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ABSTRACT 

The consumption of Westernised high-fat diets (HFDs) dysregulates intestinal barrier 

components which may lead to subclinical systemic and tissue inflammation 

implicated in type 2 diabetes (T2D) development. It is essential to understand the 

intestinal barrier‘s role in developing T2D. This may aid in the identification of potential 

therapeutic and preventative targets for intestinal barrier defects and downstream 

metabolic impairments. This study investigated intestinal barrier function and 

inflammation in intestinal tissues of vervet monkeys (Chlorocebus aethiops) towards 

the development of T2D. The study made use of intestinal tissues (duodenum, 

jejunum, ileum and colon) and serum that was previously collected from nine vervet 

monkeys that were maintained on a maize-based control diet (MD) (n=3) and an HFD 

(n=6), respectively for 15 years. Serum was used to assess glycaemic and lipogram 

parameters. Haematoxylin and Eosin (H&E) staining was used for general 

morphological assessment and immunohistochemistry (IHC) was used to assess the 

expression of intestinal immunity marker, immunoglobulin-A-positive (IgA+) cells of the 

duodenum, jejunum, ileum and colon. IHC was also used to assess the expression of 

intestinal barrier integrity marker, occludin in the ileum and colon. Western blot 

analysis was used to assess the expression levels of markers that are involved in the 

synthesis of pro-inflammatory mediators, extracellular signal-regulated kinase 1/2 

(ERK1/2) and p38 in the ileum and colon. The expression levels of leaky gut 

biomarkers in serum: lipopolysaccharide-binding protein (LBP) and cluster of 

differentiation 14 (CD14) were assessed using respective enzyme-linked 

immunosorbent assay (ELISA) kits. The results revealed that the HFD did not induce 

significant changes in fasting blood glucose nor glycated haemoglobin levels of the 

vervet monkeys when compared to MD-fed vervet monkeys. There were no significant 

changes in triglyceride between HFD-fed and MD-fed vervet monkeys. Furthermore, 

total cholesterol levels were marginally increased (p=0.071), high-density lipoprotein 

cholesterol and low-density lipoprotein cholesterol levels were significantly increased 

(p=0.048 and p=0.017 respectively) in HFD-fed vervet monkeys as compared to MD- 

fed monkeys. H&E staining revealed that an HFD did not affect the morphology of the 

ileum and colon of vervet monkeys as evidenced by no significant changes in the villus 

length and crypt depth respectively when compared to MD-fed vervet monkeys. 

Immunohistochemical analysis revealed that an HFD significantly increased (p=0.046) 
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the population of IgA+ cells in the duodenum of vervet monkeys when compared to 

MD-fed vervet monkeys. However, no significant changes in the population of IgA+ 

cells were demonstrated in the jejunum, ileum and colon between HFD-fed and MD- 

fed vervet monkeys. HFD-fed vervet monkeys did not demonstrate significant changes 

in the expression of occludin in the ileum and colon when compared to MD-fed vervet 

monkeys. Western blot analysis revealed that there were no significant changes in the 

expression of ERK1/2 and p38 in the ileum and colon between HFD-fed and MD-fed 

vervet monkeys. There were no significant differences in serum levels of LBP and 

CD14 assessed by ELISA between HFD-fed and MD-fed vervet monkeys. In 

conclusion, this study demonstrated that an HFD dysregulated lipid metabolism in 

HFD-fed vervet monkeys, suggesting a probable predisposition to developing 

metabolic disease. In addition, the increased population of IgA+ cells in the duodenum 

of HFD-fed vervet monkeys suggests dysregulated mucosal immunity. However, 

further research is warranted to elucidate underlying mechanisms. 
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1. Introduction 

CHAPTER ONE 

The consumption of Westernised high-fat diets (HFD) has increased in middle and 

high-income countries. Indeed, an HFD evokes pathological changes in lipid and 

energy metabolism as well as an inflammatory state and potentiates the development 

of type 2 diabetes (T2D) (Christ et al., 2019). Type 2 diabetes is a metabolic disease 

characterised by chronic high glucose blood levels as a result of impaired insulin 

sensitivity and insulin production (Roden and Shulman, 2019). The prevalence and 

incidence of T2D are rising due to obesity, ageing (Chatterjee et al., 2017; Zhou et al., 

2016) and an unhealthy diet (Malesza et al., 2021). Seemingly, disruption of intestinal 

barrier components of the mucosa by an HFD leads to inflammation that may 

contribute to the development of T2D and its complications (Khoshbin and Camilleri, 

2020; Mohammad and Thiemermann, 2021; Winer et al., 2017). 

While the precise mechanisms of HFD-associated inflammation are complex and need 

further elucidation (Malesza et al., 2021), Luck et al. (2019) reported that an HFD led 

to a decrease in the amount of immunoglobulin-A-positive (IgA+) cells in the colon of 

mice. The reduction of IgA+ cells was associated with impaired glucose metabolism. 

Winer et al. (2017) compressively described the alterations in immune cell populations 

as a result of HFDs and development of a predisposition to metabolic disease. 

Lipopolysaccharide (LPS), an endotoxin that is found in the intestinal lumen (Rhee, 

2014), was reported to have accumulated in the systemic circulation of mice fed an 

HFD as a result of increased intestinal permeability (Cani et al., 2008). Consequently, 

the accumulation of LPS in systemic circulation (metabolic endotoxemia) influenced a 

chronic pro-inflammatory state triggered by pro-inflammatory cytokines (Cani et al., 

2007). Cani et al. (2012) reported that the expression of intestinal barrier integrity 

markers, tight junction (TJ) proteins, were deregulated in HFD-fed mice, leading to 

increased intestinal permeability. Therefore, it is evident that an HFD can exert local 

and systemic inflammation associated with T2D as a result of impaired intestinal 

barrier function. This may lead to the identification of diagnostic and therapeutic 

targets to prevent and/or ameliorate the development of T2D and its associated 

complications. 
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Non-human primates (NHPs), such as vervet monkeys, have a close association with 

humans with regard to clinical and pathological features of T2D (Pound et al., 2014), 

making them a suitable animal model for investigating the long-term effects of an HFD 

on intestinal tissues of an aged population of vervet monkeys. 

1.1. Purpose of the study 

1.1.1. Aim 

To investigate the role of long-term feeding of a Westernised high-fat diet on the 

intestinal barrier function and inflammation in intestinal tissues of vervet monkeys 

towards the development of type 2 diabetes (T2D). 

1.1.2. Objectives 

To achieve this aim, the effect of a Westernised high-fat diet in the tissues of vervet 

monkeys was assessed with a specific focus on: 

I. morphology of intestinal tissues using Haematoxylin and Eosin (H&E) staining. 

II. intestinal barrier function, intestinal immune cell population and inflammation in 

intestinal tissues using Immunohistochemistry and western blot. 

III. serum markers of intestinal barrier dysfunction in vervet monkeys using 

Enzyme-Linked Immunosorbent Assay (ELISA). 

1.1.3. Hypotheses 

I. Long-term feeding of a Westernised high-fat diet leads to intestinal barrier 

dysfunction due to the deregulation of the expression of tight junction proteins 

in intestinal tissues of aged vervet monkeys. 

II. Long-term feeding of a Westernised high-fat diet increases the levels of 

markers of intestinal barrier dysfunction in the serum of aged vervet monkeys. 
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2. Literature review 

CHAPTER TWO 

2.1. Intestinal barrier composition and function 

The intestine is one of the largest regions of the human body that is in contact with the 

external environment (Artis, 2008). The mucosa of the small intestine has finger-like 

projections known as villi which are covered by a monolayer of intestinal epithelial cells 

(IECs). Villi form shallow invaginations known as crypts of Lieberkühn. The mucosa of 

the large intestine is devoid of villi and made up of crypts. Altogether, these structures 

provide the intestine with digestive and absorptive (mainly in the small intestine) 

capabilities and form a defensive barrier. The intestinal barrier protects the human 

body from luminal contents such as toxins and dietary antigens (König et al., 2016; 

Salvo Romero et al., 2015; Sherwood, 2010). The mucosa of the intestine is lined with 

intestinal epithelial cells (IECs) that produce enzymes, peptides and proteins, and 

provides the mucus that protects the epithelium (Eri and Chieppa, 2013). Components 

of the intestinal barrier can be categorised into the physical barrier, chemical barrier 

and immunological barrier based on their anatomical location and function. Intestinal 

epithelial cells are held together by protein complexes known as tight junctions (TJs) 

that prevent paracellular permeability of pathogens, toxins and dietary antigens 

forming a physical barrier (Balda and Matter, 2008). The chemical barrier removes or 

neutralises antigens and microorganisms found in the lumen (Okumura and Takeda, 

2017). The constant exposure of the intestines to pathogens, toxins and dietary 

antigens warrants immunological protection. Intestinal epithelial cells along with 

immune cells of the gut-associated lymphoid tissue (GALT) work together to form an 

immunological barrier. All these components are crucial to prevent ailments and 

diseases, including T2D and its co-morbidities (Maldonado-Contreras and McCormick, 

2011; Mowat and Agace, 2014). 

2.1.1. Physical barrier 

The physical barrier, also referred to as the mechanical barrier, acts as a physical 

barrier against luminal content (Qin et al., 2008). It is made up of various components 

such as the outer and inner mucus layers, IECs, and protein complexes between IECs 

known as tight TJ proteins (Balda and Matter, 2008; Ermund et al., 2013). The outer 

mucus layer is loose, rich in antibacterial peptides and prevents invasion by 

microorganisms into the epithelial layer (Antoni et al., 2013). The inner mucus layer is 
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firmly attached to the epithelial layer and it also prevents permeation by 

microorganisms (Ghosh, 2020). 

There are various types of IECs, these include enterocytes, Paneth cells, goblet cells, 

and enteroendocrine cells (Figure 2.1). All IECs arise from intestinal epithelial stem 

cells found within the crypts of Lieberkühn. Under normal physiological conditions, 

IECs become senescent and are shredded from the epithelium into the lumen, and 

therefore must be renewed by intestinal epithelial stem cells found at the base of 

invaginations or crypts (Booth and Potten, 2000; Marshman et al., 2002). Enterocytes 

are the most abundant IECs, and they are not only involved in the absorptive functions 

of the intestine but also the release of antimicrobial proteins. Enterocytes also play a 

role in inducing immune tolerance to antigens in the lumen (Miron and Cristea, 2012), 

including the release of cytokines and chemokines (Zeuthen et al., 2008). Above the 

microvillar surface of enterocytes lies a layer made up of carbohydrate moieties of 

glycoproteins or glycolipids including transmembrane proteins, termed the glycocalyx 

layer. The glycocalyx layer resides between the intestinal epithelium and mucus layer, 

and it covers and protects epithelial cells from pathogenic microorganisms. Both the 

glycocalyx layer and mucus layer are made up of oligosaccharides that cannot be 

cleaved by host glycosidases, thus they protect the intestinal environment from auto- 

digestion (Pelaseyed et al., 2014; Sun et al., 2020). The glycocalyx layer may serve 

as an attachment site for microorganisms that reside in the lumen due to its 

composition of glycoproteins such as mucins which may serve as receptors for 

bacterial attachment (Hansson, 2020). Goblet cells release mucus, glycoproteins and 

cytokines for maintaining intestinal epithelium homeostasis (Kim and Ho, 2010; 

Birchenough et al., 2015). Paneth cells which are found in the small intestine are 

responsible for the production of antimicrobial peptides (AMPs) as well as 

inflammatory mediators and signalling molecules (Keshav, 2006). Enteroendocrine 

cells exude peptide hormones required for digestion (Worthington, 2015). These IECs 

are held together by a polarised layer of TJs, adhesion junctions and desmosomes 

which are connected to an actin skeleton to form an efficient physical barrier (Balda 

and Matter, 2008; Hao et al., 2022). 

TJ proteins are complex, multiprotein structures located between plasma membranes 

of epithelial cells that are responsible for permitting the transport of water-soluble 

molecules across the epithelium by creating a physical barrier that holds the epithelial 



5  

cells together (Balda and Matter, 2008). The protein complexes include junctional 

adhesion molecules (JAMs), scaffolding proteins such as zonula occludens (ZO)-1, - 

2, and -3, and transmembrane proteins such as occludin and claudins (Garcia et al., 

2018; Hao et al., 2022). The family of transmembrane proteins, claudins, are involved 

in preventing the unregulated paracellular permeability of water and solutes including 

luminal toxins and antigens across the epithelium (Rosenthal et al., 2010). Claudins 

colocalise with ZO proteins (Holmes et al., 2006), and the interaction of ZO proteins 

with other transmembrane proteins is crucial for the proper functioning of the intestinal 

barrier. Zonula occludens proteins are also involved in regulating cell proliferation 

(Garcia et al., 2018). Occludin also colocalises with ZO-1, -2, and -3, and has been 

reported to be involved in regulating paracellular permeability, tight junction assembly, 

and cell-cell adhesion (Balda et al., 1996; Chen et al., 1997; Van Itallie and Anderson, 

1997). 

Within the intestinal lumen, secretory Immunoglobulin A (sIgA) is involved in directly 

immobilising luminal contents by a process known as immune exclusion. Although 

sIgA is an immunological component of the barrier, it achieves its defence functionality 

through ―physical means‖. Immune exclusion of antigens and pathogens can be 

characterised by agglutination, entrapment in mucus and clearance through peristalsis 

(Deplancke and Gaskins, 2001; Liévin-Le Moal and Servin, 2006; Mantis and Forbes, 

2010). 

2.1.2. Chemical barrier 

Based on its composition and contents, the intestinal lumen, forms the chemical 

barrier, and it is the site where antigens and microorganisms are inactivated by pH, 

gastric, pancreatic, and biliary secretions (Sarker and Gyr, 1992). The intestinal lumen 

consists of mucus containing intestinal alkaline phosphatase and antimicrobial 

peptides (AMPs) (Keshav, 2006; Pietrzak et al., 2020). 

The mucus layer is rich in mucins, specifically mucin 2 (MUC2), which is involved in 

regulating the propensity of invasion and localisation of pathogens onto the intestinal 

mucosa of murines (Bergstrom et al., 2010; Hasnain et al., 2010). Intestinal alkaline 

phosphatase is an important enzyme that hydrolyses several substates within the 

intestinal lumen (Engle et al., 1995). Intestinal alkaline phosphatase executes its 

defensive role by attenuating the activity of luminal endotoxins such as LPS (Poelstra 
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and Bakker, 1997). Other components of the chemical barrier include AMPs, which 

are small proteins released by Paneth cells to detect and protect against bacteria and 

bacterial products. Examples of AMPs include defensins, cathelicidins and lysozyme 

(Ehmann et al., 2019; Gieryńska et al., 2022). AMPs have been reported to exhibit 

immunomodulatory activity in vivo and in vitro as well as antibacterial activity. For 

instance, the human AMP, LL-37, prevented LPS activity by inhibiting the expression 

of the pro-inflammatory cytokine, tumour necrosis factor α (TNF-α) in monocytic cells 

(Niyonsaba et al., 2002; Mookherjee et al., 2006) while lysozyme is known for inducing 

bacterial lysis (Ragland and Criss, 2017). All these chemical components are essential 

for the maintenance and protection of the health of the host from pathogens. 

2.1.3. Immunological barrier 

The intestinal epithelium with associated lymphocytes, the lamina propria and GALTs 

are the major regions of the intestine that form the immunological barrier. The GALT 

consists of specialised tissues or organs such as organised lymphoid tissues (Peyer‘s 

patches), isolated lymphoid follicles and mesenteric lymph nodes (MLNs) found in 

different regions along the intestines (Hamada et al., 2002; Mowat and Agace, 2014). 

Below the basolateral membrane of IECs is a lymphoid area known as Peyer‘s patches 

(PPs). Peyer‘s patches reside in the subepithelial domain, a dome-like structure found 

beneath the epithelium characterised by a large population of lymphocytes, 

macrophages and dendritic cells (Figure 2.1) (Mowat and Agace, 2014). They are also 

a site of plasma B cell maturation and are regarded to greatly contribute to the 

induction of IgA response (Williams, 2006; Velaga et al., 2009). Isolated lymphoid 

follicles occur throughout the length of the intestine even though there are differences 

in their density, cellular composition, and location along intestinal segments. They are 

much smaller than PPs and are reported to be capable of inducing adaptive immune 

responses of the gut. The lymph coming from the intestine is filtered by MLNs of the 

GALT which may initiate immune responses against antigens. Mesenteric lymph 

nodes also work with DCs that migrate from the lamina propria in initiating immune 

responses against antigens (Ahluwalia et al., 2017; Fenton et al., 2020; Mörbe et al., 

2021). 

Gut-associated lymphoid tissue immune cells such as macrophages and DCs 

including IECs are equipped with pattern-recognition receptors (PRRs), which enable 
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binding with pathogen-associated molecular patterns (PAMPs). Pathogen-associated 

molecular patterns are ligands found in both pathogenic and commensal microbiota 

and they associate with PRRs when microorganisms invade the intestinal epithelium. 

Stimulation of PRRs such as Toll-like receptor-2 (TLR2), TLR3 and TLR4 expressed 

in the small and large intestine under normal physiological conditions by luminal 

content elicit host defence mechanisms (Bogunovic et al., 2007; Cario and Podolsky, 

2000; Otte et al., 2004). Toll-like receptor-4 stimulation by the bacterial endotoxin, 

LPS, is initiated firstly by recognition of LPS-binding protein (LBP) which binds with 

the lipid A tail of LPS to facilitate the interaction of LPS with a receptor in myeloid cells, 

cluster of differentiation 14 (CD14) (Pugin et al., 1993). Myeloid differentiation protein- 

2 (MD-2) then allows the detection of LPS by TLR4 (Shimazu et al., 1999; Viriyakosol 

et al., 2001). Activation of this complex triggers the innate immune response against 

potentially invasive microbiota and serves as a host defence mechanism. For instance, 

upon TLRs stimulation, adaptor molecules such as MyD88 and TIR-domain-containing 

adapter-inducing interferon-β are recruited to initiate signal transduction pathways that 

lead to the activation of nuclear factor-κB (NF-κB), interferon regulatory factors or 

mitogen-activated protein kinases (MAPKs). These molecules regulate the expression 

of cytokines, chemokines and type I interferons (Choi et al., 2010). 

Another immunological component of the barrier is a population of lymphocytes known 

as intraepithelial lymphocytes (IELs) that form part of IECs. These are in direct contact 

with luminal antigens and elicit defensive immune responses such as protective 

immunity against pathogens including prevention of intestinal damage by pathogens 

(Cheroutre et al., 2011; Roberts and Hayday, 1996). Microfold cells arising from 

GALTs form part of IECs. They are distinct from other IECs in that they have a 

microfold instead of microvilli on their apical surface (Miller, 2007). Furthermore, they 

have an invaginated basolateral membrane which harbours a population of 

lymphocytes (Regoli et al., 1995). They are mainly involved in the transportation of 

luminal substances to the underlying tissues of the mucosal immune system for 

sampling by antigen-presenting cells (Mowat, 2003). Beneath the single layer of IECs 

lies a region of connective tissue known as the lamina propria (Figure 2.1). The lamina 

propria is a site that contains a large population of immune cells such as CD4+ T-cells, 

CD8+ T-cells, and IgA-producing plasma B-cells (Fagarasan and Honjo, 2003; Wershil 

and Furuta, 2008). The CD4+ T cells found within this region express several cytokines 
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such as interleukin (IL)-2, IL-10 and IL-17. CD4+ T regulatory cells express IL-10 and 

the transcription factor forkhead box P3 (FOXP3). FOXP3 is an important transcription 

factor that plays a role in T regulatory cell differentiation. Seemingly, T regulatory cells 

suppress unwanted immune responses triggered by antigens thereby preventing 

autoimmunity and pathology which may arise if not regulated (Sathaliyawala et al., 

2013; Veenbergen and Samsom, 2012; Zheng and Rudensky, 2007). The lamina 

propria is also home to several DCs, eosinophils, macrophages and mast cells 

(Acheson and Luccioli, 2004). These cells have essential roles in eliciting immuno- 

protective responses within the intestinal barrier. 

Plasma B cells within the mucosa of the intestine release IgA both in the small and 

large intestines (Brandtzaeg and Johansen, 2005). The IgA found in the intestinal 

lumen is the most abundant immunoglobulin whereas serum IgA is the second most 

predominant type of immunoglobulin in blood circulation (Conley, 1987; Mestecky et 

al., 1986). Mucosal plasma B cells produce a polymeric IgA (pIgA), which is basically 

an aggregate of monomeric IgA antibodies linked together at the Fc portion of 

antibodies by a J chain (Leong and Ding, 2014). Along the basolateral membrane of 

IECs, pIgA binds with a polymeric immunoglobulin receptor (pIgR), which facilitates 

pIgA‘s transportation across the epithelium to mucosal surfaces. Upon reaching 

mucosal surfaces, the bound pIgA is released from pIgR into the intestinal lumen as a 

dimeric form of IgA known as sIgA that is bound to a glycoprotein, secretory 

component, derived from the pIgR (Pabst, 2012). Immunoglobulin A produced in the 

gut has key functions such as regulation of antigen transport and uptake, 

immunomodulatory properties through binding IgA-receptors, and the aforementioned 

function, ―immune exclusion‖ of pathogens and antigens. Additionally, sIgA is one of 

the first lines of defence in the lumen and prevents intestinal antigens (e.g. food, 

pathogens, self-antigens) from reaching the submucosa and systemic circulation 

(Figure 2.1) (Gommerman et al., 2014). 

Within the intestinal barrier, IgA can regulate innate and adaptive immunity functions 

by interacting with host receptors of myeloid, lymphoid and non-haemopoietic cells 

(Woof and Russell, 2011). Additionally, sIgA has been reported to directly interact with, 

and neutralise microorganisms to prevent entry across the epithelium (de Sousa- 

Pereira and Woof, 2019). During transcytosis of IgA across the epithelium, IgA was 

shown to attenuate the pro-inflammatory activity of LPS (Fernandez et al., 2003), 
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suggesting its role in inducing anti-inflammatory activity. Moreover, multiple 

attachment sites on sIgA permit it to form crosslinks with antigens entrapping them in 

the mucus, thus preventing entry across the epithelium (Mantis et al., 2011; de Sousa- 

Pereira and Woof, 2019), further avowing its importance in the regulation of the 

intestinal barrier. Components of the GALT including those of the physical and 

chemical barrier work together to form an efficient intestinal barrier. However, this 

barrier can be compromised by dietary antigens from the consumption of an unhealthy 

diet such as an HFD. 
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Figure 2.1: : Intestinal barrier components in the small and large intestines. The 

intestinal lumen is a site of endogenous and exogenous material such as food 

antigens, bacteria and bacterial products such as lipopolysaccharide (LPS). An 

epithelial layer lines the intestinal wall with enterocytes, enteroendocrine cells (ECs), 

M cells, intestinal epithelial stem cells (IESCs) including goblet cells which maintain 

mucus layers. The mucus layer immobilises unwanted foreign material, antimicrobial 

products (AMPs) released by Paneth cells and secretory IgA (sIgA) released by B cells 

to remove or prevent the unwanted foreign material from passing the epithelium and 

ultimately into systemic circulation. Peyer‘s patches contain immune cells such as 

lymphocytes, macrophages and dendritic cells. The image was adapted from 
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2.2. Effects of a high-fat diet on intestinal barrier components 

Westernised diets (WDs) are unhealthy calorie-dense foods enriched in simple 

carbohydrates and saturated fats such as processed foods, convenience products and 

snacks, but lacking fibre vitamins and minerals (Christ et al., 2019; Mozaffarian, 2016). 

In addition, the total calories from Westernised HFDs range from 37-72% (Malesza et 

al., 2021). Over the last decades, there has been an increase in the consumption of 

WDs, particularly HFDs in high-income countries, as well as middle-income countries. 

This trend has been correlated to the increase in the incidence and prevalence of T2D 

as well as inflammation (Christ et al., 2019; Imamura et al., 2015). The metabolic 

complications associated with this are subclinical systemic and tissue inflammation 

(Genser et al., 2018). As such an HFD can impair or dysregulate intestinal barrier 

components such as the gut microbiota, IECs, TJ protein functions, and cells of 

GALTs. These alterations may lead to changes in whole-body metabolism, increased 

intestinal permeability, and inflammation, and are associated with an increased 

predisposition to T2D (Cani et al., 2007; Kim et al., 2012). 

2.2.1. Effects of a high-fat diet on intestinal tight junction protein complex 

and plasma cell populations 

Deregulation of TJ protein complex activity has been implicated in increased intestinal 

permeability, for instance, mice fed an HFD had low ZO-1 and occludin expression 

levels when compared to mice fed a normal diet (ND). The decrease in the TJ proteins 

was associated with increased circulating levels of intestinal permeability biomarkers 

(Cani et al., 2008). Germ-free mice fed an HFD were reported to have decreased 

expression of occludin when compared to ND-fed mice (Nakanishi et al., 2021). The 

study also reported increased intestinal permeability as assessed by fluorescein 

isothiocyanate dextran assay in the HFD-fed mice. Another study found that an HFD 

in Otsuka Long Evans Tokushima Fatty obese rats and Long Evans Tokushima 

Otsuka lean counter rats, led to increased intestinal permeability evaluated by 

increased urinary excretion of chromium ethylenediaminetetraacetic acid and 

phenolsulfonphthalein levels. The authors further reported low expression of TJ 

proteins such as JAM-1, occludin, claudin-1 and claudin-3 in the small intestine. They 

further reported that the severity of these findings increased with age (Suzuki and 

Hara, 2010). A study by Okyere et al. (2022) demonstrated that mice fed an HFD had 

decreased expression and localisation of occludin in the small intestine when 
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compared to mice fed an ND. Shen et al. (2014) reported low expression levels of 

claudin-1 and occludin including decreased localisation of ZO-1 in the ileum of mice 

fed an HFD. These findings were associated with increased markers of ileal 

inflammation and systemic inflammation in the HFD group to suggest intestinal barrier 

dysfunction. 

A study revealed decreased expression of IgA+ cells in the lamina propria of mice fed 

with an HFD in contrast to standard-diet-exposed mice (Sakamoto et al., 2021). The 

authors also did morphometric and metabolic assessments to validate the 

pathophysiologies linked to T2D. They further suggested that more understanding of 

the mechanism(s) leading to decreased immune function in the context of T2D and its 

conditions is needed. Another study which also looked at the effects of an HFD on 

intestinal barrier function reported that an HFD decreased the level of sIgA activity on 

gut microbiota (Muhomah et al., 2019). Hence, suggesting a decreased expression of 

IgA by plasma cells (IgA+ cells). 

2.2.2. Effects of a high-fat diet on toll-like receptor 4 signalling pathway 

and inflammation 

TLR4 is a single-domain transmembrane plasma-bound receptor that recognises the 

endotoxin, LPS, causing the release of pro-inflammatory cytokines. A marked increase 

in gut-derived LPS following HFD consumption is characteristic of metabolic 

endotoxemia (Cani et al., 2007). Stimulation of TLR4 receptors by LPS leads to the 

downstream activation of MAPKs (Mohammad and Thiemermann, 2021). This 

eventually leads to activation of NF-κB which influences the expression of pro- 

inflammatory genes (Kawasaki and Kawai, 2014). 

Consumption of an HFD in rats caused an increase in plasma LPS which was 

correlated with increased colonic TNF-α, Cyclooxygenase (COX-2) and NF-κB 

expression levels when compared with ND-fed rats (Kim et al., 2012). The authors 

further reported that occludin and claudin-1 expression levels were decreased in the 

colon of HFD-fed mice when compared with ND-fed mice. This may have exacerbated 

the accumulation of gut-derived LPS into systemic circulation since TJ proteins 

regulate intestinal permeability. Similarly, Yu et al. (2020) reported that rats fed an 

HFD had increased serum LPS including increased expression levels of TNF-α and 

IL-1β in the colon when compared to rats fed an ND. They also reported decreased 
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expression levels of TJ proteins (ZO-1 and occludin) in the HFD-fed rats when 

compared with ND-fed mice. The TLR4 signalling pathway was more stimulated in rats 

fed an HFD than those fed an ND. This was due to increased ileal expression levels 

of TNF-α, TLR4 as well as the cell death regulator, receptor-interacting protein kinase 

3 (RIP3), in HFD-fed rats as compared to the ND-fed rats. Immunohistochemical 

analysis revealed decreased expression of ileal ZO-1 and occludin in the HFD-fed 

group when compared to the ND diet group (Su et al., 2019). Fang et al. (2017) 

demonstrated that an HFD in rats induced high expression levels of TLR4 and MyD88 

in both the ileum and colon in contrast to the control group fed an ND. 

There is a consensus in the literature that changes in intestinal morphology may serve 

as markers of intestinal inflammation (Peuhkuri et al., 2010). Rats fed a high-fat high- 

sugar diet (HFHSD) had increased duodenal and jejunal villus height when compared 

to those fed an ND (Natali Almeida et al., 2014). The HFHSD rats also had increased 

body weight and adiposity when compared with ND-fed rats. Numerous studies also 

reported that HFD-induced obesity in mice was associated with increases in duodenal 

and jejunal villus height when compared to mice fed an ND (Baldassano et al., 2013; 

Mao et al., 2013; Mah et al., 2014). Mah et al. (2014) further reported that HFD-induced 

obesity in mice was correlated with hyperinsulinaemia, thus avowing the link between 

HFD and metabolic conditions including intestinal health. 

Altogether, these studies support the possibility of an HFD impairing intestinal barrier 

function. This may lead to both systemic and intestinal inflammation which could give 

rise to obesity and T2D as a result of intestinal barrier dysfunction. However, more 

research on the effect of an HFD on different regions of the intestine (duodenum, 

jejunum, ileum and colon) needs to be conducted to elucidate the mechanistic effects 

diet may play on intestinal barrier components of these regions. Riedel et al. (2022) 

posited that there is a paucity of research on the involvement of intestinal barrier 

function and the immune function of GALT in the development of metabolic disorders. 

2.3. Metabolic disorders and intestinal barrier dysfunction in non-human 

primates 

Non-human primates have been used in research studies for over 50 years to 

elucidate the pathophysiology of metabolic diseases such as diabetes. The most used 

NHPs in research are from eight genera and are categorised into either Old-World 
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primates or New-World Primates. The Old-World primates include rhesus monkeys 

(Macaca mulatta), baboons (Papio spp.), African green monkeys (Chlorocebus spp.) 

and cynomolgus monkeys (Macaca fascicularis). Whereas, the New-World primates 

include owl monkeys (Aotus spp.), squirrel monkeys (Saimiri spp.), marmosets 

(Callithrix spp.) and tamarins (Saguinus spp.) (Havel et al., 2017). 

Non-human primates are an invaluable model in biomedical research. They offer an 

efficacious approach to understanding metabolic disorders. Also, they develop similar 

metabolic features such as obesity, insulin resistance, adiposity and hypertension 

present in humans (Pound et al., 2014). They also have more similar characteristics 

to humans such as similar glucose and lipid metabolism activity including similar major 

classes of plasma lipoproteins (Havel et al., 2017). Studies have also aimed to show 

that NHPs can also develop metabolic disease because of physical inactivity and an 

unhealthy diet. For instance, Higgins et al. (2010) reported that baboons fed an 

HFHSD had elevated levels of fat mass, triglyceride (TG) and glycated haemoglobin 

(HbA1c), indicative of metabolic syndrome. A group of rhesus monkeys fed an HFD 

developed impaired glucose tolerance, impaired fasting glucose over time, and 

eventually became obese (Gong et al., 2013). Another group of rhesus monkeys fed 

a high-fructose diet developed metabolic syndrome features such as insulin 

resistance, adiposity and dyslipidaemia. This was characterised by increased plasma 

insulin levels, body weight and fat mass, and, increased fasting TG levels and 

decreased fasting high-density lipoprotein cholesterol (HDL-C) levels, respectively. 

Moreover, the high-fructose-fed monkeys depicted increased plasma levels of a pro- 

inflammatory marker, C-reactive protein (Bremer et al., 2011), known to play a role in 

the pathophysiology of T2D. In another study, a group of cynomolgus monkeys fed an 

HFHSD demonstrated significant increases in TC and TG levels when compared to 

monkeys fed a normal (control) diet. Gene expression analysis further revealed that 

the high fat and sugar group had deregulated glucose and lipid metabolism (Jin et al., 

2019), which could have influenced increases in TC and TG levels. Another group of 

cynomolgus monkeys exposed to a WD developed adiposity and increased plasma 

insulin levels over time (Shively et al., 2019). Common marmoset monkeys 

demonstrated that exposure to an HFHSD leads to adiposity, with increased plasma 

glucose and TG levels over time (Wachtman et al., 2011). 



15  

Newman et al. (2021) reported that a WD in cynomolgus monkeys influenced a gut 

microbial profile that may be associated with sub-clinical inflammation when compared 

to Mediterranean-diet-fed cynomolgus monkeys. Another study reported that 

cynomolgus monkeys fed a WD had different lipid profiles associated with differences 

in their gut microbiota profiles (Gao et al., 2022). Cynomolgus monkeys fed an HFD 

for 2.5 years had a high Firmicutes-Bacteroides ratio in their gut when compared to 

monkeys fed a Mediterranean diet. The HFD-fed group also had a higher abundance 

of Clostridiacea and Lactobacillaceae families (Nagpal et al., 2018). Unfortunately, the 

authors did not investigate other intestinal barrier components such as TJ proteins and 

immune cell populations aside from the gut microbiota nor did they investigate the role 

of the gut microbiota composition on T2D risk factors such as inflammation. This 

indicates the elusive mechanistic impact of WDs on metabolic health including 

intestinal barrier function in the context of NHPs, accordingly, there is a paucity of 

research. 

Indeed, disturbances in intestinal barrier function as a result of HFDs can lead 

translocation of harmful substances, contributing to chronic inflammation and 

metabolic disturbances. Hence, it is paramount to investigate the role of WDs on the 

intestinal health of NHPs to understand their role in the pathophysiology of T2D and 

its complications with the purpose to find diagnostic and therapeutic targets in humans. 



16  

CHAPTER THREE 

3. Methodology and analytical procedures 

3.1. Animal housing, husbandry, diet and sample collection 

A population of vervet monkeys (Chlorocebus aethiops), housed at the Primate Unit 

and Delft Animal Centre (PUDAC), SAMRC, is routinely used for biomedical research. 

The vervet monkeys were housed in adherence to the South African National Standard 

for the Care and Use of Animals for Scientific Purposes (South African Bureau of 

Standards, SANS 10386, 2008). Subgroups of the monkey colony were maintained 

on a normal maize-based diet (MD) and a high-fat diet (HFD) (Fincham et al., 1987) 

for over 15 years. The MD consisted of 14% of the energy derived from protein, 10% 

from fat, and 76% from carbohydrates and the HFD consisted of 14% of the energy 

derived from protein, 40% from fat and 46% from carbohydrates (Fincham et al., 

1987). 

Once the animals reached 20 years of age and developed chronic diseases 

(Kavanagh et al., 2007), they were no longer suited for biomedical research studies 

and were euthanised. This study utilised samples collected between 2017 and 2018, 

3 monkeys on an MD and 6 on an HFD, aged (22.7 ± 2.3 years) (see Table 6.4), were 

euthanised and tissues collected. Monkeys were fasted overnight (16 hours), weighed 

and then anaesthetised with Ketamine (10 mg/kg body weight) for blood sample 

collection. Thereafter, sodium pentobarbital (400 mg/mL) was administered 

intravenously (2 mL/kg bodyweight) by registered and qualified staff at PUDAC to 

euthanise the monkeys. Tissues (duodenum, jejunum, ileum and colon) and blood 

were collected (6 mL in serum-separating tubes and 2 mL in sodium fluoride/ 

potassium oxalate tubes) by Drs Riedel and Chellan. The intestines were washed with 

phosphate-buffered saline (PBS) (Table 6.2) to remove faecal matter, snap-frozen in 

liquid nitrogen and stored at -80°C. For histological and immunohistochemical analysis 

(Figure 3.1), tissues were fixed in 10% neutral buffered formalin (NBF) (Table 6.2). 

Ethical approval for the collection of tissues and blood of these animals was acquired 

from the SAMRC‘s Ethics Committee for Research on Animals (ECRA No 01/16) by 

Prof CJF Muller (BRIP, SAMRC). Ethical approval for the use of samples collected in 

this study was granted by the Animal Research Ethics Committee (AREC) from the 
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University of Limpopo, registered with the National Health Research Ethics Council 

(AREC-290914-017). 
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Figure 3.1: Study design— animal husbandry, diet and sample collection. Vervet monkeys (Chlorocebus aethiops) were maintained on either an MD (n=3) 
or an HFD (n=6) for more than 15 years. After reaching old age (>20 years), they were euthanised, tissues and blood samples were collected and stored for 
later use. Abbreviations: Haematoxylin and eosin (H&E), enzyme-linked immunosorbent assay (ELISA), fasting blood glucose (FBG), glycated haemoglobin 
(HbA1c), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), tight junction (TJ), mitogen-activated protein kinases 
(MAPKs), lipopolysaccharide (LPS), LPS-binding protein (LBP) and cluster of differentiation 14 (CD14). 
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3.2. Assessment of metabolic parameters (glycaemia and lipogram) 

Collected blood samples from vervet monkeys (described in section 3.1) were 

centrifuged at 3300 x g at 4°C for 15 minutes and serum was collected and stored at 

-80°C by Mrs Charna Chapman at BRIP, SAMRC for later use. Analysis of glycaemic 

and lipogram parameters was conducted by PathCare laboratories (Cape Town, South 

Africa) before this study. Tests for glycaemic parameters included fasting blood 

glucose (FBG) and glycated haemoglobin (HbA1c) levels, and lipogram tests included 

total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), 

and high-density lipoprotein cholesterol (HDL-C) levels. The data were represented as 

mean ± standard deviation (SD). 

3.3. Preparation of tissue for histology 

3.3.1. Tissue processing 

The 10% NBF-fixed intestinal tissues were processed with the Leica TP1020 

Automatic Tissue Processor (Table 6.1) by dehydrating in ascending concentrations 

of ethanol (70%, 96% and 100%), clearing in xylene (Table 6.2) and embedding with 

paraffin wax. Mrs C Chapman kindly completed the tissue processing between 2017 

and 2018 prior to this study. 

3.3.2. Tissue sectioning 

Mr D Linden kindly sectioned the required tissues for this study. Briefly, the paraffin 

wax-embedded tissues (wax blocks) were cut into 5 µm sections using a Leica 

RM2125 RT Rotary Microtome (Table 6.1). The sections were floated onto a water 

bath (25-30°C) and then placed onto microscopy slides (Table 6.2). 

3.4. Histological assessment of intestinal tissues using Haematoxylin and 

Eosin staining 

Haematoxylin and Eosin (H&E) staining was used for general morphological 

assessment of intestinal tissues. Haematoxylin is a basic blue-purple dye that stains 

acidic components of the cell such as nucleic acids found in the nucleus. Eosin on the 

other hand is an acidic pink dye that stains basic components of the cell such as the 

cytoplasm or proteins non-specifically (Eroschenko and Fiore, 2013). Briefly, slides 

were placed in an incubator at 60ºC for 30 minutes to melt the wax. Thereafter, the 

wax on the slides was removed by placing them in xylene twice for 10 minutes. The 

xylene was removed with 100% ethanol and the sections hydrated in 95% ethanol (two 
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times) for two minutes. The slides were dipped 20 times in distilled water followed by 

staining with haematoxylin (Table 6.2) for 12 minutes. Thereafter, the sections were 

rinsed by dipping them in distilled water 10 times. Then, washed with tap water for 10 

minutes and stained in 1% aqueous eosin (Table 6.2) acidified with acetic acid (Table 

6.2) for two minutes. The slides were then rinsed by dipping them 20 times in distilled 

water and dehydrating them by dipping them in 95% ethanol (20 times) and placing 

them in two changes of 100% ethanol. Lastly, they were placed in xylene and then 

kept in xylene before mounting on coverslips with Entellan rapid mounting medium 

(Table 6.2) for imaging. 

3.4.1. Imaging 

The slides were imaged using a Nikon Eclipse Ti-S inverted microscope equipped with 

a Nikon Digital Sight DS-U3 camera and a Nikon Objective Plan Fluor 10x/0.30 

objective (Table 6.1). NIS-Elements software version 4.51.00 Build 1143 (Table 6.1) 

was used to acquire images. The camera was set to a high resolution of 2560 x 1920 

that was used for image acquisition and the exposure time was set to auto-exposure. 

The ―auto-white‖ balance option via camera settings was set on a clear area of the 

slide. The images were captured at a scaling per pixel (px) of 0.48 (µm/px) and saved 

as a Tagged Image File Format (TIFF). Three images per slide were captured for the 

duodenal, jejunal, ileal and colon segments, however, only images from the ileum and 

colon segments were used for image analysis because the duodenum and jejunum 

segments were too digested (autolysed) (Figure 6.1) preventing measurements of 

intact villi. 

3.4.2. Image analysis 

The open-source software, FIJI (Schindelin et al., 2012) (Table 6.1) was used for 

image analysis. Firstly, the set scale option from the ―Analyse‖ tab was selected and 

the scale was set to 2.0833 pixels/µm using the scaling per pixel value of 0.48 µm/px. 

The segmented line tool was selected for measuring villus length (μm) in the ileum 

and crypt depth (μm) in the colon from images of both MD (n=3) and HFD (n=6) 

groups. The average villus length and crypt depth for each group was calculated and 

the data were represented as villus length/ crypt depth (μm) ± SD. 
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Ileum Colon 
 

Figure 3.2: Morphometric analysis using haematoxylin and Eosin-stained images. 

Representative images depicting the morphology of the ileum (A) and colon (B) of vervet monkeys. A 

yellow segmented line was used to measure the length (µm) of intact villi in the ileum (n=3) and crypt 

depth (µm) in the colon (n=2) using an open source software, FIJI. 

 

 
3.5. Investigation of intestinal barrier function and intestinal immunity using 

immunohistochemistry 

Immunohistochemistry (IHC) is a technique that relies on the binding of an antibody to 

the cellular or tissue antigen of interest and the antibody binding to the tissue antigen 

is then detected by a secondary antibody complex labelled by a chromogen or 

fluorophore detectable by a microscope (Katikireddy and O‘Sullivan, 2011). IHC was 

used to assess the expression of the intestinal barrier function marker, (occludin) and 

the population of plasma cells (IgA+ cells) (intestinal immunity marker) in formalin-fixed 

intestinal sections of vervet monkeys. The tissue slides were dewaxed and dehydrated 

as described in 3.4. 

3.5.1. Antigen retrieval 

To optimise the detection of the antigens of interest, tissue slides with and without 

antigen retrieval were tested. Compared to tissue slides without antigen retrieval, 

antigen detection was enhanced following antigen retrieval, as such, heat-induced 

epitope retrieval, was applied for all tissue slides for the detection of occludin and IgA+ 

cells. Slides immersed in 0.01 M citrate buffer (pH 6.0) (Table 6.2) were incubated at 

125ºC for 30 seconds and 90ºC for 10 seconds in a DakoCytomation Pascal Pressure 

Chamber (Table 6.1) along with PASCAL Paper Strips for quality control. Following 
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incubation, the tissue slides were allowed to cool down in the buffer at room 

temperature for 20 minutes. Slides were rinsed in distilled water for five minutes in a 

staining jar with a stir bar. 

3.5.2. Blocking and antibody incubation 

The slides were rinsed in 0.05 M Tris-buffered saline (TBS) pH 7.2 and 0.5% triton X- 

100 (TBS-triton) (Table 6.3) for five minutes in a staining jar. Then, 150 μL of normal 

donkey serum (1:20 in PBS) (Table 6.3) was added to the sections in a moisture 

chamber for 30 minutes at room temperature. The primary antibodies were diluted in 

0.1 M PBS pH 7.2 with 0.01% of sodium azide and 0.1% of bovine serum albumin 

(BSA) (Table 6.3). The slides were incubated with the respective primary antibodies 

in a moisture chamber using optimised dilutions (Table 3.1) overnight at 4ºC. The 

slides were equilibrated to room temperature for 30 minutes before being jet washed 

and rinsed for five minutes in a staining jar with TBS-triton. The secondary antibody, 

Dylight 488 (Table 6.2) was added at optimised dilutions (Table 3.1) (1:800) in PBS 

with sodium azide) onto the slides and then incubated for one hour in the dark at room 

temperature. 

Table 3.1: List of antibodies (primary and secondary) and serum used for immunohistochemical 

analysis of intestinal tissues in vervet monkeys (Chlorocebus aethiops) 

 

Primary Antibody Primary Antibody 

Dilution 

Secondary Antibody 

(1:800) 

Serum (1:20) 

Mouse IgA antibody 

#NBP2-61794 

1:500 Donkey anti-Mouse 

(Dylight 488) #715-545- 

150 

Normal donkey 

serum 

Mouse occludin 

monoclonal antibody #33- 

1500 

1:500 Donkey anti-mouse 

(Dylight 488) #715-545- 

150 

Normal donkey 

serum 

 

 

The slides were jet washed and rinsed in TBS-triton for five minutes in a staining jar. 

The slides were rinsed in 0.05 M TBS pH 7.2 (Table 6.3) for five minutes. Thereafter, 

150 μL of Hoechst 33342 stain (Table 6.2) (1 µg/mL) diluted in TBS was added to 

each slide and incubated for 10 minutes in a moisture chamber in the dark to stain the 

nuclei. The slides were jet washed and rinsed in TBS-triton for five minutes in a 
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staining jar. Slides were rinsed in a staining jar with distilled water for five minutes, 

mounted onto coverslips with Dako anti-fade mounting medium (Table 6.2) and stored 

in the dark at room temperature for one hour in preparation for imaging. 

3.5.3. Widefield fluorescence microscopy – imaging IgA+ tissue area 

Widefield fluorescence microscopy is an imaging technique that uses light of a specific 

wavelength to illuminate and excite molecules (fluorophores) of a sample. The excited 

fluorophores emit light that is then passed through an emission filter which transmits 

light to the camera to be imaged (Dunst and Tomancak, 2019). Hoechst 33342 stained 

regions were visualised as nuclei-positive regions using the blue channel. Dylight 488 

(Table 6.2) stained regions were visualised as IgA+ cells using the green channel on 

the Nikon Eclipse Ti-inverted microscope. Hoechst 33342 has a peak excitation 

wavelength of 350 nm and an emission wavelength of 461 nm. Dylight 488 has a peak 

excitation wavelength of 492 nm and an emission wavelength of 519 nm. Images were 

acquired using a Nikon Plan Apo 10x objective and a Nikon DS-Fi1c camera. Using 

the NIS-Elements software, a multi-channel stack image per slide was acquired 

(Acquisition> Scan large image) at a scaling per pixel of 0.48 (µm/px). The images 

from both the blue and green channels were captured and stitched via the ―Blending‖ 

option with a 15% overlap between the images to generate a single file (multi-channel 

stack image). Images of the blue channel represented the nuclei-stained regions 

whereas the green channel images represented IgA+-cells-stained regions. Stacks 

acquired from the duodenum, jejunum, ileum and colon were used to quantify IgA+ 

tissue area. 

3.5.4. Image analysis for IgA+ tissue area 

FIJI was used to quantitate the percentage positive area of IgA+ cells in the duodenum, 

jejunum, ileum and colon. In each multi-channel stack, images of the blue channel 

were removed and the image of the green channel was used for analysis. The scaling 

per pixel value of 0.48 (µm/px) of the images was used to set the scale to 2.0833 

pixels/µm (Analyse> set scale) and the images converted to 8-bit TIFF format (Image> 

type> 8 bit). For each image, regions of interest (ROIs) were drawn around a tissue 

area with IgA+ cells (Figure 3.2). Manual thresholding (Image> adjust> threshold) was 

utilised to create a binary image and a mask was created (Process> binary> convert 

to mask) (Figure 3.2). The area positive for IgA+ cells (µm²) within ROIs of the mask 

images was measured by analysing particles (Analyse> analyse particles). The total 
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area of tissue (µm²) within the ROIs was measured (Analyse> measure). The formula 

below was used to calculate the percentage area of IgA+ cells. The data were 

represented as % positive area ± SD. 
 

% 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑎𝑎𝑎𝑎𝑃𝑃𝑎𝑎 = 
𝐼𝐼𝐼𝐼𝐼𝐼+ 𝑎𝑎𝑎𝑎𝑃𝑃𝑎𝑎 (µ𝑚𝑚²) 

 
 

𝑃𝑃𝑃𝑃𝑃𝑃𝑎𝑎𝑡𝑡 𝑎𝑎𝑎𝑎𝑃𝑃𝑎𝑎 𝑃𝑃𝑜𝑜 𝑅𝑅𝑅𝑅𝐼𝐼 (µ𝑚𝑚²) 
∗ 100 
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A B C 
 

 

Figure 3.3: Analysis of images depicting intestinal IgA
+
 cells of MD-fed and HFD-fed vervet monkeys (Chlorocebus aethiops). 

Intestinal-tissue-area positive for IgA expressing cells (grey (A), white (B), and black (C) particles) for both MD-fed and HFD-fed vervet 

monkeys. Manual thresholding was used to create a binary image (B) from which a ―mask‖ image was created to analyse particles (area 

positive for IgA
+
 cells) within the drawn regions of interest (C). Abbreviations: maize-based diet (MD) and high-fat diet (HFD). 
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3.5.5. Confocal laser scanning microscopy – imaging occludin 

expression 

Confocal laser scanning microscopy is an imaging technique that utilises a laser light 

source that is filtered through a pinhole to enable only in-focus light to reach the 

specimen, blocking out-of-focus light. The emitted light is visualised through an 

eyepiece or captured by a camera (Shah et al., 2022). For image acquisition, a Carl 

Zeiss LSM78 with ELYRA PS1 confocal microscope (Table 6.1) equipped with a Plan 

Apochromat 20x/0.8 M27 objective and a Plan-Apochromat 63x/1.4 Oil DIC objective, 

was used on the ZEN 2012 imaging software (Table 6.1). Two channels were used 

for image acquisition, Hoechst 33342 (blue channel) and Dylight 488 (green channel). 

The Plan Apochromat 20x/0.8 M27 objective was used to capture a 3x3 tile scan image 

and a snapshot image. A region of interest (ROI) from the snapshot image was then 

selected to acquire a z-stack image using the Plan-Apochromat 63x/1.4 Oil DIC 

objective. Two z-stack images acquired per slide from the ileum and colon were used 

to quantify the mean fluorescence intensity of occludin. 

3.5.6. Image analysis for occludin expression 

FIJI was used for quantification of occludin fluorescence intensity in the ileum and 

colon of monkeys using z-stack images acquired with the Plan-Apochromat 63x/1.4 

Oil DIC objective. The z-stack images were saved in czi format using the ZEN 2012 

imaging software. The czi file was opened with FIJI as hyperstack and an option of 

―split channels‖ was selected. The Hoechst 33342 channel z-stack image was 

excluded from analysis, and the Dylight 488 z-stack image was used for further 

analysis. A single 8-bit image was generated (Image> Z project> sum slices), to 

quantify mean grey values, (Analyse> set measurements and tick the ―Mean grey 

value‖ and click ―Ok‖) (Willett, 2019). Thereafter, the image was saved in TIFF format, 

ROIs positive for occludin were drawn (Figure 3.3) and the mean grey value was 

calculated (Analyse> Measure) in each ROI and the background of each image. The 

background mean grey value of each image was subtracted from the mean grey value 

of each ROI (Process> Math> Subtract and input the mean grey value) of that image. 

This procedure was done for all z-stack images acquired from the ileum and colon. 

The data were represented as mean fluorescence intensity (mean grey values) ± SD. 
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A B 
 

 

Figure 3.4: Analysis of images depicting the expression of intestinal 

occludin in MD-fed and HFD-fed vervet monkeys (Chlorocebus aethiops). 

Occludin-stained regions (polygon shapes) in the ileum (A) and colon (B) of 

MD-fed and HFD-fed vervet monkeys. Abbreviations: maize-based diet (MD) 

and high-fat diet (HFD). 
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3.6. Investigation of intestinal tissue proteins expression using western blot 

Western blot is a technique that detects protein(s) of interest within a sample with the 

use of a probe such as an antibody. It is based on the separation of the proteins on 

size using polyacrylamide gel electrophoresis, followed by the transfer of the 

separated proteins onto a membrane. Thereafter, the antibodies are loaded onto the 

membrane for the detection of the target protein(s) (Nicholas and Nelson, 2013). 

3.6.1. Protein isolation 

Due to autolysis of duodenum and jejunum tissue sections as described in section 

3.4.1, these sections were excluded from western blot analysis. Between 50-100 mg 

of tissue from the ileum (n=8) and colon (n=8) of vervet monkeys was weighed and 

placed in microcentrifuge tubes. An appropriate volume (10 μL of cell-lysis buffer per 

1 mg of tissue) of cell-lysis buffer (Table 6.3) was added to the samples along with a 

stainless-steel ball. The tubes were homogenised using a Qiagen MM300 Mixer 

Tissue Lyser (Table 6.1) at 25 Hertz for 60 seconds whereafter the samples were 

cooled on ice for 60 seconds: this step was repeated four times. The tubes were 

centrifuged for 15 minutes (17,135 x g) at 4ºC and the supernatant (tissue lysate) was 

carefully transferred to fresh tubes and placed on ice or stored at -80ºC. 

3.6.2. Protein quantification 

The protein concentration of the tissue lysates was determined using the Bio-Rad DC 

Protein assay (Table 6.2). Similar to the Lowry assay, the reaction between the protein 

and the alkaline copper tartrate followed by the reduction of the Folin reagent by the 

copper-treated protein leads to colour development. The reaction is characterised by 

the formation of a blue colour with a maximum absorbance at 750 nm that can be 

measured using a spectrophotometer (Peterson, 1979). To determine the protein 

concentration, 5 μL of the BSA standards (0.125, 0.25, 0.5, 0.75, 1.0, 1.5, and 2 

mg/mL) and 5 μL of each diluted sample (1:10 in PBS) (prepared in duplicates) were 

added to wells in a 96-well plate. Subsequently, reagent A‘ was prepared by adding 

20 μL of reagent S to each 1 mL of reagent A, and 25 μL of reagent A‘ was then added 

to the wells followed by 200 μL of reagent B. After 15 minutes of incubation at room 

temperature, the absorbance was measured at 750 nm using the Spectramax i3 

multimode plate reader (Table 6.1), and the absorbance values of the standards were 

used to construct a standard curve to calculate the amount of protein (μg/mL) in each 

sample. 
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3.6.3. Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

After protein determination, protein samples were diluted in 2X Laemli sample buffer 

(Table 6.2), incubated for five minutes at 95ºC and placed on ice. The gels were 

prepared by following the 12% TGX Stain-Free FastCast kit gel (Table 6.2) recipe 

calculator. To prepare the resolving gel, 3 mL of resolvers A and B were added to a 

fresh tube. Then, 3 μL of N, N, N‘, N‘ Tetramethylethylene-1,2-diamine (TEMED) 

(Table 6.2) and 30 μL of 10% ammonium persulphate (APS) (Table 6.2) were added 

to the resolver A and B solution. The solution was then transferred to 1.0 mm Bio-Rad 

glass plates assembled in a casting chamber. To prepare the stacking gel, 1 mL of 

stackers A and B were added to a fresh tube. Then, 2 μL TEMED and 10 μL of 10% 

(APS) were added to the stacker A and B solution. The solution was then transferred 

to the 1.0 mm Bio-Rad Glass Plates with the resolving gel. The gels were allowed to 

polymerise for 45 minutes at room temperature with 10-well combs inserted between 

the plates. Polymerised gels were placed in a Mini-PROTEAN Tetra Cell (Table 6.1) 

filled with 1x Running buffer (Table 6.3). Subsequently, 5 μL of Precision Plus Protein 

WesternC molecular marker (Table 6.2) and 30 μg of protein per well was loaded for 

each sample onto the gel. Finally, proteins were separated at 100 V for 10 minutes, 

followed by 120 V for 60 minutes. The stain-free gel was exposed to UV light for 45 

seconds on the ChemiDoc MP imaging system (Table 6.1) to enable activation of the 

trihalo compounds in the stain-free gel that bind to the proteins in the gel and facilitate 

total protein detection after the transfer. 

3.6.4. Transfer of proteins to polyvinylidene fluoride membrane 

The polyvinylidene fluoride (PVDF) membrane (Table 6.2) was activated by gently 

shaking in 100% methanol (Table 6.2) for two minutes, followed by gently shaking in 

distilled water for five minutes. Thereafter, the PVDF membrane along with the cut 

Whatman papers, fibre pads and gels were equilibrated by gently shaking in the 

transfer buffer (Table 6.3) for 20 minutes. The wet transfer method was used for the 

transfer of proteins from the sodium dodecyl-sulfate polyacrylamide gel 

electrophoresis gel onto an activated PVDF membrane using the Mini Trans-Blot Cell 

(Table 6.1). Firstly, a ‗sandwich‘ was assembled by opening the cassette, placing the 

black (negative) side down, and a fibre pad followed by Whatman papers, gel, PVDF 

membrane, Whatman papers, and fibre pad. The cassette was placed between the 

electrodes, an ice pack was then placed in the tank filled with transfer buffer, followed 
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by transfer at 160 V for 75 minutes at 4ºC. A stain-free blot of the PVDF membranes 

was imaged using the ChemiDoc MP imaging system (Table 6.1) for total protein 

measurement in each lane. 

3.6.5. Primary and secondary antibodies 

The PVDF membranes were blocked for non-specific binding in Tris-buffered saline 

with Tween 20 (TBST) (Table 6.3) containing 5% non-fat milk for two hours on a 

shaker. This was followed by rinsing with TBST twice prior to incubation with the 

respective diluted primary antibodies in TBST (Table 3.2) at 4ºC on a shaker 

overnight. The following day, the membranes were washed three times for 10 minutes 

in TBST. The membranes were then incubated with the corresponding secondary 

antibodies diluted (Table 3.2) in 2.5% non-fat milk in TBST (20 mL) along with 2 μL of 

Precision Protein StrepTactin-Horseradish peroxidase (HRP) Conjugate (Table 6.2) 

for detection of the molecular marker at room temperature for two hours. After 

incubation, the membranes were washed three times for 10 minutes in TBST for 

chemiluminescence detection. 

Table 3.2: List of primary and secondary antibodies used for western blots 
 

Primary Antibody Molecular 

Weight (kDa) 

Primary 

Antibody 

Dilution 

Secondary Antibody 

(1:4000) 

Total  p44/42  MAPK  (ERK1/2) 

(137F5) rabbit mAb #4695 

42, 44 1:1000 Anti-rabbit  IgG,  HRP- 

linked antibody #7074 

Phospho-p44/42 MAPK (ERK1/2) 

(Thr202/Tyr204) rabbit mAb 

#9101 

42, 44 1:1000 Anti-rabbit IgG, HRP- 

linked antibody #7074 

Total p38 MAPK (D13E1) XP® 

rabbit mAb #8690 

38 1:1000 Anti-rabbit  IgG,  HRP- 

linked antibody #7074 

 

 

3.6.6. Chemiluminescent detection and image analysis 

The Chemiluminescent Substrate Kit (Table 6.2) was used for detection the of bound 

proteins on the membrane. Equal parts of solution A (2 mL) and B (2 mL) were mixed 

for incubation with the membrane for five minutes on a shaker, then the membrane 

was imaged on the ChemiDoc MP imaging system. Image Lab (version 6.1.0 build 7) 

(Table 6.1) was used for normalisation and to generate densitometric data of 

chemiluminescence images depicting the target protein with respective total protein 



31  

images. The phosphorylation of ERK1/2 (expression of ERK1/2) was calculated using 

the formula below and represented as phosphorylated/ total ERK ± SD. The 

expression of p38 was represented as fold change ± SD. 

 

𝑃𝑃ℎ𝑃𝑃𝑃𝑃𝑜𝑜ℎ𝑃𝑃𝑎𝑎𝑜𝑜𝑡𝑡𝑎𝑎𝑃𝑃𝑃𝑃𝑜𝑜/ 𝑃𝑃𝑃𝑃𝑃𝑃𝑎𝑎𝑡𝑡 𝐸𝐸𝑅𝑅𝐸𝐸 = 
Phosphorylated ERK1/2 

 
 

𝑇𝑇𝑃𝑃𝑃𝑃𝑎𝑎𝑡𝑡 𝐸𝐸𝑅𝑅𝐸𝐸1/2 
 
 

 
3.7. Assessment of systemic parameters of intestinal barrier function and 

inflammation using enzyme-linked immunosorbent assay 

3.7.1. Lipopolysaccharide-binding protein detection using enzyme-linked 

immunosorbent assay 

Lipopolysaccharide-binding protein (LBP) kit (Table 6.2) was used for the detection of 

LBP in the serum of vervet monkeys, and it is based on the sandwich-ELISA principle 

which relies on the binding of an antigen of interest to the capture antibody. The bound 

antigen is then ―sandwiched‖ or bound with a secondary antibody conjugated to an 

enzyme. A substrate solution is then added to produce a colour change that indicates 

reactivity between the capture antibody and antigen (Wilson and Walker, 2010). 

3.7.1.1. Reagent and sample preparation 

Reagents supplied in the kit were equilibrated to room temperature before use. A 1X 

wash buffer was prepared from a 25X stock solution by diluting it with distilled water 

(Table 6.2). Biotinylated detection antibody solution (100X) and HRP conjugate 

solution (100X) was diluted with their respective diluents, to yield 1X working solutions 

(Table 6.3). Serum samples (n=9) were diluted (1:10) at tested optimised dilutions with 

the sample diluent to yield working serum solutions. To prepare the standard working 

solution (20 ng/mL), 1 mL of the reference standard and sample diluent was added to 

the standard tube and then inverted gently after 10 minutes. Serial dilutions were made 

following the dilution gradient: 20, 10, 5, 2.5, 1.25, 0.63, and 0.31 ng/mL as described 

in the kit. The reference standard and sample diluent were used as a blank. 

3.7.1.2. Assay procedure 

The 96-well ELISA plate supplied in the kit was pipetted with 100 μL of the standards 

(20, 10, 5, 2.5, 1.25, 0.63, 0.31 ng/mL), serum samples (1:10) and blank (0 ng/mL) in 

duplicates, and the plate was incubated for 90 minutes at 37ºC. Sample and standard 
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solutions were discarded by inverting onto a paper towel and 100 μL of 1X Biotinylated 

detection antibody was added to wells of the plate and incubated for one hour at 37ºC. 

The solution was discarded, and the plate was washed three times with 1X wash buffer 

(350 μL per well) for one minute. Thereafter, 100 μL of 1X HRP conjugate was added 

to wells and the plate was incubated for 30 minutes at 37°C. The solution was 

discarded, and the plate was washed five times for two minutes. Following this, 90 μL 

of the substrate reagent was added to the wells and incubated for 15 minutes at 37°C. 

Following incubation, 50 μL of the stop solution was added and the absorbance was 

measured at 450 nm using Spectramax i3 multimode plate reader. A four-parameter 

logistic curve fit was used to determine the sample concentration (ng/mL) from the 

absorbance values of the samples and the concentration values were adjusted for 

sample dilution by multiplying them by 10. The data were represented as mean 

concentration (ng/mL) ± SD. 

3.7.2. Cluster of differentiation 14 detection using Enzyme-Linked 

Immunosorbent Assay 

3.7.2.1. Reagent and sample preparation 

Cluster of differentiation 14 (CD14) kit (Table 6.2) was used for the detection of CD14 

in serum. The reagents supplied in the kit were equilibrated to room temperature prior 

to use. A 1X solution of assay diluent was prepared from a 5X stock solution of assay 

diluent and 1X wash buffer was prepared from a 20X stock solution by diluting with 

distilled water (Table 6.3). A vial of Biotinylated detection antibody was reconstituted 

with 100 μL of 1X assay diluent to make an 80X stock solution of Biotin conjugate, 

which was used to prepare a 1X working solution (Table 6.3). Streptavidin-HRP 

conjugate solution (600X) was diluted with 1X assay diluent to yield 1X working 

solution (Table 6.3). Serum samples (n=9) were diluted (1:100) with the 1X assay 

diluent at tested optimised dilutions to yield working serum solutions. To prepare the 

standard working solution (50 ng/mL), 800 μL of 1X assay diluent was added to the 

reference standard vial and gently mixed by pipetting up and down. Serial dilutions 

were made following the dilution gradient: 50, 20, 8, 3.200, 1.280, 0.512, 0.205 ng/mL 

as described in the kit. The CD14 standard and assay diluent were used as a blank. 
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3.7.2.2. Assay procedure 

The 96-well ELISA plate was pipetted with 100 μL of the standards (50, 20, 8, 3.200, 

1.280, 0.512, 0.205 ng/mL), serum samples (1:100) and blank (0 ng/mL) in duplicates. 

The plate was incubated for two hours and 30 minutes at room temperature on a plate 

shaker (Table 6.1) at 500 rpm. The liquid was discarded by inverting onto a paper 

towel and the plate was washed four times (300 μL per well) with 1X wash buffer. After 

the fourth wash, the buffer was discarded and 100 μL of 1X Biotin conjugate solution 

was added to each well. The plate was incubated for 60 minutes at room temperature 

on a plate shaker. The solution was then discarded, and the plate was washed four 

times with 1X wash buffer as described above, and after discarding the washing 

solution, 100 μL of Streptavidin-HRP solution was added to each well. The plate was 

incubated for 45 minutes at room temperature on a plate shaker and the solution was 

discarded and the plate was washed four times with 1X wash buffer (300 μL per well). 

TMB substrate solution was added (100 μL) to each well, and the plate was incubated 

for 30 minutes at room temperature in the dark on a plate shaker. Following incubation, 

50 μL of the stop solution was added and the absorbance was measured at 450 nm 

using Spectramax i3 multimode plate reader. A four-parameter logistic curve fit was 

used to determine the sample concentration (ng/mL) from the absorbance values (nm) 

of the samples and the concentration values were adjusted for sample dilution by 

multiplying them by 10. The data were represented as concentration mean (ng/mL) ± 

SD. 

3.8. Statistical analysis 

The data were represented as mean ± SD. The data were tested for normality by 

Kolmogorov-Smirnov‘s test and statistical differences between the MD and HFD were 

calculated using GraphPad Prism 8 for Windows Version 8.4.2 software (Table 6.1) 

by unpaired t-tests with Welch's correction. A p-value p ≤ 0.05 was considered 

significant and p ≤ 0.1 was considered marginally significant. 
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4. Results 

CHAPTER FOUR 

4.1. The effect of a high-fat diet on glycaemic and lipid parameters 

There were no significant differences (p=0.237) in FBG levels (mmol/L) and HbA1c 

levels (p=0.342) between the HFD-fed and MD-fed monkeys (Table 4.1). Furthermore, 

there were no significant changes in triglyceride levels (p=0.813) between the HFD- 

fed and MD-fed monkeys. However, there was a slight increase in cholesterol levels 

(p=0.071) and a significant increase in HDL-C (p=0.048) and LDL-C (p=0.017) levels 

(mmol/L) in HFD-fed monkeys when compared to the MD-fed monkeys (Table 4.1). 

Table 4.1: Glycaemic and lipogram parameters of MD-fed and HFD-fed vervet monkeys (Chlorocebus 
aethiops) 

 

Measurement Diet group p 

MD HFD 

Fasting glucose (mmol/L) 4.30 ± 0.17 4.82 ± 0.92 0.237 

HbA1c (%) 4.23 ± 0.12 4.40 ± 0.36 0.342 

Triglyceride (mmol/L) 1.21 ± 0.63 1.33 ± 0.71 0.813 

Total cholesterol (mmol/L) 3.83 ± 2.34 7.97 ± 1.64 0.071 

HDL-C (mmol/L) 1.70 ± 0.87 4.45 ± 2.50 0.048 

LDL-C (mmol/L) 1.73 ± 1.40 5.52 ± 1.93 0.017 

All data are represented as mean ± SD, n=9. Abbreviations: maize-based diet (MD), high-fat diet (HFD), 

glycated haemoglobin (HbA1c), low-density lipoprotein cholesterol (LDL-C) and high-density lipoprotein 

cholesterol (HDL-C). 

 
 

 

4.2. The effect of a high-fat diet on intestinal morphology 

Morphological changes in the ileum and colon vervet monkeys were assessed by H&E 

staining. As described in section 3.4.1, the duodenum and jejunum sections were 

excluded from analysis. Representative images depicting the morphology of the ileum 

and colon are shown in Figure 4.1. FIJI was used to measure the villus length (µm) in 

the ileum and crypt depth (µm) in the colon of both MD-fed and HFD-fed monkeys. It 

was evident that there were no significant differences in both villus length (p=0.185) 

and crypt depth (p=0.522) between HFD-fed and MD-fed vervet monkeys Figure 

4.1B, C. 
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Figure 4.1: The effect of an HFD on intestinal morphology of vervet monkeys (Chlorocebus aethiops). Representative images depicting the 

morphology of the ileum and colon of the MD-fed and HFD-fed vervet monkeys (A). The length (µm) of the villus in the ileum (B) and crypt depth (µm) in 

the colon (C) of both the MD-fed and HFD-fed monkeys. All data are represented as mean ± SD, n=9. Abbreviations: maize-based diet (MD) and high-fat 

diet (HFD) 
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4.3. The effect of a high-fat diet on intestinal plasma cells- IgA+ cells 

The effect of an HFD on the population of IgA+ cells in the duodenum, jejunum, ileum 

and colon of vervet monkeys was detected by IHC. FIJI was used to quantify the % 

positive area of IgA+ cells. Representative images depicting IgA+ cells in the 

duodenum, jejunum, ileum and colon of both HFD-fed and MD-fed monkeys were 

acquired using wide-fluorescence microscopy are shown in (Figure 4.2). As shown in 

Figure 4.3A, the % positive area in the duodenum of the HFD-fed monkeys was 

significantly higher (p=0.046) when compared to the MD-fed monkeys. However, there 

were no significant differences between the % positive area of the jejunum, ileum and 

colon of the HFD-fed and MD-fed monkeys (Figure 4.3B, C, D). 
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Duodenum Jejunum Ileum Colon 
 

 

Figure 4.2: The effect of an HFD on the intestinal population of IgA
+
 cells in vervet monkeys (Chlorocebus aethiops). Representative merged images of 

the presence of IgA
+
 cells in the duodenum, jejunum, ileum and colon of MD-fed and HFD-fed vervet monkeys were acquired using wide-fluorescence microscopy. 

Hoechst 33342 stained regions were visualised as nuclei-positive regions using the blue channel. Dylight 488 stained regions were visualised as IgA+ cells using 

the green channel on the Nikon Eclipse Ti-inverted microscope. Abbreviations: maize-based diet (MD) and high-fat diet (HFD). 
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Figure 4.3: The effect of an HFD on the intestinal population of IgA
+
 cells in vervet 

monkeys (Chlorocebus aethiops). The population of IgA
+
 cells are represented as % positive 

area in the duodenum (A), jejunum (B), ileum (C) and colon (D) of both HFD-fed and MD-fed 

vervet monkeys. All data are represented as mean ± SD, n=9. Abbreviations: maize-based diet 

(MD) and high-fat diet (HFD). (* p ≤ 0.05). 

4.4. The effect of a high-fat diet on expression of occludin in the intestinal 

tissues 

IHC was used to detect the expression of occludin, which was quantified as mean grey 

values using FIJI and represented as mean fluorescence intensity. Representative 

images depicting the expression of occludin in the ileum and colon of both HFD-fed 

and MD-fed monkeys acquired using confocal microscopy are shown in (Figure 4.4A). 

There were no significant differences in the expression of occludin in the ileum 

(p=0.902) and colon (p=0.541) between the HFD-fed and MD-fed groups (Figure 

4.4B, C). 

B A 

C 
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Figure 4.4: The expression of occludin in the ileum and colon of vervet monkeys (Chlorocebus aethiops). Representative merged images 

depicting the expression of occludin in the ileum and colon of both MD-fed and HFD-fed vervet monkeys were acquired using confocal microscopy 

(A). The expression of occludin was represented as mean fluorescence intensity in the ileum (B) and colon (C) of both the HFD-fed and MD-fed 

vervet monkeys. All data are represented as mean ± SD, n=9. Abbreviations: maize-based diet (MD) and high-fat diet (HFD). (* p ≤ 0.05) 
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4.5. The effect of a high-fat diet on intestinal expression of pro-inflammatory 

mediators 

Antibodies specific for intestinal inflammation markers were assessed using western 

blot analysis. Unfortunately, none of them were detectable (Table 6.5). However, the 

expression of MAPKs which play a role in the synthesis of pro-inflammatory mediators, 

ERK1/2 and p38, (Liu and Zhu, 2022) were quantified using Image Lab software. 

Chemiluminescence images depicting bands indicative of the presence of 

phosphorylated ERK (pERK) and total ERK (tERK) in the ileum and colon of vervet 

monkeys (Figure 4.5A, B). Phosphorylation of ERK1/2 was represented as the ratio 

of phosphorylated to total ERK 1/2. There were no significant differences in 

phosphorylation of ERK1/2 between MD-fed and HFD-fed monkeys in the ileum 

(p=0.322) and colon (p=0.134) (Figure 4.5C, D). 
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Figure 4.5: The effect of an HFD on the phosphorylation of intestinal ERK1/2 in vervet 

monkeys (Chlorocebus aethiops). Chemiluminescence images depicting the presence of pERK 

and tERK (A, B). Phosphorylation of ERK1/2 is represented as phosphorylated/ total ERK. There 

were no differences in phosphorylation of ERK1/2 in the ileum and colon between MD-fed and HFD- 

fed vervet monkeys (C, D). Abbreviations: maize-based diet (MD), high-fat diet (HFD), 

phosphorylated ERK (pERK) and total ERK (tERK). 
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The expression of a MAPK signalling pathway molecule, p38, was detected by western 

blot analysis and quantified using Image Lab software. Chemiluminescence images 

depicting bands indicative of the presence of p38 (Figure 4.6A, B). There were no 

differences in the expression of total-p38 in the ileum (p=0.227) of HFD-fed vervet 

monkeys when compared to the MD-fed vervet monkeys (Figure 4.6C). Also, there 

were no notable differences in the expression of total-p38 in the colon (p=0.673) 

between HFD-fed and MD-fed vervet monkeys (Figure 4.6D). 

A B 
Ileum Colon 
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p38 p38 

 

 
C D 

  

Figure 4.6: The effect of an HFD on p38 expression in the ileum and colon of vervet monkeys 

(Chlorocebus aethiops). Chemiluminescence images depicting the presence of p38 in the ileum and 

colon (A, B). Protein expression is represented as fold change. There were no significant differences 

in total-p38 expression in the ileum and colon of the MD-fed vervet monkeys when compared to the 

HFD-fed vervet monkeys (C, D). Abbreviations: maize-based diet (MD) and high-fat diet (HFD). 
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4.6. The effect of a high-fat diet on serum levels of biomarkers of leaky gut: 

LBP, and CD14 

The effect of an HFD on serum levels (ng/mL) of biomarkers of metabolic endotoxemia 

(leaky gut), LBP and CD14 were determined using ELISA kits. There were no 

significant differences in serum levels of LBP (p=0.405) and CD14 (p=0.856) between 

the HFD-fed and MD-fed vervet monkeys (Figure 4.7A, B). 

 

A B 

Figure 4.7: The effect of an HFD on serum levels of LBP and CD14 in vervet monkeys 

(Chlorocebus aethiops). There were no significant differences in serum levels of both 

LBP (A) and CD14 (B) between MD-fed and HFD-fed vervet monkeys. Abbreviations: 

maize-based diet (MD), high-fat diet (HFD), Lipopolysaccharide-binding protein (LBP) and 

cluster of differentiation 14 (CD14). 
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5. Discussion 

CHAPTER FIVE 

The rise in the consumption of Westernised HFDs has been reported to lead to 

intestinal barrier dysfunction, a significant cause of subclinical systemic and tissue 

inflammation which contributes to the development of metabolic disorders (Cani et al., 

2008; Christ et al., 2019; Genser et al., 2018;). Thus, there are continuous attempts to 

gain insight into the role of the intestinal barrier in the development of metabolic 

disorders following exposure to WDs (Malesza et al., 2021). Understanding the role of 

the intestinal barrier in the development of metabolic disorders may help in the 

development of potential therapeutic and/ or preventive targets in intestinal barrier 

defects and downstream metabolic impairments. As such, this study investigated the 

long-term effects of an HFD on intestinal tissues and serum of aged (22.7 ± 2.3 years) 

vervet monkeys. 

Non-human primates have been posited as a valuable model in investigating the 

pathophysiology of T2D due to the similarities in metabolic disorders such as insulin 

resistance, obesity and dyslipidaemia as observed in humans (Pound et al., 2014). 

Impaired fasting glucose (characterised by FBG levels between 5.6-6.9 mmol/L) and 

HbA1c levels > 5.7% are strong predictors of diabetes risk in humans (Cavero- 

Redondo et al., 2019; Kurotani et al., 2017). Lu et al. (2015) reported no differences 

in HbA1c levels of rhesus monkeys fed an HFHSD when compared with ND-fed 

rhesus monkeys. They further reported that an HFHSD, induced significant differences 

in FBG when compared with ND-fed rhesus monkeys. Jin et al. (2019) also reported 

that the consumption of an HFD did not induce changes in FBG levels of cynomolgus 

monkeys. These authors, however, reported that an HFD led to impaired glucose 

tolerance following the oral glucose tolerance test. This study reports no significant 

differences in FBG levels and HbA1c levels between the HFD-fed and MD-fed 

monkeys (Table 4.1), suggesting that an HFD did not affect glucose metabolism. 

Dyslipidaemia, which involves an imbalance of HDL-C, LDL-C and TC in the blood, is 

considered one of the contributors to the development of T2D (Krauss, 2004). The 

consumption of WDs has been correlated with dyslipidaemia (Esmaillzadeh et al., 

2007). In this study, an HFD dysregulated lipid metabolism evidenced by a marginal 

increase in TC levels and significant increases in both LDL-C and HDL-C levels of 
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HFD-fed monkeys when compared to MD-fed monkeys (Table 4.1). However, no 

differences were observed in TG levels between the HFD-fed and MD-fed monkeys 

(Table 4.1). In line with this, a group of cynomolgus monkeys fed an HFD for 18 

months was reported to have no differences in TG levels when compared to 

cynomolgus monkeys fed an ND (Jin et al., 2019). Although Orlando et al. (2019) also 

reported that vervet monkeys fed an HFD and MD for 5 years had no differences in 

TG levels. The authors further reported that HFD-fed vervet monkeys developed 

dyslipidaemia evidenced by significantly elevated HDL-C, LDL-C and TC levels when 

compared to MD-fed vervet monkeys. The elevated LDL-C levels in this study may 

contribute to increased risk of T2D. Conversely, elevated HDL-C, while considered 

beneficial, may have nuanced effects on T2D outcomes such as improved insulin 

sensitivity based on factors such as HDL particle subtypes (Xepapadaki et al., 2021). 

In particular, smaller TG-HDL rich particles have been associated with high plasma 

glucose levels (Liu et al., 2017) whereas large HDL particles have been correlated 

with good glycaemic control (Tabara et al., 2017). Further investigation is needed to 

comprehend the interplay between HFD, lipid profiles and T2D. 

Quantitating intestinal morphology features such as villus length and crypt depth may 

provide insight into the intestinal function(s) (Xie et al., 2020). Animal studies reporting 

on the effects of an HFD on intestinal morphology are contradictory, mice fed an HFD 

had decreased villus length in the jejunum and crypt depth in the colon when compared 

to mice fed an ND (Xie et al., 2020). A study by Baldassano et al. (2013) revealed that 

HFD-fed mice had increased crypt-villus length in the duodenum and jejunum when 

compared to ND-fed mice, in addition, the HFD-fed mice became obese. Mice with 

HFD-induced obesity were reported to have increased villus length in the duodenum 

and jejunum (Baldassano et al., 2013; Mah et al., 2014; Mao et al., 2013). 

Administration of an HFD in mice was reported to not affect the depth of intestinal 

crypts in the colon when compared to ND-fed mice (Navarrete et al., 2015). Enriquez 

et al. (2022) reported no differences in villus height between HFD-fed and ND-fed mice 

in the duodenum and jejunum. In this study, no differences in the villus length (ileum) 

and crypt depth (colon) of both MD-fed and HFD-fed monkeys were observed (Figure 

4.1B, C). Factors such as dietary fat content and type of fat including animal model 

used (Spencer et al., 1986; Malesza et al., 2021) could have played a role in 

similarities of the intestinal morphology of both HFD-fed and MD-fed monkeys. In 
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future, increasing the sample size and using more dietary fat content than the one 

used in this study (40%) should be considered to better understand the effects of HFDs 

on intestinal morphology. Also, assessment of intestinal morphology in the duodenum 

and jejunum could have provided more insight into the effects of an HFD since these 

are sites exposed to a more dietary load, however they were excluded from analysis 

since they were autolysed (described in 3.4.1) . In addition, fat digestion and 

absorption occur in these regions (Hall and Hall, 2021). Nonetheless, the data in this 

study suggests that an HFD did not alter the morphology of the ileum and colon in 

vervet monkeys. 

Plasma cells (IgA+ cells) found in intestinal mucosal sites release sIgA into the 

intestinal lumen to defend against harmful antigens, bacteria, and pathogens 

(Brandtzaeg and Johansen, 2005). Furthermore, changes in gut mucosal immune cell 

populations have been linked with the development of metabolic diseases (Winer et 

al., 2017). In this study, it was demonstrated that the population of IgA+ cells in the 

duodenum of vervet monkeys fed an HFD was increased in comparison with MD-fed 

vervet monkeys (Figure 4.3A). There were no differences in the population of IgA+ 

cells in the jejunum, ileum and colon of HFD-fed and MD-fed vervet monkeys (Figure 

4.3B, C, D). Contrary to the findings in this study, Sakamoto et al. (2021) reported that 

mice fed an HFD had a low population of IgA+ cells in the jejunum of mice when 

compared to mice fed an ND. Another study reported that the number of IgA+ cells 

assessed by flow cytometry was reduced in the colon of HFD-fed mice when 

compared with ND-fed mice (Luck et al., 2019). These authors also reported 

decreases in the number of IgA+ cells assessed by IHC in the colon of HFD-fed mice 

when compared with ND-fed mice. In addition, insignificant differences in the 

population of IgA+ cells in the distal small intestine (jejunum and ileum) of HFD-fed 

and ND-fed mice assessed using both flow cytometry and IHC were reported. Parker 

(2022) demonstrated that mice fed a high-sugar diet, had a significant increase in IgA+ 

cells in the jejunum when compared to mice fed an ND. Thus, it is evident that the 

effect of WDs on IgA+ cells varies. While speculative, an increase in the population of 

IgA+ cells may indicate a compensatory defense mechanism to underlying mucosal 

damage which may have implications for the development of metabolic disease. 

Noteworthy, IgA is important in defence against harmful antigens, bacteria and 

pathogens, the increased IgA+ cells in the duodenum in this study may suggest a 
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heightened immune response in the mucosal lining as a result of the HFD. The IgA+ 

cells could be reacting to specific dietary components or gut microbial metabolites in 

response to the HFD. Variations in the distribution of immune cell populations along 

the intestine (Mowat and Agace, 2014), including different immune response signals 

due to varying luminal contents along the intestine and differences in the animal 

models used may further explain the findings in this study. Thus, further investigation 

is warranted to elucidate the precise mechanisms linking HFDs to intestinal barrier and 

mucosal immunity and their role in metabolic diseases. 

The TJ protein complex between IECs is essential to prevent the paracellular 

permeability of unwanted substances that may cause either local or systemic 

inflammation (Cani et al., 2012; Garcia-Hernandez et al., 2017). Immunohistochemical 

analysis in the duodenum and jejunum of HFD-fed mice revealed that the expression 

of claudin-1, -2, and -3 and ZO-1 was decreased when compared to ND-fed mice 

(Nascimento et al., 2021). This was associated with increased intestinal permeability 

evaluated by the fluorescein isothiocyanate-dextran assay. The expression of 

occludin, a TJ protein that plays a role in maintaining epithelial integrity (Saito et al., 

2021), was reported to be significantly decreased in the jejunum and ileum of HFD- 

fed mice when compared to MD-fed mice, and this was associated with increased 

intestinal permeability in the HFD group (Nakanishi et al., 2021). This study reports no 

changes in occludin expression in the ileum and colon of HFD-fed and MD-fed vervet 

monkeys (Figure 4.4B, C). Although the study by Nascimento et al. (2021) reported 

similar findings; no significant differences in the expression of occludin in the 

duodenum and jejunum of both HFD-fed and ND-fed mice. The authors, however, 

assessed the expression of other TJ proteins (previously mentioned), which were 

associated with increased intestinal permeability. Increased intestinal permeability 

results from impaired epithelial barrier integrity evidenced by dysregulation of TJ 

proteins (Turner, 2009). Assessing the expression of other TJ proteins could have 

provided possible evidence of impaired epithelial integrity, however, the undetectable 

antibodies specific for TJ proteins during western blot analysis (Table 6.5) prevented 

this. 

The intestinal mucosal immune system interacts with luminal contents such as dietary 

antigens to maintain homeostasis and prevent unwanted pro-inflammatory immune 

responses which may consequently lead to metabolic endotoxemia (Cani et al., 2007). 
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MAPKs play a role in the synthesis of pro-inflammatory mediators. MAPKs such as 

ERK1/2 can be activated by LPS and cytokines of the TNF family (Kyriakis and Avruch, 

2012). Another MAPK, p38, has been suggested to be involved in mediating apoptosis 

following HFD-induced heart and liver tissue damage in mice (Li et al., 2005). HFD- 

induced obese mice were reported to have increased expression of ERK1/2 and p38 

in the small intestine when compared to non-obese mice fed an ND. These findings 

were associated with intestinal inflammation, and impaired glucose and lipid 

metabolism (Liu et al., 2022). In line with this, Cremonini et al. (2019) reported that 

HFD-fed mice had increased expression of ERK1/2 in the ileum when compared with 

ND-fed mice. They attributed these findings to impaired epithelial barrier integrity 

characterised by decreased expression of ileal TJ proteins in HFD-fed mice. This study 

reports no significant changes in the expression of ERK1/2 in the ileum and colon 

between HFD-fed and MD-fed vervet monkeys (Figure 4.5C, D). The same trend was 

observed in the expression of p38 in the ileum and colon of HFD-fed and MD-fed 

vervet monkeys (Figure 4.6C, D). These findings may be associated with the reported 

insignificant changes in intestinal morphology (Figure 4.1), and occludin expression 

(Figure 4.4B, C) between HFD-fed and MD-fed vervet monkeys used in this study, 

since intestinal inflammation is initiated by increased intestinal permeability (Rohr et 

al., 2019). Furthermore, MAPKs have been reported to have pleiotropic effects at a 

molecular and tissue level such as apoptosis and proliferation (Arthur and Ley, 2013; 

Kyriakis and Avruch, 2012). 

Metabolic endotoxemia is a condition characterised by a chronic pro-inflammatory 

state because of increased intestinal permeability of LPS into systemic circulation. 

Lipopolysaccharide is an endotoxin that stimulates TLR4 signalling, which leads to the 

recruitment of proteins such as LBP and CD14 (Pugin et al., 1993). The formation of 

this complex triggers the release of pro-inflammatory cytokines implicated in T2D 

development (Cani et al., 2007). Papoutsis et al. (2022) reported that an HFD did not 

induce significant differences in plasma levels of LBP in mice when compared to ND- 

fed mice. Conversely, mice fed an HFD were reported to have increased serum levels 

of LPB when compared to mice fed an ND (Dalby et al., 2018; Stanisic et al., 2021). 

Kavanagh et al. (2013) reported that cynomolgus and vervet monkeys fed a high- 

fructose diet had high plasma levels of LPS, CD14 and LBP. This study reports no 

significant differences in serum levels of LBP and CD14 between HFD-fed and MD- 
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fed vervet monkeys (Figure 4.7A, B), suggesting that an HFD did not lead to metabolic 

endotoxemia. This may be corroborated by the invariable expression of epithelial 

barrier integrity (influences intestinal permeability) marker, occludin, in the ileum and 

colon of both HFD-fed and MD-fed vervet monkeys (Figure 4.4B, C). 

The results of this study revealed that an HFD dysregulated lipid metabolism in aged 

vervet monkeys, suggesting a possible predisposition to developing metabolic 

disease. In addition, an HFD increased the population of intestinal IgA+ cells in the 

duodenum of vervet monkeys, suggesting dysregulated mucosal immune responses, 

however, further investigation is warranted to elucidate the mechanisms. 
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6. List of appendices 

APPENDICES 

6.1. Appendix A: Equipment and software 

Table 6.1: List of equipment and software used in the study 
 

Equipment and software Company name and country of origin 

Leica TP1020 Automatic Tissue Processor Leica Biosystems, USA 

Leica RM2125 RT Rotary Microtome 

Stuart™ Microtitre Plate Shaker Incubator Cole-Parmer, USA 

TISSUE-TEK® embedding station Sakura Finetek, USA 

Nikon Eclipse Ti-S Nikon, Japan 

Nikon Ti-PS100W/A light source 

Nikon DS-Fi1c camera 

Nikon Digital Sight DS-U3 

Prior ProScan III Prior Scientific Instruments Ltd, UK 

DakoCytomation Pascal Pressure Chamber Agilent Technologies Inc, USA 

LSM78 with ELYRA PS1 confocal microscope Carl Zeiss, Germany 

Andor EM-CCD camera iXon DU 897 for 

PALM/STORM 

Qiagen MM300 Mixer Tissue Lyser Qiagen, USA 

Trans-Blot Cell Bio-Rad Laboratories, South Africa 

Mini-PROTEAN® Tetra Cell, Mini Trans-Blot® 

Module, and PowerPac™ HC Power Supply 

(#1658035) 

ChemiDoc MP Imaging System 

Image Lab (version 6.1.0 build 7) 

Prism™ R Refrigerated Microcentrifuge Labnet International, USA 

Spectramax i3 Multimode Plate Reader Molecular Devices, USA 

IKA MS 3 Digital IKA-Werke GmbH & Co. KG, Germany 

NIS-Elements software version 4.51.00 Build 
1143 

Laboratory Imaging s.r.o., Czech Republic 

Fiji Is Just ImageJ (FIJI) 1.53t National Institutes of Health, USA 

GraphPad Prism 8 for Windows Version 8.4.2 Graphpad Software, USA 

Microsoft 365 Apps for enterprise Microsoft Corporation, USA 
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6.2. Appendix B: Reagents and consumables 

Table 6.2: List of reagents and consumables used in the study 
 

Reagents and consumables Manufacturer and 
country 

Immobilon-P PVDF Membrane #PVH15150 Merck, Germany 

Hydrochloric acid (HCL) solution (#30721) 

Sodium Hydroxide (NaOH) (#30620) 

Citric acid (C6H8O7.H2O) (#3013284) 

Sodium citrate (C6H5Na3O7.2H2O) (#1.166448.0500) 

Tris (hydroxymethyl aminomethane) (#1.08382.0500) 

Sodium chloride (NaCl) (#1.06404.0500) 

Sodium dihydrogen orthophosphate (NaH2PO4) (#AB006580.500g) 

Disodium hydrogen orthophosphate (Na2HPO4) (#1.06559.0500) 

Sodium azide (#6688) 

Methanol (#34860) 

Haematoxylin (#H9627) 

Eosin Y-solution 0.5% aqueous (#109844) 

Ammonium aluminium sulphate dodecahydrate (#A2140-5009) 

Entellan rapid mounting medium (#1.07960) 

Phosphatase inhibitors (#4906845001) 

Protease inhibitors (#5892953001) 

β- Mercaptoethanol # M3148 

TEMED (#T7024) 

Ammonium persulfate (APS) (#09914) 

Bisbenzimide Hoechst 33342 (#B2261) 

Ponceau S stain (#P7170) 

Tween-20 (#P2287) 

Glycine (#G7126) 

Acetic acid solution (#27225) 

Triton X-100 (#30632) 

Sodium dihydrogen orthophosphate dihydrate (NaH2PO4.2H2O) 
(#301324Q) 

VWR Chemicals BDH, 
USA 

HistoBond adhesive microscope slides #0810000  
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Glass coverslips Paul Marienfeld GmbH & 
Co.KG, USA 

Fluorescent mounting media (Dako) #S3023 Agilent Technologies USA 

10% Neutral buffered formalin Laborem Lab Supplies, 
South Africa 

Xylene #6238 UN Lab, South Africa 

p44/42 MAPK (ERK1/2) (137F5) rabbit mAb #4695 Cell Signaling 
Technology, South Africa 

Phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) antibody #9101 

Anti-rabbit IgG, HRP-linked antibody #7074 

Mouse IgA antibody # NBP2-61794 

Occludin monoclonal antibody (OC-3F10) (#33-1500) Thermo Fisher Scientific, 
USA 

Cell lysis buffer (#FNN0011) 

Rhesus Monkey CD14 ELISA kit (#EP21RB) 

Alexa Fluor 488 AffiniPure donkey anti-mouse IgG (H+L) (#715-545-150) Jackson 
ImmunoResearch, USA 

TGX Stain-Free FastCast™ acrylamide kit, 12% #1610185 Bio-Rad, USA 

DC Protein assay kit II (#5000112) 

Clarity western ECL substrate, 500 mL #1705061 

Precision Plus Protein WesternC blotting standards, 250 µl #1610376 

Precision Protein StrepTactin-HRP conjugate, 300 µl #1610380 

10x Tris/ Glycine/ SDS electrophoresis buffer #1610772 

2X Laemli sample buffer #1610737 

Coomassie Brilliant Blue R250 #1610400 

Monkey Lipopolysaccharide Binding Protein (LBP) ELISA Kit (#E-EL- 
MK0696) 

Elabscience, USA 
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6.3. Appendix C: Buffers and solutions 

Table 6.3: List of buffers and solutions used in the study 
 

Buffers and solutions Preparation 

Haematoxylin (1L)  Added 50 g of ammonium aluminium sulphate with 1L of distilled water 

(mixed until dissolved)

 Added 1 g haematoxylin to the solution (mixed until dissolved)

 Added 0.2 g of NaIO3 (mixed until dissolved)

 Added 1 g of citric acid (mixed until dissolved)

0.05 M Tris buffered saline 

(TBS) pH 7.2 (5L) 

 30.284 g of Tris and 42.5 g of NaCl in 4700 mL dH2O

 Adjusted pH to 7.2 with HCl

 Adjusted final volume to 5000 mL with dH2O

0.05 M Tris buffered saline 

(TBS) pH 7.2 with 0.5% 

Triton X-100 (1L) 

 Added 5 mL of Triton X-100 to 995 mL of 0.05 M TBS pH 7.2 

0.1 M Phosphate buffered 

saline (PBS) pH 7.2 

 Added 3.12 g of NaH2PO4 in 100 mL dH2O (stock A)

 Added 14.15 g of Na2HPO4 in 1000 mL dH2O (stock B)

 Added 9.5 mL of stock A and 40.5 mL of stock B and made up to 90 

mL dH2O

 Added 0.85 g NaCl and adjusted pH to 7.2

 Made up to 100 mL with dH2O.

 Added 0.1 g of BSA and 0.01 g of NaN₃

 Mixed with a magnetic stirrer until dissolved

Normal donkey serum  Whole donkey blood in SST tubes was centrifuged for 15 minutes at 

152 x g 

 Serum was separated into microcentrifuge tubes which were placed in 

a waterbath (60°C) for 30 minutes 

 65 µl of the serum was added to 1235 µl of 0.1 M PBS pH 7.2 on the 

day of use 

0.01 M Citrate buffer pH 

6.0 (1L) 

 2.01 g of citric acid (C6H8O7) was added in 100 mL dH2O (stock A)

 29.41 g tri-sodium citrate (Na3C6H5O7) was added in 1L dH2O (stock B)

 Added 5 mL of stock A and 95 mL of stock B

 Adjusted pH to 6.0 with HCl/ NaOH

 Adjusted final volume to 1000 mL with dH2O

Cell lysis buffer (100 mL) 

(#FNN0011) 

 Buffer formulation: 10 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 

mM EGTA, 1 mM NaF, 20 mM Na4P2O7 2 mM Na3VO4, 1% Triton X- 

100, 10% glycerol, 0.1% SDS, 0.5% deoxycholate 

 Added 10 phosphatase inhibitor cocktail tablets (#4906845001, Merck, 

Germany) to cell lysis buffer 
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  Added 2 protease inhibitor cocktail tablets (#5892953001, Merck, 

Germany) to cell lysis buffer 

Transfer buffer (1L)  Added 3.03 g of Tris and 14.41 g Glycine in 800 mL of dH2O

 Added 200 mL (20%) of methanol

10X TBS (pH=7.6) (1L)  Added 24.22 g of Tris and 80.06 g of NaCl in 800 mL of dH2O & 

dissolved by mixing with a magnetic stirrer

 Adjusted pH to 7.6 with HCl/ NaOH

 Adjusted final volume to 1L with dH2O

1X TBST  Diluted 100 mL of 10X TBS in 900 mL dH2O and added 1 mL Tween- 

20 
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6.4. Appendix D: Demographic data of vervet monkeys 

Table 6.4: Demographic data of vervet monkeys (Chlorocebus aethiops) 
 

Diet group Monkey ID Date of birth Age Gender Euthanisation 
date 

Maize-based 

diet 

M1068 Wild-caught 23 Male 18 October 2017 

M136 01 February 1995 21 Female 25 October 2017 

M1077 Wild-caught 21 Male 09 January 2018 

High-fat diet M39 19 October 1989 27 Female 18 August 2017 

M49 27 August 1990 26 Female 02 August 2017 

M92 07 November 1993 23 Female 29 August 2017 

M141 26 October 1995 21 Female 04 January 2018 

M1082 Wild-caught 21 Male 18 January 2018 

M1083 Wild-caught 21 Male 11 May 2017 
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6.5. Appendix E: Autolysed duodenum and ileum sections 
 

A Duodenum B 
Jejunum

 

 

  
 

Figure 6.1: Autolysis of intestinal tissues of vervet monkeys (Chlorocebus aethiops). 

Representative images depicting autolysed duodenum (A) and jejunum (B) tissues of MD-fed and 

HFD-fed vervet monkeys. Abbreviations: maize-based diet (MD) and high-fat diet (HFD). 
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6.6. Appendix F: Negative control images for immunohistochemistry 

 

A B 
 

Figure 6.2: Negative control for IgA
+
 cells in intestinal tissue area of vervet monkeys 

(Chlorocebus aethiops). Representative multi-channel images depicting the absence of IgA
+
 cells (A) 

in intestinal tissue (B) of vervet monkeys. 
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6.7. Appendix G: Total protein images from western blot analysis 

 
A D 

B E 

  

C F 

  

Figure 6.3: Total protein images of polyvinylidene fluoride membranes. 

Imaged were acquired using ChemiDoc MP Imaging System for normalisation of 

phosphorylated-ERK in the ileum (A) and colon (B), total-p38 in the ileum (C) and 

colon (D), total-ERK in the ileum (E) and colon (F) using Image Lab software. 
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6.8. Appendix H: List of antibodies that did not work in for the western blot 

experiments 

Table 6.5: List of primary antibodies that could not be detected in intestinal tissues of vervet monkeys 
(Chlorocebus aethiops) using western blots 

 

Antibody name and catalog number Dilution(s) 

used 

Supplier and country 

Phospho-NF-κB p65 (Ser536) (93H1) rabbit 1:1000 and Cell Signaling Technology, 

mAb #3033 1:500  South Africa  

NF-κB p65 (D14E12) XP® rabbit mAb #8242 1:1000 and   

 1:500    

ZO-1 (D6L1E) rabbit mAb #13663 1:1000   

ZO-1 (D7D12) rabbit mAb #8193 1:1000   

Phospho-Akt (Ser473) (D9E) XP® rabbit mAb 1:1000   

#4060    

Akt (pan) (C67E7) rabbit mAb #4691 1:1000   

SAPK/JNK antibody #9252 1:1000   

Recombinant anti-MyD88  antibody 1:1000 Abcam, UK 

[EPR21824] #ab219413     

Anti-COX2 / cyclooxygenase 2 antibody 1:1000  

(ab52237)     

Mouse IgA antibody #NBP2-61794 1:1000 Novus Biologicals, USA 

 


