse) 
NM_001002 

5’-TCGACAATGGCAGCATCTAC-3’ 

5’-GCCTTGACCTTTTCAGCAAG-3’ 

60.0 

62.1 
223 

IL-6 (forward) 

IL-6 (reverse) 
NM_000600 

5’-GCCTTCGGTCCAGTTGCCTT-3’ 

5’-GCAGAATGAGATGAGTTGTC-3’ 

69.6 

57.2 
564 

TNF-α (forward) 

TNF-α (reverse) 
NM_000594 

5’-GGCCCAGGCAGTCAGAT-3’ 

5’-CACAAGTGCAAACATAAATAGAGG-3’ 

64.0 

61.3 
945 

IL-1β (forward) 

IL-1β (reverse) 
NM_000576.2 

5’-AGCTACGAATCTCCGACCAC-3’ 

5’-CGTTATCCCATGTGTCGAAGAA-3’ 

61.1 

60.1 
186 

IL-8 (forward) 

IL-8 (reverse) 
NM_000584 

5’-ATGACTTCCAAGCTGGCCGT-3’ 

5’-TCCTTGGCAAAACTGCACCT-3’ 

60.1 

62.5 
82 

MCP-1 (forward) 

MCP-1 (reverse) 
NM_002982.3 

5’-CAGCCAGATGCAATCAATGCC-3’ 

5’-TGGAATCCTGAACCCACTTCT-3’ 

62.3 

60.4 
190 

SAA1 (forward) 

SAA1 (reverse) 
NM_000331.4 

5’-GAAGTGATCAGCGATGCCAG-3’ 

5’-CAGCAGGTCGGAAGTGATTG-3’ 

59.06 

58.92 
130 

Apo-A1 (forward) 

Apo-A1 (reverse) 
NM_000039.1 

5’-CCCTGGGATCGAGTGAAGGA-3’ 

5’-CTGGGACACATAGTCTCTGCC-3’ 

62.6 

61.6 
78 
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Table 2.2b: List of mouse primers for real-time PCR study. 

Primer pairs 

Database 

access 

number 

Sequence Tm (°C) 
Amplicon 

Size (bp) 

Β-actin (forward) 

Β-actin (reverse) 
NM_007393 

5’-TTCTTTGCAGCTCCTTCGTTGCCG-3’ 

5’-TGGATGGCTACGTACATGGCTGGG-3’ 

75.3 

74.1 
458 

IL-6 (forward) 

IL-6 (reverse) 
NM_031168 

5’-AACGATGATGCACTTGCAGA-3’ 

5’-GAGCATTGGAAATTGGGGTA-3’ 

60.1 

60.8 
283 

TNF-α (forward) 

TNF-α (reverse) 
NM_013693 

5’-TCCCCAAAGGGATGAGAAGTTC-3’ 

5’-TCATACCAGGGTTTGAGCTCAG-3’ 

62.2 

62.1 
411 

IL-1β (forward) 

IL-1β (reverse) 
NM_008361 

5’-GCCTCGTGCTGTCGGACC-3’ 

5’-TGTCGTTGCTTGGTTCTCCTTG-3’ 

61.5 

61.4 
114 

SAA1 (forward) 

SAA1 (reverse) 
NM_009117 

5’-TTCTGCTCCCTGCTCCTG-3’ 

5’-GTAATTGGGGTCTTTGCC-3’ 

61.0 

62.8 
312 

SAA3 (forward) 

SAA3 (reverse) 
NM_011315 

5’-AGAGAGGCTGTTCAGAAGTTCA-3’ 

5’-AGCAGGTCGGAAGTGGTTG-3’ 

60.7 

61.9 
109 

Apo-A1 (forward) 

Apo-A1 (reverse) 
NM_000139 

5’-GGCACGTATGGCAGCAAGAT-3’ 

5’-CCAAGGAGGAGGATTCAAACTG-3’ 

62.9 

60.3 
129 

Lipocalin (forward) 

Lipocalin (reverse) 
NM_008491 

5’-TGGCCCTGAGTGTCATGTG-3’ 

5’-CTCTTGTAGCTCATAGATGGTGC-3’ 

61.6 

60.2 
239 

Haptoglobin (forward) 

Haptoglobin  (reverse) 
NM_017370 

5’-ACCTTAAACGACGAGAAGCAAT-3’ 

5’-GGCATCCATAGAGCCACCG-3’ 

60.0 

62.3 
132 

CD68 (forward) 

CD68 (reverse) 
NM_009853 

5’-CCAATTCAGGGTGGAAGAAA-3’ 

5’-CTCGGGCTCTGATGTAGGTC-3’ 

60.2 

60.0 
188 

CD14 (forward) 

CD14 (reverse) 
NM_009841 

5’-ACTTCTCAGATCCGAAGCCAG-3’ 

5’-CCGCCGTACAATTCCACAT-3’ 

61.3 

60.2 
76 
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2.12.  Preparation of OxPAPC for TLR inhibition 
 

In order to investigate the potential role of TLR2 and TLR4 in the cellular response to 

food extracts, oxidized 1-palmitoyl-2-arachidonyl-sn- glycero-3-phosphorylcholine 

(OxPAPC) was prepared, since this is a specific inhibitor of TLR2 and TLR4 signals (Erridge 

et al, 2008). OxPAPC was prepared by aliquoting 100 µl of a 10 mg/ml native (unoxidised) 

PAPC stock, which was stored in chloroform under nitrogen in a sterile glass vial with a gas-

resistant cap at - 80°C, into a glass vial. Streams of nitrogen gas were gently blown over the 

suspension to evaporate the chloroform and produce a thin film of phospholipid around 

the wall of the vial. Then the vial was wrapped with foil and kept in a dark place at room 

temperature for 3 days. The cap of the vial remained off during this incubation in order to 

allow the oxidation process to proceed. Finally, the OxPAPC within the vial was re-

suspended with 500 µl chloroform (CHCl3) to obtain a solution of stock OxPAPC (2 mg/ml) 

and this was stored at - 80°C. For use in experiments, aliquots of OxPAPC were dried under 

nitrogen flow in sterile eppendorfs, and then resuspended in warm tissue culture medium 

with vigorous vortexing for one minute before application to cells. 

 

2.13.  Human acute dietary study 
 

Twelve healthy male volunteers participated in the acute dietary study. Subjects were 

asked to take two ibuprofen tablets (total 400 mg) before bed (day one), and another two 

early the next morning. Fasting blood samples (approximately 10 ml) were then taken from 

a vein in the forearm were collected by an experienced phlebotomist. Volunteers then 

consumed a high PAMP meal comprising 200 g of ready-chopped onion from supermarket, 

stored at refrigeration temperature until preparation and consumption on the advertised 

‘best before’ date, battered with a flour/water mix, and deep fried in vegetable oil for 5-8 

TLR2 (forward) 

TLR2 (reverse) 
NM_011905 

5’-CTCTTCAGCAAACGCTGTTCT-3’ 

5’-GGCGTCTCCCTCTATTGTATTG-3’ 

60.8 

60.0 
237 

TLR4 (forward) 

TLR4 (reverse) 
NM_021297 

5’-ATGGCATGGCTTACACCACC-3’ 

5’-GAGGCCAATTTTGTCTCCACA-3’ 

62.6 

60.5 
129 
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minutes (onion bhajis), supplemented with 30 g full-fat mayonnaise. Then, postprandial 

blood samples were collected at 3 h. After this sample has been taken, the volunteers 

requested to avoid drinking alcohol, taking any medications or supplements, or eating 

foods at high risk of containing pro-inflammatory molecules for lunch or dinner of that day 

(especially processed or minced meats, such as sausages and burgers, ready meals or ready 

chopped vegetables). On the next day (early morning) a second fasted blood sample was 

collected at 24 h post-meal (Figure 2.9). 

 

 

 

 

 

 

 

 

 

 

 

 

Baseline physical parameters of healthy volunteers are summarized in table 2.3. 

Inclusion criteria for this study were healthy men between the ages of 18 and 65. Exclusion 

criteria included evidence of any current inflammatory condition, infection or vaccination 

within two weeks prior to the study and use of medications (Appendix 1). Furthermore, the 

nutritional content of the onion bhaji test meal was calculated, as summarized in table 2.4. 

All volunteers gave informed consent (Appendix 2), and ethical approval for the study was 

granted by the University Of Leicester College Of Medicine Ethics Committee. The study 

was registered at clinicaltrials.org (reference NCT02430064). 

400 mg Ibuprofen Blood sample High PAMP (processed) onion meal

Beginning 
of study

End 
of study

0 hr 3 hrs 24 hrs

Day   1 2 3

Late evening
400 mg Ibuprofen 

Early morning
400 mg Ibuprofen 

Fasted blood 
sample

Post-prandial 
blood sample

Fasted blood 
sample

High PAMP 
(processed) onion meal

Figure 2.9: Schematic depiction of the acute study protocol. 
 
The protocol for the acute dietary PAMPs study in ibuprofen primed healthy human 
volunteers is shown. 
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Table 2.3: Baseline physical parameters of healthy volunteers. 

 

Indicated measurements are fasting values measured at entry to the study. Results are presented 

as mean ± SD. bpm, beats per minute; °C, Celsius degree. 

* Whole blood cell counts were measured and recorded for each individual from the collected blood 

samples in EDTA tubes using a Beckman Coulter AcT Diff II Haematology Analyser. 

Table 2.4: Nutritional content of the onion bhaji test meal. 

 

  

Parameters Acute study
Age (years) 33.2 ± 4.1
n (M:F) 12:0
Pulse Rate (bpm) 68.67 ± 6.81
Tympanic Temperature (°C) 36.37 ± 0.41

BMI (kg/m2) 25.6 ± 2.9
Abdominal circumference (cm) 94.4 ± 7.7

White blood cell count (109/L) 5.87 ± 1.50

Total cholesterol (mM) 5.00 ± 1.03
LDL-cholesterol (mM) 3.40 ± 0.87
HDL-cholesterol (mM) 0.90 ± 0.54
Triglycerides (mM) 1.40 ± 0.84

* 
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2.14.  Human chronic dietary PAMP intake study 
 

Sixteen healthy male volunteers were recruited to take part in a chronic dietary PAMP 

intervention study, of which eleven completed the study (four developed respiratory 

infections, one withdrew from the study). Volunteers were asked to avoid specific types of 

food that we found in recent studies to be at relatively high risk of containing high levels of 

PAMPs for 7 days (Erridge 2010). These items included ready meals or sandwiches, cheese, 

chocolates and any other food containing minced meat or ready-chopped vegetables 

stored at refrigeration temperature for an extended period of time. Volunteers were 

requested to consume any quantity of fresh produce, including any form of meat, fish or 

vegetables that had not been minced or processed unless immediately before 

consumption, and there were no restrictions on salt, sugar or non-alcoholic beverages. 

Fasting blood samples (approximately 10 ml) were collected from a vein in the forearm by 

an experienced phlebotomist on day 0 (baseline) and after 7 days of low PAMP diet run-in. 

Then, over the next 4 days volunteers were asked to consume a set lunch and evening meal 

provided to them (Appendix 3), each selected on the basis of containing high levels of 

PAMPs (Erridge 2010), and each was consumed on or just before the ‘best before’ date 

advertised on the packaging. A third fasting blood sample was taken in the morning after 

the final day of the high PAMP diet (Figure 2.10). Throughout the study, subjects were 

asked to keep a quantitative diet diary and to avoid excessive alcohol consumption for the 

duration of the study. 
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Baseline physical characteristics of healthy volunteers are summarized in table 2.5. 

Inclusion criteria for this study were healthy men between the ages of 18 and 65. Exclusion 

criteria included evidence of any current inflammatory condition, infection or vaccination 

within two weeks prior to the study and use of medications (Appendix 4). In addition, 

estimated nutritional content of diets based on typical daily intakes during low/high PAMP 

diets were calculated as summarized in table 2.6. All volunteers gave informed consent 

(Appendix 5), and ethical approval for the study was granted by the University Of Leicester 

College Of Medicine Ethics Committee. The study was registered at clinicaltrials.org 

(reference NCT02430064).  

  

Baseline Low PAMP diet advice High PAMP meals Blood sample

Baseline food 
frequency questionnaire

Low PAMP
diet advice

High PAMP meals 
provided for lunch & dinner 

Day 0 7 11

B
ef

o
re

 S
tu

d
y

En
d

Diet diaries Diet diariesQuestionnaire

Fasted blood 
sample

Fasted blood 
sample

Fasted blood 
sample

Figure 2.10: Schematic depiction of the chronic dietary PAMP study protocol. 
 
The protocol for the chronic dietary PAMPs study in healthy human volunteers is shown. 
Information regarding low PAMP dietary advice, high PAMP meals and quantitative diet diaries to 
human volunteers are mentioned in the appendix section. 
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Table 2.5: Baseline physical parameters of healthy volunteers. 

 

Indicated measurements are fasting values measured at entry to the study. Results are presented 

as mean ± SD. BP, blood pressure; HOMA-IR, homeostatic model assessment of insulin resistance. 

* Whole blood cell counts were measured and recorded for each individual from the collected blood 

samples in EDTA tubes using a Beckman Coulter AcT Diff II Haematology Analyser. 

** HOMA-IR value was calculated using this formula: 

Fasting plasma glucose (mmol/l) X fasting serum insulin (mU/l) / 22.5. 

 

2.15.  Serum triglyceride analysis 
 

Triglycerides (TG) consist of fatty acids esterified to glycerol, and are a major 

component of animal fat, vegetable oil, LDL and VLDL. Triglyceride assay (Wako) was used 

to measure triglyceride concentrations in healthy human volunteer’s serum in both acute 

and chronic dietary intervention PAMP studies and in mouse plasma samples. A five point 

standard curve in duplicate of 75, 150, 300, 596, and 882 mg/dL triglyceride was made, 

then 5 µl of serum samples were added in triplicate in a 96 well plate. Triglyceride reagent 

was prepared by adding 105 ml of reaction buffer (RB) into the chromogen vial.  

** 

* 
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A multichannel pipette was then used to transfer 300 µl of triglyceride reagent buffer 

onto each sample. The plate was mixed on plate mixer then incubated in a plate reader at 

37°C for 5 minutes. Finally, the plate was read at 600 nm by Microplate Reader ELx800 

(BIO-TEK/USA). Standard curves were created using Microsoft Excel to allow calculation of 

the quantity of triglyceride in each well. 

 

2.16.  Serum cholesterol analysis 
 

Amplex cholesterol assay (Invitrogen) was used to measure total cholesterol and Apo-

B depleted lipoprotein (HDL) concentration in the mouse plasma samples and in healthy 

human volunteer’s serum in both acute and chronic PAMPs dietary intervention study. 

Polyethylene glycol (PEG) (Sigma) was used to deplete LDL/VLDL lipoproteins from 

plasma samples for measurement of HDL-cholesterol. 20% PEG solution was made with 

glycine buffer and added at a dilution of 1:2.5 to defrosted plasma samples which were 

stored at -80°C. The LDL/VLDL lipoproteins were pelleted at 10k rpm for 30 minutes at 4oC 

and the supernatant containing the HDL fraction was separated and stored in eppendorf 

tubes.  

The Amplex Red Cholesterol Assay Kit provides a simple fluorometric method for the 

sensitive quantitation of cholesterol using a fluorescence microplate reader. The assay is 

based on an enzyme-coupled reaction that detects both free cholesterol and cholesterol 

esters. Cholesterol assays were performed according to the manufacturer’s instructions. 

Briefly, a cholesterol standard curve were made through diluting the appropriate amount 

of 2 mg/mL (5.17 mM) cholesterol reference standard into 1X Reaction Buffer to produce 

a top standard concentration of 8 μg/mL (20 μM). 1X Reaction Buffer without cholesterol 

was used as a negative control. The cholesterol-containing samples diluted in 1X Reaction 

Buffer were dispensed at 50 μl per well of a white-walled microtitre plate. A working 

solution of 300 μM Amplex Red reagent containing 2 U/mL HRP, 2 U/mL cholesterol 

oxidase, and 0.2 U/mL cholesterol esterase by adding 75 μl of Amplex Red reagent stock 

solution, 50 μl of the HRP stock solution, 50 μl of the cholesterol oxidase stock solution, 

and 5 μl of the cholesterol esterase stock solution was added to 4.82 mL of 1X Reaction 

Buffer.  
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Reactions were started by adding 50 μl of the Amplex Red reagent/HRP/cholesterol 

oxidase/ cholesterol esterase working solution to each microplate well containing the 

samples, standards and controls. 

The microplate was incubated for 30 minutes at 37°C, protected from light. At the end 

of the assay the fluorescence were measured at 560 nm excitation and 590 nm emission in 

a NOVOstar device (BMG LABTECH/Germany). Standard curves were created using 

Microsoft Excel to allow calculation of the quantity of cholesterol in each well. 

The Friedewald (1972) formula was used to estimate the LDL-C concentration:   

LDL = TC - HDL - TG/5.0 (mg/dL)  

 

2.17.  Cholesterol efflux assay  
 

 The capacity of human or mouse Apo-B-depleted serum to accept cholesterol effluxed 

from macrophages was measured using a cholesterol efflux assay. The assay comprises 

three main stages: 

Plating and labelling stage (Day one): J774 macrophages were plated at 100 µl of 6 X 

105 cells/ml in RPMI/10%FCS. The cells were allowed to attach to the plate by incubation 

for 7 hours at 37°C and 5% CO2. After that, the medium of the plate were replaced with 

labelling medium (20 µl of 3H-cholesterol (1 MBq) (Perkin-Elmer) resuspended in 11.1 ml 

RPMI-1640 / 0.5% gentamicin / 1% FBS) and were incubated at 37°C and 5% CO2 for 24 

hours. 

Equilibration stage (Day two): After 24 hours of incubation the contents of the plate 

were replaced with washing medium (RPMI-1640 with 0.1% Gentamicin [Gibco 50 mg/ml 

stock], without FBS), then equilibration medium at 100 µl per well (2% BSA in RPMI with 

0.15 mM cAMP and 0.1% gentamycin) and incubated at 37°C with 5% CO2 for 24 hours. 

Efflux stage (Day three): Wells were washed once with washing medium, then each well 

received 100 µl efflux media (970 ml dH2O / 9.6 g MEM [Cellgro, Mediatech Inc] / 3.08 g 

HEPES / 5M NaOH to pH 7.4, 0.15 mM cAMP) containing 2.8 µl Apo-B-depleted serum per 

well. Plates were then incubated at 37°C without 5% CO2 for 4 hours. Efflux medium with 

no serum supplementation and T0 cellular content (measure of radiolabeled cholesterol 

taken up by the cell) was used for the background correction. 
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After the 4 hours efflux stage, efflux medium was removed from each well and 

centrifuged in labelled eppendorf tubes at 13,000 g for 5 minutes to pellet cell debris. 75 

μl of each supernatant was transferred into a numbered scintillation vial and vortexed to 

mix. The rest of the media was removed from the wells and the cells were lysed in the T0 

(without serum) wells using 120 μl lysis solution (0.2 M NaOH / 0.1 % SDS) for 30 minutes 

on a rocker at room temperature. Later 90 μl of cell lysates were transferred to a 

scintillation vial containing 5 ml of scintillation fluid (Scintiverse (TM) BD Cocktail, Fisher) 

and vortexed to mix. The radioactivity were measured overnight using a Packard 1500 Tri-

Carb Liquid Scintillation Counter. Measurements were recorded as counts per minute 

(CPM). Cholesterol efflux to HDL was calculated using the following formula: 

(Sample average - without serum average) / T0 cellular average without serum 

 

2.18.  Glucose measurement assays 
 

Amplex glucose assay (Invitrogen) was performed to measure glucose concentration in 

the healthy human volunteer’s serum in the chronic dietary PAMP study. The Amplex Red 

Glucose Assay Kit provides a simple fluorometric method for the sensitive quantitation of 

glucose using a fluorescence microplate reader. 

Glucose assays were performed according to the manufacturer’s instructions. Briefly, a 

glucose standard curve was made by diluting the appropriate amount of 400 mM glucose 

stock solution into 1X Reaction Buffer to produce a top standard concentration of 200 μM. 

1X Reaction Buffer without glucose was used as a negative control. The glucose-containing 

samples were diluted 1:50 in 1X Reaction Buffer and 50 μl was added to separate wells of 

a white-walled 96-well plate. A working solution of 10 μM Amplex Red reagent was 

prepared by adding 50 μl of Amplex Red reagent stock solution, 100 μl of the stock HRP 

solution, and 100 μl of the glucose oxidase stock solution to 4.75 mL of 1X Reaction Buffer. 

Reactions were started by adding 50 μl of the Amplex Red reagent/HRP/glucose oxidase 

working solution to each microplate well containing the samples, standards and controls 

using a multichannel pipette. 

The microplates were incubated for 30 minutes at room temperature, protected from 

light. Finally, fluorescence was measured at 560 nm excitation and 590 nm emission using 
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a NOVOstar device (BMG LABTECH/Germany). Standard curves were created using 

Microsoft Excel to allow calculation of the quantity of glucose in each well. 

 

2.19.  Immunoblotting analysis of Apolipoprotein-A1 

protein 
 

Western blotting is a technique that is to identify proteins that have been separated 

from one another according to their size by gel electrophoresis, using specific antibodies. 

The blot is defined as a membrane which is almost always of nitrocellulose or PVDF 

(Polyvinylidene fluoride). The gel is placed next to the membrane and an electrical current 

induces the proteins in the gel to move to the membrane where they adhere. The 

membrane is then become a replica of the gel’s protein pattern, and is subsequently 

stained with primary and secondary antibodies. 

Immunoblot assays were used to measure Apolipoprotein-A1 protein in the plasma of 

wild-type C57BL/6 mice fed a high fat diet for 4 weeks with or without intraperitoneal 

injection of clodronate liposomes, which were orally gavaged with or without E. coli LPS. 

Serum samples were mixed 1:1 with lysis buffer (0.1M NaOH, 0.1% SDS in H2O) and then 

1:10 volume of 1M DTT was added to each sample. The plasma samples were heated at 

100 ˚C for 2 minutes and kept on ice. Nupage precast gels (Fisher) were used for 

electrophoresis with Novex MOPS buffer (Fisher) as a running buffer using Novex Mini-Cell 

electrophoresis system (Invitrogen). Plasma samples were loaded alongside a protein 

ladder (PageRuler pre-stained molecular weight from 10 kDa to 170 kDa - Thermo 

Scientific), and separated by gel electrophoresis at 200 volts for 1 hour. Proteins from the 

gel were transferred to a nitrocellulose membrane (Whatman Protran BA85) using a wet 

tank system apparatus (XCell II - Invitrogen). Transfer was performed at 35 volts for 1.5 

hours in Novex Tris/Glycine transfer buffer. 

Next, the membranes were blocked with 2% BSA in wash buffer (PBST, PBS with Tween 

20 at 1:2,000) for 2 hours at room temperature on a rocking platform. The membrane was 

then probed with primary antibody (Rabbit polyclonal IgG - Santa Cruz Biotechnology), 

overnight at 1:200 in 0.2% BSA at 4 ˚C on a rocking platform.  
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The following day, the membrane was washed with PBST (4 x 15 minutes/wash) at 4 ˚C 

on a rocker, and then probed with secondary antibody (Goat anti-rabbit IgG conjugated 

with HRP - Santa Cruz Biotechnology, at 1:4,000) for 2 hours in 0.2% BSA at 4˚C on a rocker. 

The membrane was then washed with PBST buffer as previously mentioned, and incubated 

in a chemiluminescence substrate solution (SuperSignal West Pico Chemiluminescence 

substrate solution kit - Thermo Scientific), containing H2O2 which leads to light production. 

The membrane was visualized using an ImageQuant LAS 4000 chemiluminescent 

imager (General Electric) and quantified by densitometry analysis using Image Quant TL 

software. In addition, the albumin was measured in plasma using ponceau red stain, the 

membrane was immersed in Ponceau S Red solution (Sigma) for 1 minute, after which it 

was washed in distilled water until the protein lanes were visible. 

 

2.20.  Flow cytometry 
 

Flow cytometry is a laser-based technology, which is widely used to analyse the 

expression of cell surface and intracellular molecules of single cells. It is mainly used to 

measure fluorescence intensity produced by fluorescent-labelled antibodies detecting 

proteins, or ligands that bind to specific cell-associated molecules. The staining procedure 

involves making a single-cell suspension from cell culture or tissue samples. The cells are 

then incubated in tubes with fluorochrome-labeled antibodies and analysed on the flow 

cytometer. Light scattered from the cells or particles is detected as they go through the 

laser beam. A detector in front of the light beam measures forward scatter (FS), which 

correlates with cell size and several detectors to the side measure side scatter (SS), which 

is proportional to the granularity of the cells. Therefore, cell populations can often be 

distinguished based on differences in their size and granularity. Fluorescence detectors 

measure the fluorescence emitted from positively stained cells or particles. 

Flow cytometry was performed to quantify TLR2 and TLR4 exprssion on human cells 

(monocytes and HepG2 cells) and murine cells (RAW 264.7, hepatocytes and kupffer cells). 

The cells were resuspended to 1 x 106 cells/ml in PBS, then 100 µl aliquots in four different 

eppendorf tubes of the cell suspension were made for (no antibody, isotype control, anti-

TLR2 and anti-TLR4). Human cells were stained with FITC-conjugated anti-TLR2 (TL2.5, 5 µl), 

anti-TLR4 (HTA125, 5 µl) and 2 µl isotype control antibody (anti-TLR3, stock was 2.5x higher 
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concentration than HTA125 and TL2.5). Mouse cells were stained with phycoerythrin (PE)-

conjugated anti-TLR2 (2 µl), anti-TLR4 (2 µl) and isotype control antibody (rat IgG2a-PE, 2 

µl). The cells were mixed gently and incubated for 30 minutes at 4°C. Subsequently, the 

cells were pelleted at 400 g for 5 minutes and resuspended again in 500 µl PBS. 

Fluorescence of cells was measured using a Gallios flow cytometer (Beckman Coulter). 

Isotype control stained cells were assigned 2% positivity by adjustment of the threshold of 

positivity. Cells were gated according to forward and side scatter, and counts of positive 

cells and mean fluorescence intensity (MFI) were recorded. Finally, the data analysis were 

performed and the histograms were conducted by using Kaluza software. 

 

2.21.  Cryostat and fluorescent IHC staining 
 

Fresh liver tissues were dissected from wild-type C57BL/6 mice and transferred into 

embedding moulds (Thermo Scientific) in a dry ice bath, then immersed in OCT embedding 

matrix before storage at -80°C. 7 µm sections of frozen liver tissues were cut using a 

cryostat (LEICA - CM3050S) machine and were mounted on poly-lysine histological slides 

(Thermo Scientific). Liver sections were dried at 37°C for 30 minutes, then the sections were 

fixed by adding 100 µl of cold acetone for 10 minutes at 4°C, and then air dried inside a 

fume hood for 20 minutes. A circle was drawn on the slide around the tissue sample using 

wax pen before antibody staining. First, blocking buffer (50 µl of 10% goat serum) was 

added to each section for 30 minutes at room temperature to block non-specific staining. 

Next, 80 µl of primary antibody (rat anti-mouse F4/80 for Kupffer cells or TLR2/TLR4 rabbit 

polyclonal antibody) were applied at 1:100 dilution in 4% goat serum and incubated 

overnight at 4°C in humidified chambers. Afterward, the slides were washed 3 times for 

fifteen minutes each with wash buffer (PBS), then 80 µl of secondary antibody (Alexa Fluor 

488 goat anti-rat or AF594 goat anti-rabbit) was applied at 1:500 dilution in 4% goat serum, 

then incubated for 4 hours at 4°C in humidified chamber. The slides were washed again 3 

times for fifteen minutes each with wash buffer (PBS).  

 

At this point the slides were dried and the waxes were wiped off from the slide, then 

the coverslips were mounted onto the slide with Pro-long Gold anti-fade reagent 
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containing 4’,6-diamidino-2-phenylindole (DAPI) nuclear stain (Life technologies). The 

samples were then stored at room temperature for 24 hours to cure. 

Subsequently, the liver tissue samples were imaged on LEICA (DM 2500) microscope, 

and images were captured and processed using a camera (LEICA - DFC 450C) and LAS V4.0 

software. 

 

2.22.  Vibratome technique 
 

The Microslicer DTK-1000 is a vibrating blade instrument that is used to cut sections of 

soft tissues like brain, liver or similar difficult-to-section material. This machine was used 

to prepare liver slices (at 300 micrometres thickness) from dissected liver samples of wild-

type C57BL/6 and IL-1R1 KO mice (Figure 2.11). The whole liver was placed on ice to keep 

cold, then a metal punch (1 cm in diameter) was used to make cylinders of liver samples 

which were placed in RPMI medium + 10% FCS + L-glutamine + antibiotics. Next, the liver 

samples were attached to the sample mounting tray with a thin layer of ultra-strong glue. 

The Vibratome instrument was then used to obtain liver slices from non-frozen tissue 

samples. Finally, individual liver slices were collected from the tray of the Microslicer into 

wells of a 24-well plate, which were there challenged with PAMPs or cytokines and 

incubated for 24 hours in 37oC incubator with 5% CO2. 

  



102 
 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

1 Clean and ready to use 3 Cylinders of liver samples 2 Set up the blade 

4 Attach liver samples 6 Liver slices in 24-well plate 5 300 Micron liver slices 

Metal Punch 

Ice Bath 

Blade 

Liver cylinders 

Liver slices 

Microslicer DTK-1000 

Figure 2.11: Method for vibratome based preparation of fresh liver slices. 
 
The Microslicer DTK-1000 was cleaned before use (1), a sharp blade was attached to the blade 
holder (2), cylinders of murine liver samples were prepared using a metal punch (3), liver cylinders 
were glued onto the tray (4), 300 micron slices of liver were cut (5), and the slices were transferred 
to individual wells of a 24 well plate (6). 
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2.23.  Perfusion method for murine primary 

hepatocytes/kupffer cells 
 

Primary hepatocytes and kupffer cells were extracted from liver tissues of wild-type 

C57BL/6 and IL-1R1 KO mice by the three-step perfusion method (Figure 2.12), as follows: 

Setting up perfusion assay: Clearing medium (1x HBSS, without magnesium or calcium, 

with 0.5 mM EGTA, pH to 7.4 NaOH), chasing medium (PBS, pH 7.4), digestion buffer 

(DMEM + HEPES + 0% serum + 0.5 mg/ml Sigma type IV collagenase), isolation medium 

(DMEM + HEPES + Pen/Strep + 10% serum at 4oC) and growth medium (DMEM + HEPES + 

Pen/Strep + 0% serum) were prepared.  The water bath to circulate warm water through 

perfusion apparatus allowed to warm to 37oC before each experiment. Next, the perfusion 

pump was switched on to clean the plastic tubing first with 70% ethanol, then with PBS, 

before priming the system with warm clearing medium. 

Perfusion of mouse liver: Mice were dissected so as to expose the peritoneal cavity and 

the portal and vena cava veins. A hole was made in the vena cava by a needle, then a ~2 

mm cut was introduced into the top surface of the portal vein to allow insertion of the 

perfusion tubing. The tubing was then tied in place with a fine, strong surgery silk. Then, 

the clearing medium was pumped at a speed of 15-20 rpm (the liver colour lightens if 

perfusion is achieved), and the portal vein was cut to allow retrograde perfusion of the 

liver. Just before the pump reservoir runs out of clearing medium, 10 ml of chasing medium 

(PBS) was added to remove the EGTA. Then, just before the PBS runs out, the digestion 

buffer was replaced. Typically within 5-7 minutes the liver begins to swell, indicating 

successful collagen digestion. 

Extracting cells from the perfused liver: The lobes of the liver were separated quite 

gently from the body of the mouse, leaving the gall bladder behind, and transferred into a 

dish containing 20 ml of isolation medium. The lobes were then teared by sterilised forceps 

and the released cells turned the medium cloudy. Next, the suspension was pipetted three 

times up and down in a serological pipette before straining through a cell strainer (Greiner) 

into a 50 ml Falcon tube. 
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Hepatocyte extraction centrifugation steps: The mixed liver cell suspension was 

centrifuged at 4oC for two minutes at 50 g, such that the pellet contains hepatocytes and 

the supernatant contains Kupffer cells (processed separately, see next section). The 

hepatocyte pellet was resuspended in 25 ml of cold isolation medium and the 

centrifugation procedure was repeated twice more (2 minute, 50 g washes) to further 

purify the hepatocytes. Then, the pellet was resuspended gently with pipette in 25 ml cold 

isolation medium for cell counting (80 μl aliquot of the cell suspension mixed with 20 μl of 

0.4% trypan blue for 1 minute) using a haemocytometer. Hepatocyte cell concentration 

was adjusted to 300,000 cells/ml, and 360 μl was seeded per well of collagen coated 24-

well plates. Subsequently, cells were incubated for 1 hour at 37oC in isolation medium so 

as to attach to the bottom of the plate. Then, the plates were rinsed once and replaced 

with the growth medium and the cells were incubated overnight at 37oC. Afterward the 

hepatocytes were ready to be used in experiments. 

Kupffer cell extraction centrifugation steps: The collected supernatant from the 

previous step was centrifuged at 50 g (4oC) for 3 minutes, so as to pellet remaining 

hepatocytes. Then, the supernatant (not the pellet) was kept and centrifuged at 300 g (4oC) 

for 5 minutes in another tube. Next, the Kupffer cells / liver sinusoid and endothelial cells 

(LSEC) pellet was resuspended in isolation medium and counted using a haemocytometer, 

then adjusted to 800,000 cells/ml (8x105). 1 ml per well of this suspension was seeded into 

each well of non-collagen coated 24-well plate. The cells were incubated at 37oC for 16 

minutes to allow the kupffer cells to adhere. Consequently, the cells were washed gently 

to remove the non-adherent cells such as liver sinusoid and endothelial cells. Finally, the 

medium was replaced with growth medium and the cells were incubated overnight at 37oC. 

After that, the kupffer cells were ready to be used in experiments. 
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1 Expose the Portal Vein (PV) 2 Visualise the Vena Cava (VC) 3 Cut the Portal Vein 

4 Blood flows out of the PV 

9 Take out the liver (no gallbladder) 

5 Cannulate the VC 6 Suture around catheter & VC 

7 Liver becomes lighter in color 8 Swelling and digestion of liver 

Figure 2.12: Steps involved in the murine hepatic perfusion method. 
 
After exposing the peritoneal cavity to reveal the portal and vena cava veins (1 and 2), the portal vein 
was cut and blood flows from the PV (3 and 4), a needle was used to make a hole in the vena cava (5), 
then a fine clear plastic tube was inserted into the vena cava and tied in place with a fine silk (6), clearing 
medium was pumped into the liver (7), the liver begins to swell as the collagen is digested (8), and the 
lobes of the liver were separated quite gently from the body of the mouse (leaving the gall bladder 
behind) and transferred into a dish of isolation medium (9). 
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2.24.  MTT cell viability assay 
 

The methylthiazoletetrazolium (MTT) cell viability assay was used to determine the 

viability of Caco-2 intestinal epithelial cells cultured in the presence of various 

concentrations of food additives. In this assay, yellow MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5 

diphenyltetrazolium bromide, a tetrazole) is reduced to purple formazan in the 

mitochondria of living cells. This reduction takes place only when mitochondrial reductase 

enzymes are active, and therefore conversion can be directly related to the number and 

viability of living cells. Mitochondrial dehydrogenases of viable cells cleave the tetrazolium 

ring, yielding purple MTT formazan crystals which are insoluble in aqueous solutions. The 

crystals can be dissolved in acidified isopropanol. An increase in cell number results in an 

increase in the amount of MTT formazan formed and an increase in absorbance. The 

absorbance of this colored solution can be quantified by measuring at a certain wavelength 

(usually between 500 and 600 nm) using standard microplate absorbance readers. 

Caco-2 cells were plated at 4x105 cells/well of a 96 well plate, and incubated at 37°C for 

24 hours. Subsequently, the medium was replaced with 100 μl of medium containing food 

additives at various concentrations (0.016, 0.08 and 0.4% wt/vol), and incubated at 37°C 

for 24 hours. Medium was then replaced with fresh DMEM/10%FCS and 10 μl of MTT 

solution (1 ml of sterile PBS was added to one 5 mg vial of MTT) and incubated at room 

temperature for 4 hours. Next, the content of the plate were removed gently and replaced 

with SDS-HCL solution (10 ml of 0.01 M HCl was added to one tube containing 1 g of SDS) 

and incubated at 37°C for 30 minutes. Finally, the absorbance was read at 562 nm using 

microplate reader. 
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2.25.  Data Analysis 
 

All experiments were performed at least in triplicate, unless otherwise stated in the 

results section. Microsoft Office Excel 2013 or GraphPad Prism 6 software was used in order 

to analyze the data obtained from all the experiments and to prepare charts. The results 

are stated as mean ± Standard Deviation (SD) or Standard Error of Mean (SEM). Multiple 

comparisons against control conditions were tested using the ANOVA test with Dunnett’s 

test or Sidak's test for multiple comparisons. Also, unpaired student’s t-tests with 

Bonferroni correction were used where two samples were compared. Statistical 

differences were deemed to be significant at P < 0.05. 
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Chapter 3 Results - Investigation of cellular 

responses to dietary PAMPs in vitro 
 

3.1. Macrophage production of TNF-α in response to food 

extracts 
 

Murine RAW 264.7 macrophage cells (1 x 105 cells/ml) were challenged with the 

canonical TLR2-stimulant Pam3CSK4 (10 μg/ml), the canonical TLR4 stimulant E. coli LPS (1 

μg/ml) and twenty four sterile filtered food extracts separately diluted (1:10) in tissue 

culture medium. Supernatant was collected after 3 hours since this timepoint is established 

to coincide with peak release of bioactive TNF-α. Murine L929 fibroblast cells were used to 

quantitate bioactive TNF-α in the supernatant as described in the methods. 

Pam3CSK4 and LPS induced a significant increase in the production of TNF-α (Pam3CSK4: 

577.9 ng/ml and LPS: 859.3 ng/ml) when compared with the control (1.3 ng/ml). There was 

considerable variation in the amount of TNF-α produced in response to challenge with the 

sterile filtered food extracts. For example, fish pie was the most potent inducer of TNF-α 

production (735.3 ng/ml vs. control: 1.3 ng/ml; P<0.001), while sweet and sour chicken 

with rice was the lowest inducer of TNF-α production (1.3 ng/ml) which was similar to the 

control. Many other foods also induced very little TNF-α production. Interestingly, food 

extracts which consisted of minced meat and chopped onion such as spaghetti, minced 

beef and onion pie promoted a higher production of TNF-α (Spaghetti Bolognese: 194.5 

ng/ml and minced beef and onion pie: 93.3 ng/ml) when compared with foods extracts 

which did not include these ingredients (Figure 3.1). 
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Figure 3.1: Macrophage TNF-α secretion in response to food extracts. 
 
Murine RAW 264.7 macrophages were treated with sterile filtered food extracts diluted 1:10 in 
tissue culture medium. After 3 hours incubation, secretion of TNF-α was quantified from the 
supernatant by L929 bioassay. Results are expressed as means of 3 independent experiments ± 
SEM. Differences were compared by ANOVA with Dunnett’s test (*P<0.05, **P<0.01, ***P<0.001 
vs. control cells cultured in medium alone). 
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3.2. Cytokine production by primary human leukocytes in 

response to food extracts 
 

Enzyme-linked immunosorbent assay was used to quantify inflammatory cytokines (IL-

6, TNF-α, and IL-1) produced by human whole blood, PBMCs or primary monocytes. 

Human whole blood was challenged with sterile filtered food extracts for 18 hours, then 

the supernatant was collected and ELISA was performed so as to quantify inflammatory 

cytokines. Most of the food extracts promoted a significant rise in the production of 

inflammatory cytokines. 

Minced Beef and onion pie was the most potent inducer of IL-6 production (20,831 

pg/ml vs. control: 46 pg/ml; P<0.001) (Figure 3.2). On the other hand, cheese and onion 

rolls were the most effective inducers of IL-1β production (341 pg/ml vs. control: 12 pg/ml; 

P<0.05) (Figure 3.3). Cheese and onion rolls were also the strongest inducers of TNF-α 

production, although this response did not reach statistical significance when compared 

with the control (767 pg/ml vs. control: 225 pg/ml) (Figure 3.4).  
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Figure 3.2: Production of IL-6 by human whole blood stimulated with food extracts. 
 
Human whole blood was cultured with sterile filtered food extracts (diluted 1:20 in medium). After 
18 hours incubation, secretion of IL-6 was quantified from the supernatant (plasma) using ELISA. 
Results are expressed as means of 4 independent experiments ± SEM. The lower limit of detection 
of IL-6 was 0.025 ng/ml. Differences were compared by ANOVA with Dunnett’s test (*P<0.05, 
**P<0.01, ***P<0.001 vs. control cells cultured in PBS). 
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Figure 3.3: Production of IL-1β by human whole blood stimulated with food extracts. 
 
Human whole blood was cultured with sterile filtered food extracts (diluted 1:20 in medium). After 
18 hours incubation secretion of IL-1β was quantified from the supernatant (plasma) using ELISA. 
Results are expressed as means of 4 independent experiments ± SEM. The lower limit of detection 
of IL-1β was 0.035 ng/ml. Differences were compared by ANOVA with Dunnett’s test (*P<0.05, 
**P<0.01, ***P<0.001 vs. control cells cultured in PBS). 
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Figure 3.4: Production of TNF-α by human whole blood stimulated with food extracts. 
 
Human whole blood was cultured with sterile filtered food extracts (diluted 1:20 in medium). After 
18 hours incubation secretion of TNF-α was quantified from the supernatant (plasma) using ELISA. 
Results are expressed as means of 4 independent experiments ± SEM. The lower limit of detection 
of TNF-α was 0.005 ng/ml. Differences were compared by ANOVA with Dunnett’s test (*P<0.05, 
**P<0.01, ***P<0.001 vs. control cells cultured in PBS). 
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Analysis of the combined data from these experiments revealed that the amount of IL-

6 secreted in response to each extract correlated strongly with the amount of TNF-α and 

IL-1β secreted in response to the same extracts (see Table 3.1). Similarly, there was a 

statistically significant correlation between IL-1β and TNF-α in terms of secretion. 

 

 

 

 

 

 

 

 

 

 

 

 

Next, in order to determine the minimum concentration of Pam3CSK4 or LPS required 

to evoke a cytokine response by human leukocytes, human whole blood was treated with 

various doses of Pam3CSK4 and LPS and cytokines (IL-6, TNF-α and IL-1) were measured in 

supernatant after 18 hours by ELISA (Figure 3.5). The amount of IL-6 produced at the 

highest does of Pam3CSK4 used (1,000 ng/ml) was higher than the levels of both TNF-α and 

IL-1 which are produced at the same concentration of Pam3CSK4 (IL-6: 10,157 pg/ml vs. 

TNF-α: 1,021 pg/ml and IL-1: 194 pg/ml) (Figure 3.5 - a, b, c). By comparison, the amount 

of cytokines produced in response to the highest dose of LPS used (10 ng/ml) was (IL-6: 

11,443 pg/ml vs. TNF-α: 1,148 pg/ml and IL-1: 633 pg/ml) (Figure 3.5 - d, e, f).  

 

 

 

Table 3.1: Degrees of correlation of production of different 

inflammatory cytokines by human whole blood samples in response 

to challenge with 24 different food extracts were compared by 

Pearson linear regression. 
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These results therefore indicate that LPS (10 ng/ml) elicits the same or higher quantity 

of inflammatory cytokine production compared to Pam3CSK4, even when the latter is used 

at higher does (1,000 ng/ml). In addition, the minimum doses of LPS and Pam3CSK4 required 

to elicit inflammatory cytokine production from human whole blood were 0.1 ng/ml and 

10 ng/ml, respectively. 
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Figure 3.5: Human whole blood cytokine response to various doses of Pam
3
CSK

4
 and LPS. 

 
Human whole blood was treated with different quantities of Pam

3
CSK

4
 (10, 100, 1000 ng/ml), 

LPS (0.1, 1, 10 ng/ml) and (0 ng/ml) was used as control. After 18 hours incubation, secretion of 
cytokines IL-6 (A), TNF-α (B) and IL-1β (C) in response to Pam

3
CSK

4
 and IL-6 (D), TNF-α (E) and IL-

1β (F) in response to LPS were measured from the supernatant using ELISA. Results are 
expressed as means of 4 independent experiments ± SEM. Results were compared by repeated 
measures ANOVA with Sidak’s correction for multiple comparisons (*P<0.05, **P<0.01, 
***P<0.001 vs. control cells cultured in PBS).  
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Next, the cytokine responses of human PBMCs challenged with extracts of minced meat 

and ready-chopped onion were investigated, since the preceding experiments showed that 

these ingredients were a common factor of the most pro-inflammatory processed foods. 

In these experiments, chopped onion was the most potent inducer of inflammatory 

cytokine production (IL-6: 42.5 ng/ml, TNF-α: 11.1 ng/ml, IL-1β: 9.5 ng/ml; P<0.001).  In 

addition, minced meat and LPS (10 ng/ml) were relatively similar in the production of the 

inflammatory cytokines (Figure 3.6). 

These results therefore suggest that onion which has been chopped and stored at 

refrigeration temperature for some time contains high quantities of pro-inflammatory 

stimulants which are capable of stimulating high levels of inflammatory cytokine 

production by immune cells. 
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Figure 3.6: Cytokine production by human PBMCs treated with food extracts. 
 

Human PBMCs were exposed to sterile filtered food extracts diluted 1:20 in tissue culture medium, 
Pam

3
CSK

4
 (1 μg/ml) or LPS (10 ng/ml). Secretion of IL-6 (A), TNF-α (B) and IL-1β (C) were measured from 

the supernatant after 18 hours incubation using ELISA. Results are expressed as means of 5 independent 
experiments ± SEM. The lower limit of detection of IL-6 was 0.025 ng/ml, TNF-α was 0.005 ng/ml and IL-
1β was 0.035 ng/ml. Differences were compared by ANOVA with Dunnett’s test (*P<0.05, **P<0.01, 
***P<0.001 vs. control cells cultured in medium alone). 
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3.3. Quantification of TLR-stimulants in food extracts 
 

TLR-transfection assays were performed in order to quantify the abundance of TLR-

stimulants in each food, since these molecules are well established inducers of leukocyte 

inflammatory signaling. HEK-293 cells were transfected with a mixture of plasmids to cause 

cell surface expression of the TLR2 or TLR4 receptors, together with NF-κB dependent 

reporter constructs, in these otherwise TLR-deficient cells. A standard curve was prepared 

in each plate for the measurement of the biological activity of samples relative to Pam3CSK4 

(to quantify TLR2 stimulants) or LPS (to quantify TLR4 stimulants). NF-κB activation in each 

well was quantified by luminometry, and extent of signaling induced by food extracts 

(diluted 1:10 with tissue culture medium) was compared to that of the standard curve. 

In terms of TLR2 stimulants, most of the food extracts did not contain a high level of 

stimulants, but three of them (pork sausage rolls: 106 ng/g, fisherman’s pie: 52 ng/g, 

cheese and onion rolls: 41 ng/g) contained relatively high levels of TLR2 stimulants (Figure 

3.7). On the other hand, most of the food extracts contained detectable TLR4 stimulants, 

particularly foods containing minced meat and chopped onion (pork sausage rolls: 985 

ng/g, minced beef and onion pie: 328 ng/g, spaghetti bolognese: 224 ng/g), which 

contained a relatively high abundance of TLR4 stimulants compared with the rest of the 

food extracts (Figure 3.8). 

The results obtained from the transfection assay demonstrated that most of the food 

extracts tested contains detectable levels of TLR2 or TLR4 stimulants. Furthermore, those 

foodstuffs with higher content of minced meat and chopped onion tended to contain 

higher levels of TLRs stimulants. In terms of the correlation analysis of TLR-stimulants and 

cytokine readouts, measurements of both assays correlated well with each other and the 

correlation coefficient values ranged from 0.53 - 0.69. These results suggest that food 

content of TLR-stimulants is strongly correlated with their capacity to induce secretion of 

pro-inflammatory cytokines (Figure 3.9). 
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Figure 3.7: Quantification of Toll-like receptor (TLR) 2 stimulants in food extracts. 
 

Human embryonic kidney (HEK) - 293 cells were transfected with NF-κB reporter, CD14 and TLR2. 
Transfected cells were treated with sterile filtered food extracts (diluted 1:10 in tissue culture 
medium) for 18 hours, and then a luminescence assay was performed so as to measure the TLR2 
stimulants in food extracts by comparison to a Pam

3
CSK

4
 standard curve. 
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Figure 3.8: Quantification of Toll-like receptor (TLR) 4 stimulants in food extracts. 
 

Human embryonic kidney (HEK) - 293 cells were transfected with NF-kB reporter, CD14, TLR4 and 
MD2. Transfected cells were treated with sterile filtered food extracts (diluted 1:10 in tissue culture 
medium) for 18 hours, and then a luminescence assay was performed so as to measure the TLR4 
stimulants in food extracts by comparison to a LPS standard curve. 
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Figure 3.9: Correlation analysis of food-borne TLR-stimulant content with whole blood 
cytokine production. 
 

The abundance of TLR2 and TLR4 stimulants in foodstuffs, as quantified by HEK-293 transfection 

assay, was compared with the amount of pro-inflammatory cytokines (IL-6, TNF-α, and IL-1) 
produced after challenging human whole blood with food extracts. The measurements from both 
types of assay correlate well with each other, with correlation coefficient values ranging from 
0.53 - 0.69. Correlation coefficients were calculated using the Spearman correlation test. 
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3.4. Endotoxin quantification in food extracts 
 

Afterward, we decided to quantify the concentration of TLR4-stimulant 

(lipopolysaccharide) in the same sterile filtered food extracts using the kinetic chromogenic 

Limulus Amoebocyte Lysate (LAL) assay, since this method was previously used to measure 

endotoxin (LPS) concentration in ground beef and milk (J M Jay et al. 1979, Gehring et al. 

2008). 

A standard curve was prepared in a 96-well plate using 2-fold serial dilutions of LPS 

from E. coli (O111:B4) in pyrogen free water. After that, the samples were defrosted and 

added at a dilution of 1:10,000 in pyrogen-free water for the sterile filtered food extracts 

and results are presented as ng LPS per gramme food. 

The results obtained from the LAL assay revealed that most of the food extracts tested 

appeared to contain very high levels of endotoxin as measured using this assay. Foods 

containing minced meat, cheese and chopped onion (cheese and onion Rolls: 17,401 ng/g, 

macaroni cheese: 6,522 ng/g, and pork sausage rolls: 4,195 ng/g), contained a particularly 

high abundance of TLR4 stimulants compared with the rest of the food extracts (Figure 

3.10). 

In terms of the correlation analysis of endotoxin levels in foodstuffs, as quantified by 

LAL assay, with the abundance of TLR4 and TLR2 stimulants in foodstuffs as measured by 

HEK-293 transfection assay and with the amount of pro-inflammatory cytokines IL-6, TNF-

α, and IL-1 (Figure 3.11, a-e), which were produced after challenging human whole blood 

with food extracts, the correlation coefficient values ranged from 0.17 - 0.61. 

The lower correlation coefficients between the LAL assay results and cytokine 

production may relate to false positive readings, which are a common issue with the LAL 

assay because of its inherent capacity to detect non-inflammatory β-glucans, which are a 

common ingredient of many foodstuffs (Elin, Wolff 1973). 
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Figure 3.10: Quantification of lipopolysaccharide concentration in food extracts by limulus 
assay. 
 

The kinetic chromogenic Limulus Amoebocyte Lysate (LAL) assay was used to measure endotoxin 
(LPS) concentration in the same sterile filtered food extracts measured by TLR-bioassay previously. 
Samples were diluted 1:10,000 in pyrogen-free water before assay and results are presented as ng 
LPS per gramme food. 
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Figure 3.11: Correlation analysis of LAL assay with each of TLR-stimulants and 
cytokine readouts. 
 

The concentration of lipopolysaccharide in foodstuffs, as quantified by LAL assay, was 
compared with the abundance of TLR4 (A) and TLR2 (B) stimulants in foodstuffs, as measured 
by HEK-293 transfection assay, and with the amount of pro-inflammatory cytokines IL-6 (C), 

TNF-α (D), and IL-1 (E), which were produced after challenging human whole blood with 
food extracts. Correlation coefficients were calculated using the Spearman correlation test. 
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3.5. Effect of food extracts on macrophage lipid droplet 

formation 
 

Next, as lipid accumulation in macrophages, and also in circulating monocytes (Xu et al. 

2015), is a key event in atherosclerosis that may be driven by TLR-signaling (Nicolaou et al. 

2010, Nicolaou et al. 2012), we examined the effects of food extracts on lipid droplet 

formation in murine J774 macrophages. J774 cells treated with Pam3CSK4 (10 μg/ml), LPS 

(1 μg/ml), sterile filtered minced meat (1:10) or ready-chopped onion (1:10) were 

incubated for 72 hours and then stained with DAPI (to reveal nuclear DNA in blue) and Nile 

red (to reveal neutral lipid droplets in green). Finally, the cells were observed under 

fluorescent microscopy. 

Images obtained from fluorescent microscopy showed that all stimuli (Pam3CSK4, LPS, 

minced meat and chopped onion) induced an accumulation of lipid droplets inside the J774 

cells when compared with the medium alone (Control). These stimuli can therefore be 

considered to be capable of inducing foam cell formation in vitro (Figure 3.12). 
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Figure 3.12: Effect of food extracts on macrophage lipid droplet accumulation. 
 

J774 cells were exposed to Medium alone - Control (A), Pam
3
CSK

4
 (B), LPS (C), minced meat extract (D), or 

chopped onion extract (E), for 72 hours. The cells were stained with Nile red (which is specific for lipid 
droplets and emits a green colour) and DAPI (which is specific for nucleic acids and emits a blue colour) then 
examined under fluorescent microscope with 40X magnification power. 
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3.6. Real Time - Polymerase Chain Reaction (RT-PCR) 

assay 
 

The capacity of food extracts to regulate transcription of genes encoding inflammatory 

cytokines was then examined. For this purpose, human PBMCs were prepared from whole 

blood and then challenged with minced meat, chopped onion (1:20 diluted with tissue 

culture medium), Pam3CSK4 (1 μg/ml) or LPS (10 ng/ml). After 18 hours mRNA was 

extracted from the PBMCs then converted to cDNA, so as to quantifying the expression of 

inflammatory cytokine genes with RT-PCR assay. 

As expected, chopped onion treatment of PBMCs resulted in a highly significant 

induction of IL-6, IL-1β, and IL-8 genes (P<0.001) and TNF-α gene (P<0.05) when compared 

with the control (medium alone). By comparison, stimulation of PBMCs with minced meat 

extract resulted in a relatively low expression of inflammatory cytokine genes with no 

significant differences with the control, the only exception being a significant induction of 

IL-1β mRNA (P<0.05) (Figure 3.13, Figure 3.14 - a). 

The expression of inflammatory cytokine genes by PBMCs after challenging them with 

Pam3CSK4 and LPS increased significantly when compared with the control, but the gene 

expression was lower in comparison with the results obtained from chopped onion. 

Unexpectedly, expression of MCP-1 was reduced compared to control, by all stimuli (Figure 

3.14 - b). Taken together, these results confirm that commonly consumed foodstuffs 

(particularly ready-chopped onion) can promote inflammatory signaling in primary human 

leukocytes, and this supports similar results obtained from the quantification of 

inflammatory cytokines by ELISA. 
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Figure 3.13: Effects of food extracts on human PBMC expression of pro-inflammatory 
cytokine genes. 
 

Human PBMCs were treated with food extracts for 18 hours, and then the expression of pro-

inflammatory cytokine genes IL-6 (A), TNF-α (B), and IL-1 (C), were measured by RT-PCR, 
relative to the house-keeping gene 36B4. Results are expressed as means of 5 independent 
experiments ± SEM. Differences were compared by ANOVA with Dunnett’s test (*P<0.05, 
**P<0.01, ***P<0.001 vs. control cells cultured in medium alone). 



130 
 

 

 

 

  

 

0

1

2

3

4

5

6

7

Ctrl Meat Onion Pam3CSK4 LPS

(h
IL

-8
/h

36
B4

) m
RN

A

***

* *

0

0.2

0.4

0.6

0.8

1

1.2

Ctrl Meat Onion Pam3CSK4 LPS

(h
M

CP
-1

/h
36

B4
) m

RN
A

***

***

***

**

Figure 3.14: Effects of food extracts on human PBMC expression of pro-
inflammatory chemokine genes. 
 

Human PBMCs were treated with food extracts for 18 hours, and then the expression of 
pro-inflammatory chemokine genes IL-8 (A), and MCP-1 (B), were calculated using RT-PCR. 
Results are expressed as means of 5 independent experiments ± SEM. Differences were 
compared by ANOVA with Dunnett’s test (*P<0.05, **P<0.01, ***P<0.001 vs. control cells 
cultured in medium alone). 
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3.7. Effect of TLR inhibition on food extract inflammatory 

activity 
 

Next, we aimed to determine whether or not the capacity of foodstuffs to induce 

inflammatory signaling in monocytes was dependent on the food content of TLR2 or TLR4 

stimulants. To achieve this, the inhibitor OxPAPC was used, which is a specific inhibitor of 

TLR2 and TLR4, but not other TLRs or cytokine signaling pathways (Erridge et al. 2008). 

Human primary monocytes were prepared from human whole blood, and then they 

were treated with the presence or absence of 30 µg/ml OxPAPC for 20 minutes. This 

concentration of OxPAPC has been shown to be non-toxic to cultured cells (Erridge et al. 

2008). Finally, the cells were challenged with minced meat, chopped onion (1:100 diluted 

in tissue culture medium), Pam3CSK4 (100 ng/ml) and LPS (1 ng/ml). After 18 hours the 

supernatant were collected and inflammatory cytokines were measured by ELISA. 

The experiment confirmed that OxPAPC inhibited the induction of inflammatory 

cytokines by the positive control TLR2 and TLR4 stimulants Pam3CSK4 and LPS, respectively 

(Figure 3.15). The production of TNF-α and IL-1 decreased significantly (P<0.05) in the 

presence of OxPAPC after the cells were challenged with ready-chopped onion (Figure 3.15 

- b, c), and there was a clear decline in the amount of IL-6 although this difference did not 

reach significance (Figure 3.15 - a). Furthermore, there were significant reductions in the 

levels of IL-6 and TNF-α (P<0.05) and dramatic fall in the amount of IL-1β (P<0.01) in the 

monocytes challenged with meat in the presence of OxPAPC (Figure 3.15). Taken together, 

these findings suggest that TLR2 and TLR4 stimulants present in food are critical mediators 

of the capacity of food extracts to induce inflammatory signaling in human primary 

monocytes. 
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Figure 3.15: Effect of the TLR2 and TLR4 inhibitor OxPAPC on food extract - induced 
inflammatory signaling. 
 

Primary human monocytes were challenged with food extracts with or without 30 µg/ml OxPAPC, and 

then pro-inflammatory cytokines IL-6 (A), TNF-α (B), and IL-1 (C) were measured using ELISA. Results 
are expressed as means of 4 independent experiments ± SEM. The lower limit of detection of IL-6 was 
0.025 ng/ml, TNF-α was 0.005 ng/ml and IL-1β was 0.035 ng/ml. Differences were compared by ANOVA 
with Dunnett’s test (*P<0.05, **P<0.01, ***P<0.001 vs. control cells cultured in medium alone). 
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Chapter 4 Results - Effects of dietary PAMPs on 

cardiometabolic risk markers in man 
 

Our previous findings suggest that processed foods can contain PAMPs at 

concentrations that are much higher than required to stimulate inflammatory cytokine 

production in human blood. For example, results from the previous chapter suggest that a 

single 400 g processed food meal may contain up to 200 μg LPS-equivalents and 25 μg BLP-

equivalents. By comparison, it is well established that intravenous injection of as little as 8 

ng LPS is sufficient to stimulate a detectable inflammatory response in man (Ferguson et 

al. 2013). Specifically, previous studies have shown that intravenous injection of low-doses 

of LPS (0.1 ng/kg) in man results in a transient, low-grade inflammatory response involving 

the upregulation of circulating markers, such as IL-6, TNF-α and CRP (Starkie et al. 2003, 

Krogh-Madsen et al. 2004). 

Therefore, we assumed that the intestinal wall may serve as a protective barrier to the 

absorption of the majority of LPS and BLP contained within a meal. This concept is 

supported by a meta-analysis from randomized trials that showed there is a strong 

association between chronic use of non-steroidal anti-inflammatory drugs (NSAIDs) , such 

as ibuprofen and diclofenac, which impair gut barrier function in man and in mice 

(Sigthorsson et al. 2002), and the risk of cardiovascular diseases (Kearney et al. 2006). An 

effective gut barrier may be a possible explanation for why processed meal consumption 

does not lead to severe inflammatory response in healthy man. 

Nevertheless, it remains possible that processed foods could induce low grade, sub-

clinical inflammation through the absorption of PAMPs. To test this, we examined the 

effects of oral ingestion of meals rich in TLR-stimulants on systemic markers of 

inflammation and cardiometabolic risk in healthy human volunteers.  

We conducted two studies, an acute dietary PAMP intervention study (n=12) and a 

chronic dietary PAMP intervention study (n=11) in healthy human subjects. 
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4.1. An acute dietary PAMP intervention study in healthy 

human subjects 
 

According to the results obtained from the transfection assay (data from chapter 3 - 

results), we demonstrated that foodstuffs with higher content of minced meat and ready-

chopped onion tended to contain higher levels of TLRs stimulants. In addition, earlier work 

from the group showed that ready chopped onion from a certain supplier reliably contains 

high quantities of soluble TLR2 and TLR4-stimulants (Erridge C 2011). 

Based on these findings, we decided to prepare a test meal composed of 200 g of ready-

chopped onion from supermarket, mixed with flour and water, and deep fried in vegetable 

oil for 5-8 minutes (onion bhajis). Notably, such cooking does not significantly reduce the 

biological activity of BLP or LPS (Erridge C 2010). In order to maximise the chance of 

observing an effect, subjects were given ibuprofen tablets, with the aim of temporarily 

weakening gut barrier function. 

Twelve healthy male volunteers took two ibuprofen tablets (total 400 mg) before bed 

(day one). On the next day (early morning), they took another two ibuprofen tablets (total 

400 mg). Fasted blood samples were collected at 0 h. Then, they consumed a high PAMP 

meal (200 g bhajis prepared from ready chopped onion at best-before date). Postprandial 

blood samples were collected at 3 h and a second fasted sample at 24 h. 

The results from the acute dietary PAMP intervention study showed no significant 

changes in the physical parameters (pulse rate and tympanic temperature) (Figure 4.1) at 

any timepoint after ingestion of the high PAMP onion meal.  
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However, a significant increase in total leukocyte count was observed postprandially 

after 3 hours of delivering the high PAMP onion meal when compared to the baseline 

leukocyte measurement (P=0.007 vs. 0h timepoint). Leukocyte count then fell significantly 

after 24 hours (P=0.006 vs. 24h timepoint). Similar results were observed for total 

granulocyte counts (Figure 4.2). These are considered to be sensitive, but non-specific, 

markers of low-grade inflammation. 

  

Figure 4.1: Effect of high PAMP onion meal on physical parameters in ibuprofen-primed healthy 
human volunteers. 
 

Pulse rate (A) and tympanic temperature (B) were measured in ibuprofen-primed healthy male volunteers 
(n=12), before ingestion of a high PAMP onion meal (fasted, 0 h), postprandially (3 h) and the next day (fasted, 
24 h) after the test meal. Results were compared by repeated measures ANOVA with Sidak’s correction for 
multiple comparisons. 
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However, cytokine (IL-1β, IL-6, TNF-α and IL-8) mRNA expression in PBMC (Figure 4.3), 

serum CRP (Figure 4.4), serum endotoxin (Figure 4.5), serum LDL/HDL (Figure 4.7), and 

cholesterol efflux capacity of serum samples (Figure 4.8) were not significantly altered by 

the test meal. As expected, the serum triglyceride was significantly augmented by the high 

PAMP meal (which also contained quite a high fat load) and this was again reversed after 

24 hours (Figure 4.6). 

  

Figure 4.2: Leukocyte counts in blood samples of acute high PAMP onion dietary 
intervention in ibuprofen-primed healthy human volunteers. 
 

Leukocyte counts were measured in blood samples of ibuprofen-primed healthy human 
volunteers (n=12), collected before ingestion of a high PAMP onion meal (fasted, 0 h), 
postprandially (3 h) and the next day (fasted, 24 h) after the test meal. Results were compared by 
repeated measures ANOVA with Sidak’s correction for multiple comparisons (*P<0.05, **P<0.01). 
Results are presented as means ± SEM. 
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Figure 4.3: PBMC cytokine mRNA responses to high PAMP onion meal in ibuprofen-primed 
healthy human volunteers.  
 

Cytokine mRNA expression of IL-1β (A), IL-6 (B), TNF-α (C), and IL-8 (D) relative to 36B4 mRNA in PBMC 
of ibuprofen-primed healthy human volunteers (n=12), collected before ingestion of a high PAMP onion 
meal (fasted, 0 h), or postprandially (3 h), were measured by RT-PCR. Differences were compared by 
paired t-test (*P<0.05). Results are presented as means ± SEM. 
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Figure 4.4: CRP responses to high PAMP onion meal in ibuprofen-primed healthy human 
volunteers.  
 

CRP levels were measured in plasma samples of ibuprofen-primed healthy human volunteers (n=12), 
collected before ingestion of a high PAMP onion meal (fasted, 0 h), postprandially (3 h) and the next 
day (fasted, 24 h) after the test meal, using high sensitivity ELISA. Results are presented as responses 
of individual donors, normalised to baseline CRP. 

Figure 4.5: Serum endotoxin concentrations in acute high PAMP onion meal ingestion study.  
 

Serum endotoxin levels were measured in ibuprofen-primed healthy human volunteers (n=12), 
collected before ingestion of a high PAMP onion meal (fasted, 0 h), postprandially (3 h) and the next 
day (fasted, 24 h) after the test meal, using the kinetic limulus amoebocyte lysate assay. Results of 
individual donors are presented with bars representing means. Results were compared by repeated 
measures ANOVA with Sidak’s correction for multiple comparisons. 
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Figure 4.6: Plasma triglyceride concentrations in acute high PAMP onion meal in ibuprofen-
primed healthy human volunteers. 
 

Plasma triglyceride levels were measured in ibuprofen-primed healthy human volunteers (n=12), 
collected before ingestion of a high PAMP onion meal (fasted, 0 h), postprandially (3 h) and the next day 
(fasted, 24 h) after the test meal. Results were compared by repeated measures ANOVA with Sidak’s 
correction for multiple comparisons. 

Figure 4.7: Cholesterol levels of volunteers following acute high PAMP onion meal challenge. 
 

Cholesterol levels (HDL-C and LDL-C) were measured in ibuprofen-primed healthy human volunteers 
(n=12), collected before ingestion of a high PAMP onion meal (fasted, 0 h), postprandially (3 h) and the 
next day (fasted, 24 h) after the test meal. Results were compared by repeated measures ANOVA with 
Sidak’s correction for multiple comparisons. Results are presented as means ± SEM. 

P < 0.0002 P < 0.01 
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Notably, a recent study has demonstrated that onions contain high levels of the 

molecule quercetin, which inhibits TLR2- and TLR4-signalling in vitro (Shibata et al. 2014). 

This may be a possible explanation for why the consumption of the onion test meal did not 

lead to pronounced acute inflammatory responses in vivo. For these reasons, we did not 

continue with the planned acute control meal experiment, which was to be based on 

nutritionally identical freshly chopped (low PAMP) onion. 

  

Figure 4.8: Cholesterol efflux capacity of serum samples following acute high PAMP onion meal 
ingestion. 
 

Cholesterol efflux levels were measured in ApoB-depleted serum of ibuprofen-primed healthy human 
volunteers (n=12), collected before ingestion of a high PAMP onion meal (fasted, 0 h), postprandially 
(3 h) and the next day (fasted, 24 h) after the test meal. Results were compared by repeated measures 
ANOVA with Sidak’s correction for multiple comparisons. Results are presented as means ± SEM. 
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4.2. A chronic dietary PAMP intervention study in healthy 

human volunteers 
 

We next hypothesised that although the host may be resistant to a single challenge 

with dietary PAMPs, chronic or repeated exposure to dietary PAMPs could yet promote 

inflammation. To test this, we examined responses to a chronic dietary intake of high PAMP 

meals rather than a single meal, and compared it with the effect of low PAMP meals on the 

inflammatory and cardiometabolic markers in healthy man. 

Sixteen healthy male volunteers were recruited to take part in a chronic dietary PAMP 

intervention study, of which eleven completed the study. Volunteers were asked to avoid 

specific types of food that we found in recent studies to be at relatively high risk of 

containing high levels of PAMPs for 7 days (Erridge C 2010). Volunteers were requested to 

consume any quantity of fresh produce. Then, over the next 4 days, volunteers were asked 

to consume a set lunch and evening meal provided to them, each selected on the basis of 

containing high levels of PAMPs (Erridge C 2010). Throughout the study, subjects were 

asked to keep a quantitative diet diary and to avoid excessive alcohol consumption for the 

duration of the study. 

Based on the quantitative diet diaries from the human volunteers, we found that the 

dietary intervention study significantly diminished the number of servings of high PAMP 

foods from 1.51 to 0.58 per day (P=0.013) during the low PAMP week and these increased 

to 5.22 servings per day during the high PAMP arm. In addition, we discovered that all 

subjects were habitual consumers of foodstuffs which were identified previously to be at 

high risk of containing high levels of PAMPs, for instance, processed meats, ready meals, 

cheese, ready chopped vegetables and chocolate (Figure 4.9). 

Crucially, we also measured daily macronutrient intake from the diet diaries. It was 

found that similar levels of total fat, carbohydrate, sugar, fiber, protein and salt were 

consumed during both weeks of the chronic study, although saturated fat intake was 

estimated to be ~75% higher during the high PAMP arm of the study (see Table 4.1).  
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Table 4.1: Estimated nutritional content of diets based on typical daily intakes during low 

and high PAMP diets. 
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Low PAMP week 83.6 23.5 336.1 90.1 37.5 111.6 5.5 

High PAMP week 83.8 41.1 333.0 89.2 35.1 78.3 6.7 
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Figure 4.9: Frequency of consumption of high PAMP foods by category before and during 
low/high PAMP diet arms of chronic dietary study. 
 

Consumption of high PAMP foods in healthy male subjects (n=11) before study (white bars), after low 
PAMP diet week (blue bars), and after high PAMP diet week (red bars). Results were compared by 
repeated measures ANOVA with Sidak’s correction for multiple comparisons (*P<0.05, **P<0.01, 
***P<0.001). Results are presented as means ± SEM. 
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Unexpectedly, the results from the chronic dietary PAMP intervention study showed 

that weight and waist measurements fell significantly during the low PAMP diet (weight -

0.7 kg, P = 0.047, waist -1.6 cm, P = 0.031) and this was reversed by the high PAMP diet 

(Figure 4.10). However, systolic and diastolic blood pressure measurements were not 

significantly altered by the low/high PAMP meals (Figure 4.11). 

 

 

 

 

 

  

Figure 4.10: Effects of chronic low/high PAMP diets on weight and abdominal circumference in 
healthy human volunteers. 
 

Body weight (A) and waist measurement (B), were measured in healthy male subjects (n=11) at study 
entry (Visit 1 - white bars), after consuming a low PAMP diet for 7 days (Visit 2 - blue bars), and after a 
high PAMP diet for 4 days (Visit 3 - red bars). Results were compared by repeated measures ANOVA with 
Sidak’s correction for multiple comparisons. 

.A .B 

P < 0.047 
P < 0.031 P < 0.023 
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Interestingly, the high PAMP meals caused significant elevations in several leukocyte 

markers of inflammatory status (Figure 4.12). For instance, leukocyte counts were 

significantly increased by the high PAMP meals when compared to the low PAMP meals 

(P=0.0143). Similar results were found for lymphocyte numbers (P=0.0067). An earlier 

association study by (Twig et al. 2012) showed that an increase of white blood cell counts 

of 1,000 cells/mm3 was associated with a 17.4% increase in risk of coronary artery disease 

(CAD). Thus, based on our findings the leukocyte counts increase of 620 cells/mm3 by the 

high PAMP meals (5,130 cells/mm3), this is equivalent to a reduction in risk of CAD by about 

10.7% on the low PAMP diet. Surprisingly, a significant increase in thrombocyte counts 

(P=0.045) was also observed by the high PAMP meals when compared to the low PAMP 

meals (Figure 4.13). 

  

Figure 4.11: Effects of chronic low/high PAMP diets on blood pressure measurements in healthy 
human volunteers. 
 

Blood pressure levels (systolic and diastolic) were measured in healthy male subjects (n=11) at study 
entry (Visit 1 - white bars), after consuming a low PAMP diet for 7 days (Visit 2 - blue bars), and after a 
high PAMP diet for 4 days (Visit 3 - red bars). Results were compared by repeated measures ANOVA with 
Sidak’s correction for multiple comparisons. Results are presented as means ± SEM. 
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However, we did not observe a significant change in the inflammatory marker CRP 

(Figure 4.14) or serum endotoxin (Figure 4.15) by the chronic low/high PAMP meals. 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.12: Leukocyte counts in fasted blood samples in chronic low/high PAMP dietary 
intervention study. 
 

Leukocyte counts were measured in healthy male subjects (n=11) at study entry (Visit 1 - white bars), 
after consuming a low PAMP diet for 7 days (Visit 2 - blue bars), and after a high PAMP diet for 4 days 
(Visit 3 - red bars). Results were compared by repeated measures ANOVA with Sidak’s correction for 
multiple comparisons (*P<0.05). Results are presented as means ± SEM.  



147 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.13: Thrombocyte counts in fasted blood samples in chronic low/high PAMP dietary 
intervention study. 
 

Platelet counts were measured in healthy male subjects (n=11) at study entry (Visit 1 - white bars), after 
consuming a low PAMP diet for 7 days (Visit 2 - blue bars), and after a high PAMP diet for 4 days (Visit 3 
- red bars). Data are shown as mean ± SEM. Results were compared by repeated measures ANOVA with 
Sidak’s correction for multiple comparisons (*P<0.05). 

Figure 4.14: CRP responses to chronic low/high PAMP dietary interventions in healthy human 
volunteers. 
 

CRP levels were measured in plasma samples of healthy male subjects (n=11) at study entry (Visit 1 - 
white bars), after consuming a low PAMP diet for 7 days (Visit 2 - blue bars), and after a high PAMP 
diet for 4 days (Visit 3 - red bars), using high sensitivity ELISA. Results are presented as means ± SEM. 
Results were compared by repeated measures ANOVA with Sidak’s correction for multiple 
comparisons. 
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Furthermore, the most remarkable finding that we have observed in this study was a 

significant reduction of LDL-C by the low PAMP diet and it was rapidly increased by the high 

PAMP meals (P=0.019 vs. visit 1 [baseline] and P=0.039 vs. visit 3 [high PAMP meal]). By 

contrast, there was no significant effect of the low/high PAMP meals on serum triglyceride 

or HDL-C (Figure 4.16). 

  

Figure 4.15: Serum endotoxin concentrations in chronic low/high PAMP dietary intervention 
study. 
 

Serum endotoxin levels were measured in healthy male subjects (n=11) at study entry (Visit 1 - white 
bars), after consuming a low PAMP diet for 7 days (Visit 2 - blue bars), and after a high PAMP diet for 4 
days (Visit 3 - red bars), using the kinetic limulus amoebocyte lysate assay. Results were compared by 
repeated measures ANOVA with Sidak’s correction for multiple comparisons. Results are presented as 
means ± SEM. 
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A similar observation was also reported by (Ambring et al. 2004), where in healthy 

subjects with normal blood lipids, 4 weeks of a Mediterranean diet decreased LDL-

cholesterol level about 22.8%, compared with a typical Swedish (western) diet (baseline 

LDL-C 3.5 mmol/l). This suggests that dietary factors can modify LDL-C levels within a 

relatively short timescale in healthy men. 

 

 

 

 

Leptin concentrations were also significantly reduced by the low PAMP diet (P = 0.006) 

and this was again reversed by the high PAMP intervention (P = 0.055) (Figure 4.17). The 

dietary interventions had no significant effect on serum cholesterol efflux capacity (Figure 

4.18) or markers of insulin sensitivity (insulin, glucose and HOMA-IR) (Figure 4.19). 

  

Figure 4.16: Serum cholesterol and triglyceride concentrations in chronic low/high PAMP dietary 
intervention study. 
 

Cholesterol levels (HDL-C and LDL-C) (A) and plasma triglycerides (B) were measured in healthy male subjects 
(n=11) at study entry (Visit 1 - white bars), after consuming a low PAMP diet for 7 days (Visit 2 - blue bars), 
and after a high PAMP diet for 4 days (Visit 3 - red bars). Data are shown as mean ± SEM. Results were 
compared by repeated measures ANOVA with Sidak’s correction for multiple comparisons (*P<0.05). 
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Figure 4.17: Effects of chronic low and high PAMP dietary interventions on plasma leptin 
concentrations. 
 

Plasma leptin concentrations was measured in healthy male subjects (n=11) at study entry (Visit 1 - 
white bars), after consuming a low PAMP diet for 7 days (Visit 2 - blue bars), and after a high PAMP 
diet for 4 days (Visit 3 - red bars), using ELISA. Results were compared by repeated measures ANOVA 
with Sidak’s correction for multiple comparisons (*P<0.05, **P<0.01). Results are presented as 
means ± SEM.  

Figure 4.18: Serum cholesterol efflux capacity following chronic low and high PAMP dietary 
interventions. 
 

Cholesterol efflux levels were measured in healthy male subjects (n=11) at study entry (Visit 1 - white 
bars), after consuming a low PAMP diet for 7 days (Visit 2 - blue bars), and after a high PAMP diet for 
4 days (Visit 3 - red bars). Results are presented as means ± SEM. Results were compared by repeated 
measures ANOVA with Sidak’s correction for multiple comparisons. 
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Figure 4.19: Glucose, insulin and HOMA-IR levels following chronic low and high PAMP dietary 
interventions. 
 

Glucose (A), insulin (B) and HOMA-IR (C) levels were measured in healthy male subjects (n=11) at study 
entry (Visit 1 - white bars), after consuming a low PAMP diet for 7 days (Visit 2 - blue bars), and after a 
high PAMP diet for 4 days (Visit 3 - red bars). Results are presented as means ± SEM. Results were 
compared by repeated measures ANOVA with Sidak’s correction for multiple comparisons. 
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Taken together, the results from this chapter indicate that no overt inflammatory or 

dyslipididaemic phenotype is induced in healthy men by a single exposure to high levels of 

dietary PAMPs (at least when delivered with large quantities of potentially anti-

inflammatory onion). However, repeated exposure to meals rich in PAMPs results in 

marked increases in LDL-C and leukocyte counts. The observed effects are not likely due to 

changes in macronutrient intake, as these were largely similar on both arms of the study. 
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Chapter 5 Results - Effects of dietary PAMPs on 

mechanisms of atherosclerosis in mice in vivo 
 

Previous results from our laboratory (introduction, Figure 1.23-A and B), indicated that 

chronic treatment of WT (C57) mice with 3 PAMPs (LPS, Pam3CSK4, and iEDAP) mix in 

drinking water for 10 weeks on low fat diet, did not significantly induce serum amyloid A 

(SAA). However, significant responses were noted in terms of hepatic expression of several 

inflammatory genes (PTX, IL-1β, IL-6, TNF-α, and Apo-AI). In addition, serum cholesterol 

efflux was decreased significantly in mice treated with 3 PAMPs. Also, total cholesterol and 

HDL were decreased significantly in mice treated with 3 PAMPs (introduction, Figure 1.24-

A and B). 

Because chronic administration of PAMPs to mice was very expensive and time 

consuming, it was not feasible to use this type of experiment to explore mechanisms of 

action of dietary PAMPs. Since mice orally gavaged with a single PAMP or mix of PAMPs did 

not show obvious upregulation of acute phase response (APR) markers within 24 h 

(introduction, Figure 1.26), we therefore sought means to increase the sensitivity of mice 

to orally delivered LPS. 

Work from other members of the group showed previously that gut permeability to 

FITC-dextran and E. coli LPS was significantly increased by treatment of mice with the NSAID 

indomethacin, but not a 4 week HFD (Figure 1.27). 
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5.1. NSAID treatment to increase permeability of mouse 

intestinal barrier 
 

I therefore first explored the potential of NSAID priming with indomethacin to increase 

responsiveness of healthy wild type mice (C57BL/6), to acute gavage with E. coli LPS as 

measured by APR markers. 

In brief, wild type mice (C57BL/6) were pretreated with 2mg/kg indomethacin (NSAID) 

for 24 hours, then half were orally gavaged with normal saline (control) and the other half 

were orally gavaged with E. coli LPS (2 mg/mouse) dissolved in normal saline. Although a 

plasma SAA response to orally delivered LPS was observed in this model, it was only modest 

(P=0.0127 vs. control) (Figure 5.1). Also, expression of inflammatory marker genes in liver 

tissue, including serum amyloid-A1, SAA3, Apolipoprotein-A1, Lipocalin, Haptoglobin 

(Figure 5.2), Interleukin (IL)-1b, IL-6 and Tumor necrosis factor alpha (TNF-α) (Figure 5.3), 

as measured by RT-PCR, were not significantly upregulated by orally delivered LPS. In 

addition, cholesterol levels (TC, HDL, and LDL/VLDL) were not significantly altered by orally 

gavaged LPS (Figure 5.4). 

Indomethacin induces a very large increase in gut permeability, but the resulting 

inflammatory response measured by plasma SAA and hepatic mRNA markers is still only 

modest. This suggests that healthy WT mice are relatively unresponsive to LPS, even when 

large amounts of LPS enter the circulation. 
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Figure 5.1: Effect of orally delivered LPS on circulating serum amyloid A in wild type mice 
pretreated with indomethacin. 
 

Wild-type C57BL/6 mice (n=12 per group) were treated with 2 mg/kg indomethacin (NSAID) by oral 
gavage in saline. 24 h later, mice were orally gavaged with 200 μl saline with or without 80 mg/kg E. 
coli LPS. After a further 24 h, plasma content of SAA was measured by ELISA. Horizontal bars indicate 
means, which were compared by unpaired t-test.  
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Figure 5.2: Impact of orally delivered LPS on hepatic mRNA markers of the acute phase response 
in wild type mice pretreated with indomethacin. 
 

Wild-type C57BL/6 mice (n=12 per group) were treated with 2 mg/kg indomethacin (NSAID) by oral 
gavage in saline. 24 h later, mice were orally gavaged with 200 μl saline with or without 80 mg/kg E. coli 
LPS. After a further 24 h, hepatic mRNA responses (Serum amyloid-A 1, SAA3, Apolipoprotein-A1, 
Lipocalin and Haptoglobin), were measured by RT-PCR. Data are presented as means ± SEM, which were 
compared by unpaired t-test. 



157 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.3: Impact of orally delivered LPS on hepatic mRNA markers of inflammation in wild 
type mice pretreated with indomethacin. 
 

Wild-type C57BL/6 mice (n=12 per group) were treated with 2 mg/kg indomethacin (NSAID) by oral 
gavage in saline. 24 h later, mice were orally gavaged with 200 μl saline with or without 80 mg/kg E. 
coli LPS. After a further 24 h, hepatic mRNA responses (Interleukin (IL)-1β, IL-6 and tumor necrosis 
factor alpha (TNF)-α), were measured by RT-PCR. Data are presented as means ± SEM, which were 
compared by unpaired t-test. 
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Figure 5.4: Influence of orally delivered LPS on cholesterol levels in wild type mice pretreated 
with indomethacin. 
 

Wild-type C57BL/6 mice (n=12 per group) were treated with 2 mg/kg indomethacin (NSAID) by oral 
gavage in saline. 24 h later, mice were orally gavaged with 200 μl saline with or without 80 mg/kg E. coli 
LPS. After a further 24 h, cholesterol levels were measured by Amplex red enzymatic assay. Data are 
shown as means ± SEM, which were compared by unpaired t-test. 
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5.2. P. acnes injection to boost sensitivity of mouse to LPS 
 

Next, we examined hepatic inflammatory gene expression and serum acute phase 

markers (SAA) in mouse models treated by means shown previously to increase sensitivity 

to LPS. As previously reported, mice pre-treated with heat-killed Propionibacterium acnes 

are highly susceptible to LPS (Ferluga, Allison 1978, Yoshimoto et al. 1992). P. acnes-primed 

mice, but not control mice, show obvious serum elevation of pro-inflammatory cytokines 

including IL-6, IFN-γ, and TNF-α (Sakao et al. 1999, Yoshimoto et al. 1992, Kawa et al. 2010). 

Briefly, Wild-type C57BL/6 mice were primed with intraperitoneal injection of 1 mg 

heat-killed P. acnes bacteria. At day 7 after P. acnes treatment, mice were orally gavaged 

with 200 μl saline with or without 80 mg/kg E. coli LPS.  

Excessively high background levels of acute phase markers and the plasma serum 

amyloid A were observed in control mice, and this was not elevated further by LPS (Figure 

5.5 and 6). Furthermore, cholesterol levels and serum cholesterol efflux capacity were not 

significantly changed by orally gavaged LPS (Figure 5.7 and 8). 

This suggests that P. acnes treatment increases background levels of inflammatory 

markers too far to witness subtle effects of more modest inflammatory stimuli. Thus, we 

concluded that P. acnes treatment is not a useful model for the subsequent experiments. 
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P=0.131 

Figure 5.5: Effect of orally delivered LPS on circulating serum amyloid A in wild type mice 
pretreated with heat-killed P. acnes bacteria. 
 

Wild-type C57BL/6 mice (n=6 per group) were primed with intraperitoneal injection of 1 mg heat-
killed P. acnes bacteria. On day seven, mice were orally gavaged with 200 μl saline with or without 80 
mg/kg E. coli LPS. After a further 24 h, plasma content of SAA was measured by ELISA. Horizontal bars 
indicate means, which were compared by unpaired t-test. 
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Figure 5.6: Impact of orally delivered LPS on hepatic mRNA markers of the acute phase response 
in wild type mice pretreated with heat-killed P. acnes bacteria. 
 

Wild-type C57BL/6 mice (n=6 per group) were primed with intraperitoneal injection of 1 mg heat-killed 
P. acnes bacteria. On day seven, mice were orally gavaged with 200 μl saline with or without 80 mg/kg 
E. coli LPS. After a further 24 h, hepatic mRNA responses (Serum amyloid-A1, SAA3, Apolipoprotein-A1, 
IL-1β, IL-6 and TNF-α), were measured by RT-PCR. Data are presented as means ± SEM, which were 
compared by unpaired t-test. 
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Figure 5.7: Influence of orally delivered LPS on cholesterol levels in wild type mice pretreated 
with heat-killed P. acnes bacteria. 
 

Wild-type C57BL/6 mice (n=6 per group) were primed with intraperitoneal injection of 1 mg heat-killed 
P. acnes bacteria. On day seven, mice were orally gavaged with 200 μl saline with or without 80 mg/kg 
E. coli LPS. After a further 24 h, cholesterol levels in total serum (TC) and lipoprotein fractions were 
measured by Amplex red enzymatic assay. Data are shown as means ± SEM, which were compared by 
unpaired t-test. 

Figure 5.8: Effect of orally delivered LPS on serum cholesterol efflux capacity in wild type mice 
pretreated with heat-killed P. acnes bacteria. 
 

Wild-type C57BL/6 mice (n=6 per group) were primed with intraperitoneal injection of 1 mg heat-killed 
P. acnes bacteria. On day seven, mice were orally gavaged with 200 μl saline with or without 80 mg/kg 
E. coli LPS. After a 24 h, the cholesterol efflux capacity of Apo-B depleted serum was measured. Data 
are shown as means ± SEM, which were compared by unpaired t-test. 
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5.3. High Cholesterol Diet to boost sensitivity of mouse to 

LPS 
 

Next, we explored the potential of priming WT mice with a High Cholesterol Diet (HCD) 

for 4 weeks, since this was shown previously to increase cytokine responses induced by 

intraperitoneally injected LPS (Hong H et al 2007, Wouters et al. 2008, Shono et al. 2011). 

After this priming phase, mice were orally gavaged with 200 μl saline with or without 80 

mg/kg E. coli LPS. 

Similar results to P. acnes treatment were observed with excessively high background 

levels of plasma serum amyloid A and hepatic acute phase gene expression (Figure 5.9 and 

10). In addition, there were no significant changes in the cholesterol levels and serum 

cholesterol efflux capacity in response to orally gavaged LPS in this model (Figure 5.11 and 

12). 

This suggests that C57BL/6 mice fed a HCD show excessively high background levels of 

inflammatory markers, which will not be suitable for further trials in this study. 

 

 

 

 

 

 

 

 

  

Figure 5.9: Impact of HCD priming on effect of orally delivered LPS on serum amyloid A in 
mice. 
 

Wild-type C57BL/6 mice (n=12 per group) were fed a HCD for 4 weeks. Mice were then orally gavaged 
with 200 μl saline with or without 80 mg/kg E. coli LPS. After a further 24 h, plasma content of SAA 
was measured by ELISA. Horizontal bars indicate means, which were compared by unpaired t-test. 
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Figure 5.10: Impact of HCD priming on effect of orally delivered LPS on hepatic mRNA markers 
in mice. 
 

Wild-type C57BL/6 mice (n=12 per group) were fed a HCD for 4 weeks. Mice were then orally gavaged 
with 200 μl saline with or without 80 mg/kg E. coli LPS. After a further 24 h, hepatic mRNA responses 
(Serum amyloid-A1, SAA3, Apolipoprotein-A1, IL-1β, IL-6 and TNF-α), were measured by RT-PCR. Data 
are shown as means ± SEM, which were compared by unpaired t-test. 
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Figure 5.11: Influence of HCD priming on effect of orally delivered LPS on cholesterol levels in wild 
type mice. 
 

Wild-type C57BL/6 mice (n=12 per group) were fed a HCD for 4 weeks. Mice were then orally gavaged 
with 200 μl saline with or without 80 mg/kg E. coli LPS. After a further 24 h, total plasma and lipoprotein 
fraction cholesterol levels were measured by Amplex red enzymatic assay. Data are shown as means ± 
SEM, which were compared by unpaired t-test. 

Figure 5.12: Impact of HCD priming on the effect of orally delivered LPS on serum cholesterol 
efflux capacity in mice. 
 

Wild-type C57BL/6 mice (n=12 per group) were fed a HCD for 4 weeks. Mice were then orally gavaged 
with 200 μl saline with or without 80 mg/kg E. coli LPS. After a further 24 h, the cholesterol efflux capacity 
of Apo-B depleted serum was measured. Data are shown as means ± SEM, which were compared by 
unpaired t-test. 
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5.4. High Fat Diet to boost sensitivity of mouse to LPS 
 

It has been reported that hepatic expression of TNF-α and IL-6 mRNA increases 

significantly in wild-type mice in response to LPS injection after feeding a High Fat Diet 

(HFD), without high cholesterol, for 8, 10, or 12 weeks compared to mice were fed normal 

chow (Imajo et al. 2012). Therefore, we next examined the mild priming treatment of 4 

weeks HFD feeding before oral LPS gavage. In this experiment, wild type mice (C57BL/6) 

were fed either low fat diet (LFD-normal chow) or HFD for 4 weeks before gavage with LPS. 

Mice were then orally gavaged with 200 μl saline with or without 80 mg/kg E. coli LPS. 

Mice gavaged with LPS after HFD pretreatment showed highly significant increases in 

plasma SAA (P=0.0053 vs. control) (Figure 5.13), and significant responses from hepatic 

inflammatory gene expression such as SAA1 (P=0.037 vs. control), SAA3 (P=0.045 vs. 

control), Lipocalin (P=0.014 vs. control) and Haptoglobin (P=0.048 vs. control) (Figure 5.14). 

However, IL-1β, IL-6 and TNF-α were not significantly increased (Figure 5.15). Furthermore, 

a significant reduction was observed in plasma Apo-A1 (P=0.0015 vs. control) response in 

mice gavaged with LPS after HFD pretreatment when compared to HFD-primed mice 

receiving sham gavage (Figure 5.16). In addition, immunoblot analysis of Apolipoprotein-

A1 protein in the plasma of wild-type C57BL/6 mice fed a HFD for 4 weeks then orally 

gavaged with 200 μl saline with E. coli LPS dropped significantly (P=0.0016 vs. control) 

compared to the control group (Figure 5.17).  

As with the chronic PAMP intake model, there was a significant reduction of total 

cholesterol level (P=0.045 vs. control) and HDL-C (P=0.022 vs. control) in the LPS-treated 

HFD-primed mice. LDL-C was not significantly increased when compared to the group of 

mice gavaged with saline only (Figure 5.18). Strikingly, the serum cholesterol efflux capacity 

also fell significantly (P=0.024 vs. control) in mice orally gavaged with E. coli LPS (Figure 

4.19). 
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The ability to detect these effects may reflect the fact that HFD priming alone did not 

promote a state of low-grade systemic inflammation when compared to the group fed on 

LFD (Figure 5.20), meaning this is a suitable baseline for oral gavage experiments. These 

results therefore suggest that 4 week priming with HFD leads to a clear induction of 

responsiveness to orally delivered LPS. This model was therefore utilised in the further 

mechanistic experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.13: Effect of HFD priming on serum amyloid A responses to orally delivered LPS in 
mice. 
 

Wild-type C57BL/6 mice (n=12 per group) were fed a HFD for 4 weeks. Mice were then orally gavaged 
with 200 μl saline with or without 80 mg/kg E. coli LPS. After a further 24 h, plasma content of SAA 
was measured by ELISA. Horizontal bars indicate means, which were compared by unpaired t-test. 



168 
 

 

 

 

 

  

Figure 5.14: Impact of HFD priming on hepatic acute phase response gene mRNA responses 
to orally delivered LPS in mice. 
 

Wild-type C57BL/6 mice (n=12 per group) were fed a HFD for 4 weeks. Mice were then orally gavaged 
with 200 μl saline with or without 80 mg/kg E. coli LPS. After a further 24 h, hepatic mRNA responses 
(Serum amyloid-A1, SAA3, Apolipoprotein-A1, Lipocalin, Haptoglobin), were measured by RT-PCR. 
Data are shown as means ± SEM, which were compared by unpaired t-test. *P<0.05, **P<0.01, 
***P<0.001 vs. control (normal saline alone). 
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Figure 5.15: Impact of HFD priming on hepatic inflammatory gene mRNA responses to orally 
delivered LPS in mice. 
 

Wild-type C57BL/6 mice (n=12 per group) were fed a HFD for 4 weeks. Mice were then orally gavaged 
with 200 μl saline with or without 80 mg/kg E. coli LPS. After a further 24 h, hepatic inflammatory 
cytokine mRNA responses (IL-1β, IL-6 and TNF-α), were measured by RT-PCR. Data are shown as means 
± SEM, which were compared by unpaired t-test. 

Figure 5.16: Effect of HFD priming on hepatic Apolipoprotein-A1 mRNA responses to orally 
delivered LPS in mice. 
 

Wild-type C57BL/6 mice (n=12 per group) were fed a HFD for 4 weeks. Mice were then orally gavaged 
with 200 μl saline with or without 80 mg/kg E. coli LPS. After a further 24 h, hepatic Apolipoprotein-A1 
mRNA was measured RT-PCR. Data are shown as means ± SEM, which were compared by unpaired t-
test. *P<0.05 vs. control (normal saline alone). 
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Figure 5.17: Impact of HFD priming on circulating Apo-A1 protein levels in mice orally gavaged 
with LPS. 
 

Immunoblot analysis of Apolipoprotein-A1 protein in the plasma of wild-type C57BL/6 mice (n=8 per 
group) fed a HFD for 4 weeks. Mice were orally gavaged with 200 μl saline with or without 80 mg/kg E. 
coli LPS, serum was taken 24 hours later. Albumin is revealed as a 70 kDa band using ponceau red stain 
(A). Immunoblot for apolipoprotein-A1 (28 kDa) in mouse plasma samples (B). Relative density of Apo-
A1 expression in HFD-primed wild-type mice with or without oral LPS treatment (C). Data are shown as 
means ± SEM, and were compared by unpaired t-test. **P<0.01 vs. control (normal saline alone). 
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Figure 5.18: Effect of HFD priming on the cholesterol response to orally delivered LPS in mice.  
 

Wild-type C57BL/6 mice (n=12 per group) were fed a HFD for 4 weeks. Mice were then orally gavaged 
with 200 μl saline with or without 80 mg/kg E. coli LPS. After a further 24 h, cholesterol in total plasma 
and lipoprotein fractions were measured by Amplex red enzymatic assay. Data are shown as means ± 
SEM, which were compared by unpaired t-test. *P<0.05 vs. control (normal saline alone). 

Figure 5.19: Effect of orally delivered LPS on serum cholesterol efflux capacity in HFD primed 
mice. 
 

Wild-type C57BL/6 mice (n=12 per group) were fed a HFD for 4 weeks. Mice were then orally gavaged 
with 200 μl saline with or without 80 mg/kg E. coli LPS. After a further 24 h, cholesterol efflux capacity 
of Apo-B depleted serum was measured. Data are shown as means ± SEM, which were compared by 
unpaired t-test. *P<0.05 vs. control (normal saline alone). 
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Figure 5.20: Impact of low vs. HFD priming on hepatic mRNA markers in wild type mice. 
 

Wild-type C57BL/6 mice (n=8 per group) were fed low or HFDs for 4 weeks. Without any further 
treatment, hepatic mRNA for acute phase response markers (Serum amyloid-A1, SAA3, Apolipoprotein-
A1) and inflammatory cytokines (IL-1β, IL-6 and TNF-α, were measured by RT-PCR. Data are shown as 
means ± SEM, and were compared by unpaired t-test. 
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5.5. Depletion of macrophages using clodronate liposomes 
 

Afterward, we aimed to determine whether or not the induction of inflammatory 

signalling in the liver was dependent on Kupffer cells, as Kupffer cells are thought to be the 

major source of inflammatory cytokines in the liver (Chensue et al. 1991). To achieve this, 

clodronate liposomes were used to selectively deplete macrophages from tissues in vivo, 

as shown previously by other workers aiming to explore whether these cells have a 

functional role in biological processes (Rooijen, Sanders 1994). 

After 4 weeks of HFD priming, mice were injected with clodronate liposomes. Three 

days later, half of the mice were orally gavaged with normal saline (control) and the other 

half were orally gavaged with E. coli LPS (2mg/mouse) dissolved in normal saline. 

To investigate the expression of F4/80 positive cells as a marker of Kuppfer cells, 

immunofluorescence staining of F4/80+ in frozen hepatic sections was performed. Liver 

samples were collected from two groups of wild type mice fed on HFD and HFD mice 

injected with clodronate liposomes. Immunofluorescence of hepatic F4/80+ and hepatic 

CD68 gene expression (as the best macrophage marker in immunohistochemistry studies 

(Pulford et al. 1990)) confirmed a significant depletion in the number of macrophages in 

HFD-fed mice injected with clodronate liposomes when compared to the liver samples of 

HFD-fed mice (P<0.0001 for both markers, Figure 5.21). 

Interestingly, macrophage depletion by clodronate liposomes showed a clear reduction 

in the inflammatory responses (SAA and APR markers) after LPS challenge (Figure 5.22 and 

23). Hepatic Apo-A1 mRNA was not significantly different in the mice gavaged with LPS 

after clodronate liposome pre-treatment, compared to control (Figure 5.24). In addition, 

similar results showed no effect of LPS gavage on immunoblot analysis of Apolipoprotein-

A1 protein (Figure 5.25) and cholesterol efflux capacity (Figure 5.26) in macrophage 

depleted mice.  

These findings therefore suggest that mice in which macrophages were depleted by 

clodronate liposomes display impaired induction of SAA, lipid, efflux and APR markers in 

response to orally delivered LPS. Thus, hepatic macrophages are necessary for the HFD-

induced sensitization to LPS. 
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Figure 5.21: Effect of clodronate liposome treatment on macrophage content of liver after HFD 
priming. 
 

Positive immunofluorescence staining for F4/80 in liver samples harvested from wild type C57BL/6 mice 
(n=4 per group) fed a HFD for 4 weeks (A), or fed a HFD for 4 weeks followed by intraperitoneal injection 

of clodronate liposomes (+CL), 72 h prior to sectioning (B). F4/80
+

-FITC staining is coloured green, and 
DAPI-stained nuclei are coloured blue. Number of F4/80 positive cells per field were counted by 
microscopy (C). Hepatic CD68 mRNA was measured using RT-PCR. Data are shown as means ± SEM, and 
were compared by unpaired t-test. ***P<0.001 vs. control. 
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Figure 5.22: Effect of orally delivered LPS on circulating serum amyloid A in HFD primed mice 
after pretreatment with clodronate liposomes. 
 

Wild-type C57BL/6 mice (n=12 per group) were fed a HFD for 4 weeks, then pretreated with 
intraperitoneal injection of clodronate liposomes (macrophage-depleting agent). After three days, 
mice were orally gavaged with 200 μl saline with or without 80 mg/kg E. coli LPS. After a further 24 h, 
plasma content of SAA was measured by ELISA. Horizontal bars indicate means, which were compared 
by unpaired t-test. 
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Figure 5.23: Effect of orally delivered LPS on hepatic mRNA markers in HFD-primed mice 
pretreated with clodronate liposomes. 
 

Wild-type C57BL/6 mice (n=12 per group) were fed a HFD for 4 weeks, then pretreated with 
intraperitoneal injection of clodronate liposomes. After three days, mice were orally gavaged with 200 
μl saline with or without 80 mg/kg E. coli LPS. After a further 24 h, hepatic mRNA responses (Serum 
amyloid-A1, SAA3, Lipocalin, IL-1β, IL-6 and TNF-α), were measured using RT-PCR. Data are shown as 
means ± SEM, which were compared by unpaired t-test. 
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Figure 5.24: Effect of orally delivered LPS on hepatic Apolipoprotein-A1 mRNA in HFD-primed 
mice pretreated with clodronate liposomes. 
 

Wild-type C57BL/6 mice (n=12 per group) were fed a HFD for 4 weeks, then pretreated with 
intraperitoneal injection of clodronate liposomes. After three days mice were orally gavaged with 200 
μl saline with or without 80 mg/kg E. coli LPS. After a further 24 h, hepatic Apolipoprotein-A1 mRNA 
was measured using RT-PCR. Data are shown as means ± SEM, which were compared by unpaired t-
test. 
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Figure 5.25: Effect of orally delivered LPS on plasma Apo-A1 protein in HFD-primed mice 
pretreated with clodronate liposomes. 
 

Wild-type C57BL/6 mice were fed a HFD for 4 weeks, then pretreated with intraperitoneal injection of 
clodronate liposomes. After three days, mice were orally gavaged with 200 μl saline with or without 80 
mg/kg E. coli LPS (n=8 per group). Albumin was measured in plasma using ponceau red stain (A). Plasma 
apolipoprotein-A1 (28 kDa) was measured by immunoblot (B). Relative Apo-A1 expression in plasma of 
control and LPS-treated groups were measured by densitometry relative to total protein (C). Data are 
shown as means ± SEM, and were compared by unpaired t-test. 
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Figure 5.26: Effect of orally delivered LPS on serum cholesterol efflux capacity in HFD primed 
mice pretreated with clodronate liposomes. 
 

Wild-type C57BL/6 mice (n=12 per group) were fed a HFD for 4 weeks, then pretreated with 
intraperitoneal injection of clodronate liposomes. After three days, mice were orally gavaged with 200 
μl saline with or without 80 mg/kg E. coli LPS. After a further 24 h, cholesterol efflux capacity of Apo-
B depleted serum was measured. Data are shown as Mean±SEM, which were compared by unpaired 
t-test. *P<0.05 vs. control (normal saline alone). 
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5.6. Adipose, aortic or hepatic macrophages contribution 

in the inflammatory responses 
 

The clodronate liposome experiments indicated that macrophages are essential for the 

HFD-induced sensitization to LPS, but it was not clear which tissue bed was responsible for 

the hepatic responses to orally delivered LPS. We therefore aimed to determine which 

tissue source of macrophages might be responsible, by measuring macrophage responses 

to orally delivered PAMPs in various relevant tissues. 

First, we examined the effect of chronic oral delivery of the three PAMP mix (LPS, 

Pam3CSK4, and iEDAP) on inflammatory cytokine mRNA markers and the macrophage 

content in adipose tissue. 

In this experiment, wild-type C57BL/6 mice were fed normal chow for 10 weeks. Half 

were supplied with normal water and the other half received water supplemented with 3 

PAMPs (100 µg/ml LPS, 1 µg/ml Pam3CSK4 and 1 µg/ml iEDAP). 

No responses were observed in the expression of adipose tissue inflammatory cytokine 

mRNA markers (IL-1β, IL-6 and TNF-α), which are canonical markers of inflammatory 

macrophage activation, after receiving 3 PAMPs mixed in drinking water for 10 weeks when 

compared with the control group (Figure 5.27). However, macrophage numbers were 

significantly elevated in adipose tissue by chronic PAMP treatment, as measured by staining 

paraffin-embedded sections for the F4/80 marker (P=0.001), and adipose expression of 

CD68 mRNA (P=0.002) (Figure 5.28). 

We next examined the effect of orally delivered LPS on aortic inflammatory mRNA 

markers in HFD primed mice. In this model, orally delivered LPS had no influence on the 

aortic inflammatory mRNA markers (IL-1β, IL-6 and TNF-α), suggesting no activation of 

macrophages in these tissues either (Figure 5.29). 

These findings therefore suggest that neither adipose nor aortic macrophages are 

responsive to orally delivered LPS, and are therefore not likely to be responsible for the 

observed metabolic effects of orally delivered LPS. 
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Figure 5.27: Effect of chronic oral delivery of a three PAMP mix (LPS, Pam3CSK4, and iEDAP) on 
inflammatory cytokine mRNA markers in adipose tissue. 
 

Wild-type C57BL/6 mice were fed normal chow for 10 weeks. Half (n=8 per group) were supplied with 
normal water and the other half received water supplemented with 3 PAMPs (100 µg/ml LPS, 1 µg/ml 

Pam3CSK4 and 1 µg/ml iEDAP). Adipose tissue inflammatory cytokine mRNA markers (IL-1β, IL-6 and 
TNF-α), were measured RT-PCR. Data are shown as means ± SEM, and were compared by unpaired t-
test. 
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Figure 5.28: Effect of chronic oral delivery of a three PAMP mix (LPS, Pam3CSK4, and iEDAP) on 
macrophage content of adipose tissue. 
 

Wild-type C57BL/6 mice were fed normal chow for 10 weeks. Half (n=8 per group) were supplied with 
normal water and the other half received water supplemented with 3 PAMPs (100 µg/ml LPS, 1 µg/ml 

Pam3CSK4 and 1 µg/ml iEDAP). Adipose tissue macrophage content was then quantified by staining 
paraffin-embedded sections for the F4/80 marker in control (A) and PAMP-treated samples (B). Number 
of F4/80 positive cells in the adipose tissue per field of each group was then measured by microscopy 
(C). CD68 mRNA in adipose tissue was measured by RT-PCR (D). Data are shown as mean ± SEM, which 
were compared by unpaired t-test. **P<0.01 vs. control. 
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Figure 5.29: Effect of orally delivered LPS on aortic inflammatory mRNA markers in HFD primed 
mice. 
 

Wild-type C57BL/6 mice (n=10 per group) were fed a HFD for 4 weeks. Mice were then orally gavaged 
with 200 μl saline with or without 80 mg/kg E. coli LPS. After a further 24 h, aortic mRNA for 
inflammatory markers (IL-1β, IL-6 and TNF-α), were measured by RT-PCR. Data are shown as means ± 
SEM, and were compared by unpaired t-test. 
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5.7. Kupffer cell responses to different priming treatments  
 

Therefore, we decided to explore hepatic tissue again, since Kupffer cells are the 

resident macrophages in the liver which comprise the largest population of macrophages 

in the body.  

Immunofluorescence for the F4/80 antigen was used to investigate effects of trialled 

priming treatments (normal chow diet, HCD, HFD and P. acnes injection) on murine hepatic 

macrophage content. These experiments showed that the number of F4/80+ cells in the 

liver was increased by all treatments relative to normal chow, particularly after P. acnes 

injection (Figure 5.30). No staining was induced by isotype control antibody. 

The number of F4/80 positive cells per field measured by microscopy revealed a highly 

significant elevation in the number of F4/80+ macrophages in mice treated with HCD 

(P=0.0033), a HFD (P=0.0008), or intraperitoneal injection of heat-killed P. acnes bacteria 

(P=0.00004) when compared to the group of mice were fed on normal chow (Figure 5.30 - 

E). 

In addition, chronic administration of a three PAMP mix (LPS, Pam3CSK4, and iEDAP) in 

drinking water results in a highly significant (P=0.00001) increase in F4/80+ hepatic 

macrophages (Figure 5.31).  

Accordingly, hepatic CD68 gene expression increased significantly in mice fed a HFD for 

4 weeks (P=0.003) and after intraperitoneal injection of 1 mg heat-killed P. acnes bacteria 

(P=0.00002). Also, CD14 mRNA gene (a receptor for bacterial LPS) (Dentener et al. 1993) 

expression was elevated significantly by intraperitoneal injection of heat-killed P. acnes 

bacteria (P=0.007). No changes to CD14 expression were observed in response to the other 

treatments (HCD and HFD) relative to the control (mice were fed normal low fat chow diet) 

(Figure 5.32).  
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Figure 5.30: Effects of trialled priming treatments on murine hepatic macrophage content. 
 

Hepatic macrophage content was measured by immunofluorescence for the F4/80 antigen in frozen 
hepatic tissues harvested from wild type C57BL/6 mice (n=4 per group) pre-treated with a low fat diet 

(normal chow) for 4 weeks (A), a HCD for 4 weeks (B), a HFD for 4 weeks (C), or intraperitoneal injection 
of 1 mg heat-killed P. acnes bacteria 7 days previously (D). Number of F4/80 positive cells per field was 
measured by microscopy (E). FITC-F4/80+ staining is coloured green, DAPI-stained nuclei are coloured 
blue. Data are shown as means ± SEM, and were compared by ANOVA with Dunnett’s test. **P<0.01, 
***P<0.001 vs. control (LFD). 
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Figure 5.31: Effect of chronic oral delivery of a three PAMP mix (LPS, Pam3CSK4, and iEDAP) on 
hepatic macrophage content. 
 

Wild-type C57BL/6 mice were fed normal chow for 10 weeks. Half (n=8 per group) were supplied with 
normal water and the other half received water supplemented with 3 PAMPs (100 µg/ml LPS, 1 µg/ml 

Pam3CSK4 and 1 µg/ml iEDAP). Hepatic macrophages were then quantified by immunohistochemical 
staining for the F4/80 antigen in paraffin-embedded sections of hepatic tissues of control (A), or PAMP-

fed mice (B). Brown colour indicates positive staining for murine F4/80
+

. Isotype control showed no 
staining.

 

Number of F4/80 positive cells per field was quantified by microscopy (C). Data are shown as 
means ± SEM, which were compared by unpaired t-test. ***P<0.001 vs. control. 
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Figure 5.32: Effects of trialled priming treatments on hepatic macrophage CD68 and CD14 mRNA 
markers in mice. 
 

Hepatic CD68 mRNA (A) and CD14 mRNA content (B) was measured by RT-PCR in tissues harvested from 

wild type C57BL/6 mice (n=6-12 per group) pre-treated with a low fat diet for 4 weeks (LFD), a HCD for 
4 weeks (HCD), a HFD for 4 weeks (HFD), or intraperitoneal injection of 1 mg heat-killed P. acnes bacteria 
7 days previously (P. acnes). Data are shown as means ± SEM, and were compared by ANOVA with 
Dunnett’s test. **P<0.01, ***P<0.001 vs. control (LFD). 
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5.8. Hepatic TLR2/4 expression in responses to various 

treatments 
 

Because TLR2 and TLR4 stimulants are responsible for inflammatory cytokine induction 

by macrophages exposed to processed food extracts (Chapter 3), we next investigated 

hepatic expression of TLR2 and TLR4. mRNA markers were measured in liver tissues 

collected from wild-type mice primed with various treatments (LFD, HCD, HFD, and P. acnes 

injection). Hepatic TLR2 gene expression was increased significantly by the P. acnes 

injection (P=0.00003) but not by the other treatments. However, hepatic TLR4 gene 

expression was significantly increased by all treatments (HCD vs. Control P=0.0005), (HFD 

vs. Control P=0.029), and (P. acnes injection vs. Control P=0.0001) (Figure 5.33). 

To inspect the expression of TLR2/4 proteins in hepatic tissue, immunofluorescence 

staining of hepatic TLR2 and TLR4 proteins were performed in frozen hepatic sections. Liver 

samples were collected from wild type mice pre-treated with a low fat diet, a HCD, a HFD 

for 4 weeks, or intraperitoneal injection of heat-killed P. acnes bacteria. We found that the 

expression of TLR2 and TLR4 proteins in the liver were elevated markedly by all treatments 

compared to normal chow control (Figure 5.34 and 35). As before, no staining was induced 

by isotype control antibody with the same fluorescent marker. 

Furthermore, to explore potential co-localization of macrophages and TLR2/4 proteins 

in hepatic tissues of wild-type mice, we decided to perform dual colour 

immunofluorescence staining of macrophages (using anti-F4/80) and TLR2/4 proteins, in 

frozen hepatic sections collected from wild type C57BL/6 mice primed by intraperitoneal 

injection of heat-killed P. acnes bacteria and in HFD-primed mice. 

Interestingly, when we did the spatial overlap between two different fluorescent labels 

we found that the TLR2/4 proteins were expressed on the kupffer cells (F4/80+ cells) of the 

harvested hepatic tissues from the wild type mice primed with P. acnes bacteria (Figure 

5.36 and 37). However, the spatial staining of TLR2 and TLR4 was less clearly defined in HFD 

and HCD treated mice (Figure 5.38 and 39). 
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Figure 5.33: Effects of trialled priming treatments on hepatic TLR2 and TLR4 mRNA markers in 
mice. 
 

Hepatic TLR2 mRNA (A) and TLR4 mRNA content (B) was measured by RT-PCR in tissues harvested from 

wild type C57BL/6 mice (n=6-12 per group) pre-treated with a low fat diet for 4 weeks (LFD), a HCD for 4 
weeks (HCD), a HFD for 4 weeks (HFD), or intraperitoneal injection of 1 mg heat-killed P. acnes bacteria 7 
days previously (P. acnes). Data are shown as means ± SEM, and were compared by ANOVA with 
Dunnett’s test. *P<0.05, **P<0.01, ***P<0.001 vs. control (LFD). 
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Figure 5.34: Effects of trialled priming treatments on hepatic TLR2 protein expression in mice. 
 

Hepatic TLR2 protein was measured by immunofluorescence in tissues harvested from wild type C57BL/6 

mice (n=6-12 per group) pre-treated with a low fat diet for 4 weeks (A), a HCD for 4 weeks (B), a HFD for 
4 weeks (C), or intraperitoneal injection of 1 mg heat-killed P. acnes bacteria 7 days previously (D). TLR2 
staining is visualised in red, DAPI-stained nuclei in blue. 
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Figure 5.35: Effects of trialled priming treatments on hepatic TLR4 protein expression in mice. 
 

Hepatic TLR4 protein was measured by immunofluorescence in tissues harvested from wild type 

C57BL/6 mice (n=6-12 per group) pre-treated with a low fat diet for 4 weeks (A), a HCD for 4 weeks (B), 
a HFD for 4 weeks (C), or intraperitoneal injection of 1 mg heat-killed P. acnes bacteria 7 days previously 
(D). TLR4 staining is visualised in red, DAPI-stained nuclei in blue. 
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Figure 5.36: Co-localisation of TLR2 protein and macrophage F4/80 expression in liver of P. acnes 
primed mice. 
 

Dual colour immunofluorescence staining was used to investigate potential co-localization of macrophages 
(F4/80, green) and TLR2 protein (red), in frozen hepatic sections collected from wild type C57BL/6 mice primed 
by intraperitoneal injection of 1 mg heat-killed P. acnes bacteria (n=4). DAPI-stained nuclei are in blue. 
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Figure 5.37: Co-localisation of TLR4 protein and macrophage F4/80 expression in liver of P. acnes 
primed mice. 
 

Dual colour immunofluorescence staining was used to investigate potential co-localization of macrophages 
(F4/80, green) and TLR4 protein (red), in frozen hepatic sections collected from wild type C57BL/6 mice primed 
by intraperitoneal injection of 1 mg heat-killed P. acnes bacteria (n=4). DAPI-stained nuclei are in blue. 
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Figure 5.38: Co-localisation of TLR2 protein and macrophage F4/80 expression in liver of HFD-primed 
mice. 
 

Dual colour immunofluorescence staining was used to investigate potential co-localization of macrophages 
(F4/80, green) and TLR2 protein (red), in frozen hepatic sections collected from wild type C57BL/6 mice primed 
by 4 weeks pre-treatment with HFD (n=4). DAPI-stained nuclei are in blue. 
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Figure 5.39: Co-localisation of TLR4 protein and macrophage F4/80 expression in liver of HFD-primed 
mice. 
 

Dual colour immunofluorescence staining was used to investigate potential co-localization of macrophages 
(F4/80, green) and TLR4 protein (red), in frozen hepatic sections collected from wild type C57BL/6 mice primed 
by 4 weeks pre-treatment with HFD (n=4). DAPI-stained nuclei are in blue. 
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As shown in earlier chapters significant responses were noted in terms of hepatic 

expression of several inflammatory genes (IL-1β, IL-6 and TNF-α) by oral PAMPs treatment. 

Taken together, the results from this chapter suggest that Kupffer cells are responsive to 

oral LPS and they are therefore most likely responsible for the observed effects on APR and 

metabolism, rather than macrophages elsewhere in the body. 
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Chapter 6 Results - Mechanisms of communication 

between Kupffer cells and hepatocytes 
 

The results of the previous chapter suggest that hepatic macrophages (Kupffer cells) 

are required for the acute phase response (APR) and serum lipid responses to ingested LPS. 

However, the TLR2 and TLR4 staining experiments were not sufficiently conclusive to 

establish that Kupffer cells are the only BLP and LPS responsive cells in the liver. As 

hepatocytes are the key cell type responsible for the production of circulating lipoproteins 

and APR mediators, we next aimed to test the capacity of hepatocytes to recognise PAMPs 

directly, and explore the mechanisms of the hepatocyte-macrophage communication axis 

with respect to PAMP-induced dyslipidaemia. 

 

6.1. Effects of PAMPs and cytokines on HepG2 hepatocyte 

gene expression 
 

Using the HepG2 hepatocyte cell-line, I first explored the potential effects of PAMPs 

(Pam3CSK4, LPS and iEDAP) and cytokines (IL-1β, IL-6 and TNF-α) on hepatocyte APR and 

Apo-AI gene expression. Although IL-1β caused a significant increase in the gene expression 

of inflammatory SAA1 mRNA (P=0.0001 vs. control), and reduction of Apo-A1 mRNA, the 

other tested agents did not affect expression of these genes, indicating that HepG2 cells 

are insensitive to BLP and LPS (Figure 6.1). 

IL-1β dose responses (0.3, 3 & 30 ng/ml) were then explored using SAA1 and Apo-A1 

gene expression readouts in HepG2 cells. All examined doses of IL-1β significantly increased 

expression of SAA1 mRNA and significantly reduced expression of Apo-A1 mRNA compared 

to control cells (Figure 6.2). 

Studies conducted by (Luster et al. 1994) have shown significant reduction in secretion 

of pro-inflammatory cytokines by mouse liver sections treated with LPS in the presence of 

monoclonal antibody against IL-1. Together with the HepG2 data, these findings suggest 

that IL-1 may play a key role in connecting LPS detection to inflammatory responses in the 

liver. 
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Figure 6.1: Effects of PAMPs and Cytokines on human HepG2 gene expression of the APR. 
 

Human HepG2 cells were treated with PAMPs (Pam
3
CSK

4
, LPS or iEDAP, 100 ng/ml each) or 

cytokines (IL-1β, IL-6, TNF-α, 30 ng/ml each) for 24 hours, and then expression of the APR genes 
SAA1 (A) and Apo-A1 (B), were measured by RT-PCR, relative to the house-keeping gene 36B4. 
Results are expressed as means of 4 independent experiments ± SEM. Differences were compared 
by ANOVA with Dunnett’s test (*P<0.05, **P<0.01, ***P<0.001 vs. control cells cultured in medium 
alone). Apo-A1/IL-1β result was significant in experiments of supervisor. 
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Figure 6.2: Effect of different concentrations of IL-1β on human HepG2 cell expression of 
APR genes. 
 

Human HepG2 cells were treated with different doses of IL-1β (0.3, 3, 30 ng/ml) for 24 hours, and 
then expression of the APR genes SAA1 (A) and Apo-A1 (B), were measured by RT-PCR, relative to 
the house-keeping gene 36B4. Results are expressed as means of 3 independent experiments ± 
SEM. Differences were compared by ANOVA with Dunnett’s test (*P<0.05, **P<0.01, ***P<0.001 
vs. control cells cultured in medium alone). 
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6.2. Effect of IL-1β on hepatocyte cholesterol acceptor 

secretion 
 

Because hepatocytes are the major source of circulating cholesterol acceptors in vivo 

(including Apo-AI [Eisenberg, S. 1984]), we next examined the effect of IL-1β on secretion 

of functional cholesterol acceptors by HepG2 cells. Human HepG2 cells were treated with 

or without IL-1β (30 ng/ml) in serum free medium, then cholesterol efflux capacity of their 

conditioned medium was measured, in terms of the capacity of supernatant to promote 

[3]-H-cholesterol efflux from RAW macrophages. 

Interestingly, the serum cholesterol efflux capacity dropped significantly (P=0.046 vs. 

control) when using conditioned medium of HepG2 cells treated with IL-1β compared to 

the control cells (without IL-1β) (Figure 6.3). 

 

 

 

 

 

 

 

 

 

  

Figure 6.3: Effect of IL-1β on secretion of functional cholesterol acceptors by HepG2 cells. 
 

Human HepG2 cells were treated with or without IL-1β (30 ng/ml) in serum free medium for 24 hours, 
and then cholesterol efflux capacity of their conditioned medium was measured, in terms of the capacity 
of supernatant to promote [3]-H-cholesterol efflux from RAW macrophages. Data are shown as means ± 
SEM, which were compared by unpaired t-test. *P<0.05 vs. control (HepG2 cells cultured in medium 
alone). 
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6.3. Flow cytometry for TLR2/4 on human HepG2 cells and 

monocytes 
 

As HepG2 cells were found to be insensitive to BLP and LPS, we next aimed to determine 

whether hepatocytes express TLR2 or TLR4. Human HepG2 cells and primary monocytes 

(the internal control for positive staining) were stained with FITC-conjugated anti-human 

TLR2 and TLR4 mAbs and analysed by flow cytometry. Monocytes expressed high levels of 

TLR2 and TLR4 relative to isotype control. However, human HepG2 cells showed no TLR2 

staining and little TLR4 staining (Figure 6.4). 
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Figure 6.4: Flow cytometry analysis of TLR2 and TLR4 protein expression on human HepG2 
cells and monocytes. 
 

Human HepG2 cells and monocytes were stained with FITC-conjugated antihuman TLR2 and TLR4 
mAbs and analysed by flow cytometry. Histograms represent TLR2 expression on HepG2 cells (A) 
and monocytes (B), and TLR4 expression on HepG2 cells (C) and monocytes (D). (Isotype control 
is shown in red, TLR2/4 positive cells are shown in green). Representative data are shown. 
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6.4. Responses of ex vivo cultured mouse liver slices to LPS 
 

Because the liver is dominated by two major cell-types, hepatocytes and Kupffer cells, 

which may co-operate to detect PAMPS, we next explored the hepatic response to LPS 

using ex vivo cultured mouse liver slices. The vibratome technique was used to obtain liver 

slices from wild-type C57BL/6 mice fed a normal chow, or high fat diet for 4 weeks, with or 

without intraperitoneal injection of clodronate liposomes. Liver slices were treated with or 

without 1 µg/ml E. coli LPS and pro-inflammatory cytokine production was measured by 

ELISA. Although there was a trend towards increased IL-6 and TNF-α secretion in LPS-

challenged cultures, this only reached significance (P=0.008 vs. control) for TNF-α in liver 

slices of HFD-primed mice. Macrophage depletion by clodronate liposomes abolished this 

response, adding further weight to the conclusion that Kupffer cells are key sensors of LPS 

in the liver. IL-1β secretion remained below the limit of detection in all cultures (Figure 6.5). 
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Figure 6.5: LPS-induced inflammatory cytokine production by liver slices of mice treated 
with LFD, HFD and HFD with clodronate liposome treatment. 
 

Wild-type C57BL/6 mice (n=4 per group) were fed a normal chow (LFD), or high fat diet (HFD) for 4 
weeks, with or without intraperitoneal injection of clodronate liposomes 24 h before harvest. Liver 
slices (n= 5 per mouse) were obtained by Vibratome technique for each group then treated with 
500 μl RPMI medium with or without 1 µg/ml E. coli LPS. After 24 hours incubation, secretion of IL-
6 (A), TNF-α (B) and IL-1β (below limit of detection) were measured from the supernatant using 
ELISA. The lower limit of detection of IL-6 was 0.025 ng/ml, TNF-α was 0.005 ng/ml and IL-1β was 
0.035 ng/ml. Data are shown as means ± SEM, which were compared by unpaired t-test (*P<0.05, 
**P<0.01, ***P<0.001 vs. control liver slices cultured in medium alone). 
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6.5. Effects of PAMPs and cytokines on gene expression in 

primary mouse hepatocytes and kupffer cells 
 

We next explored the responses of primary mouse hepatocytes, obtained from liver of 

wild-type C57BL/6 mice by the perfusion method, to relevant PAMPs and cytokines. There 

was no significant effect of Pam3CSK4 or LPS on SAA1 or Apo-A1 mRNA expression, 

suggesting that mouse primary hepatocytes are insensitive to these ligands (Figure 6.6). 

However, SAA1 mRNA was significantly increased by treatment with IL-1β (P=0.0058 vs. 

control), but not by IL-6 or TNF-α. Likewise, Apo-A1 gene expression was significantly 

reduced by IL-1β (P=0.03 vs. control) and TNF-α (P=0.028 vs. control), but not by IL-6 (Figure 

6.7). 
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Figure 6.6: Effects of PAMPs on primary mouse hepatocyte expression of APR genes. 
 

Primary mouse hepatocytes obtained from liver of wild-type C57BL/6 mice by perfusion method, were 
treated with PAMPs (iEDAP, Pam

3
CSK

4
, or LPS, 100 ng/ml each) for 24 hours, and then expression of APR 

genes SAA1 (A) and Apo-A1 (B), were measured by RT-PCR, relative to the house-keeping gene β-Actin. 
Results are expressed as means of 6 independent experiments ± SEM. Differences were compared by 
ANOVA with Dunnett’s test (no significant differences observed). 
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Figure 6.7: Effect of cytokines on primary mouse hepatocyte expression of APR genes. 
 

Primary mouse hepatocytes obtained from liver of wild-type C57BL/6 mice by perfusion method, were 
treated with cytokines (IL-1β, IL-6 or TNF-α, 20 ng/ml each) for 24 hours, and then expression of the 
APR genes SAA1 (A) and Apo-A1 (B), were measured by RT-PCR, relative to the house-keeping gene β-
Actin. Results are expressed as means of 6 independent experiments ± SEM. Differences were compared 
by ANOVA with Dunnett’s test (*P<0.05, **P<0.01 vs. control cells cultured in medium alone). 
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Because primary hepatocytes proved insensitive to BLP and LPS, we next explored 

whether Kupffer cells might serve as the primary sensors of LPS in the liver, and affect 

hepatocyte gene expression through release of soluble mediators. To test this hypothesis, 

primary mouse hepatocytes were treated with supernatant of isolated primary Kupffer 

cells cultured with or without 1 μg/ml E. coli LPS. Expression of the APR genes SAA1 and 

Apo-A1, were then measured by RT-PCR. Supernatant of LPS-treated Kupffer cells induced 

a modest increase in SAA1 gene expression that did not reach significance. However, 

supernatant of LPS-treated Kupffer cells reduced significantly expression of Apo-AI 

(P=0.0011 vs. control) (Figure 6.8). 

Next, because HFD priming was found to be required for responses to acute oral 

ingestion of LPS (Chapter 5), we tested whether Kupffer cells from HFD-primed mice might 

be hypersensitive to LPS challenge. Kupffer cells were obtained by perfusion from mice 

primed with LFD or HFD for 4 weeks, then treated with PAMPs (iEDAP, Pam3CSK4 or LPS, 

100 ng/ml each). After 24 hours, secretion of inflammatory cytokines (IL-1β, IL-6 and TNF-

α) were measured from the supernatant using ELISA. Surprisingly, although there was clear 

induction of IL-1β, IL-6 and TNF-α in response to Pam3CSK4 and LPS, there were no 

significant differences in the responses of Kupffer cells isolated from mice primed on each 

type of diet. There were also no responses to the NOD1 ligand iEDAP (Figure 6.9). Thus, 

when cultured at equivalent cell density, Kupffer cells from HFD primed mice are not more 

sensitive to LPS than Kupffer cells from chow-fed mice. 
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Figure 6.8: Effects of LPS-treated Kupffer cell supernatant on hepatocyte expression of APR 
genes. 
 

Primary mouse hepatocytes obtained from liver of wild-type C57BL/6 mice by perfusion method, were 
treated with or without supernatant of Kupffer cells, which had been treated with 1 μg/ml E. coli LPS 
for 24 hours, and then expression of the APR genes SAA1 (A) and Apo-A1 (B), were measured by RT-
PCR, relative to the house-keeping gene β-Actin. Results are expressed as means of 3 independent 
experiments ± SEM, which were compared by unpaired t-test (**P<0.01 vs. control cells cultured in 
medium alone). 
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Figure 6.9: Production of inflammatory cytokines by murine Kupffer cells primed with low/high 
fat diet then stimulated with PAMPs. 
 

Wild-type C57BL/6 mice were fed a normal chow diet (LFD, n=3) or high fat diet (HFD, n=4) for 4 weeks. 
Kupffer cells were obtained by perfusion method for each group then treated with PAMPs (iEDAP, 
Pam

3
CSK

4
 or LPS, 100 ng/ml each). After 24 hours incubation, secretion of IL-1β (A), IL-6 (B) and TNF-α 

(C) were measured from the supernatant using ELISA. The lower limit of detection of IL-6 was 0.025 
ng/ml, TNF-α was 0.005 ng/ml and IL-1β was 0.035 ng/ml. Data are shown as means ± SEM, which were 
compared by unpaired t-test. 
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6.6. Expression of TLR2 and TLR4 by primary mouse 

hepatocytes and Kupffer cells 
 

To further explore whether primary hepatocytes may respond directly to BLP and LPS, 

or rely instead on signals from Kupffer cells for hepatic PAMP detection, flow cytometry 

was used to measure expression of TLR2 and TLR4 on primary Kupffer cells and hepatocytes 

isolated by perfusion from WT mice. Murine RAW 264.7 macrophages, which are well 

established to express both TLR2 and TLR4, were used as a positive control for this 

experiment. Phycoerythrin (PE) -labelled TLR2 and TLR4 antibodies stained RAW 264.7 

macrophages brightly relative to isotype control, confirming the utility of these antibodies 

(Figure 6.10). Primary Kupffer cells showed clear evidence of TLR2 and TLR4 staining, but 

surprisingly the level of TLR2 and TLR4 expression on these cells was equivalent in LFD and 

HFD-treated mice (Figure 6.11). On the other hand, murine primary hepatocytes showed 

no evidence of staining for TLR2 or TLR4 (Figure 6.12). Taken together, these results add 

further weight to the notion that Kupffer cells, rather than hepatocytes, are the principal 

sensors of BLP and LPS in the normal and HFD-primed mouse liver. 
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Figure 6.10: Flow cytometry analysis of TLR2 and TLR4 expression on murine RAW 264.7 
macrophages. 
 

Murine RAW 264.7 macrophages were stained with phycoerythrin (PE) -labelled TLR2 and TLR4 
antibodies, or isotype control, and analysed by flow cytometry. Histograms indicate isotype control 
staining in red, TLR2 staining in green, and TLR4 staining in purple. Representative data are shown. 
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Figure 6.11: Flow cytometry analysis of the TLR2/4 expression on (LFD/HFD) murine Kupffer cells.  
 

Wild-type C57BL/6 mice were fed a normal chow (LFD, n=3) or high fat diet (HFD, n=4) for 4 weeks. 
Kupffer cells were obtained by perfusion method and stained with phycoerythrin (PE) -labelled TLR2 and 
TLR4 antibodies, or isotype control, and analysed by flow cytometry. Histograms indicate isotype control 
staining in red, TLR2 staining in green, and TLR4 staining in purple. Data representative of three 
experiments are shown. 
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Figure 6.12: Flow cytometry analysis of TLR2 and TLR4 expression on primary mouse hepatocytes. 
 

Wild-type C57BL/6 mice were fed a normal chow (LFD, n=3, A) or high fat diet (HFD, n=4, B) for 4 weeks. 
Hepatocytes were obtained by perfusion method and then stained with phycoerythrin (PE) -labelled TLR2 
and TLR4 antibodies, or isotype control, and analysed by flow cytometry. Histograms indicate isotype 
control staining in red, TLR2 staining in green, and TLR4 staining in purple. Representative data shown. 
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6.7. Effects of IL-1R1 deficiency on in vivo responses to oral 

PAMP treatment 
 

The HepG2 and primary hepatocyte work suggested that IL-1β may be a key mediator 

of the communication between Kupffer cells and hepatocytes during hepatic PAMP 

sensing. To test this, APR and metabolic responses to dietary PAMPs were measured in 

HFD-primed IL-1R1 knockout (KO) mice, in vivo. 

Earlier work (Chapter 5), showed that oral gavage with 80 mg/kg E. coli LPS in HFD-

primed wild type mice, resulted in highly significant increases in plasma SAA and hepatic 

APR gene expression (SAA1, SAA3, Lipocalin and Haptoglobin), and a significant reduction 

in plasma Apo-A1, total cholesterol level, HDL-C and serum cholesterol efflux capacity.  

By contrast, in IL-1R1 KO mice, orally gavaged LPS induced no significant changes to 

plasma SAA (Figure 6.13), hepatic ApoA1 mRNA (Figure 6.14), hepatic APR gene expression 

(SAA1, SAA3, Haptoglobin and Lipocalin) (Figure 6.15), serum cholesterol levels (total 

cholesterol level, HDL-C and LDL-C) (Figure 6.16) or serum cholesterol efflux capacity 

(Figure 6.17). 

In addition, work by other members of the group showed by immunoblot analysis that 

Apolipoprotein-A1 protein in the plasma of IL-1R1 KO mice was not changed by oral LPS 

(data not shown). Together, these findings support the concept that IL-1 signalling is central 

to the APR and metabolic phenotypes induced by oral LPS in mice. 
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Figure 6.13: Effect of orally delivered LPS on serum amyloid A responses in high fat diet primed 
IL-1R1 KO mice. 
 

Interleukin 1 receptor 1 (IL-1R1) deficient mice (n=10 per group) were fed a high fat diet for 4 weeks. 
Mice were then orally gavaged with 200 μl saline with or without 80 mg/kg E. coli LPS. After a further 24 
h, plasma content of SAA was measured by ELISA. Data are shown as means ± SEM, and were compared 
by unpaired t-test. 

Figure 6.14: Effect of orally delivered LPS on hepatic Apolipoprotein-A1 mRNA in high fat diet 

primed IL-1R1
-/-

 mice. 
 

IL-1R1 knockout mice (n=10 per group) were fed a high fat diet for 4 weeks. Mice were then orally gavaged 
with 200 μl saline with or without 80 mg/kg E. coli LPS. After a further 24 h, hepatic Apolipoprotein-A1 
mRNA was measured RT-PCR. Data are shown as means ± SEM, which were compared by unpaired t-test. 
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Figure 6.15: Effects of orally delivered LPS on hepatic APR gene mRNA expression in high fat diet 
primed IL-1R1 KO mice. 
 

IL-1R1 deficient mice (n=10 per group) were fed a high fat diet for 4 weeks. Mice were then orally gavaged 
with 200 μl saline with or without 80 mg/kg E. coli LPS. After a further 24 h, hepatic mRNA responses 
(Serum amyloid-A1, SAA3, Haptoglobin, Lipocalin), were measured by RT-PCR. Data are shown as means 
± SEM, which were compared by unpaired t-test. 
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Figure 6.16: Effect of orally delivered LPS on serum cholesterol levels in high fat diet primed IL-
1R1 KO mice.  
 

IL-1R1 deficient mice (n=10 per group) were fed a high fat diet for 4 weeks. Mice were then orally 
gavaged with 200 μl saline with or without 80 mg/kg E. coli LPS. After a further 24 h, cholesterol levels 
in total plasma and lipoprotein fractions were measured by Amplex red enzymatic assay. Data are shown 
as means ± SEM, which were compared by unpaired t-test. 

Figure 6.17: Effect of orally delivered LPS on serum cholesterol efflux capacity in high fat diet 

primed IL-1R1
-/- 

mice. 
 

IL-1R1 knockout mice (n=10 per group) were fed a high fat diet for 4 weeks. Mice were then orally gavaged 
with 200 μl saline with or without 80 mg/kg E. coli LPS. After a further 24 h, cholesterol efflux capacity of 
Apo-B depleted serum was measured. Data are shown as means ± SEM, which were compared by 
unpaired t-test. 
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6.8. Effects of IL-1R1 deficiency on responses of cultured 

mouse liver slices to LPS 
 

Next, we explored the effect of IL-1R1 deficiency on SAA protein secretion by murine 

liver slices cultured ex vivo with supernatant of LPS-treated macrophages. Liver slices from 

WT and IL-1R1-KO HFD-primed mice were obtained using the vibratome technique. These 

were then treated with supernatant of J774 cells which had been challenged with or 

without 1 µg/ml E. coli LPS (then washed to prevent LPS carryover). Then, SAA was 

measured using ELISA. There was a significant increase (P=0.007 vs. control) of SAA 

secretion in the liver slices of wild type mice treated with supernatant of J774 cells which 

had been challenged with 1 µg/ml E. coli LPS relative to the control. However, there was 

no significant increase in secretion of SAA in the liver slices of IL-1R1 KO mice (Figure 6.18). 

 

Figure 6.18: Effect of IL-1R1 deficiency on serum amyloid A responses of murine liver slices 
stimulated with supernatant of LPS-treated macrophages. 
 

Wild-type C57BL/6 mice (n=4 per group) and IL-1R1 deficient mice (n=4 per group) were fed a high 
fat diet for 4 weeks. Liver slices (n=5 per mouse) were obtained by Vibratome technique, then 
treated with supernatant of J774 cells which had been challenged with or without 1 µg/ml E. coli 
LPS. After 24 hours incubation, SAA was measured using ELISA. Data are shown as means ± SEM, 
which were compared by unpaired t-test (**P<0.01 vs. control liver slices). 
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6.9. Effect of IL-1R1 deficiency on primary hepatocyte 

responses to Kupffer cell-conditioned medium 
 

Next, primary hepatocytes obtained from liver of WT and IL-1R1 KO mice by the 

perfusion method, were treated supernatant of Kupffer cells treated with or without 1 

μg/ml E. coli LPS. Then, expression of Apo-A1 mRNA was measured by RT-PCR, to reveal 

role of IL-1R1 deficiency on hepatocyte Apolipoprotein A1 mRNA responses to supernatant 

of LPS-treated Kupffer cells. ApoA1 mRNA responses dropped significantly (P=0.0011 vs. 

control) in wild type hepatocytes treated with stimulated Kupffer cell medium. However, 

no change was detected in Apo-A1 gene expression in hepatocytes of IL-1R1 genetically 

depleted mice (Figure 6.19). This suggests that IL-1 signalling plays a key role in connecting 

Kupffer cell activation to reduced hepatic expression of ApoAI. 

 

 

 

 

 

 

 

 

 

  

Figure 6.19: Effect of IL-1R1 deficiency on hepatocyte Apolipoprotein A1 mRNA responses to 
supernatant of LPS-treated Kupffer cells. 
 

Murine hepatocytes obtained from liver of wild-type C57BL/6 mice (n=4) and IL-1R1 deficient mice (n=3) 
by perfusion method, were treated with or without supernatant of Kupffer cells treated with 1 μg/ml 
E. coli LPS for 24 hours, and then expression of Apo-A1 mRNA was measured by RT-PCR, relative to the 
house-keeping gene β-Actin. Data are shown as means ± SEM, which were compared by unpaired t-test 
(**P<0.01 vs. control cells cultured in supernatant from resting kupffer cells without LPS treatment). 
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6.10.  Effects of common food additives on viability of 

human epithelial cells 
 

As a final experiment, with the aim of exploring a new potential direction for future 

projects, I looked to see if any common food additives might impact on gut epithelial 

health. This approach was based on the observation that impairment of gut barrier function 

can lead to dramatically increased absorption of LPS from the gut, but very little 

information exists on how commonly used foods additives might affect this (Chapter 5). 

Since enterocytes are epithelial cells, I used two different epithelial cell lines to determine 

if any common food additives might affect cellular viability. First, HeLa cells were used to 

develop the assay and perform a preliminary screen, and then the intestinal enterocyte cell 

line CaCo2 was used to focus on enterocyte function. 

A panel of seventeen commonly used food additives was prepared and applied to cells 

at concentrations starting at those that might conceivably occur in food and hence the gut 

(0.008, 0.04 and 0.2 wt/vol). After 24 hours, cell viability was measured using crystal violet 

staining solution. Unexpectedly, I found that most of the food additives (Figure 6.20, A-Q) 

at concentration of (0.2 wt/vol) have significant effects on HeLa cell viability relative to the 

control. Seven of the food additives, including sodium carbonate, sodium acetate, agar, 

glycerol, sodium bisulfite, sodium citrate and sodium sulfate, had no effect on HeLa cell 

viability. The surfactant sodium decanoate had by far the greatest impact on HeLa cell 

viability, causing ~80% killing at a concentration of just 0.04 wt/vol. 

The same food additives were then examined using the human epithelial colorectal cell-

line CaCo2. In this experiment, cell viability was measured after 24 hours incubation using 

the more established MTT assay. Three food additives, sodium decanoate, sodium sulfite, 

and sodium bisulfite, caused significant reductions in CaCo2 cell viability (Figure 6.21, A-Q). 

In this cell-line, which can be considered a more relevant model of gut barrier function than 

HeLa cells, the most toxic food additive was the preservative sodium decanoate, which 

killed ~90% of the cells at a concentration of 0.2 wt/vol. 
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Figure 6.20: Effects of common food additives on human epithelial cells. 

Human epithelial (HeLa) cells were seeded in a 96-well plate at a density (4x10
5 

cells/well) for 24 
hours. HeLa cells were challenged with different concentrations (0.008, 0.04 and 0.2 wt/vol) of 
common food additives (A-Q). After 24 hours incubation, cell viability was measured using crystal 
violet staining solution. Results are expressed as means of 3 independent experiments ± SEM. 
Differences were compared by ANOVA with Dunnett’s test (*P<0.05, **P<0.01, ***P<0.001 vs. 
control cells cultured in medium alone). 
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Figure 6.21: Effects of common food additives on viability of cultured human intestinal 
epithelial cells. 

Human epithelial colorectal Caco-2 cells were seeded in a 96-well plate at a density (4x10
5 

cells/well) for 24 hours. Caco-2 cells were then challenged with different concentrations (0.008, 
0.04 and 0.2 wt/vol) of common food additives (A-Q), After 24 hours incubation, cell viability was 
measured using MTT assay. Results are expressed as means of 3 independent experiments ± SEM. 
Differences were compared by ANOVA with Dunnett’s test (*P<0.05, **P<0.01, ***P<0.001 vs. 
control cells cultured in medium alone). 
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Together, the findings from these preliminary experiments suggest that commonly 

used food additives, particularly certain surfactants and preservatives, may have potential 

to damage enterocyte function, and could conceivably contribute to an increased 

absorption of dietary PAMPs. 

Overall, the results from this chapter show that Kupffer cells, rather than hepatocytes, 

are the main sensors of BLP and LPS, also IL-1β signaling plays a key role in the expression 

of the APR and metabolic phenotypes induced by oral LPS in mice. In addition, food 

additives may have an adverse role in changing gut barrier function which could 

conceivably result in increased translocation of dietary PAMPs into the circulation. 
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Chapter 7 Discussion 

7.1. Potential mechanisms connecting diet to inflammation 
 

Atherosclerosis is a chronic inflammatory disease of the arteries, which is recognized as 

a major cause of most cardiovascular diseases (Ross 1999); (Göran K 2005); (Kassiteridi et 

al. 2013) and (Libby et al. 2009). However, despite much recent research in this area, the 

agents responsible for promoting the inflammatory events that underpin atherosclerosis 

remain to be clearly defined. 

Dietary factors could represent candidate stimuli, as they are well established to 

participate in atherogenesis (Paoletti et al. 2006). For example, studies using animal models 

revealed that administration of a high fat diet promoted a state of low-grade systemic 

inflammatory signaling which was also associated with increased atherosclerosis, insulin 

resistance and metabolic syndrome (Kokoeva et al. 2006). Other studies also showed that 

levels of plasma SAA and inflammatory markers in vascular tissues increased in mice fed 

high fat diet when compared to mice fed normal diet (Heese et al. 2008). Similar findings 

have been reported in human dietary studies. For example, long term (4 weeks) feeding of 

human volunteers with high fat snacks or fast foods increased plasma CRP levels 

significantly (Tam et al. 2010) and (Carlsson et al. 2010). 

Accordingly, subjects consuming a Western type diet, typified by refined and processed 

foods, consistently show higher CRP levels than those that adhere to a ‘prudent’, or 

‘Mediterranean’ diet, characterized by frequent consumption of fresh produce, including 

vegetables, legumes and fish (Fung et al. 2001). It has been shown that the consumption 

of processed meat products significantly increases the risk of coronary heart disease, 

stroke, and diabetes mellitus when compared with consumption of an equivalent amount 

of non-processed meats (Micha et al. 2010). There is also some evidence that acute dietary 

fat intake by human volunteers results in increased IL-6 levels in the postprandial phase, 

reviewed by (Herieka M and Erridge C 2014). 

Taken together, these results suggest a strong association between commencement of 

a high fat or processed food diet and elevation of inflammatory markers in mice and 

humans. However, the mechanisms promoting this association remain unclear. 
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It has been frequently proposed (Lee et al. 2004) that saturated fatty acids (SFA) may 

have the ability to promote inflammatory cytokine production via direct stimulation of TLR2 

or TLR4 signaling pathways. However, studies conducted by (Erridge C 2009) have shown 

that SFAs are in fact unable to stimulate TLR2 or TLR4 signaling, and that earlier reports of 

this capacity reflected contamination of reagents used. In addition, a meta-analysis of 

epidemiological studies revealed that there is no significant correlation between dietary 

saturated fat intake and the risk of cardiovascular diseases (Siri-Tarino et al. 2010). 

These findings suggest that other factors in the modern diet are likely to promote 

inflammatory signaling. Because earlier studies (Erridge C 2010) and (Erridge 2011b) 

showed that processed foods can contain high levels of TLR2 and TLR4 stimulants of 

microbial origin arising from the processing and storage of products, the aim of this part of 

the project was to examine the roles played by these dietary stimulants in the induction of 

inflammatory cytokines and inflammatory gene expression in human leukocytes and how 

that compares to the TLR-stimulant content of the gut. 

We first investigated whether or not commonly consumed processed foods may 

promote inflammatory gene expression (IL-1β, IL-6, TNF-α) in leukocytes. Processed food 

extracts were chosen on the basis of a relatively high content of minced meat, chopped 

onion and cheese, since these ingredients were shown previously to be at high risk of 

contamination with TLR-stimulants (Erridge C 2010) and (Erridge 2011b). 

Surprisingly, of a panel of aqueous extracts prepared from 24 different supermarket-

bought processed food products, almost all stimulated production of IL-6 by human whole 

blood (Figure 3.2). The relative lack of TNF-α production in response to the same extracts 

(Figure 3.4) measured at 24 h may reflect the timecourse of TNF-α production, which peaks 

at 3 h and diminishes subsequently. Interestingly, food extracts with a high content of 

minced meat or chopped onion promoted a higher production of inflammatory cytokines. 

Similar results were reported in an earlier study, where human primary monocytes treated 

with minced meats or cheese induced significantly greater secretion of TNF-α and IL-6 

when compared with cells cultured with extracts of other foods or medium alone (Erridge 

C 2010). 

 

In the presence of dietary PAMPs, PBMCs were induced to express significant levels of 

inflammatory cytokine gene mRNAs, such as IL-6, IL-1β, TNF-α, and IL-8 (Figure 3.13 and 
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3.14-a). Unexpectedly, however, expression of MCP-1 (Figure 3.14-b) was reduced by all 

stimuli (minced meat, chopped onion, LPS [10 ng/ml], and Pam3CSK4 [1,000 ng/ml]) when 

compared to control. A similar observation was also reported by, (Heimdal et al. 2001), 

where the secretion of MCP-1 by monocytes treated with 1 μg/ml LPS decreased when 

compared to untreated monocytes. However, (LIU et al. 2012), reported that in vitro 

challenged RAW 264.7 macrophages with LPS (1 µg/ml) induced significant secretion of IL-

8 and MCP-1, as well as expression of mRNA for these genes when compared to the control. 

It is not clear why the findings of these studies differ, but it could be related to differences 

in the types of responder cell studied. 

We hypothesized that the existence of certain types of PAMPs in processed foods may 

be a key step in the stimulation of TLR signaling and the initiation of pro-inflammatory 

cytokine release (Falck-Hansen et al. 2013). Quantification of TLR4 and TLR2 stimulants in 

each food using HEK-293 transfectants revealed that almost all of the food extracts 

contained detectable amounts of TLR4 or TLR2 stimulants.  

Moreover, those foodstuffs which contained minced meat and chopped onion tended 

to also contain higher levels of TLR stimulants (Figures 3.7 and 3.8). For example, pork 

sausage rolls contained 985 ng LPS per gramme food, minced beef and onion pie: 328 ng/g, 

spaghetti bolognese: 224 ng/g. These are considered to be a relatively high abundance of 

TLR4 stimulants compared with the other food extracts tested. In terms of TLR2 stimulants, 

most of the food extracts did not contain a high level of stimulants, the exceptions being 

pork sausage rolls: 106 ng/g, fisherman’s pie: 52 ng/g, cheese and onion rolls: 41 ng/g. 

However, technical difficulties relating to the type of filter used (low protein binding filters 

were not available at the time of extract preparation) may have limited lipopeptide 

recovery resulting in a low TLR2 signal in these experiments. Otherwise, our results are in 

agreement with other studies regarding the presence of large quantities of TLR-stimulants 

within processed foodstuffs, in which commonly consumed foods were shown to contain 

large amounts of both TLR4 and TLR2 stimulants (2.7 μg/g LPS-equivalent and 1.1 μg/g BLP-

equivalent per gram of food) (Erridge C 2010). 

 

Notably, significant correlations were observed between the abundance of TLR-

stimulants in each foodstuff tested and cytokine readouts (e.g. r=0.70, p=0.002 for IL-6 vs 

TLR4-stimulants, Figure 3.9). These results indicate that the quantity of dietary TLRs 
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stimulants (PAMPs) in foods is likely to parallel their capacity to induce the expression of 

pro-inflammatory cytokines. 

For comparison, the LPS content of food extracts was also quantified using the kinetic 

chromogenic Limulus Amoebocyte Lysate (LAL) assay. This assay suggested that most of 

the food extracts tested contained dramatically higher levels of endotoxin than those 

measured using the TLR-transfection assay (Figure 3.10). This is consistent with earlier 

studies which showed that minced beef after storage can contain up to 7.4 μg LPS per gram 

of food (J M Jay et al. 1979). However, using LAL assay in the quantification of biological 

activities of TLR stimulants in foodstuffs was considered as inappropriate since false 

positive results are common due to the detection of non-inflammatory β-glucans which are 

a common ingredient of foodstuffs (Elin, Wolff 1973). Also, measurements of bacterial 

lipopeptide cannot be achieved by limulus assay (Erridge, Samani 2009). In addition, no 

significant correlations were detected between endotoxin levels in foodstuffs measured 

using the LAL assay, and the abundance of TLR2/4 stimulants in foodstuffs measured using 

TLR-transfectants (Figure 3.11).  Likewise, there was little correlation with the production 

of pro-inflammatory cytokines by whole blood (Figure 3.11).  

The results indicate that a 400 g processed food meal may contain on average about 

200 μg LPS-equivalent and 25 μg BLP-equivalent. By comparison, intravenous injection of 

as little as 8 ng LPS is sufficient to stimulate a detectable inflammatory response in man 

(Ferguson et al. 2013). This suggests that the quantity of TLR4 stimulants in a processed 

food meal can often be up to 25,000-fold higher than required to stimulate inflammation 

if given by injection. 

In addition, the in vitro experiment results suggest that the minimum dose required to 

stimulate cytokine production by challenged human whole blood was 0.1 ng/ml for LPS and 

10 ng/ml for Pam3CSK4 (Figure 3.5). Taken together, these findings suggest that processed 

foods can contain PAMPs at a concentration much higher than that required to stimulate 

inflammatory cytokine production in human blood. 

A possible explanation for why processed meal consumption does not lead to severe 

acute inflammatory syndromes is that the intestinal wall may serve as a barrier to the 

absorption of the majority of LPS and BLP contained within a meal. 

Notably, recent studies have demonstrated that high fat meals weaken gut barrier 

function, and stimulate translocation of small quantities (  0̴.1%) of bacterial LPS from the 



233 
 

intestine into the circulation (Erridge C et al. 2007c) and (Ghoshal et al. 2009). There is 

some evidence that this pathway may be relevant to disease, since it was shown that levels 

of circulating LPS in man are associated with risk of atherosclerosis (Wiedermann et al. 

1999) and (Pussinen et al. 2007). 

Further studies showed that high fat diet and obesity may increase the level of PAMPs 

within the circulation compared with healthy controls (Patrice D. Cani et al. 2007); (Erridge 

C et al. 2007c); (Paola Brun et al. 2007) and (Herieka M and Erridge C 2014). Moreover, 

studies using animal models revealed that administration of a high fat diet promoted a 

state of low-grade systemic inflammatory signaling which was also associated with 

increased atherosclerosis, insulin resistance and metabolic syndrome (Shi et al. 2006) and 

(Madan 2008). Moreover, direct oral administration of LPS was shown to lead to increased 

expression of pro-inflammatory cytokines such as IL-12, IFN-γ, IL-1β, and TNF-α from spleen 

cells in mice (Yoshino, Sasatomi et al. 1999). Similar results were also obtained by 

(Youngner 1972) and (Yoshino, Yamaki et al. 2005). 

Further evidence that gut barrier function may regulate cardiovascular risk is seen in 

the strong association between long-term use of non-steroidal anti-inflammatory drugs 

(NSAIDs), such as ibuprofen and diclofenac, and the risk of cardiovascular diseases in large 

meta-analyses (Kearney et al. 2006). These agents impair gut barrier function in mice and 

in man (Sigthorsson, Morham et al. 2002). 

This has led many researchers to suggest that intestinal microbes may represent 

another potential risk factor for the initiation of inflammation and development of 

coronary heart diseases (Wang et al. 2011). Connections have also been suggested 

between intestinal flora and the progression of metabolic diseases such as obesity and 

insulin resistance (Dumas, Barton et al. 2006); (Ley, Turnbaugh et al. 2006) and (Reigstad, 

Lunden et al. 2009). In addition, (Ley, Turnbaugh et al. 2006) and (Reigstad, Lunden et al. 

2009) reported the association of intestinal commensals with the progression of obesity 

and insulin resistance, and adverse effects on the immune responses.  

Supporting this, Dumas et al. (2006) revealed roles for the gut microbiota in metabolic 

defects such as insulin resistance and non-alcoholic fatty liver disease. 

These suggestions have been considered by some to be surprising, since there are 

trillions of commensals in the intestine, and these have major roles in the digestion and 

absorption of nutrients (Backhed et al. 2005). Moreover, a study conducted by (Wright, 
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Burton et al. 2000) using germfree hyperlipidaemic mice found that infectious microbes 

are not required for atherogenesis in mice. 

This raises the question of how dietary PAMPs might impact on inflammation if the 

commensal microbiota already present in the gut contains a far greater PAMP content. One 

key fact that must be borne in mind when considering this question is that the commensal 

microbiota is almost entirely partitioned into the large intestine, and very little is present 

in the small intestine. Specifically, bacterial numbers range from 100 to 105 cfu/g in the 

duodenum and the jejunum, and reach a maximum of 105-108 cfu/g in the terminal ileum. 

By comparison, there are 1010 to 1012 cfu/g in the large intestines of healthy subjects (Berg 

1996). In addition, while the surface area of the small intestine reaches 300 m2, that of the 

large intestine is only ~0.35 m2 (DeSesso, Jacobson 2001). Thus, there is a very low 

endogenous PAMP content within the small intestine, which is the major site of absorption 

of fat-soluble molecules (and most other nutrients). 

It has also been shown that most bacteria in the small intestine are Gram positive, and 

these do not secrete significant quantities of soluble PAMPs (Posserud, Stotzer et al. 2007). 

By comparison, Gram-negative bacteria, which do shed soluble PAMPs, make up ~50% of 

the large intestine microbiota (Berg 1996); (Posserud, Stotzer et al. 2007); (Erridge, Duncan 

et al. 2010) and (Alhawi, Stewart et al. 2009). In addition, (Erridge et al. 2011) reported that 

soluble PAMP content of fecal samples from human and mouse (to represent the PAMP 

content of the large intestine) can be hundreds or even thousands of times higher than 

normally found in the healthy small intestine. Also, the PAMP content of several commonly 

consumed processed foods can reach concentrations that are thousands of fold-higher 

than normally present in the healthy small intestine. This appears to be driven largely by 

the growth of commonly occurring non-pathogenic γ-proteobacterial food colonising 

organisms, which occurs soon after meat or vegetables are finely chopped.  

By contrast, most intestinal commensals and commonly used fermentative and 

probiotic organisms shed very low levels of soluble PAMPs (Erridge et al. 2010). These 

evidences together suggest that tiny numbers of microbial flora reside the small intestine 

compared to large intestine and because of the existence of villi with a large surface area 

of small intestine, is probably the main site of PAMP absorption in the body. 

In conclusion, the results from Chapter 3 confirmed that exposure of myeloid cells to 

extracts of PAMP-containing foods, leads to pro-inflammatory cytokine production, and 
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that this is dependent on TLR2 and/or TLR4-signalling. Also, the concentrations of LPS or 

BLP are, in some processed foods, thousands of times higher than normally present in the 

healthy small intestine. 
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7.2. Effects of dietary PAMPs on markers of inflammation 

and metabolic risk in man 
 

The preceding results raised the question of what impact do dietary PAMPs have on 

inflammatory signaling pathways in vivo? In order to explore this, I examined the effects of 

oral ingestion of meals rich in TLR-stimulants on systemic inflammatory markers and 

cardiometabolic risk in healthy human volunteers. Two studies were conducted: an acute 

dietary PAMP intervention study (n=12) and a chronic dietary PAMP intervention study 

(n=11) (see the Materials and Methods section for schematic descriptions of the acute and 

chronic study protocols). 

Based on the finding that foodstuffs with higher content of minced meat and ready-

chopped onion tended to contain higher levels of TLRs stimulants (Chapter 3), we decided 

to prepare a test meal using chopped onion, which could be bought in low-PAMP (fresh) or 

high-PAMP (ready chopped) formats. 

 The results from the acute dietary PAMP intervention study showed a significant 

increase in total leukocyte numbers postprandially after 3 hours of delivering the high 

PAMP onion meal when compared to the baseline leukocyte measurement (P=0.007 vs. 0h 

timepoint), and it reduced significantly after 24 hours (P=0.006 vs. 24h timepoint). Similar 

results were observed for total granulocyte counts (Figure 4.2). As expected, the serum 

triglyceride was significantly augmented by the high PAMP meal and this was again 

reversed after 24 hours (Figure 4.6). However, serum CRP and cytokine (IL-6, IL-1β and TNF-

α) mRNA expression in PBMCs were not significantly altered by the test meal. One possible 

explanation for the lack of increase in these markers may lie in the results of a recent study, 

which demonstrated that onions contain high levels of a molecule called quercetin, which 

potently inhibits TLR2- and TLR4-signalling in vitro (Shibata, Nakashima et al. 2014). For 

these reasons, we did not continue with the planned acute control (low PAMP) meal 

experiment. 

I therefore next examined responses to a chronic dietary intake of high PAMP meals 

rather than a single meal, and compared it with the effect of low PAMP meals on the 

inflammatory and cardiometabolic markers in healthy men. 
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Interestingly, the 4 day high PAMP diet resulted in significant elevations of several 

leukocyte subset counts, which are sensitive, if non-specific, markers of inflammatory 

status. This is potentially of relevance to cardiovascular risk, as an earlier study by (Twig, 

Afek et al. 2012) showed that an increase of white blood cell counts of 1,000 cells/mm3 was 

associated with a 17.4% increase in risk of coronary artery disease (CAD). Thus, based on 

our findings the leukocyte counts increase of 620 cells/mm3 induced by the high PAMP 

meals (5,130 cells/mm3) suggests that the risk of CAD may decline around 10.7% when 

consuming a low PAMP diet compared to a high PAMP diet, through the effect on leukocyte 

count. However, we did not observe a significant increase in the inflammatory CRP marker 

among the three visits. 

Unexpectedly, weight and waist measurements also fell significantly during the low 

PAMP diet and this was reversed by the high PAMP diet (Figure 4.10). Consistent with this, 

serum leptin concentrations were significantly reduced by the low PAMP diet (P=0.006) and 

this was again reversed by the high PAMP intervention (P=0.055) (Figure 4.17). 

Leptin is a satiety hormone that is produced by adipocytes and therefore increases with 

obesity (Efstratiadis, Nikolaidou et al. 2007). Several studies have described the role of 

leptin in the regulation of inflammatory responses and its role in atherosclerosis (Devaraj, 

Torok 2011); (Wolk, Berger et al. 2004) and (Reilly, Iqbal et al. 2004). For example, in 

patients with angiographically confirmed coronary atherosclerosis, leptin was found to be 

a novel predictor of future cardiovascular events, independent of other risk factors, such 

as lipid status and CRP (Wolk, Berger et al. 2004). A study by (Reilly, Iqbal et al. 2004) has 

also found an association between plasma leptin levels and coronary artery calcification 

(CAC) in type 2 diabetes mellitus patients after controlling for traditional measures of 

obesity and plasma CRP. These studies suggest that leptin may provide greater 

understanding into the pro-atherosclerotic risk associated with adiposity than other 

measurements such as body mass index (BMI) or waist circumference. 

However, the most remarkable finding of the chronic dietary PAMP intake study was a 

significant reduction of LDL-C by the low PAMP diet, and its rapid reversal by the high PAMP 

diet (P=0.019 vs. visit 1 [baseline] and P=0.039 vs. visit 3 [high PAMP meal]) (Figure 4.16 - 

a). 

Although no groups have explored dietary PAMP intake before our study, similar effects 

on LDL-C were reported by (Ambring, Friberg et al. 2004), where in healthy subjects, 
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consuming a Mediterranean diet for 4 weeks saw LDL-cholesterol levels decrease by about 

22.8% compared with a typical Swedish (western) diet. Because the Mediterranean diet is 

predominantly based on fresh foods, and therefore low in PAMPs, their finding supports 

the hypothesis that dietary PAMPs could play a role in regulating the level of LDL-C in 

healthy men. 

High levels of LDL-cholesterol in the circulation represent a major risk factor for 

atherosclerosis. Previous studies have shown that reduction of plasma LDL-cholesterol by 

diet and/or drugs is a successful primary strategy for the prevention and regression of 

coronary heart disease (Grundy, Cleeman et al. 2004) and (Genest, Frohlich et al. 2003). 

The liver is the primary regulator of LDL concentrations in man via its production of 

VLDL, the precursor of plasma LDL, and its responsibility for the clearance of the majority 

of LDL via the LDL receptor (LDLR) (Dietschy, Turley et al. 1993). In addition, the liver has 

an essential role in the clearance of cholesterol absorbed from the small intestine, through 

the uptake of chylomicron remnants (Dietschy, Turley et al. 1993) and (Turley, Dietschy 

2003). 

Statins are a class of drugs which have an essential role in lowering cholesterol levels in 

the blood through decreasing cholesterol synthesis primarily in the liver (Dietschy, Turley 

et al. 1993). This results in the reduction of hepatocyte cholesterol content, leading 

eventually to the upregulation of the LDLR and enhanced clearance of LDL. In addition, in 

some patients, statins decrease rates of VLDL production (Huff, Burnett 1997). 

Nevertheless, higher doses of statins have been associated with “myopathy syndrome” or 

“weakness” which can include either or both of muscle pain (myalgia) and creatine 

phosphokinase (CK) elevation (Sinzinger, Wolfram et al. 2002). Side effects such as these 

have led to calls for alternative therapeutic targets for LDL-C lowering. 

Attempts to reduce serum LDL-C through dietary means have typically involved 

increased intake of dietary fiber such as oats, psyllium, pectin, and guar gum (Truswell 

1995) and (Glore, Van Treeck et al. 1994). However, a meta-analysis of such studies (Brown, 

Rosner et al. 1999) showed that various dietary fibers have little impact on total and LDL 

cholesterol levels within the practical range of intake. 

My results that a low PAMP diet could be considered as an alternative means of 

decreasing levels of LDL-C in the circulation. I feel that there are two main possible 

explanations for the impact of dietary PAMPs on LDL-C levels. 
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First, it is possible that low PAMP diets result in reduced secretion of apolipoprotein B 

by the liver, which is essentially the only apolipoprotein of LDL and the major constituent 

of VLDL (Gotto, Brown et al. 1972) and (Kane, Hardman et al. 1980). Another possibility, is 

that high PAMP diets might lead to excess secretion of Apo-B by the liver because of the 

high concentrations of released inflammatory cytokines (IL-6, TNF-α, and IL-1β) by the 

kupffer cells. Alternatively, high PAMP diets may reduce expression or activity of LDLR in 

the liver, leading to higher levels of plasma LDL in the blood (Goldstein, Brown 1974). The 

mechanisms connecting dietary PAMP intake to dyslipidaemia will be discussed in more 

depth in the following section. 

Surprisingly, a significant increase was also observed in thrombocyte counts (P=0.045) 

by the high PAMP meals when compared to the low PAMP meals (Figure 4.13). 

Platelets are anucleated blood cells, which facilitate coagulation and clotting. In 

addition, platelets have been described to interact with bacterial pathogens and even 

produce considerable quantities of cytokines and chemokines (Li, Yang et al. 2011); (van 

Gils, Zwaginga et al. 2009) and (Totani, Evangelista 2010). It has also been reported that 

activated platelets interact with endothelial cells and induce the expression of cell adhesion 

molecules and chemokines, which in turn mediate leukocyte recruitment. These evidences 

provide a possible link between platelets activation, inflammatory responses and 

atherosclerosis (Lievens, von Hundelshausen 2011). 

In conclusion, remarkable results from the chronic dietary PAMP intake study revealed 

that a low PAMP diet reduces leukocyte count, body weight, plasma leptin, abdominal 

circumference and LDL-C level, and that these effects are rapidly reversed by a high PAMP 

diet in healthy subjects. These findings suggest that dietary PAMPs may be considered as a 

new possible risk factor for coronary artery disease. 
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7.3. Effects of dietary PAMPs on mediators of 

atherosclerosis in mice 
 

Many previous studies have shown that intravenous injection of low-doses of LPS in 

man results in a transient, low-grade inflammatory response involving the upregulation of 

circulating markers, such as IL-6, TNF-α and CRP (van Deventer et al. 1990). While doses 

above 2 ng/kg induce a pronounced fever and sickness response in volunteers (involving 

increased heart rate, high temperature, nausea, and malaise), doses of 0.05 - 0.1 ng/kg 

induce a subclinical response associated with moderately increased inflammatory markers 

of a magnitude consistent with those observed in dietary intervention studies (Starkie, 

Ostrowski et al. 2003) and (Krogh-Madsen et al. 2004). 

Previous work from our laboratory showed that chronic treatment of Wild-type 

(C57BL/6) mice with 3 PAMPs (LPS, Pam3CSK4, and iEDAP) mix in drinking water for 10 

weeks on low fat diet led to significant increases of hepatic inflammatory gene expression 

(PTX, IL-1β, IL-6, TNF-α, and Apo-AI) (Figure 1.23-B), with significant decrease in cholesterol 

efflux of Apo-B depleted serum, total cholesterol and HDL (Figure 1.24-A and B). 

Because chronic administration of PAMPs to mice was very expensive and time 

consuming, it was not feasible to use this type of experiment to explore mechanisms of 

action of dietary PAMPs. Because mice orally gavaged with E. coli LPS did not show obvious 

upregulation of acute phase response (APR) markers within 24 h (Figure 1.26), I therefore 

sought means to increase the sensitivity of mice to orally delivered LPS. 

Work from other members of the group showed previously that gut permeability to 

FITC-dextran and E. coli LPS was significantly increased by treatment of mice with the NSAID 

indomethacin, but not a 4 week high fat diet (Figure 1.27). 

I therefore first explored the potential of NSAID priming with indomethacin to increase 

responsiveness of healthy wild type mice (C57BL/6), to acute gavage with E. coli LPS as 

measured by APR markers. 

In these experiments, the plasma SAA response to orally delivered LPS was still only 

modest (P=0.0127 vs. control) (Figure 5.1), and expression of inflammatory marker genes 

in liver tissue were not significantly upregulated by orally delivered LPS (Figure 5.2 and 3). 

This suggests that mice are unresponsive to LPS, even when large amounts of LPS enter the 
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circulation. This conclusion is supported by a study by (Copeland, Warren et al. 2005), who 

measured the respective sensitivities of mice and humans to endotoxin challenge. They 

found that mice required at least 250x higher doses of endotoxin to reach the targeted 

concentration of 1,000 pg of IL-6 per ml, when compared to human volunteers. This finding 

was consistent with previous studies that found humans to be the most sensitive of all 

models after an endotoxin challenge (Martich, Boujoukos et al. 1993) and (Wolff 1973). 

This suggested that successful development of a model in which an acute response to low 

dose LPS (such as may occur post-prandially) could be detected would require increasing 

the sensitivity of mice to LPS. 

To develop such a model, I examined hepatic inflammatory gene expression and serum 

acute phase markers (SAA) in mouse models treated by means shown previously to 

increase sensitivity to LPS. Mice primed with intraperitoneal injection of heat-killed P. acnes 

bacteria, or 4 weeks high cholesterol diet, showed excessively high background levels of 

acute phase markers that could not be elevated further by LPS. 

Therefore, I next examined the mild priming treatment of 4 weeks high fat diet feeding 

before oral LPS gavage. I found that HFD alone does not promote a state of low-grade 

systemic inflammatory signaling when compared to the group fed on LFD (Figure 5.20), 

meaning this is a suitable baseline for oral gavage experiments. 

Mice gavaged with LPS after HFD pretreatment showed highly significant increases in 

plasma SAA (P=0.0053 vs. control) (Figure 5.13), and significant responses from hepatic 

inflammatory gene expression such as SAA1, SAA3, Apo-A1, Lipocalin and Haptoglobin 

(Figure 5.14 and 15). These results therefore suggest that chronic administration of HFD 

leads to a clear induction of responsiveness to orally delivered LPS. 

Interestingly, a significant reduction was observed in plasma Apo-A1, total and HDL-C 

in mice gavaged with LPS after HFD pretreatment (Figure 5.16). Remarkably, the serum 

cholesterol efflux capacity also fell significantly in mice orally gavaged with E. coli LPS 

(Figure 5.19). 

Previous studies have shown that intravenous administration of high doses of LPS to 

mice or human volunteers reduces serum cholesterol efflux capacity in vivo (McGillicuddy, 

de la Llera Moya et al. 2009).  

Endotoxemia has a broad impact on RCT, attenuating several steps including 

macrophage cholesterol efflux, HDL acceptor function, and hepatic to bile/fecal cholesterol 
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elimination. These evidences strengthen the hypothesis that impaired RCT may be an 

important link between the low-grade inflammation and the development and acceleration 

of atherosclerosis. 

Subsequently, I aimed to determine whether or not the induction of inflammatory 

signaling in the liver was dependent on Kupffer cells. Kupffer cells make up 80-90% of the 

tissue macrophages present in the body, and are thought to be the major source of the 

inflammatory markers in the liver (Chensue, Terebuh et al. 1991). They are involved in the 

liver’s response to infection, toxins, microbial debris, bacterial endotoxins and other 

stresses (Bilzer, Roggel et al. 2006). To test their involvement, clodronate liposomes were 

used. These are a selective depleting agent of macrophages from tissues in vivo that can be 

used to explore whether these cells have a functional role in biological processes (Rooijen, 

Sanders 1994). 

Interestingly, macrophage depletion by clodronate liposomes completely blocked the 

inflammatory responses (SAA and APR markers) to oral LPS challenge (Figure 5.22 and 23). 

Immunofluorescence of hepatic F4/80+ confirmed a significant (>99%) depletion in the 

number of macrophages in HFD-fed mice injected with clodronate liposomes when 

compared to the liver samples of HFD-fed mice (Figure 5.21). Without liposome treatment, 

oral LPS induced markers of macrophage activation in liver, but not other macrophage 

beds, such as adipose tissue. Together, these findings suggest that hepatic macrophages 

are necessary for the HFD-induced sensitization to LPS. 

In further investigations, the expression of TLR2/4 proteins in hepatic tissue were found 

to be greatly elevated by all the tested sensitising treatments compared to unprimed 

animals fed normal chow (Figure 5.34 and 35). Thus, HFD increases not only the 

macrophage content of the liver, but also expression of TLR2 and TLR4. 

In conclusion, these murine studies suggest that dietary PAMPs can induce overt 

inflammation and impair reverse cholesterol transport in mice in vivo if the mice are primed 

for responsiveness to LPS. Also, hepatic macrophages seem to be the key factor for the 

HFD-induced sensitization to LPS. 
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7.4. Potential mechanisms connecting dietary PAMPs to 

systemic inflammation and lipid metabolism 
 

Because hepatocytes, rather than Kupffer cells, are the major producers of circulating 

cholesterol acceptors in vivo, we next decided to investigate potential mechanisms of the 

hepatocyte-macrophage communication axis. 

I first explored the potential effects of PAMPs (Pam3CSK4, LPS and iEDAP) and cytokines 

(IL-1β, IL-6 and TNF-α) on HepG2 hepatocyte expression of acute phase response genes and 

Apo-AI. Only IL-1β, but not the tested PAMPs or other cytokines, caused a significant 

increase in the gene expression of inflammatory SAA1 mRNA (P=0.0001 vs. control), and 

reduced Apo-A1 mRNA (Figure 6.1). Moreover, the cholesterol efflux capacity of HepG2 cell 

conditioned medium was reduced by IL-1β treatment but not the other stimulants (Figure 

6.3). 

This suggested that hepatocytes themselves are insensitive to PAMPs, but that IL-1β 

released by another cell type may play a key role in the regulation of RCT by dietary PAMPs. 

This was tested by measuring primary wild-type mouse hepatocyte expression of acute 

phase response genes. Interestingly, highly significant increase of SAA1 was observed by 

IL-1β compared to the control (P=0.0058 vs. control), but no changes has observed by IL-6 

and/or TNF-α. Furthermore, Apo-A1 gene expression was reduced significantly by IL-1β and 

TNF-α, but not by IL-6 (Figure 6.7). 

Supporting this, other workers have shown that inflammatory gene expression in the 

liver is significantly lower in mice with Kupffer cell deficiency of IL-1 compared to WT mice 

(Olteanu, Kandel-Kfir et al. 2014). Moreover, studies have reported that Kupffer cells are 

considered as a main source of IL-1 and depletion of Kupffer cells reduced IL-1 expression 

and liver steatosis under a high fat diet (Dinarello 2009); (Miura, Kodama et al. 2010) and 

(Rivera, Adegboyega et al. 2007). 

This raises the possibility that IL-1β released from Kupffer cells activated by PAMPs 

might trigger activation of hepatocytes indirectly. Supportive of this, Apo-A1 gene 

expression decreased significantly (P=0.0011 vs. control) in primary hepatocytes cultured 

with supernatant of LPS-treated, but not resting, primary Kupffer cells (Figure 6.8). 
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In addition, (Rivera et al. 2007) reported that Kupffer cells are responsible for clearing 

endotoxin and are activated via endotoxin interaction with Toll like receptor 4 in animal 

models and humans. 

As we found previously that TLR2 and TLR4 stimulants present in food are critical 

mediators of the capacity of food extracts to induce inflammatory signaling, I measured the 

expression of TLR2 and TLR4 on primary murine Kupffer cells and hepatocytes using flow 

cytometry. There was obvious expression of TLR2 and TLR4 on Kupffer cells, whether HFD-

primed or not (Figure 6.11). However, murine hepatocytes did not show expression of TLR2 

or TLR4 (Figure 6.12). This result suggests that Kupffer cells, rather than hepatocytes, are 

the likely sensors of dietary TLR2/4 stimulants in vivo. 

Kupffer cells, as liver-resident macrophages, have a major role in the secretion of a 

broad panel of inflammatory cytokines such as TNF-α, IL-6 and IL-1 (Tilg, Moschen 2010). 

Interleukin-1 induces the expression of a variety of pro-inflammatory genes upon binding 

to IL-1 receptor type 1 (IL-1R1) (Dinarello 2011) and (Kamari, Werman-Venkert et al. 2007). 

TLR-4 interaction with endotoxin results in the release of pro-inflammatory mediators 

that induce hepatic injury and fibrosis (Decker 1990). In addition, cytokines have profound 

effects on lipid metabolism (Hardardottir, Grunfeld et al. 1994). Furthermore, activation of 

Kupffer cells through TLR-4 promotes non-alcoholic steatohepatitis (NASH) via the 

inflammatory cytokines TNF-α and IL-1 (Rivera, Adegboyega et al. 2007). 

The key role of IL-1 in mediating hepatic inflammatory responses is supported by an 

earlier study showing a significant reduction in cytokine secretion (IL-1, IL-6 and TNF-α) 

from mouse liver samples treated with LPS when cultured in the presence of monoclonal 

antibody to IL-1 (Luster, Germolec et al. 1994). Furthermore, a study conducted by (Miura, 

Kodama et al. 2010) has revealed that IL-1R-/- mice had reduced steatohepatitis and 

fibrosis, compared with WT mice. Taken together, our findings and those of other workers, 

suggest that IL-1β may play a key role in the progression of inflammatory responses in the 

liver. 

To test this, I investigated whether dietary PAMPs are be able to trigger inflammatory 

responses in IL-1R1 genetically depleted (KO) mice primed with HFD. 

The most interesting finding from these experiments was the complete loss of 

responsiveness to orally delivered LPS compared to WT mice.  



245 
 

In HFD-primed IL-1R1-/- mice, oral LPS no longer induced any changes to hepatic 

Apolipoprotein-A1 mRNA (Figure 6.14), hepatic inflammatory gene expression (Figure 

6.15), serum total cholesterol level, HDL-C and LDL-C (Figure 6.16) or serum cholesterol 

efflux capacity (Figure 6.17). Furthermore, liver slices from HFD-primed WT mice increased 

SAA expression, but those from IL-1R1 KO mice did not, in response to supernatant of LPS-

treated J774 cells (Figure 6.18). Likewise, while Apo-AI mRNA is reduced in response to LPS-

stimulated KC supernatant in WT hepatocytes, this was not observed in IL-1R1-/- 

hepatocytes (Figure 6.19). Together, these experiments provide strong evidence that IL-1 

plays a key role in the connection between dietary PAMPs and impaired RCT. 

The notion that IL-1β may play a key role in the regulation of cardiovascular risk is well 

supported by studies in IL-1R1 KO mice bred on the Apo-E-/- backgrounds, which show 

reduced plaque formation in IL-1 signaling deficiency (Matthew et al. 2012). The CANTOS 

study is also currently ongoing to test whether therapeutic inhibition of IL-1 may reduce 

cardiovascular risk in man (Ridker et al. 2011). Thus, my work on dietary PAMPs may 

indicate one potential trigger for IL-1 induction that may mediate this emerging pathway. 
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7.5. Intestinal barrier function - the next frontier in 

atherosclerosis research? 
 

My final experiments aimed to explore a new potential direction for future projects. To 

this end, I tested whether any common food additives found in processed foods might 

impact on gut barrier function via effects on epithelial cell health. Preliminary experiments 

were conducted using an easily cultured model epithelial cell-line (HeLa) to test the 

principle, and then the experiments were repeated using the CaCo2 enterocyte cell-line. In 

all, seventeen food additives and surfactants commonly found in processed foods were 

tested for their effects on cell viability. 

Unexpectedly, most of the food additives at concentration of (0.4% wt/vol) were found 

to have significant effects on HeLa cell viability (Figure 6.20, A-Q). Only four of the food 

additives including sodium carbonate, sodium acetate, agar and sodium sulfate had no 

effect on human epithelial cell viability. Human epithelial colorectal Caco-2 cells were also 

highly sensitive to three food additives: sodium decanoate, sodium sulfite, and sodium 

bisulfite at a concentration of 0.4% (wt/vol), when using the MTT assay measure of cell 

viability (Figure 6.21, A-Q). 

These findings are potentially of much interest in terms of the potential for processed 

foods to affect gut barrier function. For example, the sodium sulphite content of wine 

averages about ~0.01% wt/vol, and it can reach higher levels in some processed foods. It is 

possible that this dose, which is sub-lethal in vitro, could nevertheless affect barrier 

integrity in vivo. Interestingly, while sodium decanoate (also called sodium caprate), is a 

commonly used stabiliser in processed foods, it is already used pharmacologically to 

increase the permeability of the small intestine to large therapeutic molecules, which are 

otherwise not absorbed (Maher et al. 2009). This supports the notion that it may also 

promote PAMP translocation. Furthermore, my finding of a toxic effect of sodium caprate 

on enterocytes suggests a possible mode of action for its ability to promote intestinal 

absorption of molecules. Of course, further work will be required to test whether these 

food additives modify gut barrier function, or rates of PAMP translocation, in vivo using 

murine models and human volunteer studies. 
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Conclusion 
 

In conclusion, this project has made a number of novel discoveries for the field. First, 

chronic intake of dietary PAMPs has a profound impact on LDL-C levels and leukocyte 

counts in man, which combined amounts to a ~40% increase in predicted cardiovascular 

risk based on these markers. Studies in mice showed that orally delivered LPS can induce 

the APR and impair cholesterol efflux when they are primed for LPS responsiveness with 

HFD. This was found to be due to Kupffer-cell mediated detection of PAMPs, which were 

not detected directly by hepatocytes. Finally, the communication between Kupffer cells 

and hepatocytes in this context was found to be almost entirely dependent on IL-1β. 

Taken together, my findings suggest that dietary PAMPs may be considered as a new 

possible risk factor for coronary artery disease. This raises the possibility of new therapeutic 

approaches, based on novel dietary interventions or new drug targets, to reduce 

cardiovascular risk. In my view, the stated discoveries in this thesis should be of great 

benefit for the future investigation for workers in the fields of nutrition, host-microbiota 

interaction and cardiometabolic research. 
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Future work 
 

Based on the results obtained from this project, it would be interesting to pursue a number 

of further studies, 

▪ It will be valuable to complete the chronic dietary intervention study on obese 

subjects and / or diabetes patients and in patients with cardiovascular diseases, 

similar to the chronic study (Chapter 4), since these groups are reported to have 

reduced gut barrier function.  

▪ It would also be interesting to perform further in vivo studies using animal models 

and human volunteers to test the adverse effect of food additives and surfactants 

on gut epithelial cells or enterocytes, and the effects of dietary PAMPs on the 

induction of inflammatory responses in the presence of these food additives. 

▪ Finally, it will be very useful to conduct further mouse model knockout (Apo-E-/- IL-

1R1+/+ vs. Apo-E-/- IL-1R1-/-) or (LDLR-/- IL-1R1+/+ vs. LDLR-/- IL-1R1-/-) studies to reveal 

the roles of interactions between dietary PAMPs and IL-1β in the progression of 

atherosclerosis in mice fed on HFD. 
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Appendix 1 Healthy volunteer eligibility questionnaire - 

Acute study 

Medical history 

I confirm that I do not have evidence of present or previous: 

1. Hypertension 

2. Hyperlipidaemia 

3. Diabetes Mellitus (Type I or Type II)  

4. Asthma 

5. Bleeding problems 

6. Chronic or acute heart, kidney or liver disease 

Drug history 

I confirm that: 

1. I have taken ibuprofen before and suffered no adverse reaction to this drug 

2. I do not currently take any (non)prescribed drugs or complimentary remedies 

3. I do not have an allergy to any drug 

Self-reporting 

1. I confirm that I have not suffered symptoms suggestive of infection or inflammation in 

the past 2 weeks (fever/fatigue/night sweats/cough/rash)  

2. I confirm that I have not taken any anti-inflammatory drugs in the past 3 days 

3. I confirm that I have no family history of inflammatory bowel diseases 

(such as Crohn’s disease or ulcerative colitis) 

 

Subject Name:    Subject Signature:   Date:  

  

 

 

 

 

 

 

Please Tick box to 
confirm 
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Appendix 2 Consent form - Acute study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 School of Medicine 
Dr Clett Erridge, BSc, PhD 
Department of Cardiovascular Sciences 
Cardiology Group 
Clinical Science Wing 
Glenfield Hospital, Groby Road 
Leicester LE3 9QP 
Tel:  +44 (0)116 258 3365 
Fax: +44 (0)116 287 5792 

CONSENT FORM 
 
Title of project: The effects of dietary toll-like receptor stimulants on leukocyte activation 
in man 
 

Names of researchers: Dr Clett Erridge, Mr Tola Faraj 
 
                                   Please initial each box 

 

1. I confirm that I have read and understand the information sheet for the 
above study (dated 22/05/14) and have had the opportunity to ask questions. 

  

   

2. I understand that my participation is voluntary and that I am free to 
withdraw at any time without giving any reason. 

  

   

3. I agree to take part in the above study. 
 

  

 

Name of subject 
 

     Date 
 

Signature 
 

Name of person taking consent 
 
 

     Date 
 
 

Signature 
 
 

 

  

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCP-p_o__vMgCFYG9Ggod5b8CHw&url=http://universitybusiness.co.uk/Article/leicester-plans-to-create-distinctive-elite-university&bvm=bv.104819420,d.d2s&psig=AFQjCNGe1MM_2Utst7hHPlOjJgr-a09o6g&ust=1444741351620085
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Appendix 3 Provided lunch and evening meals - High PAMP 

diet 

   

Preferred options 
 

Monday 

 
Breakfast 

 
Any cereal, Fresh milk (whole, semi or skimmed), Tea, 

coffee, Toast, Margarine, Jam, Fruit and allow processed 
foods, butter or cheese 

Lunch 3 ASDA pork sausage rolls 
2 TESCO cheese and onion rolls 

Dinner 1 TESCO lasagne ready meal 
Snacks 4 slices of bread with any spread, 1 bag of crisps 

Tuesday 

 
Breakfast 

 
Any cereal, Fresh milk (whole, semi or skimmed), Tea, 

coffee, Toast, Margarine, Jam, Fruit and allow processed 
foods, butter or cheese 

Lunch 2 ASDA cornish pasties 
Dinner 2 TESCO fisherman’s pie ready meals 
Snacks 3 slices of bread with any spread, 1 bag of crisps 

Wednesday 

 
Breakfast 

 
Any cereal, Fresh milk (whole, semi or skimmed), Tea, 

coffee, Toast, Margarine, Jam, Fruit and allow processed 
foods, butter or cheese 

Lunch 1 ASDA cheese and onion pasty 
2 ASDA pork sausage rolls 

Dinner 2 ASDA bolognase and pasta bake ready meals 
Snacks 2 slices of bread with any spread, 1 bag of crisps 

Thursday 

 
Breakfast 

 
Any cereal, Fresh milk (whole, semi or skimmed), Tea, 

coffee, Toast, Margarine, Jam, Fruit and allow processed 
foods, butter or cheese 

Lunch 1 TESCO cheese and onion pasty 
1 ASDA cornish pasty 

Dinner 2 TESCO spaghetti bolognase ready meals 
Snacks 1 slice of bread with any spread, 1 bag of crisps 
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Appendix 4 Healthy volunteer eligibility questionnaire - 

Chronic study 

Medical history  

I confirm that I do not have evidence of present or previous: 

1. Hypertension 

2. Hyperlipidaemia 

3. Diabetes Mellitus (Type I or Type II)  

4. Chronic or acute liver disease 

5. Chronic or acute kidney or heart disease 

6. Recent vaccination, such as influenza vaccine, within the last 2 weeks 

Drug history 

I confirm that I do not: 

1. Regularly take any prescribed or over the counter drugs (excluding contraception) 

2. Take any complimentary or traditional remedies 

 

Self-reporting 

1. I confirm that I have not suffered symptoms suggestive of infection or inflammation in 

the past 2 weeks (fever/fatigue/night sweats/cough/rash)  

2. I confirm that I have not taken any anti-inflammatory drugs in the past 3 days 

Subject Name:                                Subject Signature:    Date:  

  

 

 

 

 

 

 

 

 

 

 

Please Tick box to 
confirm 
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Appendix 5 Consent form - Chronic study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 School of Medicine 
Dr Clett Erridge, BSc, PhD 
Department of Cardiovascular Sciences 
Cardiology Group 
Clinical Science Wing 
Glenfield Hospital, Groby Road 
Leicester LE3 9QP 

Tel:  +44 (0)116 258 3365 
Fax: +44 (0)116 287 5792 

CONSENT FORM 
 
Title of project: Effects of chronic intake of processed foods on circulating inflammatory 
markers in healthy men 
 

Names of researchers: Dr Clett Erridge, Mr Tola Faraj 
 
                                   Please initial each box 

 

1. I confirm that I have read and understand the information sheet for the 
above study (dated 02/11/14) and have had the opportunity to ask questions. 

  

   

2. I understand that my participation is voluntary and that I am free to 
withdraw at any time without giving any reason. 

  

   

3. I agree to take part in the above study. 
 

  

 

Name of subject 
 

     Date 
 

Signature 
 

Name of person taking consent 
 

     Date 
 

Signature 
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