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Abstract  

Adiponectin is an anti-inflammatory and insulin-sensitising hormone produced by adipose 

tissue that regulates lymphocyte migration across the endothelium through the PEPITEM pathway. 

Impaired bioactivity of the PEPITEM pathway, due to decreased expression of adiponectin receptor 1 

(AdipoR1) and AdipoR2 on B cells, has been reported in elderly and T1DM. However, the modulation 

of this pathway is unknown in T2DM and obesity. 

Here, we first characterised the role of CDH13 (Cadherin-13), in regulating anti-inflammatory 

effects of adiponectin focusing on PEPITEM pathway. We showed that adiponectin strongly inhibited 

lymphocyte migration either by action on the lymphocytes (previously published) or directly on 

endothelium. We found that CDH13 and AdipoR1/R2 were expressed by endothelial cells and 

individual knock down of these receptors was sufficient to dampen the endothelial response and 

abrogated the inhibitory effects of adiponectin on lymphocyte transmigration. 

To investigate the effects of hyperglycemia on leukocyte-endothelium interaction in vitro, 

either blood endothelial cells (BEC) or lymphocytes were exposed to high concentration of glucose 

(HG). HG treatment of BEC reduced the ability of endothelial cells to support lymphocyte 

transmigration, which was restored by insulin and metformin supplementation. In contrast, HG 

treatment of lymphocytes increased their adhesion and transmigration across the endothelium, 

suggesting activation of lymphocytes by HG treatment. Since, the expression of AdipoR1/R2 on B 

cells remained unchanged following HG treatment, modulation of these receptors is not a suggested 

mechanism for HG effects. 

Given that circulating levels of adiponectin are significantly decreased in patients with obesity 

and T2DM, there is a distinct possibility that these individuals are unable to generate sufficient 

PEPITEM and therefore would benefit from replacement therapy. Using obesogenic-dietary preclinical 

models, we investigated the efficacy of PEPITEM to limit pancreatic islet damage and its ability to 

modulate systemic leukocyte trafficking. PEPITEM reduced the expansion of pancreatic islets size and 

limited T cells recruitment in visceral adipose tissue both prophylactically and therapeutically. In 

particular, therapeutic administration of PEPITEM increased the number of lymphocytes in secondary 

lymphatic organs, suggesting PEPITEM has the capacity to control lymphocyte egress from secondary 

lymphoid organs.  

Our observations highlight a crucial role of CDH13 in functionality of PEPITEM pathway and 

indicate that HG differentially affects the endothelium and lymphocyte behaviour to support the 

lymphocyte recruitment. Our in vivo results, underline the importance of PEPITEM in the control of 



lymphocyte transmigration during obesity-induced inflammation and offers a potential therapeutic role 

for PEPITEM to overcome obesity related changes which occur in early stages of disease.  
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1. INTRODUCTION 

 

Part of this chapter (Section’s 1.1, 1.3 and 1.6) is based on Pezhman et al, 2021 see Appendix  
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1.1 An overview of the research 

This thesis explores how hyperglycemia and obesity modulates the PEPITEM pathway and 

trafficking of leukocyte in different vascular bed. The following introductory chapter will 

encompass the biology of the immune system and the trafficking of innate and adaptive immune 

cells in health and obesity induced Type 2 Diabetes Mellitus (T2DM). We particularly highlight 

the obesity-related accumulation of leukocytes in the adipose tissue leading to insulin resistance 

and beta cell dysfunction and resulting in hyperglycemia and consequent changes of adhesion and 

migratory behavior of leukocytes in different vascular beds. Subsequently we discuss how 

potential therapeutic targeting of leukocyte trafficking could be an efficient way to control 

inflammation, as well as diabetes and its vascular complications. 

 

1.2 An overview of the immune system 

The immune system is a complex network of cells and proteins that is distributed throughout 

the entire human body and defends the body against pathogens (Sorice et al., 2014). This system 

is compromised in various types of diseases related to the immune system and chronic 

inflammatory disease (Sorice et al., 2014). Therefore, understanding of its biological structures 

provides various predictions for disease causes and treatments.   

The immune system is composed of  leukocytes, tissues, and organs, lymphatic circulation 

as well as the blood vascular system (Rehfeld et al., 2017). The immune system can distinguish 

pathogens from our own cells and enables us to respond to threats and eliminate or neutralise 

pathogens (bacteria, viruses, parasites), molecules (bacterial proteins and toxins) and own 

abnormal cells (Kindt et al., 2007). The lymphatic vessels carry fluid called lymph, which is 

formed when the plasma escapes into intercellular spaces in the tissues under blood pressure, and 
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drains into lymphatic vessels and finally returns to the blood (Olszewski, 2003). The lymphoid 

organs are connected via extensive network of blood vessels as well as lymphatic vessels 

(Olszewski, 2003). The lymphatic organs are composed of primary lymphoid organs (e.g.,  thymus, 

bone marrow) and secondary lymphoid organs (SLO), including spleen, lymph nodes (LNs), 

tonsils (Rehfeld et al., 2017). The leukocytes are created and matured in primary lymphoid organs 

and are activated in SLO (Rehfeld et al., 2017). SLO are essential for the initiation of adaptive 

immunity as explained in below section (Grasso et al., 2021) 

 

1.2.1 Innate and adaptive immunity 

The immune system can be divided into innate and adaptive immune system (Iwasaki and 

Medzhitov, 2010). The main differences between innate and adaptive immune cells, the marker 

they express, and their duties are summarised in Table 1.1. The innate immune system includes 

macrophages, monocytes, dendritic cells (DCs), neutrophils, eosinophils, and basophils and 

provides an immediate defense in response to an insult (Stögerer and Stäger, 2020). Macrophages 

and neutrophils response to invading pathogens by phagocytosis of microbes and/or release of both 

pro-inflammatory and antimicrobial mediators and are crucial to handle the common bacterial 

infections (Stögerer and Stäger, 2020). However, due to less specificity they cannot always fully 

recognise and eliminate the infectious organisms (Stögerer and Stäger, 2020). Dendritic cells 

function as a link between innate and adaptive immunity by presenting antigens to lymphocytes in 

SLO and mediating T cells polarization into effector cells.  

The adaptive immune system responds to stimuli slower, however, more effectively and 

specifically compared to the innate immune system (Cooper and Alder, 2006). B cells and T cells 
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play a central role in adaptive immunity (Cooper and Alder, 2006). Upon maturation in thymus, T 

cells express the T cell receptor cluster of differentiation 3 (CD3), and either the co-receptor cluster 

of differentiation 4 (CD4) or cluster of differentiation 8 (CD8) (Owen et al., 2007). They enter into 

circulation as naïve T cells (CD62L+, CD44-), which are not strong enough to respond to antigen, 

but are able to enter to SLO from the bloodstream (Saravia et al., 2019), where their activation 

happens through recognising antigens presented by Antigen Presenting Cells (APCs) which are 

transported to SLO through afferent lymph (Jensen, 2007). Following activation, T cells 

differentiate into central memory (CM, CD62L+, CD44+) and effector cells (EM, CD62L-, CD44+) 

(Ley and Kansas,2004). Regulatory T cells (T reg) are another subset of T cells that express the 

surface marker CD4 CD25 (Sakaguchi et al., 1995), but a more specifically transcription factor 

forkhead box P3 (FoxP3), (Hori et al.,2003), which have immunosuppressive functions and are 

important in maintaining immune homeostasis of an organism in inflammation (Li et al., 2020) 

B cells play a fundamental role in adaptive immunity, by producing antibody and serving as 

APCs (Crotty, 2015). Activation of B cells happens at SLO when the B cell binds to an antigen 

(Yuseff et al., 2013) which results in B cells proliferation, differentiation and production of 

antibodies (Crotty, 2015) CD19, is the earliest and most specific markers of B cells (Crotty, 2015). 

 Overall, when the immune system recognises antigens attacks them by inducing an immune 

response which develops inflammation. Understanding the mechanisms of inflammation would 

allow us to identify the key steps and manipulate them to control diseases. 
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Table 1 .1 Innate vs adaptive immune cells and the markers they express. 

 

                             Innate (non-specific) Adaptive (specific) 
Line of 

Defense 
First Second 

Timeline Immediate response  

(0 -96 hours) 
Long term (>96 hours) 

Cell subsets Natural killer cells (H: CD56+)  

Macrophages  

(H:CD14+), (M:F4/80+) 

Neutrophils (M:LY6G+) 

dendritic cells (M:CD11C+) 

Mast cells 

Basophils 

Eosinophils (M:SIGLEC F+) 

T cells: (CD3+) (CD4+) 

 

Naive: (CD62L+, CD44-) 

CM: (CD62L+, CD44-) 

EM: (CD62L+, CD44-) 

T reg: CD4+ CD25+ 

(CD8+) Naive: (CD62L+, CD44-) 

CM: (CD62L+, CD44-) 

EM: (CD62L+, CD44-) 

 

B cells: (CD19+) 

Age associated B cells: (CD19+CD93-/CD43-CD23-CD21-) 

Antigen 

Dependency 
 Independent Dependant 

Soluble 

factors 
Cytokines, complement, 

Acute phase proteins 
Cytokines, antibodies 

H:Human, M:Mouse 
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1.3 Leukocytes trafficking in acute inflammation 

Inflammation is a protective response against harmful stimuli such as injuries, infections, 

and toxins, which requires the trafficking of leukocytes from the blood stream to the site of 

inflammation within damaged tissues (Wright and Cooper, 2014). This process is similar for all 

leukocyte subsets described above, and critical for elimination of harmful stimuli and for tissue 

repair. It is tightly regulated by a variety of mediators such as cell adhesion molecules (CAMs), 

cytokines and chemokines (Wright and Cooper, 2014). 

Recruitment of leukocytes is triggered by the local release of inflammatory mediators such 

as histamine, tumor necrose factor alpha (TNF-α) and interferon gamma (IFN-γ) in inflamed tissue 

(Liu et al., 2004; Zhang et al., 2011; Muller, 2013). These mediators induce the expression of 

specific adhesion molecules, and chemokines, which are expressed or presented at the surface of 

endothelial cells and bind to integrins or chemokine receptors located at the surface of leukocytes 

(Zhang et al., 2011) Adhesion molecules interaction with their ligands on leukocytes results in their 

tethering and rolling from rapidly flowing blood (Kansas, 1996; Harjunpää et al., 2019). Selectins are 

transmembrane calcium-dependent lectins that consist of three functionally different adhesion 

molecules expressed by endothelial cells (E-selectin), platelets and endothelial cells (P-selectin) 

and leukocytes (L-selectin), (McEver, 2015). L-selectin and P-selectin mediate fast rolling of 

leukocytes through sequential interactions with their ligands. However, slow rolling events are 

mediated by E-selectin on endothelial cells binding to E-selectin ligand-1 (ESL-1) or P-selectin 

glycoprotein ligand 1 (PSGL-1) on leukocytes (Yago et al., 2010). 

Leukocyte arrest and migration on the endothelium depends on chemokines (Luu et al., 2000). 

The shift from fast rolling to slow rolling allows G-protein-coupled receptors (GPCRs) on 
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leukocytes to bind to the chemokines expressed on the surface of endothelial cells, which induces 

leukocyte integrin activation and enables leukocyte firm adhesion to the vessel wall (Giagulli et al., 

2004; Rutledge and Muller, 2020). 

Integrins are a family of transmembrane receptors expressed by leukocytes. Both VLA-4 

(very late antigen 4,3 α4β1-integrin, CD49d/CD29) and lymphocyte function-associated antigen-1 

(LFA-1) integrins have been found to play a role in leukocyte arrest (Uotila et al., 2014). VLA-4 

and LFA-1 are expressed on leukocytes at a resting low affinity state (Uotila et al., 2014). 

Conformational changes are required for integrins to switch from a low affinity state to an active 

high affinity state enabling them to bind to their ligands expressed on the endothelium (Kim et al., 

2003; Ley et al., 2007; Fan and Ley, 2015).  The activation of integrins is mediated by chemokines 

and results in integrin extension and changes in the cytoskeleton of leukocytes, enabling tight 

adhesion on the vessel wall (Rutledge and Muller, 2020). LFA-1 and VLA-4 on leukocytes binding 

to their respective ligand intercellular adhesion molecule 1 (ICAM-1) and vascular adhesion 

molecule 1 (VCAM-1) on endothelial cells to mediate leukocyte firm adhesion (Hyduk et al., 2007; 

Kuwano et al., 2010), and induces intracellular signals to allow leukocyte arrest (Giagulli et al., 2006; 

Kummer and Ebnet, 2018). Leukocytes then extend lamellipodia and prepare for trans endothelial 

migration (Rutledge and Muller, 2020).Additional downstream signals, such as prostaglandin- D2 

(PGD2) signals, are required for shape change and dynamic transmigration of activated leukocytes 

(Ahmed et al., 2011). LFA-1 interaction with ICAM-1 expressed by the inflamed endothelium is 

required for the transition of leukocytes from tight adhesion to crawling along the vessel wall 

(leukocyte locomotion) to then find a suitable site for trans endothelial migration (Schenkel et al., 

2004).  
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Leukocytes either transmigrate (diapedesis) through the endothelial junctions (paracellular 

route), or through the body of the endothelial cells (transcellular route) (Ley et al., 2007). The most 

common of these ways is paracellular migration, where leukocytes migrate between gaps in cells 

via tight junctions and use endothelial cell adhesion molecules such as PECAM-1, junctional 

adhesion molecules (JAMs) and vascular endothelial (VE)-cadherin (Ley, 2007; Muller, 2011). The 

less common way, is transcellular migration (Carman and Springer, 2004), is where leukocytes 

migrate directly through the endothelial cells via formation of vesiculovacuolar organelles, 

creating intracellular endothelial cell channels (Dvorak and Feng, 2001). To reach inflamed tissues, 

leukocytes need to migrate through the basement membrane (Mutgan et al., 2020). Finally, 

.following a successful diapedesis, leukocytes utilize a chemokine gradient to migrate toward the 

site of infection upon their entry into inflamed tissues  (Ley et al., 2007). 

 

1.4 Chronic inflammation 

Persistent acute inflammation which is not resolved can result in chronic inflammation 

(Luster et al., 2005). Chronic inflammation is accompanied by excessive trafficking of leukocytes 

into the site of inflammation  and release of local inflammatory mediators that continuously recruit 

the leukocytes and activate them (Luster et al., 2005). This process can lead to tissue damage and 

subsequent development of a variety of chronic inflammatory diseases such as type 1 diabetes 

(T1DM) and, rheumatoid arthirits (RA) (Luster et al., 2005). The etiology of chronic inflammation 

is not fully understood. However the imbalance between pro-inflammatory and anti-inflammatory 

processes is speculated to be the most important mechanism involved in progression of chronic 

inflammation (Kubo and Motomura, 2012). T2DM is identified as a chronic inflammatory disease, 
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in which homeostasis of glucose is dysregulated as result of persistent inflammation. Therefore, 

the section 1.5 will focus on pathophysiology of diabetes, and dysregulation of glucose levels in 

T2DM.  

 

1.5 Diabetes 

Diabetes or diabetes mellitus is a chronic metabolic disease which is characterised by 

hyperglycemia resulting from either impaired insulin production, or decreased sensitivity of cells 

to insulin (Leahy, 2005). There are two types of diabetes that correspond to these defects 

respectively: insulin dependent (type 1; T1DM), and non-insulin dependent (type 2; T2DM) 

diabetes. Some T2DM subjects may also develop inadequate production of insulin, as seen in 

T1DM patients, as their disease progresses (Bluestone et al., 2010). 

In 2017, nearly 462 million subjects were identified with T2DM, which is predicted to 

increase to 7079 individuals per 100,000 by 2030 (Oguntibeju, 2019), indicating a global increase. 

Most cases of T2DM are diagnosed over the age of 40 years old (Leahy, 2005). The chances of 

developing T2DM depends on a combination of risk factors, including the genes and lifestyle 

(Herder and Roden, 2011). T2DM is more likely to develop in obese individuals with sedentary 

life style, aged over 45, have a family history of diabetes or are of African American descent 

(Melmed et al., 2015). Although the risk factors such as age or family history are not controllable, 

lifestyle risk factors such as diet and physical activity are manageable (Melmed et al., 2015). 

 



 10 

1.5.1 Glucose transport 

Glucose is a simple carbohydrate with the molecular formula of C6H12O6 (Shendurse and 

Khedkar, 2016). Glucose is the main source of energy in body and is stored as glycogen in animals 

(Brown and Ransom, 2007) d-glucose is natural and metabolically active occurring form of 

glucose, while l-glucose is an organic isoform and can be synthesised in laboratory and is of lesser 

importance (Zhang et al., 2021). 

  Glucose is a big sugar and is not able to enter the cell, thus requires a specific transporter 

(Hall and Hall, 2020). Glucose either enter the cell in a sodium dependent manner via Na+-coupled 

glucose transporters, or enter via glucose transporters (GLUT) (Scheepers et al., 2004). GLUTs 

are proteins that facilitate a bidirectional glucose transport through the plasma membrane based 

on concentration gradient of glucose without consuming energy (Garde et al., 2022). There are 14 

isoforms of GLUTs in human (GLUT-1 to GLUT-14). However, GLUT-1-4 are the most 

important in glucose control (Adekola et al., 2012). While GLUT 1–3 function independently to 

insulin (Hall and Hall, 2020) function, expression also localization of GLUT-4 is exclusively 

insulin dependent (Moraes-Vieira et al., 2016). GLUT-4  is mainly expressed on insulin target 

tissues such as adipose tissue, cardiomyocytes, and skeletal muscle cells and is able to translocate 

to cell membrane in response to insulin and facilitate the glucose uptake (Huang and Czech, 2007). 

A kinase is attached to GLUT-4 and phosphorylates the glucose to make Glucose-6-phosphate 

(G6P) in response to insulin (Salani et al., 2013). G6P does not bind to GLUT, thus trapped within 

the cell (Salani et al., 2013). Therefore GLUT-4 plays a crucial role in glucose homeostasis by 

facilitating the glucose uptake from blood (Huang and Czech, 2007). 
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1.5.2 Insulin synthesis  

Insulin is a 51 amino acid-protein hormone, which is secreted by pancreatic beta cells in 

response to nutrient stimuli such as glucose and amino acids, normalising them to physiologic 

levels (Campbell and Newgard, 2021). 

  Insulin is composed of α and β chain and three 3 disulfide bridges (Østergaard et al., 2020) 

and belongs to a family of peptide hormones with  high degree of structural similarity that includes 

relaxin, insulin-like growth factors (IGF) I and II, and other insulin-like peptides (Lamson et al., 

1991) Insulin is produced as preproinsulin and is then cleaved to proinsulin and stored in secretory 

granules (Liu et al., 2014). Mature insulin is generated from proinsulin by proteases that reside in 

the same storage vesicles  and is released from storage vesicles into circulation via exocytosis (Liu 

et al., 2014). 

 

1.5.3 Insulin release 

As illustrated in Figure 1.1, elevated plasma glucose stimulates the insulin secretion by a 

sequence of events in beta cells (Arora et al., 2021). Indeed, glucose is rapidly phosphorylated to 

G6P by glucokinase activity after entering into the beta cells via GLUT-2 (Rutter et al., 2015). 

G6P increase the ATP levels in beta cells which induce ATP-sensitive K+ channels to shut down 

and depolarization of cell membrane and subsequent opening of the voltage-gated Ca2+ channels 

(Rutter et al., 2015). Increased cytosolic calcium levels stimulates the insulin exocytosis from beta 

cells into the blood circulation (Arora et al., 2021). Insulin remains in circulation for 5 to 8 minutes 
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(Koeppen and Stanton, 2017) and exerts its effects through mediating the glucose disposal into 

target tissues (Zierath et al., 2000) 

 

1.5.4 Insulin signaling 

As shown in Figure 1.2-A, the insulin receptor (IR) comprises two α and two β subunits, forming 

an α2β2 heterotetramer (Hubbard, 2013).The two α subunits are extracellular, whereas the two β 

subunits begin on the extracellular side of the membrane and then traverse the membrane into the 

cytoplasmic region (Hubbard, 2013). The β subunits contain the cytoplasmic tyrosine kinase 

domains. A single molecule of insulin binds asymmetrically to the ectodomain, triggering a 

conformational change that is transmitted to the cytoplasmic kinase domains, which activates the 

tyrosine kinase (Tyr-K) domain by facilitating tyrosine phosphorylation in the juxtamembrane 

region of IR (Y1158, Y1162, and Y1163 residues), which in turn creates recruitment sites for 

insulin receptor substrate (IRS) family of proteins (1.2-B), (Hubbard, 2013). Phosphorylated IRS 

activates numerous signalling partners such as phosphoinositide 3-kinase (PI3K), protein kinase B 

(PKB or AKT) and phosphoinositide-dependent kinase-1 (PDK-1) (Hall and Hall, 2020). The 

signaling processes enable translocation of GLUT4 to the cell surface, where it contributes to 

glucose uptake particularly into in muscle and fat cells (Koeppen and Stanton, 2017; Hall and Hall, 

2020). Following entry, the glucose is either processed for energy or cell growth (Koeppen and 

Stanton, 2017). 

 

1.5.5 Insulin Resistance 
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Insulin resistance occurs when insulin-target cells, such as skeletal muscle and fat, fail to 

properly respond to physiologic levels of insulin (Yaribeygi et al., 2019).Thereby, the cells cannot 

take up glucose and hyperglycemia arises. Insulin resistance is a main pathologic feature of 

metabolic disorders, such as T2DM and obesity  and since many enzymes and mediators are 

involved in insulin signal transduction, any change in function or expression of these factors may 

influence the normal insulin signaling leading to insulin resistance in target tissues (Wondmkun, 

2020). 

Insulin resistance in T2DM is explained by several different hypothesised mechanisms, 

mostly at the cellular level through post-receptor defects in insulin signaling as discussed below. 

 

1.5.5.1 Inflammatory mediators  

Inflammatory mediators such as obesity-induced cytokines, IL-6, TNF-α, and IL-1β, are 

associated with insulin resistance (Zand et al., 2017). In particular, TNF-α is upregulated in obesity 

and impairs insulin signaling by reducing GLUT-4 expression, thus affecting the glucose uptake 

resulting in hyperglycemia (Peraldi and Spiegelman, 1998). 

It has also been shown that prolonged, but not acute, treatment of 3T3-L1 adipocytes with 

interleukin-1 beta (IL-1β) slightly decreased the gene expression of Glut-4 and strongly suppressed 

its translocation to the cell surface in response to insulin. This effect was attributed to ability of 

IL-1β to reduce the gene expression of IRS in 3T3-L1 adipocytes, demonstrating that IL-1β can 

modulate the insulin signaling  at post-receptor levels (Jager et al., 2007). Later, Stienstra R et al, 

showed that IL-1β strongly reduced the expression of the insulin sensitivity genes, such as 
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peroxisome proliferator-activated receptor (PPARγ), adiponectin and most importantly the GLUT-

4, both in adipose tissue of diet-induced and genetically induced obese animal models (Stienstra 

et al., 2010) This fact was also reported by Gao et al, where they found reduced gene and protein 

expression of GLUT-4 and other genes involved in glucose metabolism and insulin signaling, such 

as PPARα and IRS-1, in human macrophage-conditioned medium adipocytes treated with IL-1β, 

and this was reversed by blocking IL-1β activity using a neutralizing antibody (Gao et al., 2014), 

suggesting IL-1β blocker as a beneficial candidate to prevent the obesity-associated insulin 

resistance and inflammation in human adipose tissue.  

 

1.5.5.2 Oxidative stress 

Oxidative stress is defined by excess endogenous oxidative species, such as reactive 

oxygen species (ROS), which are produced at low physiological levels mostly in the mitochondria 

(Schieber and Chandel, 2014). However, they are increased in many chronic diseases and in T2DM 

(Hurrle and Hsu, 2017). Indeed, in conditions like hyperglycemia and hyperinsulinemia, which 

exist in T2DM, the ROS production is increased by malfunctioning mitochondria (Campa et al., 

2015). This in turn signals the trans-Golgi network downstream, and instead of the plasma 

membrane, GLUT-4 is translocated into lysosomes for degradation; thus results in elevated 

glucose levels via decreased glucose uptake by insulin responding cell (Ma et al., 2014). 

Furthermore, this mitochondrial dysfunction appears to be effected by free fatty acids, which are 

abundant in obesity (Boucher et al., 2014). In fact, a study done in adipocytes showed that when 

these cells were exposed to either high glucose (HG) or free fatty acids levels the endogenous 

mitochondrial ROS production increased in them, which altered the insulin transduction pathway 
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by upregulating the p38 MAPK expression and downregulating the IRS-1 and Akt (Boucher et al., 

2014). This pathway switch reduce the translocation of GLUT-4 to cell membrane and resulting 

in impaired glucose control (Boucher et al., 2014). Indeed, increased mitochondrial ROS 

production was shown to be associated with increase in Ser307 phosphorylation of IRS-1 and 

decrease in insulin-stimulated tyrosine phosphorylation of IRS-1, all of which are believed to be 

the molecular basis of insulin resistance (Nishikawa et al., 2007) 

. Taken together, these studies suggest the importance of oxidative stress in 

pathophysiology of obesity and T2DM, and the potential of antioxidants as treatments to improve 

the metabolic dysfunction. 

 

1.5.5.3 Deficiencies of phosphorylation 

As discussed in section 1.5.4 binding of insulin to its receptor activates the intrinsic 

tyrosine kinase activity of the receptor, which phosphorylates Tyr residues of target proteins such 

as the IRS (Boura-Halfon and Zick, 2009). Decreased phosphorylation of IRS and IR in response 

to insulin has been reported in skeletal muscle of obese subjects and patients with T2DM and was 

associated with impaired insulin-stimulated glucose uptake in these individuals (Goodyear et al., 

1995; Pratipanawatr et al., 2001) Furthermore, reduced phosphorylation of Akt, a key regulator of 

GLUT-4 translocation was also shown in adipocytes of T2DM patients compared to healthy 

individuals (Smith et al., 1999). The IR and the IRS proteins are targets for feedback control 

mechanisms with phosphorylation of IRS proteins on Ser residues being a key step in these 

feedback control processes. Many of the insulin-stimulated Ser/Thr kinases that are downstream 

effectors of IRS proteins serve as negative modulator of IRS proteins function. Interestingly, it is 
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becoming apparent that inducers of insulin resistance such as TNF-α, FFA, and cellular stress 

make use of similar mechanisms by activating a set of IRS kinases that phosphorylate the IRS 

proteins and inhibit their function (Boura-Halfon and Zick, 2009) 

In response to insulin resistance, pancreatic islets initially increase their cell mass and 

insulin secretion, but this is unable to fully compensate the situation, resulting in development of 

T2DM (Kahn et al., 2006) and its common chronic vascular complications, including diabetic 

nephropathy, neuropathy, and retinopathy (Fowler, 2008). Therefore, understanding the 

mechanisms involved in insulin resistance can lead the development of new therapeutic agents. 
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Figure 1.1 Mechanism of insulin secretion from beta cells of pancreas. Glucose entering the beta cells 

via GLUT-2 stimulates the insulin secretion. Once entered, glucose is phosphorylated to G6P by 

glucokinase activity. G6P enters the glycolysis cycle and increase the ATP levels in beta cells, which result 

in inhibition of the ATP-sensitive K+ channels and consequent depolarization of beta cell membranes. This 

opens the voltage-gated Ca2+ channels and increases intracellular calcium levels which induces exocytosis 

of storage vesicles containing insulin/proinsulin into circulation. Taken from (Arora et al., 2021). 
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Figure 1.1 Insulin signal transduction pathway  

A. The α subunits (extracellular) comprise two leucine-rich domains (L1 and L2) with an intervening 

cysteine-rich domain (C), one intact fibronectin type III (FnIII) domain (F1), a partial FnIII domain (F2), 

and a long insert domain (ID) that contains the site of furin cleavage (L1-C-L2-F1-F2-ID). The β subunits 

(extracellular and cytoplasmic) contain the completion of the second FnIII domain (F2), followed by an 

intact FnIII domain (F3), a transmembrane helix, and a cytoplasmic tyrosine kinase domain (N and C lobes). 

The major sites of tyrosine autophosphorylation in the cytoplasmic domain are indicated (Y1158, Y1162, 

and Y1163). B-1. The insulin receptor (colored blue) binds insulin (colored red) and (2) activate the tyrosine 

kinase catalytic domain positioned within the cell. (3) The tyrosine kinase, in turn, activates various other 

proteins such as IRS, PI3K, PDK1 and AKT in a signaling cascade leading to (4) translocation of GLUT4 

to the cell surface and (5) subsequent glucose uptake or (6-8) insulin’s various anabolic functions. Taken 

from (Hubbard, 2013) and (Siddle 2011). 
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1.6 Obesity related changes of immune system in T2DM 

Obesity, particularly visceral adiposity, is a major risk factor for T2DM (Donath and 

Shoelson, 2011) and the adipose tissue of patients with T2DM and/or obese patients appears to be 

a major site of inflammation (Lontchi-Yimagou et al., 2013). Both innate and adaptive immune 

cells present in the adipose tissue have critical roles in the regulation of metabolic homeostasis 

(Lontchi-Yimagou et al., 2013). Dysregulated trafficking of leukocytes is observed in the adipose 

tissue from obese individuals/animals, where there is a shift in subtypes of recruited cells from an 

anti-inflammatory to a pro-inflammatory profile in obesity (Esser et al., 2014). This switch to a 

production of pro-inflammatory cytokines leads to the development of systemic low-grade 

inflammation, which results in impaired insulin signaling, beta cell dysfunction and subsequent 

insulin resistance (Esser et al., 2014). Hyperglycemia arises as the pancreas fails to compensate 

insulin resistance (Donath and Shoelson, 2011), resulting in oxidative stress and systemic 

inflammation through the production of inflammatory cytokines (Noshita et al., 2002; Dimayuga 

et al., 2007) and chemokines, cumulating in endothelial dysfunction and vascular complications 

(Nguyen et al., 2012) as summarised in Figure 1.3 (Pezhman et al., 2021). Following sections will 

more describe the modulation of leukocytes subsets trafficking in concept of obesity and T2DM.  

 

1.6.1 Expression of Adhesion Molecules in T2DM 

CAMs are glycoproteins expressed on the surface of various cell types, such as endothelial 

cells and leukocytes (Galkina and Ley, 2007). Upon inflammation, vascular endothelial cells 

express or up-regulate the expression of CAMs that increase the attachment of leukocytes to the 
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endothelium (Cook-Mills et al., 2011). Selectins, ICAM-1 and VCAM-1 are the major CAMs 

responsible for leukocyte adhesion (Huo and Ley, 2001). Soluble form of CAMs (sCAMs) in the 

circulation indirectly reflects the rate of endothelial expression and activation of CAMs since they 

are shed from the surface of endothelial cells and lymphocyte after being activated (Abe et al., 

1998). Elevated expression and activity of CAMs are therefore indicative of inflammation and 

endothelial dysfunction (Cook-Mills et al., 2011). 

 

1.6.1.1 Soluble CAMs and selectins 

The baseline levels of circulating E-selectin, ICAM-1, and VCAM-1 were found higher in 

patients with T2DM compared to healthy controls (Meigs et al., 2004). A study on 150 Japanese 

patients with T2DM showed that higher serum concentrations of sVCAM-1 and sE-selectin were 

positively correlated with fasting plasma glucose levels, and negatively correlated with insulin 

sensitivity (Matsumoto et al., 2002). Higher levels of circulating CAMs in T2DM are linked to an 

increased production of advanced glycosylation end products (AGEs) and oxidative stress 

occurring under hyperglycemic conditions (Hadi and Al Suwaidi, 2007). The interaction of AGEs 

with the vessel wall components increases the generation of reactive oxygen species, which results 

in an increase in the surface expression of adhesion molecules on activated endothelial cells (Wen 

et al., 2002; Basta et al., 2004; Farhangkhoee et al., 2006).  

Hyperinsulinemia can also directly affect the surface expression of adhesion molecules on 

endothelial cells from healthy volunteers and from patients with non-insulin-dependent diabetes 

in vitro (Okouchi et al., 2002). Culture of human umbilical endothelial cells (HUVEC) in insulin-
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rich medium (over 50 micro Unit/ml) for 24 hours increased the surface expression of PECAM-1, 

but not of ICAM-1, P-selectin or E-selectin (Okouchi et al., 2002).This was clearly associated with 

an increase in neutrophil transmigration across the insulin treated HUVEC as the recruitment of 

neutrophils isolated from both healthy control and patients with T2DM, were increased through 

the endothelium compared to not treated HUVEC; However, this recruitment was greater in 

neutrophils isolate from patient with T2DM; suggesting that high insulin conditions promote 

vascular injury and therefore T2DM-associated macro- and micro-vascular complications.  

However, a recent study on 58 patients with T2DM on insulin therapy and displaying 

microvascular complications, found lower levels of serum sICAM-1 in these patients irrespective 

of the type of diabetic complication when compared to age-matched healthy controls (Hocaoglu-

Emre et al., 2017). Since the participants with T2DM were also receiving angiotensin-converting 

enzyme (ACE)-inhibitor agents, decreased levels of sICAM-1 might have resulted from the 

combination of insulin and ACE-inhibitor therapies. Indeed, both insulin and ACE inhibitors can 

individually inhibit CAMs surface expression on endothelial cells, as well as their circulating 

levels (Drexler et al., 1995; Aljada et al., 2000). Overall, the conflicting evidence about the levels 

of sCAMs in the circulation suggests that different CAMs may play different roles in the different 

stages of vascular complications in T2DM (Hocaoglu-Emre et al., 2017).  

 

1.6.1.2 Surface expression of CAMs on the endothelium 

Variations in the expression of adhesion molecules on the vasculature play a role in 

microangiopathy in patients with T2DM by enhancing leukocyte adhesion in the vasculature and 
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causing capillary obstruction (McLeod et al., 1995). This has been observed in different vascular 

beds and is linked to a majority of complications, such as diabetic nephropathy (Gu et al., 2013) 

and retinopathy (McLeod et al., 1995). A study on 40 patients with T2DM showed a significant 

increase in the expression of ICAM-1 and VCAM-1 on vascular endothelial cells from the 

conjunctiva in comparison with conjunctiva from healthy controls (Khalfaoui et al., 2008). 

Confocal microscopy imaging of retina vessels in streptozotocin (STZ)-induced hyperglycemic 

mice reported increased VCAM-1 protein levels after 8 weeks, and this was synchronized with the 

expression of the inflammatory cytokines TNFα, IL-6 and IL-1β in the retina (Gustavsson et al., 

2010). However, not many studies have performed in depth study of leukocyte recruitment in 

patients and in mice models to determine how defects in expression of adhesion molecules can 

modulate leukocyte trafficking. 

 

1.6.2 Modulation of innate and adaptive immune cells in obesity and T2DM 

Nowadays, the pathogenesis of T2DM is considered to be linked to both innate and 

adaptive immune factors that are recognised as important etiological components in the 

development of insulin resistance (Goldberg, 2009). Although earlier studies focused on the role 

of innate immunity (macrophages) as the major cause of chronic low-grade inflammation in 

T2DM, the adaptive immune system also plays a role in progression of T2DM (Zhou et al., 2018). 
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1.6.2.1 Macrophage/Monocytes 

In recent years, it has been reported that macrophages play key roles in the progression of 

T2DM (Gordon and Martinez, 2010). Monocytes derived from the bone marrow remain in the 

circulatory system for 1–2 days before they migrate into peripheral tissues, where they turn into 

fully mature resident macrophages (Martinez‐Pomares et al., 2003) with either a M1 pro-

inflammatory or M2 anti-inflammatory phenotype in response to local factors (Mosser, 2003). In 

a recent in vivo study, an acute decrease in number of circulating monocytes was synchronized 

with a concomitant infiltration of macrophages into visceral adipose tissue at the early stages of 

high fat diet (HFD)-induced diabetes, therefore demonstrating dynamic changes in blood 

monocyte trafficking in preclinical disease (Liu et al., 2020). Higher levels of F4/80 and CD11c 

mRNA expression in adipose tissue of HFD fed mice, representative of a M1 polarization, were 

attributed to an elevated gene expression of ICAM-1, VCAM-1, CCL2 and CXCL14 in this tissue, 

all of which facilitate macrophage trafficking (Brake et al., 2006; Kawanishi et al., 2010). The 

polarization of M1 macrophages was shown to be associated with elevated serum and adipose 

tissue levels of IL-6 and TNF-α, higher fasting plasma glucose levels and insulin resistance in 

HFD-induced T2DM rats (Shanaki et al., 2020). The long-term impact of diabetes on the function 

of macrophages was elicited using a 5-month-old db/db mice model of T2DM and demonstrated 

a reduced ability of peritoneal macrophages to polarization toward a M2 phenotype (Liu et al., 

2012). Furthermore, in vitro assessment of db/db peritoneal macrophages highlighted their 

decreased capacity to adhere to plastic surfaces, along with a decreased ability to phagocytose 

compared to wild-type (wt) peritoneal macrophages (Liu et al., 2012). These observations validate 

that diabetes and hyperglycemia is associated with immune cells dysfunction, which can affect 
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their migratory behavior and predispose these patients to an increased susceptibility to infections 

(Liu et al., 2012). 

 

1.6.2.2 T cells 

Evidence shows that T cells accumulation in adipose tissue of HFD mice happens after 

infiltration of B cells and is quickly followed by accumulation of macrophages leading to insulin 

resistance (Duffaut et al., 2009). Nishimura et al. (2009) found larger numbers of infiltrated CD8+ 

effector T cells, along with reduced numbers of CD4+ helper and lower number of Tregs in visceral 

adipose tissue of HFD fed mice compared to control mice. In these conditions, a majority of CD8+ 

T cells infiltrate the adipose tissue thereby promoting recruitment and activation of macrophages. 

Studies in the lymphocyte deficient RAG2-/- knockout mice provide strong evidence for the role 

of lymphocytes in HFD-mediated adipose tissue inflammation (Duffaut et al., 2009). 

Unexpectedly, lymphocyte-deficient animals displayed striking accumulation of macrophages and 

NK (NK) cells in the adipose tissue compared to wt mice (Duffaut et al., 2009). This accumulation 

of NK cells highlights an overreaction of the innate immunity in absence of the adaptive immune 

system. Indeed, NK cells have potent cytotoxic effector functions and produce chemokines and 

cytokines that can recruit macrophages (Duffaut et al., 2009). The exaggerated recruitment of 

macrophages in lymphocyte-deficient mice demonstrates that early lymphocyte infiltration could 

be considered a protective process to decrease adipose tissue inflammation and suggests adipose 

tissue as a site of dynamic innate and adaptive immune system during diet-induced obesity and 

insulin resistance (Duffaut et al., 2009). 
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 Furthermore, the depletion of Tregs using diphtheria toxin led to an induction of genes 

encoding inflammatory cytokines, such as TNF-α and IL-6, in visceral adipose tissue and enhanced 

levels of fasting insulin in C57BL/6 mice (Feuerer et al., 2009). Conversely, increasing the 

quantity of Tregs in the adipose tissue, improved insulin resistance and glucose tolerance (Feuerer 

et al., 2009). Since the gene expression of IL-10 was increased in the adipose tissue of Tregs–

enriched animals, the metabolic changes observed can be attributed to IL- 10 synthesis by Tregs 

in the adipose tissue of these mice (Feuerer et al., 2009). These findings suggest a strong 

therapeutic potential for Tregs to suppress inflammation and improve insulin action in obesity and 

T2DM. It is therefore key to understand how Tregs migratory capacity and infiltration in the 

adipose tissue could be manipulated in patients. In addition, further studies are required to fully 

characterize the involvement of different T cell subsets and characterize the intricate balance 

between innate and adaptive immune regulations in concept of T2DM. 

 

1.6.2.3 B cells 

B cells have been shown to play important roles in many chronic inflammatory and 

autoimmune conditions, but over the last 15 years their role in obesity-associated insulin resistance 

has been revealed (Yanaba et al., 2008; Mariño and Grey, 2012). B cells infiltrate the white adipose 

tissue in diet-induced obesity models and contribute to insulin resistance through secreting 

inflammatory cytokines, producing pathogenic antibodies and the activation of T cells and 

macrophages (Winer et al., 2011). B cells from T2DM subjects secrete a proinflammatory cytokine 

profile (IL-8 and IL-17), and are unable to secrete the potent anti-inflammatory cytokine IL-10 

(Jagannathan et al., 2010). Similarly they  also switch antibody production from IgM to IgG, which 
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can activate T cells and macrophages (Winer et al., 2009). The importance of B cells in adipose 

tissue inflammation has been studied in B cell null mice on HFD (DeFuria et al., 2013). Following 

15 weeks of HFD, serum glucose levels were unchanged in B cell null mice while fasting glucose 

levels increased in the control wild-type group (DeFuria et al., 2013). Attenuated inflammation in 

visceral adipose tissue of B cell null mice was shown by a reduced number of M1 macrophages 

and decreased T helper 17 (Th17) numbers compared to wild-type control (DeFuria et al., 2013). 

Transfer of B cells from HFD mice into B cell null mice worsened metabolic parameters, 

implicating the B cells as important pathogenic mediators of insulin resistance (DeFuria et al., 

2013). Therefore, B cell manipulation represents a novel approach to the treatment of obesity-

related insulin resistance and potentially to the prevention of T2DM.  
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Figure 1.3 Obesity-related dysregulation of leukocyte trafficking in T2DM Adipose tissue from lean 

individuals is characterized by increased numbers of anti-inflammatory M2 macrophages and higher 

presence of regulatory T cells (Tregs). Obesity induces adipose tissue enrichment of cytotoxic CD8+ T-cells 

and pro-inflammatory M1 macrophages with a shift from an anti-inflammatory to a pro-inflammatory state. 

In obesity, the imbalance among leukocytes results in production of inflammatory cytokines (TNFα, IFNγ, 

IL-1β) and chemokines which promote systemic inflammation and peripheral insulin resistance as well as 

beta-cell dysfunction. Hyperglycemia occurs as a result of beta-cells failure to compensate for insulin 

resistance. Hyperglycemia exacerbates systemic inflammation by inducing pro-inflammatory cytokines 

production and modulating leukocyte trafficking through alteration of the expression of adhesion 

molecules, chemokines, and chemokine receptors in different vascular beds, which ultimately results in 

vascular complications. Taken from (Pezhman et al., 2021) 
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1.6.3 Immunosenescence in T2DM 

The immune system is identified as one of the most important regulators to maintain the 

physiological homeostasis in body (Aiello et al., 2019). However, with aging, immune function is 

compromised through a phenomenon called immunosenescence, which results in altered immune 

response to foreign pathogens (e.g., reduced ability to respond to new antigens and excessive 

inflammatory responses) (Akbar and Fletcher, 2005; Fulop et al., 2018; Aiello et al., 2019). 

Immunosenescence occurs in both innate and adaptive immune cells and is closely associated with 

development and progression of inflammatory disease, such as visceral obesity (Shirakawa et al., 

2016) and T2DM (Lau et al., 2019). Indeed, Shirakawa et al, demonstrated an HFD-induced 

accumulation of CD4+ T cells expressing programmed cell death 1 (PD-1) and CD153 in the 

adipose tissue of obese mice (Shirakawa et al., 2016). Furthermore CD8+ T cells that expressing 

killer cell lectin-like receptor subfamily G member 1 (KLRG1, end-stage differentiation marker), 

(Akbar and Fletcher, 2005) were reported higher in HFD mice compared with those fed a normal 

diet (Kiran et al., 2021). Moreover, the infiltration of age associated B cells (identified as 

CD19+CD93-/CD43-CD23-CD21-) were also reported in visceral adipose tissue of obese mice 

(Frasca et al., 2017). Thus, collectively these studies suggesting senescent immune cells as a new 

therapeutic target to control the inflammation. 

 

1.6.4 Therapeutic targeting of leukocyte trafficking in T2DM 

Given that T2DM is a chronic inflammatory disorder, characterizing and targeting possible 

inflammatory pathways could be efficient to prevent and control diabetes and its vascular 

complications.  
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1.6.4.1 Chemokines and cytokines inhibition 

Chemokine and cytokine pathways are known to govern the trafficking of leukocytes into 

peripheral tissues (Yao et al., 2014). Potential antagonists targeting chemokine receptors and drugs 

blocking inflammatory cytokines have been developed and tested in many inflammatory 

conditions, but little is known about their efficacy in obesity or T2DM and associated 

complications. In this section, we will discuss some of these targets. 

CCL2 and CCL5 are key mediators of monocyte recruitment induced by high glucose 

levels via their receptor CCR2 and CCR5 (Nunemaker et al., 2014). Oral administration of 

RO5234444, a CCR2 antagonist, to db/db mice, reduced infiltration of monocytes in the 

glomerulus, resulted in preservation of glomeruli podocytes numbers and reduced albuminuria 

(Sayyed et al., 2011). Similarly, intraperitoneal administration of TAK-779, a dual inhibitor of 

chemokine receptors CCR2 and CCR5, reduced macrophage infiltration and expression of ICAM-

1 in the retinas of STZ-diabetic mice (Monickaraj et al., 2020). These studies clearly indicate that 

blocking key recruitment chemokine receptors, such as CCR2 and/or CCR5, is a promising 

therapeutic avenue to ameliorate common diabetic complications, such as nephropathy and 

retinopathy. Those compounds are currently pursued in human clinical trials as well as others such 

as INCB8761/PF-413630, which are a new series of CCR2 antagonists that are orally bioavailable 

(Xue et al., 2011).  

 Due to their pro-inflammatory nature, IL-1β and TNFα actions have been widely studied 

in many inflammatory conditions and their blockade resulted in improvements in T2DM-related 

conditions, such as chronic kidney disease (Lei et al., 2019) and pancreatic islet inflammation (Zha 

et al., 2016). However, it remains unsure whether targeting these cytokines effects leukocyte 

infiltration in peripheral tissue in T2DM. Circulating levels of  IL-1β are higher in T2DM (Reinehr 
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et al., 2016) and macrophages are the primary source of IL-1β in obesity-induced inflammation 

(Gao et al., 2014). Administration of LY2189102, a neutralizing IL-1β antibody, in patients with 

T2DM improved glycemic control and demonstrated significant anti-inflammatory effects by 

lowering circulating IL-6 levels when compared with placebo treatment (Sloan-Lancaster et al., 

2013). Moreover, islets from IL-1β-deficient mice exposed to high glucose in vitro, produced 

lower IL-6 and chemokines compared to wild-type islets (Ehses et al., 2009). Thus, efficacy of IL-

1β blocking on inflammatory biomarkers and glycemic control raises the possibility of its use as a 

treatment in T2DM and other inflammatory conditions. 

 Although, anti-TNFα is an approved medication for some patients with  rheumatoid 

arthritis (Katsumata et al., 2019), the evidence showing the efficacy of this drug in T2DM is 

conflicting. Indeed, anti-TNFα treatment using recombinant soluble TNFα receptor-immuno-

globulin G increased insulin sensitivity in obese rodents (Hotamisligil et al., 1993). However, 

treatment with Ro 45-2081, a TNFα antagonist (recombinant fusion protein that consists of the 

soluble TNF-receptor linked to the Fc portion of human IgG1), had no effect on blood glucose 

levels and insulin-mediated glucose uptake in patients with T2DM (Paquot et al., 2000). The 

inefficiency of Ro 45-2081 to control blood glucose in patients with T2DM suggest that in addition 

its endocrine action, TNFα may also act through an autocrine or paracrine route. Consequently, 

sole neutralization of circulating TNFα might not be enough to observe improvements in insulin 

actions (Paquot et al., 2000).  

 

1.6.4.2 Anti-integrins 
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 The importance of integrins in leukocyte adhesion and arresting clearly offer potential 

therapeutical avenues in relapsing inflammatory conditions, such as rheumatoid arthritis (von 

Andrian and Engelhardt, 2003) and multiple sclerosis (Chaudhuri and Behan, 2003). 

Neutralization of integrins has been tested in murine experimental models of diabetes, particularly 

for the treatment and/or prevention of diabetic complications (Barouch et al., 2000; Iliaki et al., 

2009; Miyachi et al., 2017). However, data showing efficacy in human clinical trials are not 

available in the context of T2DM.  

The expression of CD11a, CD11b, and CD18 integrins is increased on the surface of 

neutrophils from STZ-induced diabetic rats (Barouch et al., 2000). This increase was associated 

with an enhanced adhesion of diabetic neutrophils to rat endothelial cell monolayers in vitro. 

Pretreatment of leukocytes with either anti-CD11b or anti-CD18 antibodies significantly lowered 

the proportion of adherent diabetic neutrophils (Barouch et al., 2000). In the same study, systemic 

administration of anti-CD18 F(ab′)2 fragments to  STZ-induced diabetic rats significantly 

decreased diabetic retinal leukostasis (Barouch et al., 2000). Furthermore, intraperitoneal 

administration of anti-α4 integrin neutralizing antibody to a STZ-induced rat model of diabetes 

retinopathy attenuated leukocyte adhesion to the retina  and suppressed TNFα expression and 

nuclear factor kappa B (NF-κB) activity in the retina of treated rats (Iliaki et al., 2009). Notably, 

blockage of VLA-4, using a neutralizing antibody, in HFD-fed mice attenuated myeloid cell 

accumulation in the liver and improved systemic glucose tolerance in treated mice compared to 

control HFD-fed mice (Miyachi et al., 2017). Overall, all these animal data identify the integrins 

as functional adhesive molecule in diabetic complications and provides a potential target for the 

prevention and/or treatment of the disease. A humanized anti–VLA-4 mAb (natalizumab) was 

clinically beneficial in the treatment of Crohn’s disease (Lew and Stoffel, 2003), and rheumatoid 
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arthritis (von Andrian and Engelhardt, 2003). However, VLA-4 also has key regulatory roles in 

immune response, including the formation of the immune synapse (Mittelbrunn et al., 2004) and 

the differentiation of Th1 T cells (Isobe et al., 1997). Obviously, the long-term administration of 

anti-integrins to patients with inflammatory conditions may have undesirable or unexpected effects 

and more studies are required to fully understand their action. 

 

1.6.4.3 Fatty acids 

 Long-chain n−3 polyunsaturated fatty acid (n−3 PUFA), such as eicosatetraenoic acid 

(EPA) and docosahexaenoic acid (DHA), found in marine fish oils, are able to down-regulate the 

activity of NF-κB directly and therefore reduce the production of inflammatory cytokine (Xu et 

al., 2001). n-3 PUFA can also control leukocyte recruitment during inflammation and display 

immunomodulatory properties (Yates et al., 2011). Inclusion of n−3 PUFA in HFD prevented 

macrophage infiltration into the adipose tissue of db/db mice (Todoric et al., 2006). Interestingly, 

n−3 PUFA efficiently prevented the HFD-induced downregulation of adiponectin circulating 

levels normally observed in db/db (Todoric et al., 2006). These data therefore suggest that the 

beneficial effects of n−3 PUFA on diabetes could be mediated by their effect on adipose tissue 

inflammation, which could in turn contribute to improving insulin sensitivity (Oliver et al., 2010). 

However, much of the human evidence examining the beneficial effects of n-3 PUFA in patients 

with T2DM have limited follow-up periods (Vessby et al., 2001). As a result, it is unclear whether 

n-3 PUFA supplementation has long lasting beneficial effects and the exact mechanisms of n-3 

PUFA action and how they modulate the adipose tissue, macrophages and even T cells remain 

unknown.   
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1.6.4.4 Insulin 

 Several studies suggest a direct anti-inflammatory action of insulin irrespectively of its 

glucose modulating capacity as mentioned here in previous sections (Hyun et al., 2011). Insulin 

was  found to attenuates the activity of NF-κB and monocyte chemoattractant protein-1 (MCP-1) 

on human aortic endothelial cells in vitro (Aljada et al., 2001). Insulin infusion in individuals with 

obesity reduced plasma sICAM-1 and CCL2 levels (Dandona et al., 2001). In addition, treatment 

of human monocytes with insulin in vitro promoted the secretion of IL-8 (CXCL8), a potent 

chemoattractant for neutrophils (Dandona et al., 2001). All together, these findings suggest a 

possible regulatory effects of insulin on leukocyte trafficking via regulating chemokine and 

cytokine secretion, as well as modulating adhesion molecules shedding. However, more studies 

are required to clarify the effect of insulin on leukocyte migration by including in vitro models 

taking into account the high glucose levels observed in some patients with T2DM, their associated 

complications and BMI to accurately determine the mechanism of insulin action and lift the 

controversy in this field. 

 

1.6.4.5 Metformin 

Despite the fact that metformin is prescribed as the first-line drug for treatment of T2DM for 

over 50 years (Saisho, 2015), the mechanisms underlying the plasma glucose level-lowering 

effects of metformin are not fully understood (Foretz et al., 2019). Nuclear magnetic resonance 

spectroscopy data from patients with T2DM revealed that metformin treatment for 3 weeks 

suppressed the hepatic gluconeogenesis rate and decreased the production of endogenous glucose 

in these patients (Hundal et al., 2000). Moreover, insulin sensitising effects of metformin were 

shown by increased systemic glucose uptake in patients with T2DM , which happened mainly in 
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skeletal muscles (Stumvoll et al., 1995). Most importantly, the glucose lowering effects of 

metformin was attributed to its ability to activate the adenosin mono phsphate kinase (AMPK) in 

primary hepatocytes of rats in an in vivo sudy (Zhou et al., 2001), which resulted in the inhibition 

of mitochondrial respiratory‐chain complex 1 by metformin, and a subsequent decreased energy 

charge in these cells that supressed gluconeogenesis and inhibited the glucose production (Zhou 

et al., 2001). The importance of AMPK in mediating the effects of metformin were further 

highlighted when Shaw et al, showed that deletion of an upstream kinase of AMPK, liver kinase 

B1 (LKB1) suppressed AMPK activation in liver of adult mice and caused sever hyperglycemia 

(Shaw et al., 2005). On the other hand, an in vivo study by Foretz et al. reported that even in the 

mice lacking hepatic AMPK, metformin was able to exert its glucose-lowering effects compared 

to wt control mice, suggesting AMPK-independent capacity of metformin in controlling glucose 

levels (Foretz et al., 2010). 

 

Some human studies have reported beneficial effects for metformin by decreasing the systemic 

inflammatory cytokines, such as serum levels of TNF‐ and IL‐6 as well as plasma sVCAM levels 

in individulas with T2DM (Abbasi et al., 2004; Fidan et al., 2011; Evia-Viscarra et al., 2012; Jing 

et al., 2018). Indeed, most of the evidence supporting anti‐inflammatory effects of metformin have 

been obtained from in vivo and in vitro studies in which metformin was used higher than its 

theraputic concentrations (Jing et al., 2018). For example,  it has been showed that administration 

of metformin for 7 weeks to C57BL/6 male mice following 11 weeks of HFD feeding decreased 

the systemic level of the inflammatory cytokines IL-6 and TNF-α, as well as reduce the  gene 

expression of adipose tissue CD11c and MCP-1, which are typical markers for inflammatory M1 

macrophage (Jing et al., 2018). Furthermore their in vitro experiments supported the fact that the 
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anti inflammatory effects of metformin was mediated through activation of AMPK pathway. In 

fact, their flow cytometry data showed that treatment of palmitate-stimulated bone marrow drived 

macrophages with metformin and AICAR (an AMPK activator) reduced the proportion of M1 

macrophages and increased the proportion of M2 macrophages, which highlights the role of 

AMPK pathway in improving the fat inflammation by modulating macrophage polarization (Jing 

et al., 2018). Since AMPK is also one of the downstream signalling for adiponectin (Section 1.8.6), 

this may suggest similar biologic capacities for metformin and adiponectin in controling the 

inflammation. However, unlike adiponectin there is no study showing any impact of metformin on 

lymphocytes behaviour; Indeed metformin is a cation with low membrane permeability and is not 

taken up significantly by cells lacking transporters of the organic cation transporter family (OCT) 

(Hawley et al., 2010). It has been shown that OCT is not expressed by T cells , thus no obvious 

effects of metformin on T cells behaviour is expected in concept of T cells trafficking (Vara-

Ciruelos et al., 2019). 

 .   

 

 

1.6.4.6 Adiponectin 

Adiponectin is an adipokine secreted exclusively by adipose tissue and is found at 5–15 

μg/mL serumic levels in human (Hada et al., 2007). Adiponectin is well characterised as an 

insulin-sensitising hormone, as well as an anti-inflammatory adipokine (Ruan and Dong, 2016) 

and previous studies has shown the involvment of adiponectin in both metabolic and immune 

pathways (Kadowaki et al., 2006; Ouedraogo et al., 2007). Circulating levels of adiponectin 

are decreased in patients with obesity and T2DM (Hotta et al., 2000; Engeli et al., 2003). 
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Moreover, downregulation of adiponectin receptors was reported in insulin target organs, such 

as skeletal muscle and liver in obesity  and T2DM (Civitarese et al., 2004; Tsuchida et al., 

2004).  In addition, adiponectin is also a regulator of adhesion molecules on endothelial cells 

(Ouchi et al., 1999). Treating endothelial cells with adiponectin inhibited the expression of 

adhesion molecules such as VCAM-1, E-selectin, and ICAM-1  in vitro (Ouchi et al., 1999) 

and in vivo (Ouedraogo et al., 2007) suggesting that dysregulation of adiponectin may be 

relevant to obesity-linked endothelial dysfunction in these individuals (Cho et al., 2002; 

Katsiki et al., 2017).  

Adiponectin circulates as either its globular domain or full-length homo-complexes with 

different molecular weights including: a trimer (low MW; LMW); a hexamer (medium MW; 

MMW) or an oligomer (high MW; HMW), (Kadowaki et al., 2006). .  

As shown in Figure 1.4 three adiponectin receptors have been identified: adiponectin 

receptor 1 (AdipoR1), AdipoR2 and CDH13 (cadherin-13; T-cadherin), (Takeuchi et al., 2007). 

Unlike AdipoR1/R2 which are seven-transmembrane proteins with both intracellular and 

extracellular domains, CDH13  only has a large extracellular domain (Figure 1.3) which lacks a 

cytoplasmic domain (Ranscht and Dours-Zimmermann, 1991) AdipoR1 and AdipoR2 serve as 

receptors for globular and full-length adiponectin respectively (Takeuchi et al., 2007). However, 

CDH13 does  only bindes to full-length HMW adiponectin with no affinity to globular or trimeric 

adiponectin (Kadowaki and Yamauchi, 2011) Binding to AdipoR1/2, adiponectin activates 

downstream signalling through several pathways, including AMPK, MAPK p38 and PPARα 

which all induce the adiponectin metabolic functions (Kadowaki and Yamauchi, 2011). However, 

among these pathways, adiponectin stimulated AMPK has been directly implicated in insulin-

sensitizing function of adiponectin in liver and muscle (Kadowaki and Yamauchi, 2011) 
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Despite lacking intracellular domain, many studies have suggested that CDH13 directly 

participates in cellular signal cascades (Takeuchi et al., 2000; Huang et al., 2003) through binding 

to yet unidentified transmembrane receptor (Takeuchi et al., 2007) Indeed, CDH13  and  

adiponectin  were shown  colocalized in atherosclerotic lesions of human aorta, emphasizing  on 

CDH13 as  a  major  receptor  for  adiponectin  in  the  vasculature (Ivanov et al., 2001). Both   

CDH13   and   adiponectin  are shown to protect vascular endothelial cells from apoptosis, which  

suggests CDH13 and adiponectin  may  have  overlapping  biological  properties (Takeuchi et al., 

2007). However, the functional relevance of CDH13 in mediating the effects of adiponectin is 

currently unclear. Moreover, potential signalling mechanisms downstream of adiponectin CDH13 

interactions have not yet been fully explored. 

 

1.6.4.7 PEPITEM 

As demonstrated in previous section, there is growing evidence to support the anti-

inflammatory capacity of adiponectin and its role in glucose homeostasis (Ruan and Dong, 2016; 

Katsiki et al., 2017). It is also known that adiponectin is able to regulate T cell trafficking during 

inflammation in a novel pathway characterised in our laboratory a few years ago (Chimen et al., 

2015). As shown in Figure 1.5, during inflammation T cells need to migrate across endothelial 

layer to enter inflamed tissue. In fact, inflammatory cytokines, such as TNF-α and IFN-γ, activate 

the endothelial cells at the site of inflammation and cause lymphocyte capture from blood (Chimen 

et al., 2015). The chemokine signals induced by cytokines, stimulate the activation of the β1- and 

β2-integrin, as well as the surface expression of SIP receptors on T cells, which cause lymphocytes 

migration through endothelium via PGD2 support (Chimen et al., 2015). However, in presence of 

adiponectin which is shown in the second half of the Figure 1. 5, adiponectin induces the release 
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of the novel immunopeptide (PEPtide Inhibitor of Trans-endothelial Migration; PEPITEM) by B 

cells via signaling through the adiponectin receptors (AdipoR1/2). PEPITEM induces the release 

of sphingosine-1-phosphate (S1P) by endothelial cells via binding with endothelial cadherin-15 

(CDH15). In turn, S1P inhibits T cell transmigration by preventing integrin activation (Chimen et 

al., 2015). The Adiponectin-PEPITEM pathway is dysregulated in inflammatory conditions, such 

as T1DM, RA and in older adults. Dysregulation of this pathway is caused by a lack of AdipoR1/2 

expression on B cells in these patient groups leading to insufficient secretion of PEPITEM and 

consequently allowing aberrant T cell trafficking resulting in chronic inflammatory responses 

(Chimen et al., 2015).  
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Figure 1.4 Signal transduction by adiponectin receptors Globular adiponectin which exists as a trimer 

has a higher affinity to AdipoR1 and lower affinity to AdipoR2 (shown by dots) whereas full-length 

adiponectin which exists as three multimers with different molecular weight (MW): (LMW trimer, MMW 

hexamer, and HMW multimer) binds to both AdipoR1/R2 with higher affinity to AdipoR2. Among 

adiponectin multimers CDH13 is only able to bind to HMW multimer. AdipoR1/R2 activate sets of 

downstream signaling molecules such as PPARα, AMPK, and p38 MAPK which induce adiponectin 

biological functions for glucose homeostasis in muscles and liver. The signal transduction of CDH13 is not 

clear. Taken from (Kadowaki et al., 2006)  
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Figure 1.5  PEPITEM pathway 

(1) Endothelial cells stimulated with pro-inflammatory cytokines such as TNF-α and IFN-γ recruit flowing 

T cells in the blood. (2) β1- and β2-integrins are activated by chemokine signals from CXCL9−11 presented 

on the endothelial surface, which interact with CXCR3 on T cells and lead to T cell arrest. (3) At the same 

time, chemokine stimulation induces S1PR1/4 surface expression on T cells. T cell spreading and migration 

is supported by PGD2, generated through the metabolism of arachidonic acid by cyclooxygenases, which 

operates through the PGD2 receptor, DP-2. (4) T cells spread and migrate across and through vascular 

endothelial cells. (5) Simultaneously, adherent B cells are simulated by circulating adiponectin through the 

adipoR1/2 receptors, (6) resulting in the release of PEPITEM from B cells. (7) PEPITEM binds to CDH15 

on endothelial cells, stimulating the release of S1P from endothelial cells. (8) S1P binds to S1P receptors 

(S1P1/4) on recruited T cells, (9) which regulates the activation of the β2-integrin LFA-1 and inhibits trans-

endothelial T cell migration. Taken from (Chimen et al., 2015). 
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1.7 Aims and Objectives 

With the knowledge of reduced AdipoR1/R2 expression on B cells, reduced capacity of 

adiponectin to inhibit T cell trans-endothelial migration and impaired PEPITEM pathway in 

patients with chronic inflammatory disease compared to age-matched healthy controls, we aimed 

to investigate whether the PEPITEM pathway is also impaired in T2DM and mechanisms 

underlying this loss in both T2DM.  

As a noted receptor to adiponectin, we also aimed to clarify the role of CDH13 in PEPITEM 

pathway. 

- We hypothesise that CDH13 play a role in PEPITEM pathway. 

- We hypothesise that B cells under hyperglycemic condition in T2DM are deficient for 

the AdipoRs and cannot produce PEPITEM and the homeostatic mechanism 

(PEPITEM) controlling T cell trafficking during inflammation, is suppressed in T2DM.  

- We also hypothesise that inefficiency of homeostatic PEPITEM pathway affects 

pancreatic beta cells and insulin secretion and impaired PEPITEM pathway plays a role 

in obesity induced inflammation in T2DM. 

 

Therefore, the project had the following aims: 

1) To assess the role of CDH13 in anti-inflammatory effects of adiponectin in vitro. 

2) To examine the effect of hyperglycemia, insulin and metformin on leukocyte-

endothelium interaction in vitro. 
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3) To investigate PEPITEM effects on disease onset and glucose homeostasis in a mouse 

model of T2DM, and the impact this has on leukocyte trafficking into different vascular 

beds. 
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2 MATERIALS AND METHODS  



 44 

2.1 Blood vascular Endothelial Cells (BEC) 

2.1.1 Culture and passaging of BEC 

Cryopreserved human dermal blood endothelial cells (PromoCell, Heidelberg, Germany, 

catalogue number #C-12225) were purchased at passage 2, thawed at 37°C and cultured in 25cm2 

flasks (T25, BD Falcon) using BEC growth media (PromoCell; catalogue number #C-222110) 

supplemented with Fetal Calf Serum (FCS; 5%), Endothelial Cell Growth Supplement (ECGS; 

0.4%) and Epidermal Growth Factor (EGF; 10 ng/ml; all in one pack, PromoCell; catalogue 

number #C-39220). BEC were incubated at 37 °C and 5% CO2 for 3 days to reach to 90-95% 

confluency and expanded through four passages. 

 

2.1.2 Subculture 

Briefly, the media was aspirated, and cells were washed with 0.5mM 

ethylenediaminetetraacetic acid, (EDTA; Sigma-Aldrich, catalogue number # E8008) for 30 

seconds. EDTA was aspirated and cells were incubated with trypsin (Trypsin 0.05%-EDTA 0.53 

mM; Gibco, Thermofisher, UK, catalogue number #25300054) for 2 minutes at room temperature. 

Phase-contrast microscopy (Zeiss Primovert, Carl Zeiss limited, Birmingham, UK) was used to 

visualise cells to ensure they had all detached. Trypsin was neutralised by the addition of medium 

199 (M199, Gibco Life Technologies, catalogue number #31150-022) supplemented with 20% 

foetal bovine serum (FBS, Sigma-Aldrich; Paisley, UK, catalogue number #16000). The cell 

suspension was then centrifuged at 400g for 5 minutes, and the remaining cell pellet was re-

suspended in 1ml BEC growth media. Cells were counted using cellometer Auto T4 (Nexcelom 

Bioscience Ltd, Manchester, UK) and were seeded into 2x T25 flasks containing 5ml BEC growth 
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media at 37°C and 5% CO2. At 90% confluency, cells were passaged as described splitting 1 in 3 

until passage 4 (P4).  

 

2.1.3 Cryopreservation  

Passage 4 BEC at 90% confluency were trypsinised as described above, and the pellet re-

suspended in 1.5mL cryo-SFM (PromoCell, catalogue number #29910) and split in 3x cryovials 

(∼106 cells/vial ), (Gem Scientific, Bradford, UK, catalogue number #123261). Cryovials were 

cooled to -80°C using a Mr. Frosty™ freezing container (Thermofisher, catalogue number # 

51001-0001) filled with fresh isopropanaol (propan-2-ol) for 24 hours, before being stored in 

liquid nitrogen.  

 

2.1.4 Seeding and treatment of BEC 

Cryopreserved BEC vial was brought out of the liquid nitrogen, placed on dry and defrosted 

at 37°C in water bath. BEC were subcultured as in section 1.1.2 and re-suspended in 2x105 cells/ml 

of BEC growth media and seeded into 12 well plates (BD Falcon; catalogue number #353043) at 

2x105 cells per well to ensure a confluent monolayer formed in 24 hours. BEC were incubated at 

37 °C and 5% CO2 for 24 hours prior to use.  

 

To cytokine stimulate, BEC were treated with 100U/ml recombinant human TNF-α (R&D 

Systems, Oxford, UK, catalogue number  #210-TA-010) and 10ng/ml IFN-γ  (Peprotech, London, 

https://shop.gbo.com/en/england/products/bioscience/cryos-and-biobanking-tubes/cryos/cryos-1ml-internal-thread/123261.html
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UK, catalogue number #300-02) for 24 hours prior to the experiment to model inflammation 

(Chimen et al., 2015). 

For HG treatment of BEC, D-glucose (Sigma-Aldrich, catalogue number, #G7021-1KG) 

was added to the BEC media to make a final concentration of 30mM/L (Crabtree et al., 2008; 

Yamagata et al., 2012). BEC were treated in HG media supplemented with or without 100U/ml 

TNF-α and 100U/ml IFN-γ for 24 hours prior to the experiment. 

In some experiments, BEC were treated with metformin hydrochloride at 20, 200 and 2000 

µM/L (Merck, Darmstadt, Germany, catalogue number #1115-70-4) for 24 hours during the 

cytokine treatment to assess the dose-dependent effects of  metformin concentrations (Isoda et al., 

2006). For combined treatment of BEC with HG and metformin, BEC were stimulated with TNF-

α/IFN-γ in HG media for 24 hours, followed by 4 hours metformin treatment at therapeutically 

relevant concentrations (20 and 200 µM/L) in HG media supplemented with TNF-α/IFN-γ. 

For insulin treatment, BEC were treated with insulin at 107M/l (Merck, catalogue number 

# 91077C-100MG) during cytokine treatment for 24 hours (Ding et al., 2000; Kuboki et al., 2000; 

De Nigris et al., 2015). For combined treatment of BEC with HG and insulin, BEC were stimulated 

with TNF-α/IFN-γ in HG media for 24 hours, followed by 24 hours insulin treatment at 107M/l in 

HG media supplemented with TNF-α/IFN-γ. 

 

2.2 Collection and Preparation of Whole Blood 

2.2.1 Isolation of Peripheral Blood Mononuclear Cells (PBMC) 

Venous blood samples were collected from healthy individuals following written and 

informed consent, into EDTA coated tubes (BD Vacutainer; Greiner Bio-One, Stonehouse, UK; 
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catalogue number #455045) to prevent coagulation. PBMC were isolated from whole blood as 

previously described (Rainger et al. 1996). Briefly, whole blood was layered on a double density 

Histopaque gradient, Histopaque 1119 (Sigma-Aldrich, Poole, UK, catalogue number #11191) and 

Histopaque 1077 (Sigma-Aldrich, catalogue number, #10771) and centrifuged at 800g for 45 

minutes at room temperature. The PBMC layer sediments lies just beneath the plasma, while the 

neutrophils sediment 2cm above the hematocrit (Munir and McGettrick, 2015). The PBMC layer 

and neutrophils were isolated separately and washed twice in phosphate buffered saline with 

calcium and magnesium (PBS+; Sigma-Aldrich, #14040141) at 400g for 6 minutes at room 

temperature. After the second wash, the PBMC or neutrophil pellet was re-suspended in 1ml M199 

supplemented with 0.15% BSA (Bovine Albumin Fraction V, 7.5% solution; Sigma-Aldrich; 

catalogue number #15260037; M199-BSA) and cell counts were determined with the cellometer 

Auto T4. In some experiments leukocyte cones were used to supply the PBMCs due to COVID 

restrictions. Briefly, after collecting from blood centre, leukocyte cone content was transferred to 

a falcon 50 and diluted with PBS+ up to 50 ml and layered on a double density Histopaque 

gradient. Blood was processed as described above.  

 

2.2.2 Monocyte isolation 

Monocytes were isolated from PBMCs using EasySep monocyte Human Isolation Kit 

(StemCell Technologies, EasySep, Cambridge, UK, catalogue number, #19059) according to the 

manufacturer’s protocol. A suspension of PBMC (5x107 cells/ml) were prepared in MACS buffer 

(PBS+, supplemented with 0.1mM EDTA and 0.6% bovine serum albumin) and added to 14ml 

polystyrene round-bottom tube (EasySep, catalogue number, #38008). Cells were incubated with 
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50μl/ml antibody cocktail (StemCell Technologies, EasySep, catalogue number #19359C) for 10 

minutes at room temperature. Magnetic beads (StemCell Technologies, EasySep, catalogue 

number #19550) were added to the cells at 75μl/ml and left for 5 minutes at room temperature. 

Cells were topped up to 5ml of MACS buffer and placed into the magnet (The Big Easy, EasySep, 

catalogue number, #18001) and left for 5 minutes at room temperature. All other lymphocytes 

were adhered to the walls of the tube and the enriched monocyte suspension were sorted by 

negative selection into a new 15ml tube, washed at 400g, counted and resuspended (1 × 106 cells 

/ml) in M199-BSA prior to the experiment. 

 

2.2.3 Peripheral Blood Lymphocytes (PBL) Isolation and Treatments 

The PBMCs were resuspended in M199-BSA in a T25 flask and incubated at 37 °C for 45 

minutes to plate the monocytes onto plastic. The surface of T25 flask was washed five times with 

a 6 ml aliquot of 37°C M199-BSA. The cell suspension containing PBL were then centrifuged at 

400g for 5 minutes at room temperature. PBL were resuspended with 1 ml of M199-BSA, counted 

and resuspended at 1x 106 cell/ml. In some experiments, PBL were treated with 10μg/ml 

adiponectin (Enzo Life Sciences, Exeter, UK; catalogue number, #ALX-522-063-C050) or 

20ng/ml PEPITEM (SVTEQGAELSNEER, Alta Bioscience, Birmingham, UK; catalogue 

number, #M3231A) (Chimen et al., 2015). 

To treat PBL with adiponectin, 1 × 106 PBL were transferred to 1.5 ml Eppendorf (Sigma-

Aldrich), centrifuged at 400g for 6 minutes at room temperature, aspirated and then resuspended 

in 100μl of M199-BSA supplemented with 10μg/ml of adiponectin and incubated for 1 hour on 
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shaker at room temperature. After 1 hour, 900μl of M199-BSA was added to the Eppendorf, 

centrifuged at 400g for 6 minutes, aspirated and resuspended in 1 ml M199-BSA.  

To treat PBL with PEPITEM, 1 × 106 PBL were resuspended in M199-BSA supplemented 

with 20ng/ml PEPITEM immediately before the assay was performed (no incubation). 

In some of the glucose experiments, PBL were isolated a day before the assay and cultured 

into the 12 well plate at 5x106 cells/ml in M199-BSA for 24 hours in presence or absence of 30mM 

D-glucose (Crabtree et al., 2008; Yamagata et al., 2012), 20, 200 and 2000 µM metformin (Isoda 

et al., 2006) or 107M/L insulin (Ding et al., 2000; Kuboki et al., 2000; De Nigris et al., 2015). For 

combined treatment, PBL were isolated a day before the assay and cultured in M199-BSA with 

HG, followed by metformin treatment (20 and 200µM) for 4 hours or with insulin treatment at 

107M/L for 1 hour prior to the experiments.  

 

2.3 Static adhesion and migration assay 

Static adhesion and migration assays were performed as previously described (McGettrick 

et al. 2009). Cytokine-stimulated BEC were twice washed with M199-BSA to remove residual 

cytokines and non-adhered cells. Treated or untreated PBL (1x106 cells/well) were immediately 

added to BEC and allowed to adhere and migrate for 6 min 30 seconds at 37 °C on BEC. 

Immediately after, BEC were twice washed with M199-BSA to remove non-adherent PBL. Cells 

were fixed with 2% glutaraldehyde (Sigma-Aldrich, catalogue number, #G5882) diluted in PBS+. 

Digitised images of 10 random fields were acquired using a phase-contrast microscopy (Olympus 

IX71; Southend-on-Sea, UK) and analysed using Image-Pro Plus software (version 6.0, Media 

Cybernetics). Phase bright round lymphocytes on the surface of the BEC monolayer were 
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classified as adherent. Phase dark lymphocytes were classified as transmigrated, and typically 

appeared to be spread out under the endothelial cell monolayer (Figure 2.1) The numbers of 

adherent and transmigrated cells were counted in 10 images per well, averaged and converted to 

cells per mm2 and multiplied by the known surface area of the endothelial cell monolayer to 

calculate the total number adherent. The percentage of adherent lymphocytes that had 

transmigrated was also calculated. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Representative image of the static adhesion and migration assay. Representative micrograph 

image of PBL adhesion and migration through inflamed endothelium observed using phase contrast 

microscopy. Firmly adherent phase bright PBL remain circular and are on top of the endothelium. The 

transmigrated phase dark PBL appear flattened and irregular shaped underneath the endothelial cell layer. 

Scale bar = 100 m. 
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2.4 RNA Extraction 

Total mRNA was extracted from cells using the RNasy Minikit (Qiagen, Manchester, UK; 

catalogue number #74104) according to the manufacturer’s guidance. Briefly, BEC were lysed by 

adding 350µl RLT buffer directly to the wells and collected in a 1.5mL Eppendorf tube. Ethanol 

(70%, in distilled water) was added to the suspension and the sample was vortexed for 60 seconds 

to disrupt cell membranes. The sample was transferred to a spin column for centrifugation at 

8000g. The supernatant was discarded and RW1 buffer was added to the collection tube (to 

efficiently remove biomolecules such as carbohydrates, proteins, fatty acids etc…) before being 

centrifuged for 30 seconds at 8000g. The supernatant was discarded and RPE buffer was added to 

the collection tube to remove traces of salts before centrifugation for 30 seconds at 8000g. The 

supernatant was discarded and RPE buffer was added to the collection tube before centrifugation 

for 2 minutes at 8000g. The spin column was transfered into a new 2ml collection tube and dried 

by centrifugation for 2 min at 10000g. mRNA was eluted from the spin column by adding 32µL 

RNase-free dH2O directly to the filter and centrifuged at 8000g for 1 min. The RNase-free dH2O 

flow-through was collected and re-added to the spin column for another centrifugation to increase 

RNA yield. RNA concentration was measured using Nanodrop spectrofluorometer (LabTech). The 

acceptable average of A230/260 and A260/280 ratios for RNA were 2.0-2.2. Purified RNA was 

stored at -80°C for <72 hours before being converted to cDNA.  

 

2.5 mRNA to cDNA conversion 

Using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Warrington, 

UK; catalogue number, #4368814) the 1μg of extracted RNA (from section 2.4) was convert to 

cDNA following the user guide. A mixture volume of 20μl containing: 3.2μl RNase free H20, 2μl 
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RT buffer, 0.8μl dNTP mix (100mM), 2μl RT random primers, 1μl RNaseOUT, 1μl reverse 

transcriptase and 1μg of total RNA placed in a thermocycler at 25°C for 10 min, 37°C for 120 min, 

85°C for 5 min, with a final hold at 4°C. cDNA was kept at -20°C before qPCR use. 

 

2.6 Real-time Polymerase Chain Reaction 

To replicate all the cDNA (from section 2.5) TaqMan multiplex master mix (Applied 

Biosciences; catalogue number #4461881) was applied and the gene of interest was identified 

using TaqMan probes (Thermofisher, catalogue number #4331182). All probes were labelled with 

FAM, except for the human housekeeping: GAPDH, 18s and HPRT which were labelled with 

VIC.  

Mixture of: 5.5μl of Taqman multiplex master mix, 3.9μl of RNase free H20, 0.6μl of 

TaqMan probes, and 0.5μl of cDNA was used for each reaction. PCR was conducted using the 

7900HT Fast Real-Time PCR System with 384-Well Block Module (Applied Biosystems, 

catalogue number #4329001). qPCR employed 40 cycles of: 50°C for 2 minutes, 95°C for 10 

minutes, 95°C for 15 seconds, 60°C for 1 minute, with the final holding at 4°C. Each sample was 

run in technical duplicates and the mean cycle threshold (Ct) of the duplicates was calculated. Only 

values with standard deviation (SD) <1 were used for further analysis. To compare gene 

expression, the cycle threshold (Ct) was recorded and compared to the house keeping control to 

work out ΔCt (ΔCt = Ct target gene – Ct reference gene). Results are expressed as relative 

expression to the endogenous control (2-ΔCt), (Rieu and Powers, 2009). Three housekeeping genes 

were screened using unstimulated and TNF-α/IFN-γ treated BEC (Table 2.2) and the one with the 

least variation in the mean cycle threshold (Ct) of the duplicates (GAPDH) was chosen to be used 

in the experiments (Table 2.2). 
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Table 2.1 TaqMan gene expression assays used for real-time qPCR 

Primers  Primer Sequence Supplier 

AdipoR1 Hs00360422_m1 Thermofisher 

AdipoR2 Hs00226105_m1 Thermofisher 

CDH13 HS01004531-ml Thermofisher 

ICAM 1 Hs00164932_m1 Thermofisher 

VCAM1 Hs01003372_m1 Thermofisher 

E selectin Hs00174057_m1 Thermofisher 

HPRT Hs02800695_m1 Thermofisher 

GAPDH Hs02786624_g1 Thermofisher 

18s Hs03003631_g1 Thermofisher 
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Table 2.2 Screening of housekeeping genes 

   18S     GAPDH     HPRT   

  Ct1 Ct2 SD Ct1 Ct2 SD Ct1 Ct2 SD 

1 7.39534 7.475779 0.056878 17.9573 18.15742 0.141504 23.553 23.41926 0.09457 

2 8.375191 8.286764 0.062527 18.92881 18.58469 0.243332 24.33584 24.26452 0.050431 

3 10.54198 9.87243 0.473442 19.3426 19.2474 0.067312 25.14752 25.15101 0.002469 

4 7.363573 7.328754 0.024621 18.57716 18.57806 0.000641 24.16162 24.09489 0.047187 

5 11.85918 11.69684 0.114793 18.62675 18.51483 0.079142 24.67466 24.74695 0.051118 

6 11.98841 11.9651 0.016488 18.09298 18.19844 0.074576 23.95423 23.98115 0.019035 

7 10.5744 10.49496 0.056175 18.50626 17.85165 0.462885 24.40052 24.72341 0.228318 

8 8.296925 8.357039 0.042507 18.66192 18.7611 0.070134 24.48141 24.64232 0.113781 

9 7.640275 7.668687 0.020091 18.77945 18.0606 0.508307 23.65369 23.79125 0.097272 

10 6.549867 6.423791 0.08915 18.25302 18.24798 0.003563 24.30474 24.37836 0.052053 

11 9.153357 9.210382 0.040322 18.05619 18.23701 0.127857 23.97283 23.6052 0.259956 

12 12.35238 12.28226 0.049585 18.69194 18.60107 0.064261 24.67972 24.64138 0.027112 

 

Housekeeping genes: 18s, GAPDH and HPRT. Ct: cycle threshold, SD: Standard Deviation 

1-6 untreated BEC samples, 7-12 cytokine treated BEC samples. 
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2.7 siRNA transfection 

BEC were plated at 150,000 cell/well in a 12 well plate for 24 hours. The AdipoR1 

(Catalogue number # GS51094), AdipoR2 (catalogue number # GS79602), CDH13 (catalogue 

number # GS1012) and control siRNA (catalogue number # 1027310) (all from Qiagen) FlexiTube 

siRNAs (Table 2. 3) were added at a final concentration of 50nM to 83.75μl of Optimem media 

(Gibco Life Technologies, catalogue number # 51985). 1.5μl of RNAi Lipofectamine (Invitrogen, 

catalogue number #13778) was mixed with 13.5μl of Optimem and these were incubated 10 

minutes at room temperature. 15μl of Lipofectamine mix was added to each siRNA mixture, gently 

mixed, and incubated for a further 10 minutes. BEC were washed twice with PBS and 400μl of 

Optimem was added to the Lipofectamine siRNA duplexes. After gentle agitation, the mix was 

added on the BEC and incubated for 4 hours at 37 °C and 5% CO2 (Chimen et al., 2015). After 

aspirating the BEC media, siRNA-lipofectamine complex media was added to the respective wells 

and cells were incubated. Subsequently, BEC were washed twice with PBS before BEC growth 

media was added to the wells and cells incubated at 37 °C and 5% CO2 for 48 hours before use. 

After 48 hours BEC were stimulated with TNF-α and IFN-γ for 24 hours before being analysed by 

real time PCR, flow cytometry or incorporation into a transmigration assay. 

 

2.8 Protein Expression 

2.8.1 Flow cytometry 

2.8.1.1 Measuring AdipoRs expression on PBMC subsets. 

Flow cytometry was used to measure the AdipoRs surface expression in PBMC 

populations. PBMCs were transferred to FACs tubes (BD Falcon, catalogue number #352063) at 

0.5 x 106 cells/tube. FC receptors were blocked in all tubes using FcR Blocking agent (Miltenyi 
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Biotec, Germany, catalogue number #130-091-765) at a 1:50 dilution (Chimen et al., 2015). 

PBMCs were incubated with Rabbit anti-human adipoR1 (Pheonix Pharmaceuticals, Karlsruhe, 

Germany, catalogue number #G-001-44) or anti-AdipoR2 (Pheonix Pharmaceuticals, catalogue 

number #G-001-23) antibodies at 4°C at 1/100 dilution for 20 minutes(Chimen et al., 2015), then 

washed with PBS at 400g for 5 minutes at room temperature. Isotype tubes received no AdipoR 

antibodies. PBMCs were stained with goat-anti rabbit Alexa Fluor 488 secondary antibody (FITC; 

Invitrogen, catalogue number #A11008) at 1/250 (Chimen et al., 2015) and a panel of antibodies 

(Table 2.4) for 30 min at 4 °C. Single stains and secondary only were included as controls for 

compensation and non-specific antibody staining. Zombie Aqua Fixable Viability Kit was used to 

test the viability of cells. PBMCs were washed with PBS at 400g for 5 minutes at room temperature 

and fixed with 400 μl/tube of 2% formaldehyde (TAAB Laboratories Equipment Ltd; catalogue 

number #F003) diluted in PBS+ for 20 min at 4 °C. Then the cells were washed with PBS+ at 

400g for 5 minutes at room temperature and re-suspended in 300 μl PBS+, before being kept in 

the dark at 4oC until ready for analysis. Flow cytometry was performed using a Cyan flow 

cytometer (Beckmann Coulter, USA) with Summit software and then analyzed using FlowJo 

software (TreeStar, Ashland, OR). PBMC population was identified using forward vs. side scatter 

(FSC vs SSC), (Figure 2.2-A). Single cells were identified by using FSC vs Pulse Width (Figure 

2.2-B). Viable cells were identified using a Zombie Aqua Viability kit (Figure 2.2-C). B cells and 

T cells were identified by using CD19 vs CD3 (Figure 2.2-D). Monocytes were identified using 

CD14 vs CD3 (Figure 2.2-E). NKs, NK cells and NK T-cells were identified using CD56 vs 

CD3(Figure 2.2-F). CD8+ and CD4T-cells were gated on T cells using CD8 vs CD4 (Figure 2.2-

G). The percentage of PBMC subset of healthy donors is shown in Figure 2.3. AdipoR1 and 

AdipoR2 expression on PBMCs was based on the secondary only. 
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Table 2. 3 Sequences of siRNA pool used for BEC 

                                                                                         ON-TARGETplus SMART pool (Qiagen)  

Target  siRNA1  siRNA2  siRNA3  siRNA4  

AdipoR1  GACAAGAGCAGGCGUGUUC  GGCUAAAGGACAACGACUA  CCUUUAUGCUGCUCGAAUU  GAGAAGGGCAAACGGGUAA  

AdipoR2  GGAGUGAGGUACAAGACGA  GAGAAGAACUUGAACGUUU  CAGACUUGCUCUUCGGUCA  GAAGGUCGGUGGCGAGUGA  

CDH13  GGAAAGGUGUGUUUGCAGU  GAAAUCUCCUUCACGCUGA  GAUGGGGAAUUGAUGGUUA  CGACGAGGACUUUGUGCUA  

 

 

 

Table 2.4 Human antibodies used for adiponectin receptors on PBMC subsets 
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Figure 2.2 Gating strategy to identify PBMC subsets.  

(A) PBMC population was identified using forward vs. side scatter (FSC vs SSC). (B) Single cells were 

identified by using FSC vs Pulse Width. (C) Viable cells were identified using a Zombie Aqua Viability 

kit. (D) T cells (CD3+) and B-cells (CD19+) were identified by using CD3 and CD19 respectively. (E) 

Monocytes (CD14+) were identified using CD3-CD14 gating. (F) NKs, NK cells and NK T-cells were 

identified using CD3 vs CD56. (G) CD8+ and CD4+ T cells were gated on T cells identified by CD8 or 

CD4, respectively. 
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Figure 2.3 Frequency of PBMC subsets in healthy donors. PBMCs were isolated from whole blood and 

stained with antibodies against CD19+, CD14+, CD8+, CD4+ and CD56+ to distinguish B cells, monocytes, 

CD8+ T cells, CD4+ T cells, NK cells and NK T cells using flow cytometry and quantified as frequency of 

PBMC subsets. Data are shown as mean±SEM, n=7 independent experiments using 7 different blood 

donors. 
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2.8.1.2 Measuring total expression of CDH13 in BEC 

BEC were cultured in 24 well plates at 0.1 x 106 cell/well. BEC were stimulated with TNF-

α/IFN-γ for 24 hours prior to staining. In some experiments BEC were treated with 10μg 

adiponectin for 24 hours. To measure the total expression of CDH13, cultured BEC were washed 

twice with warmed PBS+ before being treated with 200μl accutase (Sigma-Aldrich, catalogue 

number #A6964) to detach the cells. Cells were washed in 800 μl PBS+ and transferred to 

individual FACs tubes. Tubes were filled with PBS+ and centrifuged at 400g for 6 minutes at room 

temperature. After discarding the supernatant, the eBioscience intracellular fixation and 

permeabilisation kit (Ebioscience, catalogue number #88-8824-00) was used according to 

manufacturer’s instructions. Briefly, BEC were left in fixation buffer for 60 minutes room 

temperature, then washed once with PBS+ and twice with permeabilisation buffer at 400g 4 °C. 

Primary rabbit anti-human CDH13 antibody (Abcam, Waltham, US, clone: 39241, catalogue 

number #ab36905) was added at 1/200 (Wang et al., 2014) to the fixed and permeabilised cells 

and incubated for 20 minutes at 4 °C in dark. BEC were washed once with PBS+ and twice with 

permeabilisation buffer at 400g 4 °C. An Alexa Flour 647 conjugated goat anti- rabbit antibody 

(Jakson ImmunoResearch, Cambridge, UK catalogue number 111-605-008) was incubated at 

1/300 (Wang et al., 2014) with the BEC for 20 minutes in dark at 4 °C. BEC were washed with 

PBS at 400g and resuspended with 300 μl of PBS and stored at 4 °C until the day of analysing. 

2.8.1.3 Measuring surface expression of CDH13 on BEC 

BEC were cultured and treated as described in section 1.3.1.2. To measure the surface 

expression of CDH13, cultured BEC were washed twice with PBS+. Primary rabbit anti-human 

CDH13 antibody was applied to the BEC at 1/200 for 20 minutes at 4 °C in dark. Isotype well 

received no primary antibody. BEC were washed twice with PBS+ for 5 minutes at 4°C. Alexa 
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Fluor 647 conjugated goat anti- rabbit antibody was incubated at 1/300 with the BEC for 20 min 

in dark at 4 °C. BEC were washed twice with PBS+ for 5 minutes at 4°C, treated with accutase as 

described above and transferred to FACs tubes. The cells were then washed with PBS+ at 400g 

for 6 minutes. After discarding the supernatant, the cells were fixed with 400 μl/tube of 2% 

formaldehyde diluted in PBS+ and re-suspended in 300 μl PBS+ and kept in the dark at 4oC until 

ready for analysis. Flow cytometry was performed using Cyan flow cytometer. BEC population 

were identified using forward vs. side scatter (FSC vs SSC), for total (Figure 2.4-A) and surface 

staining (Figure 2.4-B), single cells were identified by using FSC vs Pulse Width (Figure 2.4-C). 

CDH13 expression on BEC was based on secondary only. 

2.8.2 Immunofluorescence staining for adiponectin and CDH13 

Human BEC, were cultured 50 000 per slide in μ-ibidi chamber slides (vThistle Scientific, 

Glasgow, UK, catalogue number # 80826-G500). BEC were stimulated with TNF-α/IFN-γ for 24 

hours prior to staining. In some experiments BEC were treated with adiponectin (10 μg/ml) for 24 

hours. Cultured BEC were incubated and fixed with 2% formaldehyde diluted in PBS+ in ibidi 

slides for 10 min at 37°C. BEC were washed two times with PBS+ for 5 minutes following fixation 

and stored in fridge 4°C until ready to carry out immunofluorescence protocol. For 

Immunofluorescence staining of adiponectin and CDH13, BEC were incubated with 0.1% Triton 

X100 (Sigma, catalogue number # 11332481001) diluted in PBS for 30 minutes, then washed 

twice with PBS+ for 5 minutes and blocked with 10% FBS diluted in PBS+ for 30 minutes at room 

temperature in the dark. Blocking solution was aspirated and primary rabbit anti-human CDH13 

(Abcam, clone: 39241, catalogue number #ab36905) and mouse anti-human adiponectin (Abcam, 

clone:19F1, catalogue number # ab22554) antibodies were applied at 1/200 and incubated with 
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BEC for 24 hours at 4°C. Antibodies were prepared in 10% FBS diluted in PBS. Following day 

BEC were washed twice with PBS+ for 5 minutes prior adding the secondary antibodies for 1 hour 

at 4°C in dark. Secondary antibody for adiponectin was an Alexa Flour 488 goat anti-mouse 

antibody at 1/300 (Jakson ImmunoResearch, catalogue number # 115-545-008). Secondary 

antibody for CDH13 was Alexa Flour 647 goat anti- rabbit antibody at 1/300. Subsequently the 

slides were washed twice 5 minutes with PBS+. Vectamount (Vector Laboratories, Peterborough, 

UK, catalogue number # H-1200-10) containing 4′,6-diamidino-2-phenylindole (DAPI) was used 

(1 drop/slide) to stain the nuclear. The slides were then visualized using a Zeiss LSM780 inverted 

laser scanning confocal microscope (Zeiss, Gottingen, Germany). 

2.8.3 Confocal microscopy 

Images were captured using a 63x water-immersion objective with excitation at 488nm and 

580nm. The laser power and acquisition parameters and were kept constant for every experiment. 

At least 5 digital images were taken for each slide. Three separate channels were used to avoid 

overlap in emission detection from each fluorochrome. Images were processed on ZEN (Black 

Edition, version 2.2) software and were stored as digital arrays. Digital arrays were quantified 

using ImageJ 1.53k. The average fluorescence of CDH13 and adiponectin was calculated by 

measuring the field intensity of the red and green channels divided by the number of cells within 

the field. The background fluorescence, for each experiment, was calculated by measuring the field 

intensity of the red and green channels from digital arrays of control cells (secondary only). This 

value was subtracted from the field intensity of the red and green channels from treated cells. The 

blue channel was used to count the number of cells in each digital array. At least 4 arrays for each 

culture condition were analysed to calculate the average fluorescence of CDH13 and adiponectin. 
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Figure 2.4 Representative plots of gating strategy for identifying BEC. 

BECs were cultured for 24 hours prior to stimulation with TNF-α/IFN-γ for 24 hours. BEC population 

were identified using forward vs. side scatter (FSC vs SSC), for (A) total and (B) surface staining, (C) 

single cells were identified by using FSC vs Pulse Width.  
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2.9 Animal experiments 

2.9.1  Mice 

C57BL/6 wt mice were purchased from Charles River and maintained under controlled 

conditions in a 12-hour light/12-hour dark cycle. Mice received food/water ad libitum as stated by 

the UK Home Office Regulations. 

 

2.9.2 Mini-pump implantation and induction of glucose intolerance 

2.9.2.1 Mice on High Fat Diet (HFD) 

Minipumps (Charles River Ltd, Kent, UK, Alzet pumps 2006) were loaded with PEPITEM 

(3.5mg/ml) or PBS and implanted subcutaneously in 6-weeks old male C57Bl/6 wt mice. Briefly, 

mice were anaesthetised, and the skin was shaved and cut using surgical scissors over mini pump 

implantation site to create a subcutaneous pocket under the back skin of the mice. Osmotic 

minipumps were placed either at day 0 or 6 weeks into the feeding protocol. The skin wound was 

cleaned and closed using two surgical clips. Mice were monitored in cages and allowed to recover 

for 1 week before their normal chow diet was changed to high fat diet containing 60% fat (Research 

Diets INC, Newb Brunswick, USA catalogue number # D12492) for 6 or 12 weeks. Body weight 

was checked at the start and once per week until the end of the experimental period. For 

intraperitoneal glucose tolerance tests (IPGTT) at 3 and 6 weeks of HFD for the 6-week 

experiment, or 8 and 12 weeks of HFD for the 12-week experiment, the mice were fasted for 4-6 

hours prior to intraperitoneal injection of glucose (2 g/kg body weight). Blood samples were taken 

from the tail vein at 0, 15, 30, 60, 90 and 120 min after glucose injection. Glucose was measured 

using a Contour XT glucometer (Bayer, Germany) and expressed as mmol/l. 
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2.9.3 Identification of leukocyte subsets in murine tissues 

 After 6 or 12 weeks on HFD, mice were scarified via cardiac puncture under terminal 

anesthesia and tissues were collected. Blood was collected into Eppendorf’s coated with EDTA 

anti-coagulant (Sarstedt Ltd, Leicester, UK, catalogue number # 41.1395.005) and gently inverted. 

The peritoneum was lavaged with 5ml of 5mM EDTA (Sigma, catalogue number # #03690) in 

PBS and collected in falcon tubes, the spleen and inguinal LNs were collected in bijoux tubes 

containing PBS. Both visceral (gonadal fat pads) and subcutaneous fat (abdominal) tissue was 

collected in RPMI (Gibco™ RPMI 1640 Medium, catalogue number # 11530586) +2% BSA. 

 

2.9.4 Processing of blood samples  

To stain for leukocyte subsets, 3ml of red blood cell lysis buffer was added per 300 μl of 

blood and incubated at room temperature for 10 minutes, washed twice with 15ml PBS+ at 400g 

at room temperature. Pellet was resuspended in 500 μl MACS buffer and transferred into propylene 

tube (Falcon, catalogue number #352052) to be stained for leukocytes subsets.  

 

2.9.5 Processing of spleen and lymph nodes (LNs)  

After weighing, the spleen and LN were crushed on a 40μM filter and lysed with 3ml formulated 

RBC lysis buffer for 10 minutes at room temperature. After washing twice with PBS for 5 minutes 

at 400g, room temperature, the pellet was resuspended processed in the same way as we processed 

blood. 
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2.9.6 Processing of adipose tissue 

After weighing the tissue, an enzyme cocktail was prepared per 0.8 g of fat tissue as 

described in Table 2.5. After cutting the tissue in tiny pieces, tissue was transferred into the enzyme 

cocktail and placed in a water bath at 37°C for 30 min. Using a 70μM filter, tissue was filtered into 

fresh 5ml RPMI+ 2% FBS and washed at 400g for 10 minutes. The oily floating adipocytes were 

aspirated, and the stroma vascular fraction (SVF) was resuspended in 3ml red blood cell lysis 

buffer for 10 minutes at room temperature, washed and resuspend in 500μl of RPMI+ 2% FBS and 

added to propylene tubes for staining. 

 

2.9.7 Processing of Peritoneal Lavage 

Peritoneal cells were centrifuged at 400g for 5 minutes at room temperature, supernatant 

was collected and stored at -80°C for future analysis, and cells were resuspended in 1ml MACS 

buffer. Peritoneal cells were centrifuged at 400g for 5 minutes and resuspended in 500μl MACS 

buffer. 100μl were added to each propylene tube.  

 

2.9.8 Staining leukocyte subsets for flow cytometry 

After adding the cells to propylene tube all tissues were stained for (Figure 2.5) T-cell and 

T-cell isotype, (Figure 2.6) B-cell and B-cell isotype and (Figure 2.7) macrophage panel. After 

adding 2μl mouse FcR blocker per tube cells were incubated with the subset markers (Table 2.6) 

for 20 minutes at 4°C. Single stains were included only for spleen (Table 2.6) and used for 
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compensation of all other tissues. Cells were then washed with PBS and fixed with 2% 

formaldehyde diluted in PBS+ for 10 min at 4°C, washed and resuspended in 300μl PBS for flow 

cytometry analysis. 20μl/tube CountBright (Invitrogen, cat Catalogue number #36950) beads were 

added to all Samples before acquisition on the Fortessa-X20 (BD Bioscience). Samples analysed 

using FlowJo (V-10.2.6) software. Figure 2.5-8 represent the gating strategy used to identify the 

leukocytes subsets.  

Leukocyte populations were identified, using forward/side scatter and single cells were 

gated using FSC-A vs FSC-H. Viable cells were gated using zombie aqua in all panels which is only 

shown in Figure 2.5-A, B and C. CD45+ cells were gated on live cells using CD45 antibody 

(Figure 2.5-D, Figure 2.6-A, Figure 2.7-A). 

T cells and B cells were gated on CD45+ cells using CD3 and CD19 antibodies (Figure 

2.5-E and Figure 2.6-B). T-cell subsets identified gating on T-cells using CD4 and CD8 antibodies 

(Figure 2.5-F). Naive, memory (CM) and effector memory cells (EM) were gated on both 

CD4+(Figure 2.5-G) and CD8+ (Figure 2.5-H) populations using CD62L vs CD44. Tregs were 

identified by gating on CD4+ T-cells using CD4 vs CD25(Figure 2.5-I). Senescent T-cells gated 

on T-cells using KLRG1 antibody (Figure 2.5-J) based on isotype control (Figure 2.5-K).  

In B-cell panel, age associated B-cells were gated on CD93- CD43- cells (Figure 2.6-D) 

using isotype control (Figure 2.6-F).  

In macrophage panel, eosinophils were gated on CD45+ cells using F4/80 vs SIGLEC F 

(Figure 2.7-B), macrophage/monocyte and DCs were identified using F4/80 vs CD11C (Figure 

2.7-C), neutrophils were gated on leukocytes using SSC-A vs LY6G (Figure 2.7-D). 

 

 



 68 

 

Table 2.5. Enzyme cocktail concentration and final volume per 0.8 g of adipose tissue. 

Enzyme dilution Final 

concentration 

Volume to add per 

sample 

Collagenase P  

(Sigma-Aldrich, catalogue 

number # 11213857001) 

1:500 200 ug/ml 10 μl 

DNase 

 (Merck, catalogue 

number #04716728001) 

1:100 100 ug/ml 50 μl 

Collagenase Dispase 

(Merck, catalogue number 

# 10269638001) 

1:125 800 ug/ml 40 μl 

RPMI 2% FBS   5 ml 
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Figure 2.5 Gating strategy used to identify the T-cell subsets in spleen. (A) Leukocyte populations 

were identified using FSC-A vs SSC-A, (B) single cells were identified using FSC-A vs FSC-H. (C)Viable 

cells were gated using BV510-A vs SSC-A and (D) CD45+ cells gated on live cells using CD45 antibody. 

(E) T-cells were gated using CD3 vs CD19 antibodies. (F) T-cell subsets identified gating on T-cells using 

CD4 and CD8 antibodies. Naive, central memory (CM) and effector memory cells (EM) were gated on 

both (G) CD4+ and (H) CD8+ populations using CD62L vs CD44. (I) Tregs were identified by gating on 

CD4+ T-cells using CD4 vs CD25. (J) Senescent T-cells gated on T-cells using KLRG1 antibody based on 

(K) isotype control.

A. 
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F. E. D. 
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Figure 2.6 Gating strategy for B cell and B cell isotype panel in spleen. 

(A) CD45+ cells were gated on live cells, (B) B-cells were gated on CD45+ cells using CD3 vs CD19, (C) CD93- CD43- cells were identified using 

(E) isotype control, (D) age associated B cells were gated on CD93- CD43- cells using (F) isotype control. 
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Figure 2.7 Gating strategy for macrophage panel in spleen. (A) CD45+ cells were gated on live 

cells, (B) eosinophils were gated on CD45+ cells using F4/80 vs SIGLEC F, (C) macrophage/monocyte 

and DCs were identified using F4/80 vs CD11C, (D) neutrophils were gated on CD45+ cells using SSC-

A vs LY6G.

A. 

D. C. B. 

                 CD45 
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Table 2.6. Anti-mouse antibodies used in T cell, T cell isotype, B cell, B cell isotype, and macrophage panel for flow cytometry. 

Antibody 

 

Fluorophore 

 

Concentration 

 

Clone 

 

Catalogue 

number 

Supplier 

 

Panel 

CD45.2 (0.2 mg/ml), 

 Mouse (SJL) IgG2a, κ 

BV605 1:100 104 109841 Biolegend T-cell, B-cell, T-cell 

isotype, B-cell isotype 

CD3 (0.2 mg/mL), 

Armenian hamster / IgG  

PECy7 1:50 145- 2c11 25-0031-82 Thermofisher 

 

T-cell, B-cell, T-cell 

isotype, B-cell isotype 

CD4 (0.2 mg/mL) 

Rat / IgG2b, kappa  

eFluor 450 

 

1:100 GK1.5 48-0041-82 Thermofisher T-cell 

CD8 (0.2 mg/mL) 

Rat / IgG2b  

PE-Texas Red 1:200 5H10 MCD0817 Thermofisher T-cell 

CD44(0.5 mg/mL) 

Rat / IgG2b, kappa 

FITC 1:500 lM7 11-0441-82 Thermofisher 

 

T-cell 

CD25 (0.2 mg/mL) 

Rat / IgG1, lambda 

AF700 1:50 PC61.5 56-0251-82 Thermofisher 

 

T-cell 

KLRG1 (0.2 mg/mL) 

Syrian hamster / IgG 

APC-e 

Fluor780 

1:100 2F1 47-5893-82 Thermofisher 

 

T-cell 

CD62L (0.2 mg/m) 

Rat / IgG2a, kappa 

PE 1:500 MEL-14 12-0621-82 Thermofisher 

 

T-cell 

CD19 (0.2 mg/mL) 

Rat / IgG2a, kappa 

APC 1:50 1D3 17-0193-82 

 

Thermofisher 

 

T-cell, T-cell is type, B-

cell, B-cell isotype 

Zombie BV510 1:500  77143 Biolegend 

 

T-cell, B-cell, T-cell 

isotype, B-cell isotype, 

macrophage, compensation 

Armenian hamster IgG, 

(0.2 mg/mL) 

APC- 

e Fluor780 

1:100 eBio299Arm 47-4888-80 Thermofisher T-cell isotype 
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Antibody 

 

Fluorophore 

 

Concentration 

 

Clone 

 

Catalogue 

number 

Supplier 

 

Panel 

CD23 (0.2 mg/ml) 

Rat LOU IgG2a, κ 

BV421 1:100 B3B4 562929 BD  B-cell 

CD93 (0.2 mg/ml) 

Rat SD, IgG2b, κ 

BV650 

 

1:100 AA4.1 563807 BD B-cell 

CD43 (0.2 mg/ml) 

Rat DA x LOU IgG2a, κ 

PerCPCy5.5 1:100 S7 562865 BD B-cell 

CD21/35 (0.2 mg/ml) 

Rat SD IgG2b, κ 

PE 1:100 7G6 

 

552957 BD B-cell 

Rat IgG2b PE 1:100 eB149/ 10H5 12-4031-81 Thermofisher B-cell isotype 

Rat IgG2ak BV421 1:100 R35-95 562602 BD B-cell isotype 

Rat IgG2bk BV650 1:100 R35-38 563233 BD B-cell isotype 

Rat IgG2ak PerCPCy5.5 1:100 R35-95 550765 BD B-cell isotype 

CD45 (0.2 mg/mL) 

Mouse / IgG2a, κ 

APCCy7 1:200 104 47-0454-82 Thermofisher macrophage 

F4/80 (0.2 mg/mL) 

 Rat / IgG2a, κ 

FITC 1:50 BM8 17-4801-82 Thermofisher macrophage 

CD11c (0.2 mg/mL) 

Armenian hamster / IgG  

PECy7 1:50 N418 

 

25-0114-82 Thermofisher macrophage 

Gp38 (0.2 mg/mL) 

Syrian hamster / IgG  

PE 1:200 8.1.1 12-5381-82 Thermofisher macrophage 

Siglec F (0.2 mg/m)  

Rat LOU/IgG2a, κ 

TR 1:50 E50-2440 562757  BD Macrophage 
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Antibody 

 

Fluorophore 

 

Concentration 

 

Clone 

 

Catalogue 

number 

Supplier 

 

Panel 

Ly6G (0.2 mg/m)  

Rat LEW/IgG2a, κ 

APC 1:50 1A8 560599 BD macrophage 

CD3 (0.2 mg/mL) 

Armenian hamster / IgG 

PE 1:50 145-2C11 12-0031-82 Thermofisher Compensation 

CD45 (0.2 mg/mL) 

Rat / IgG2b, κ 

AF700 1:50 30-F11 56-0451-82 Thermofisher Compensation 

CD3 (0.2 mg/mL) 

Rat / IgG2b, κ  

APC 1:50 17A2 17-0032-82 Thermofisher Compensation 

CD3 (2 mg/mL) 

Rat/IgG2b, κ 

BV650 1:50 17A2 100229 Biolegend Compensation 

CD3 (0.2 mg/mL) 

Rat/ IgG2b 

BV605 1:50 17A2 100237 Thermofisher Compensation 

 

  



 75 

2.9.9 Processing mice pancreas tissue 

Isolated pancreases were fixed in 10% buffered formaldehyde (Sigma-Aldrich; Catalogue 

number #HT5011) for 48 hours and then placed in 70% ethanol until processing for sectioning and 

immunofluorescence staining of insulin and glucagon. 

 

2.9.9.1 Paraffin embedding and sectioning of the pancreas 

The fixed mice pancreas was transferred to ethanol solutions prepared in dH2O as below: 

• 50 minutes in 70% ethanol 

• 50 minutes in 95% ethanol 

• 50 minutes in 100% ethanol 

• 30 minutes in xylene (Source Chemicals Ltd, Littleborough, UK, catalogue number # 203-

396-5) 

• 30 minutes in fresh xylene  

The wax machine was turned on 2 hours earlier to make liquid paraffin. The tissue was 

transferred from xylene to running liquid paraffin for 20 minutes to get rid of excess xylene, then 

placed into the embedding cassette (Thermofisher, catalogue number # M485SL) containing fresh 

wax on ice for 30 minutes until becomes solid. The tissue blocks were kept in room temperature 

until sectioning (Moran et al., 2014). 

Tissues were then sectioned at 2 × 5 μm each using microtome and flouted on water at 45°C 

using water bath. A super frost plus slide (Thermo Scientific, catalogue number # 631-9483) was 
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used to collect each of the tissue sections. The slides were then transferred to drier at 80°C for 1 

hour and kept in room temperature before being stained (Moran et al., 2014). 

 

2.9.9.2 Deparaffinisation and staining of pancreas for insulin and glucagon 

Deparaffinisation was performed to remove the paraffin penetrated the tissue prior to the 

staining. Briefly, the slides transferred to histoclear (Sigma Aldrich, catalogue number # H2779) 

3 times for 2 minutes with fresh histoclear each time. Then placed in 100, 95, 70% ethanol for 5 

minutes each respectively. The slides then moved into dH2O for 2 minutes, then incubated for 25 

minutes in citrate buffer (10mM citric acid anhydrous, 1 L dH2O, 0.05% Tween 20; 0.5Ml, pH to 

6 with NaOH) for antigen retrieval. After, slides were placed under cold running water for 10 

minutes and dried at room temperature. A pap pen (Merck, catalogue number # Z377821-1EA) 

was used to draw around pancreas tissue. The slides were incubated in blocking solution (PBS+; 

50ml, 0.1% triton X-100 and 2% BSA) for 1 hour. The blocking buffer was removed and a mix of 

primary antibodies including anti-insulin rabbit antibody (Cell signalling, London, UK, clone: 

C27C9, catalogue number #3014) at 1:500 and anti-glucagon mouse antibody (Sigma Aldrich, 

clone: K79bB10, catalogue number #G 2654) at 1:2000 both diluted in blocking solution, was 

applied at 4°C in humidity chamber overnight (Moran et al., 2014). The day after, the slides were 

washed 3 x 10 minutes in blocking buffer. Secondary antibodies including goat anti-mouse IgG 

(H+L) Alexa fluor plus 488 (Thermofisher, catalogue number # A32723) and goat anti-rabbit IgG 

(H+L) Alexa fluor plus 633 (Thermofisher, catalogue number # A-21071) were diluted in blocking 

buffer both at 1:2000 and were applied for 2 hours at room temperature in the dark (Moran et al., 

2014), which subsequently washed 3 x 10 minutes in blocking buffer. The excess liquid was 

eliminated from the slides and a drop of vectashield mounting medium with DAPI was applied on 
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each slide over the tissue. Coverslip (London LaboQuip, London, UK, catalogue number # 

0111620) was added to the slides and stored at 4°C in dark until imaged using a slid scanner. 

 

2.9.9.3 Slide scanner            

Slides were imaged using a zeiss axioscan 7 slid scanner (Zeiss, Oberkochen, Germany) at 20x 

magnification. Three separate channels were used to avoid overlap in emission detection from each 

fluorochrome. Images were processed on ZEN (black edition, version 2.2) software and were 

stored as digital arrays. Digital arrays were analysed using ImageJ 1.53k and quantified as the 

average number of the islets/10000mm2 of whole area or the average area of islets/10000mm2 of 

whole area. 

 

2.10 Statistical analysis 

All data have been analysed on Prism software 8.0 (GraphPad, San Diego, USA) and is shown 

as means ± standard error of mean (SEM).). Normality was first tested for via the Kolmogorov-

Smirnov test.  For in vitro experiments one -way ANOVA followed by Dunnett’s, or Bonferroni’s 

multiple comparisons post-test were performed; For in vivo experiments, unpaired t tests were 

performed. P-value less than 0.05 were considered significant. 
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3.1 Introduction 

Adiponectin is known to exert its anti-inflammatory effects through binding to its receptors 

AdipoR1/R2, which are expressed on immune cells and endothelium (Takeuchi et al., 2007). In 

addition to AdipoRs, another receptor has been identified as a potential binding partner for 

adiponectin called CDH13 (Takeuchi et al., 2007). CDH13 is highly expressed by endothelium 

(Matsuda et al., 2015) and is colocalized with adiponectin in vessel walls, emphasizing  CDH13 

as  a  major  receptor  for  adiponectin  in  the  vasculature (Ivanov et al., 2001). As mentioned 

before, the presence of AdipoRs on B cell is crucial in PEPITEM pathway (Chimen et al., 2015). 

However, the importance of CDH13 in PEPITEM pathway is unknown. Previous studies suggest 

the tissue accumulation of adiponectin specifically with CDH13 but not with AdipoRs (Denzel et 

al., 2010). Since the AdipoRs are inseparable part of PEPITEM pathway, here we hypothesise that 

CDH13 presents adiponectin to the B cells to trigger the PEPITEM pathway.  

In this chapter, to assess the functionality of the PEPITEM pathway in vitro, we started the 

quantification of AdipoR1/R2 expression on PBMC subsets using flow cytometry. Using static 

transmigration assay we measured the inhibitory capacity of adiponectin in T cell migration acting 

on PBLs. To explore the role of adiponectin receptors in PEPITEM pathway we first confirmed 

CDH13 and AdipoRs expression on BEC both at protein and mRNA levels. Then, we measured 

the inhibitory effect of adiponectin in T cell migration by treating the BEC with adiponectin. As 

we found the pathway functional, we proceeded to knock-down AdipoR1 and AdipoR2 and 

CDH13 in BEC and measure the pathway. To investigate the modulation of CDH13 in 

inflammation, also its interaction with adiponectin, we explored the BEC expression of CDH13 in 

presence and absence of adiponectin using flowcytometry and confocal microscopy. 
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3.2 Results 

3.2.1 Evaluation of AdipoR1/R2 on expression on PBMC subsets 

To evaluate the functionality of the PEPITEM pathway we identified the PBMC subset in 

healthy donors (see gating strategy in Material and Methods Figure 2.2), we aimed to measure the 

expression of both adiponectin receptors AdipoR1 and AdipoR2 on PBMCs using flow cytometry. 

AdipoR1 and AdipoR2 expressions were determined on each PBMC subsets based on secondary 

antibody control (absence of primary antibodies for AdipoR1/R2), (Figure 3.1A-G) and quantified 

at protein levels as frequency of cells expression AR1/2 or MFI on PBMC subsets (Figure 3.2A-

N). We observed higher frequencies and surface expression of both receptors on B cells (Figure 

3.2-A and H), monocytes (Figure 3.2-B and I) and CD3-CD56+ low NK cells (Figure 3.2-D and 

K) and little expression were found on CD56 high NK cells (Figure 3.2-C and J),  NK T cells 

(Figure 3.2-E and L), CD8+ T cells (Figure 3.2-F and M) and CD4+ T cells (Figure 3.2-G and N),  

which agrees with the previous data showing higher expression of these receptors on B cell 

compared to T cell (Chimen et al., 2015). The surface expression of AdipoR1 was significantly 

higher on B cells, monocytes and CD3-CD56+ NK cells compared to AdipoR2 (Figure 3.2H, 1.2I 

and 3.2K). Higher expression of AdipoR1/R2 on B Cell, monocytes and NKs, suggests an 

important immunomodulatory capacity for adiponectin. 

 

3.2.2 Effect of adiponectin on lymphocyte migration through inflamed endothelium  

To determine whether the PEPITEM pathway is active in healthy individuals, we measured 

PBL recruitment across BEC stimulated with TNF-α/IFN-γ for 24 hours prior to the adhesion 

assay. Here we aimed to compare and optimise commercially available BEC donors based on 
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different ages in their ability to support PBL recruitment to levels previously published and seen 

within the group. Seeding with the same density, we observed a better monolayer using adult BEC 

(Figure 3.3-A) compared to juvenile (Figure 3.3-B) despite a similar response to adiponectin. Thus, 

we decided to proceed the future experiments with adult BEC. Moreover, adiponectin treatment 

of PBL had no effect on the level of PBL adhesion to either adult or juvenile inflamed BEC (Figure 

3.3-C and 1.3-D). Adiponectin efficiently reduced the migration of PBL across the endothelium 

both in adult and juvenile BEC (Figure 3.3-E and 3.3-F). 

 

3.2.3 Expression of adiponectin receptors on endothelial cells 

The original adiponectin-PEPITEM story investigated the effect of pre-treating the 

lymphocytes with adiponectin prior to adding them to the endothelial monolayer and these data 

agree with this. However, as indicated endothelial cells also express adiponectin receptors and 

therefore could potentially respond to adiponectin, independently of the responses seen by PBL. 

The efficiency of adiponectin acting on BEC led us to consider the involvement of adiponectin 

receptor on BEC. We aimed to confirm the expression of adiponectin receptors CDH13, AdipoR1 

and AdipoR2 on resting and activated BEC using qPCR and flow cytometry. All three receptors’ 

expressions were found on BEC at both mRNA (Figure 3.4) and protein levels (Figure 3.5). We 

found higher gene expression of CDH13 (Figure 3. 4-A), but not AdipoRs (Figure 3. 4-B) in 

stimulated BEC compared to resting BEC. We saw no change in frequency of CDH13 (Figure 3.5-

A) and AdipoRs (Figure 3.5-C) in cytokine stimulated BEC compared to baseline. However, the 

surface expression (MFI) of CDH13 (Figure 3.5-B), but not AdipoRs (Figure 3. 5-D) were higher 
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in stimulated BEC compared to unstimulated, indicating a potentially important role of CDH13 in 

vasculature and within the adiponectin-PEPITEM pathway.  

3.2.4 Endothelial responses to adiponectin 

We subsequently determined whether adiponectin could influence lymphocyte migration 

by directly acting on BEC, we measured lymphocyte recruitment on TNF-α/IFN-γ-stimulated 

BEC. In static conditions, treatment of adult BEC with adiponectin for 24 hours did not alter total 

adhesion of PBL (Figure 3.6-A) but did significantly reduce PBL transmigration (Figure 3.6-B). 

Thus, indicating that endothelial response to adiponectin was sufficient to dampen PBL 

transmigration.  
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Figure 3.1 Representative histograms of AdipoRs expression on PBMCs. AdipoRs expression was determined on (A) B ells, (B) CD3-CD56 

high NK cells, (C) CD3-CD56 NK cells, (D) NK T-cells, (E) monocytes, (F) CD8+ T-cells and (G) CD4+ T-cells, using flow cytometry based on 

the secondary only for each PBMC subset. Data are representative of 1 donor, for n=6 different blood donors analysed in Figure 3.2. 
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Figure 3.2 Expression of adiponectin receptors on PBMC subsets. PBMCs were isolated from whole blood and stained with respective antibodies 

for PBMC subsets. AdipoRs expressions were measured using flow cytometry and quantified as (A-G) frequency of cells expression AR1/2 or (H-

N) MFI on (A and H) B-cells, (B and I) monocytes, (C and J) CD3-CD56 high NK cells, (D and K) CD3-CD56 NK low cells, (E and L) NK T-cells, 

(F and M) CD8+ T-cells and (G and N) CD4+ T-cells. Data are mean ± SEM from n=5 independent experiments using 6 different blood donors. * 

=p<0.05 and ** = p<0.01 by paired t-test.
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Figure 3.3 Effect of adiponectin on lymphocyte migration through inflamed adult vs juvenile 

endothelium in static conditions. BEC were cultured for 24 hours prior to stimulation with TNF-α/IFN-γ 

for 24 hours. PBLs were isolated, left untreated (control) or treated with adiponectin at 10μg/ml l. PBLs (1 

× 106 cells/ml) were added to BEC and allowed to adhere and migrate for 6 minutes 30 seconds at 37 °C. 

Digitised images of 5 random fields were acquired from (A) adult or (B) juvenile BEC and analysed offline. 

The number of adherent PBLs (C) to adult or (D) juvenile BEC expressed as the number of cells/mm2/106 

cells added. Lymphocyte transmigration expressed as the percentage of adherent cells that had 

transmigrated through (E) adult or (F) juvenile BEC. Data are shown as mean ± SEM for n = 4-6 

independent experiments using 2 different BEC donors and 4-6 different lymphocyte donors. *= p<0.05 

compared to control, by paired t-test. Scale bar=100 µm. 
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Figure 3.4 Gene expression of adiponectin receptors on BEC. BEC were cultured and left untreated or 

treated with TNF-α/IFN-γ for 24 hours. (A) CDH13 and (B) AdipoR1/R2 gene expression were measured 

using qPCR and quantified as relative expression to the endogenous untreated control. Data are mean ± 

SEM from n=3 independent experiments using one BEC donor. ** = p<0.01 by paired t-test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 87 

 

 

 

 

0

20

40

60

80

100

CDH13

F
re

q
u

e
n

c
y

 (
%

)

A.

0

100

200

300

400

500

CDH13

S
u

rf
a

c
e

 e
x

p
re

s
s

io
n

(M
F

I)

Unstimulated
Stimulated

B.

**

 

0

20

40

60

AdipoR1        AdipoR2

F
re

q
u

e
n

c
y

 (
%

)

C.

0

5

10

15

20

25

S
u

rf
a

c
e

 e
x

p
re

s
s

io
n

(M
F

I)

D.

AdipoR1        AdipoR2

 

Figure 3.5 Protein expression of adiponectin receptors on BEC. BEC were cultured and left untreated 

or treated with TNF-α/IFN-γ for 24 hours. CDH13, AdipoR1 and AdipoR2 expression were measured using 

flow cytometry and quantified as (A and C) frequency of cells expressing the receptors and (B and D) 

MFI. Data are mean ± SEM from n=4 independent experiments using one BEC donor. ** = p<0.01 by 

paired t-test. 
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Figure 3.6 The effect of adiponectin treatment of BEC on lymphocyte recruitment to inflamed 

endothelium. Adult BECs were cultured for 24 hours prior to stimulation with TNF-α/IFN-γ in the absence 

or presence of adiponectin at 10 µg/ml, for 24 hours. PBL were isolated and (1 × 106 cells/ml) added to 

BEC and allowed to adhere and migrate for 6 minutes 30 seconds at 37 °C. Digitised images of 5 random 

fields were acquired and analysed offline. (A) The number of adherent PBLs expressed as the number of 

cells/mm2/106 cells added. (B) Lymphocyte transmigration expressed as the percentage of adherent cells 

that had transmigrated. Representative images of transmigration assay (C) in absence or (D) presence of 

adiponectin. Data are shown as mean ± SEM for n = 7 independent experiments using 2 BEC donors and 7 

different lymphocyte donors. *= p<0.05 by paired t-test compared to no adiponectin treated BEC. Scale 

bar=100 µm 
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3.2.5 The effect of adiponectin receptors knock-down on PEPITEM pathway 

When we observed the efficiency of adiponectin to reduce lymphocyte transmigration 

through acting directly on BEC, we wondered whether the adiponectin receptors which we showed 

the expression on BEC, are involved in this effect. Thereby, we tried to knockdown these receptors 

individually and measure the functional consequence using the adhesion assay. Knockdown of 

each receptor was confirmed both with qPCR (Figure 3.7) and flow cytometry (Figure 3.8). The 

gene expression of receptors (expressed as fold change to no siRNA) was significantly reduced by 

using siRNA targeting CDH13 (Figure 3.7-A) AdipoR1 (Figure 3.7-B) and AdipoR2 (Figure 3.7-

C) when compared to the no siRNA control BEC. A similar observation was made at the protein 

level using flow cytometry. The endothelial cells population were identified using forward vs. side 

scatter (Figure 3.8-A). Single cells were identified (Figure 3.8-B) before expression of adiponectin 

receptors was measured by flow cytometry based on the secondary only (Figure 3.8-C and 3.8-D) 

and quantified as MFI. The total protein expression of receptors was significantly reduced by using 

siRNA targeting CDH13 (Figure 3.8-E) AdipoR1 (Figure 3.8-F) and AdipoR2 (Figure 3.8-G) 

when compared to the no siRNA control BEC. After confirmation of knockdown of the potential 

receptors for adiponectin, we explored if adiponectin was still able to signal through the endothelial 

to modulate lymphocyte trafficking. The knockdown of CDH13 had no effect on PBL adhesion 

(Figure 3.9-A), however, it decreased the inhibitory effects of adiponectin such that adiponectin 

was no longer able to suppress PBL migration (Figure 3.9-B). Moreover, our data showed that 

individual knockdown of AdipoR1 and AdipoR2 reduced the efficiency of adiponectin to inhibit 

PBL transmigration compared to BEC transfected with control siRNA (Figure 3.10). These data 

collectively suggest the ability of these receptors to individually influence PBL migration and thus 

potentially impact on the PEPITEM pathway. 
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Figure 3.7 PCR confirmation of adiponectin receptors knockdown on BEC. BEC were cultured for 24 

hours and transfected with siRNA against CDH13, AdipoR1 or AdipoR2 or scramble versions of the target 

siRNA (CTRL). As a control, cells were incubated in the transfection buffer alone (No siRNA). After 48 

hours, BEC were stimulated with TNF-α/IFN-γ for 24 hours. (A) expression of CDH13, (B) AdipoR1 or 

(C) AdipoR2 were evaluated by qPCR and data are plotted as fold change to the no siRNA control. ANOVA 

showed a significant effect of transfection on gene expression of adiponectin receptors. Data are shown as 

mean ± SEM for n = 3 independent experiments using 1 BEC donor. **= p<0.01 and *** p<0.005 by 

Bonferroni’s multiple comparison post-test. 
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Figure 3.8 Flow cytometry confirmation of adiponectin receptors knock down on BEC. BEC were 

cultured for 24 hours and transfected with siRNA against CDH13, adipoR1 or adipoR2 or scramble versions 

of the target siRNA (CTRL siRNA). As a control, cells were incubated in the transfection buffer alone (No 

siRNA). After 48 hours, BEC were stimulated with TNF-α/IFN-γ for 24 hours. (A) BEC population was 

identified using forward vs. side scatter (FSC vs SSC). (B) Single cells were identified by using FSC vs 

Pulse Width. Expression of (C) CDH13 and (D) adipoR1/R2 were measured by low cytometry based on 

the secondary only and quantified as MFI of (E) CDH13, (F) adipoR1 and (G) adipoR2. ANOVA showed 

a significant effect of transfection on protein expression of adiponectin receptors. Data are shown as mean 

± SEM for n = 3 independent experiments using 2 BEC donors. ***= P<0.001, by Bonferroni’s multiple 

comparison posttest.  

A. B. 

C. D. 
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Figure 3.9 Effect of CDH13 knockdown on the ability of adiponectin to inhibit lymphocyte 

recruitment to inflamed endothelium. BEC were cultured for 24 hours and transfected with siRNA 

against CDH13 or scramble versions of the target siRNA (CTRL siRNA). As a control, cells were incubated 

in the transfection buffer alone (No siRNA). After 48 hours, BEC were stimulated with TNF-α/IFN-γ in 

presence or absence of adiponectin at 10μg/ml for 24 hours following the transfection. PBL were isolated 

and (1 × 106 cells/ml) added to BEC and allowed to adhere and migrate for 6 minutes 30 seconds at 37 °C. 

Digitised images of 5 random fields were acquired and analysed offline. (A) The number of adherent PBLs 

expressed as the number of cells/mm2/106 cells added. (B) Lymphocyte transmigration expressed as the 

percentage of adherent cells that had transmigrated. Data are shown as mean ± SEM for n =5 independent 

experiments for using 2 BEC donors and 5 different lymphocyte donors. * = p<0.05 by paired t-test 

compared to no adiponectin treated BEC. 
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Figure 3.10 Effect of AdipoR1 or R2 knockdown on the ability of adiponectin to inhibit lymphocyte 

recruitment to inflamed endothelium. BEC were cultured for 24 hours and transfected with siRNA 

against adipoR1 or adipoR2 or scramble versions of the target siRNA. As a control, cells were incubated 

in the transfection buffer alone (No siRNA). After 48 hours, BEC were stimulated with TNF-α/IFN-γ for 

24 hours in presence or absence of adiponectin at 10μg/ml for 24 hours following the transfection. PBL 

were isolated and (1 × 106 cells/ml) added to BEC and allowed to adhere and migrate for 6 minutes 30 

seconds at 37 °C. Digitised images of 5 random fields were acquired and analysed offline. (A) The number 

of adherent PBLs expressed as the number of cells/mm2/106 cells added. (B) Lymphocyte transmigration 

expressed as the percentage of adherent cells that had transmigrated. Data are shown as mean ± SEM for n 

=5 independent experiments for transmigration assay using 2 BEC donors and 5 different lymphocyte 

donors. *= p<0.05, by paired t-test compared to no adiponectin treated BEC. 
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3.2.6 Evaluating Expression of CDH13 by BEC 

  Previous studies demonstrate that changes in tissue adiponectin and CDH13 protein levels 

are synchronized at tissue levels (Takeuchi et al., 2007), however the modulation of CDH13 in 

inflammation is not clear. Here, we measured the surface and total (surface and intracellular) 

expression of CDH13 on inflamed endothelial in presence or absence of adiponectin. As shown in 

figure 3.11-A, surface expression of CDH13 was increased in cytokine stimulated BEC compared 

to baseline levels and remained unchanged by the addition of adiponectin for either 24 hour or the 

final 1 hour. However, total (both surface and intracellular) expression of CDH13 was decreased 

following cytokine-stimulation of BEC when compared to baseline (Figure 3.11-B). In contrast, 

adiponectin treatment for either the duration of the 24 hours cytokine-stimulation or for just the 

final hour reversed the effects of the cytokines on CDH13 total levels, bringing them back to the 

levels observed at baseline (Figure 3.11-B). These data indicate that adiponectin is able to 

modulate the expression patterns of CDH13 during inflammation. 

To clarify localization of CDH13 and adiponectin at the cellular level, BEC were 

stimulated with cytokines and expression of CDH13 was evaluated using confocal microscopy 

following adiponectin treatment. As shown in Figure 3.12-A, in n=1 the intracellular level of 

adiponectin was increased after adiponectin supplementation of BEC (Figure 3.12-A), suggesting 

uptake into the BEC. As anticipated the expression of CDH13 was decrease following cytokine-

stimulation, although adiponectin treatment had no obvious effect in total amount of CDH13 

(Figure 3.12-B). CDH13 seemed to localize more in nucleus (Figure 3.12 C-F). Additional 

experiments are required to make any definitive conclusion on this.  
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Figure 3.11 Effects of adiponectin treatment on CDH13 expression in stimulated endothelial cells. 

BEC were cultured for 24 hours, left untreated (red dots) or stimulated with TNF-α/IFN-γ in the absence or 

presence of adiponectin at 10 µg/ml, for 24 hours or for the final 1 hour (green dots) of the 24 hours cytokine 

treatment. CDH13 (A) surface and (B) intracellular expression were measured using flowcytometry and 

quantified as MFI. ANOVA showed a significant effect of adiponectin treatment on CDH13 expression. 

Data are shown as mean ± SEM for n = 3-5 independent experiments using 2 BEC donors. *= p<0.05, by 

Dunnett post-test. 

  

A. B. 

0

500

1000

1500

2000

2500

C
D

H
1
3

 t
o

ta
l

 e
x

p
re

s
s

io
n

 (
M

F
I)

Adiponectin
10μg/ml

*

- - + +
0

100

200

300

400

500

C
D

H
1

3
 s

u
rf

a
c

e

e
x

p
re

s
s

io
n

(M
F

I)

Adiponectin
10μg/ml

Ustimulated

Stimulated

1 hour adiponectin
treatment

- - + +



 96 

7000000.0

8000000.0

9000000.0

1×10 7

1.1×10 7

1.2×10 7

1.3×10 7

In
te

n
s

it
y

 o
f 

fl
u

o
re

s
e
n

c
e

a
d

ip
o

n
e

c
ti

n
/c

e
ll

Adiponectin
10μg/ml

- - +

A.

0

2×10 6

4×10 6

6×10 6

8×10 6

1×10 7

In
te

n
s

it
y

 o
f 

fl
u

o
re

s
e
n

c
e

C
D

H
1

3
/c

e
ll

Adiponectin
10μg/ml

- - +

B.
Unstimulate

Stimulated

 

 

Figure 3.12 Confocal microscopy imaging of the localization of CDH13 and adiponectin in BEC. BEC 

were cultured for 24 hours, left untreated or stimulated with TNF-α/IFN-γ in the absence or presence of 

adiponectin at 10 µg/ml, for 24 hours. Adiponectin and CDH13 cellular expression were measured using 

confocal microscopy and quantified as the average fluorescence of (A) adiponectin and (B) CDH13. 

Representative images acquired using confocal microscopy showing separate and merged fluorescent 

channels from cells in (C) secondary only, (D) unstimulated, (E) stimulated with TNF-α and IFN-γ, (F) 

stimulated + Adiponectin 10μg/ml. Data are shown as mean ± SEM for n = 1 experiment using 1 BEC 

donors. Scale bar=50µm for all images. 
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3.3 Discussion 

In this study to measure the functionality of PEPITEM pathway, we first quantified the 

AdipoR1R2 expression on PBMC subsets. We found higher expression of AdipoRs on B-cells, 

monocytes and CD3-CD56+ NK cells from healthy controls. Using an established model of 

lymphocyte migration, we showed that adiponectin can strongly inhibit PBL transmigration by 

acting on PBL (as previously published), (Chimen et al., 2015) and also directly on BEC (original 

finding). Investigating the role of adiponectin receptors in PEPITEM pathway, we observed 

expression of CDH13, AdipoR1 and R2 on BEC. By knocking down these individual receptors in 

the BEC, we found an abrogated PEPITEM pathway in absence of each of these receptors 

individually, suggesting that they were all able to contribute to the adiponectin binding and 

subsequent down-stream signaling. In addition, using flow cytometry we evaluated the interaction 

of CDH13 with adiponectin and we found that adiponectin is able to modulation the expression 

patterns of CDH13 during inflammation. 

 

3.3.1 Expression of AdipoR1/R2 in immunity 

We aimed to measure AdipoRs expression on PBMC subsets of healthy donors to 

understand the immunomodulatory role of adiponectin. We found that AdipoR1 and AdipoR2 are 

expressed on all PBMC subsets, but mainly on B-cells, NK-cells and monocytes. Our data are in 

agreement with previous studies that demonstrated AdipoR expression on PBMC subsets (Shen et 

al., 2007; Pang and Narendran, 2008; Chimen et al., 2015). Gene expression of AdipoR1 and 

AdipoR2 were previously demonstrated in human monocytes with AdipoR1 more abundant than 

AdipoR2 (Chinetti et al., 2004), which is consistent with our data showing the higher protein 
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expression of AdipoR1 not only on monocytes but also on B cells and NKs from healthy people. 

Later, Pang et al, extended the previous data, by indicating the protein and mRNA expression  of 

AdipoR1/R2 on B cells and T cells (Pang and Narendran, 2008) and Chimen et al, also reported a 

high expression of AdipoRs on B cell Chimen et al., 2015). Although earlier studies focus on 

immunoregulatory role of adiponectin the myeloid-monocytic lineage, the presence of adiponectin 

receptors on lymphocyte subsets indicates a wider immunomodulatory capacity for adiponectin. 

 

3.3.2 Measurement of lymphocyte transmigration in vitro  

Here, we measured the lymphocyte recruitment using our in vitro static transmigration 

assay. Transmigration of PBLs has already been studied on activated HUVEC and HDMEC in 

both static and flow-based assays (Chimen et al., 2015). Static transmigration assay is easy to set 

up. However, it does not allow to analyse dynamic aspects of the leukocytes behavior such as 

capture from flow and rolling along endothelium  (McGettrick et al., 2009). We stimulated the 

BEC with cytokines to mimic inflammatory environment to ensure efficient PBL adhesion and 

transmigration across the endothelium. Indeed, the activation of endothelial cells with TNF-α and 

IFN-γ has been found necessary for efficient recruitment of PBLs (McGettrick et al., 2009) as it 

induced proper CAMs upregulation and chemokines response in endothelium (CXCL9-11)  to 

support PBL adhesion and transmigration (McGettrick et al., 2009). In fact, adhesion and 

transmigration of PBL in cytokine activated BEC were demonstrated in 6-8 minutes after their 

addition to BEC monolayer (McGettrick et al., 2009). In our study we focused on  transmigration 

of lymphocytes as PEPITEM pathway is T cell specific (Chimen et al., 2015). 
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3.3.3 Evidence on immunomodulatory effects of adiponectin 

Many of previous studies have shown the protective effects of adiponectin on vascular 

health as described in introduction (section 1.8.6). However, only few of them investigated the 

role of adiponectin in the regulation of leukocytes trafficking. Intravital microscopy data from 

adiponectin-knock out (Ad–/–) mice showed a significant increase in leukocyte-endothelium 

interactions, as absence of adiponectin enhanced the monocyte rolling and increased the monocyte 

adhesion in the microcirculation (Ouedraogo et al., 2007). This was attributed to reduced levels of 

endothelial NO in absence of adiponectin (Ouedraogo et al., 2007).  Moreover, their 

immunohistochemistry data showed that adiponectin deficiency was associated with increased 

expression of CAMs (E-selectin and VCAM-1) in the aortic vascular endothelium of mice 

(Ouedraogo et al., 2007).  Interestingly, systemic administration of the globular adiponectin to 

these knock out mice, significantly decreased the CAMs expression and also monocyte-

endothelium interactions, and restored the production of physiologic levels of endothelial NO in 

aortic endothelium (Ouedraogo et al., 2007). Collectively the authors  suggested a potential 

pharmacologic role of adiponectin in regulating leukocyte-endothelium interactions by modulating 

the endothelial NO levels (Ouedraogo et al., 2007).   

Relevant to our study, the role of adiponectin in the regulation of lymphocyte trafficking 

across HUVEC was previously investigated by Chimen et al, for the first time (Chimen et al., 

2015). They have shown that AdipoR1/R2 expressed by B cells triggers an anti-inflammatory 

pathway inhibiting lymphocyte migration across endothelial cells, which is in agreement with our 

data showing 1 hour adiponectin treatment of PBLs inhibit their migration through inflamed BEC 

instead of HUVEC. Here we examined the performance of both juvenile and adult BEC in response 

to adiponectin in order to optimise our in vitro model for future experiments. Indeed, there is no 
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evidence supporting the advantage of using juvenile versus adult BEC for in vitro experiments. 

However, there are studies showing age related modulation of endothelial cells that would affect 

their behaviour in response to cytokines: for example, protein expression of P-selectin and VCAM-

1 in aorta of 24-month-old rats were reported higher compared to 6-month-old rats, which was 

along with increased levels of myeloperoxidase used as a marker for leukocyte infiltration, 

suggested a higher cytokine response in older endothelium  (Zou et al., 2006). Furthermore, there 

is evidence showing the decreased levels of NO in old cultured HUVEC compared to young 

HUVEC (Yoon et al., 2010). Since the endothelial NO levels have been shown to be associated 

with CAMs levels as discussed previously  (Ouedraogo et al., 2007) In our study, we observed 

slightly higher levels of PBL adhesion in adult BEC compared to juvenile, which might be due to 

stronger reaction of adult BEC to cytokine treatment. However, the transmigration of PBL were 

not affected by the age of BEC, suggesting age related modulation of CAMs rather than 

chemokines support PBL recruitment in adult BEC.  

In addition to age related discrepancies in endothelial cells, there are also evidence showing 

organ-specific heterogeneity in endothelial reactivity to inflammatory stimuli as well (Molema, 

2010; Gunawardana et al., 2021). In a very recent study investigating tissue specific response of 

vascular endothelial cells to inflammation in vitro observed the highest adhesion of PBMC subsets 

(T cell, B cells and monocytes) to human aortic endothelial cells in response to 4 hours TNF-α 

stimulation compared to other vascular beds from liver, lunge, and renal, and this was associated 

with the highest VCAM-1 expression in human aortic endothelial cells (Gunawardana et al., 2021). 

This study further supports the idea that tissue-specific endothelial heterogeneity results in unequal 

inflammatory response in vasculature. 
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In addition to heterogeneity in endothelium function, there are some leukocyte-associated 

factors in different cohorts that may affect their interaction with endothelium. For example and 

relevant to our study, it has been shown that the AdipoR expression are decreased during ageing 

process (Chimen et al., 2015). As these receptors initiate the PEPITEM pathway, therefore 

including participants with different ages may affect the result of experiment. Similarly, other 

factors,  such as age-related increase in expression of LFA-1 on lymphocytes (Powers et al., 1992), 

which plays an important role in T cells recruitment, might affect the study. Furthermore, sexual 

dimorphisms may cause some discrepancies in experimental results as reported in many studies 

(Chaves-Pozo et al., 2012; Kay et al., 2015). Females are reported to demonstrate relative 

protection from inflammatory conditions (Kay et al., 2015), as a murine zymosan-induced 

peritonitis model revealed that female C57BL/6 mice recruited lower levels of monocytes and 

neutrophils into peritoneum compared to male mice (Kay et al., 2015). Given that adiponectin 

levels were shown to change upon sexual maturation, sex related discrepancies might be taken into 

consideration in studies.  

 

3.3.4 Anti-inflammatory effects of adiponectin acting on BEC 

For the first time, we could show that the inhibitory effect of adiponectin in T cell migration 

is not only mediated through PBL, but also through acting on BEC, which led us to consider the 

involvement of adiponectin receptor expressed on BEC. There are previous evidence showing the 

expression of AdipoR1/R2 and CDH13 on endothelial cells and that they mediate protective effects 

of adiponectin (Takeuchi et al., 2007). For example Zhang et al, showed overexpression of 

AdipoR1/R2, induced via adenovirus, in TNF-α–stimulated HUVEC resulted in decreased 
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expression of ICAM-1 and NF-κB activation (Zhang et al., 2009). In addition, in vivo data from 

same study showed that overexpression of AdipoR1/R2 in carotid arteries of rat significantly 

reduced the expression of ICAM-1 in vivo (Zhang et al., 2009). Later study by Zhao et al,  reported 

the presence of AdipoR1 on HUVEC rescues the endothelial cells from HG induced apoptosis via 

activating  AMPK (Zhao et al., 2011). Overall, these studies provide evidence for the fact that 

adiponectin is able to exerts its protective and anti-inflammatory effects via acting on BEC through 

binding to AdipoR1/R2. 

There are also evidence supporting the absence CDH13 independently results in vascular 

problems due to a lack of adiponectin signaling (Denzel et al., 2010). Using CDH13 knock out 

mice, Denzel et al, showed that in the absence of CDH13, adiponectin failed to accumulate in 

cardiac tissue and that this was associated with higher levels of adiponectin in circulation (Denzel 

et al., 2010). In addition, both CDH13 deficient and adiponectin deficient mice showed the same 

levels of infarct size in cardiac tissue (Denzel et al., 2010).  This was further supported with another 

in vivo study where they investigated the role of CDH13 in a mice model of hind limb ischemia 

where blood flow was disrupted surgically in one limb (Parker-Duffen et al., 2013). They found 

that CDH13 deficiency in this model resulted in an impaired blood flow recovery compared with 

wild-type controls, similar to what they observed in adiponectin deficient model of these mice 

(Parker-Duffen et al., 2013). Furthermore, administration of exogenous adiponectin to adiponectin 

knock out mice was able to improve the revascularization in these mice (Parker-Duffen et al., 

2013). However, this treatment strategy had no effect in CDH13 knock out mice. These data 

together demonstrates that adiponectin’s protective functions is highly depend on CDH13 in 

different vascular beds. 
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In our study, to ensure the involvement of CDH13 and AdipoRs in T cell migration, we 

proceeded to measure the pathway in absence of AdipoR1/R2 and CDH13 in BEC as we have 

shown expression on these cells. Previously, preliminary data from our group (M. Chimen and M. 

Hussain) showed that the inhibitory effects of adiponectin on PBL migration was lost upon CDH13 

and AdipoRs combined knock-down in BEC. Here, as no receptor antagonists for CDH13 or 

adiponectin receptors were available at the time of investigate, we opted to use siRNA knockdown 

the CDH13, AdipoR1 or R2 individually to investigate their roles in lymphocyte trafficking. Our 

data demonstrates the ability of these receptors to individually influence PBL migration and thus 

potentially impact on the PEPITEM pathway and for the first time our study highlight s an 

important capacity of CDH13 in regulating leukocyte trafficking. 

 

3.3.5 Adiponectin-CDH13 interaction 

Although many studies confirmed the importance of CDH13 in protective effects of 

adiponectin, alterations in CDH13 expression in inflammation is not clear. To address this, we 

tried to measure both surface and intracellular expression of CDH13 in base line and activated 

BEC with TNF-α and IFN-γ. Preliminary (unpublished) flow cytometry data from our lab (M. 

Chimen and M. Hussain), with n=1 experiment, has shown that CDH13 surface expression was 

decreased in inflamed HUVEC and adiponectin treatment of HUVEC increase the surface amount 

of CDH13, suggesting that CDH13 is shed upon inflammation and that supplementation of BEC 

with adiponectin was able the keep the CDH13 in surface of the endothelial cells and rescue it 

from being shed. This was further supported by a western blot data (unpublished) from our group 

(J. Reyat) where he showed increased protein amount of CDH13 in the supernatant of cytokine 
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treated endothelial cells compared to unstimulated, suggesting that CDH13 is shed during 

inflammation. These preliminary data are consistent with our hypothesis that, CDH13 binds to 

adiponectin on surface of endothelial cells and presented the adiponectin to AdipoRs on B cells to 

trigger the PEPITEM pathway. Here we tried to reproduce these experiments with more N 

numbers, however our flow cytometry data does not agree with these preliminary data, as we 

observed an increased surface expression of CDH13 in stimulated BEC, which does not agree with 

CDH13 being shed in inflammation. Indeed, in our study, first we failed to obtain a valid data from 

surface expression of CDH13 using flow cytometry, since we saw a dramatic reduction in BEC 

population. Later we optimised our protocol by staining BEC in plates and we achieved adequate 

population in flow cytometry. However, these discrepancies between our data, and previous 

preliminary data obtained in our lab, might be related to the source of adiponectin, or the type of 

endothelial cells were used in our study as previous experiments were done on HUVEC which 

might function differently compared to BEC.  

In agreement with our flow cytometry data, overexpression of CDH13 on endothelial cells 

was shown in oxidative stressed HUVEC using immunohistochemistry, where they interpret this 

elevation as a protect against stress-induced apoptosis (Joshi et al., 2005). Later the same group 

provided evidence that oxidative stress induced-CDH13 on endothelial cells can be shed from 

endothelial cells in amounts indicating the extent of activation or damage (Philippova et al., 2011). 

Indeed they showed higher levels of CDH13 in culture medium from stressed/apoptotic HUVEC 

compared to normal proliferating HUVEC using immunoblotting (Philippova et al., 2011). Very 

recent research has described a different mechanism for CDH13 signalling,  reporting 

internalization of adiponectin through endosomal system after binding to CDH13 on surface of F2 

endothelial cells (CDH13-expressing cells), and accumulation in site of exosome generation inside 
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multivesicular bodies (Obata et al., 2018). This  study interpreted adiponectin protective effects 

through its contribution to biogenesis and release of exosomes containing ceramides, which were 

dependent on CDH13, but not on AdipoR1 or AdipoR2 expression in F2 endothelial cells, as 

knockdown of AdipoR1 or AdipoR2 in these cells had no effect on adiponectin-stimulated 

exosome production (Obata et al., 2018). That said, this would appear to be an unlikely mechanism 

to explain our data, as we find higher surface expression upon inflammation. 

  There are studies showing colocalization of CDH13 and adiponectin at cellular levels; 

Adiponectin was not detected in myocytes of CDH13 deficient mice (Parker-Duffen et al., 2013). 

However, absence of AdipoR1/R2 had no effect on cellular levels of adiponectin (Parker-Duffen 

et al., 2013)., suggesting that CDH13 is essential for adiponectin localization. To examine this 

activity in endothelial cells in our study, we tried to evaluated interaction of adiponectin and 

CDH13 at cellular levels using confocal imaging, however we saw no effects of adiponectin in 

cellular levels of CDH13. Indeed, our antibodies were not optimal enough as we found localization 

of CDH13 in nucleus, which was not expected, and we were not able to make any definitive 

conclusions on this. Further in vitro experiments with different secondary antibodies are needed 

to optimise this experiment in future, as the staining should not be nuclear as demonstrated in other 

studies. Once we had validated antibodies, additional conditions with knock down of CDH13 and 

AdipoRs could be undertaken to help us to investigate the role of CDH13 in adiponectin signalling. 

 

3.3.6 Limitation 

This study has limitations as our static in vitro assay did not allow us to analyse dynamic 

behaviour of leukocytes. Therefore, reproducing the data using flow assay would reflect the data 
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in a more physiological context. Moreover, the transfection of BEC with siRNAs caused a 

reduction in BEC population, which might have affected the transmigration and flow cytometry 

data. Thus, using better blocking options like antagonists of receptors would improve the data in 

these experiments. 

 

3.3.7 Conclusion 

We demonstrated that adiponectin prevents lymphocyte trans-endothelial migration by 

acting on PBL and directly on BEC. Our study also demonstrated a crucial role of CDH13 in 

regulating the trans endothelial migration of lymphocytes via PEPITEM pathway. However, our 

study does not provide a mechanism of effect for CDH13, and more in vitro experiments are 

needed to clarify the signal transduction of the CDH13.  
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4.1 Introduction 

Hyperglycaemia has been identified as a main factor in the development of diabetic 

microvascular disease (Morigi et al., 1998), but the mechanisms  responsible for the toxicity of 

hyperglycaemia on endothelial functions and their implication for cell–cell interaction in the 

microcirculation are not clear (Morigi et al., 1998). Previous studies have shown increased 

endothelium-leukocyte interaction in hyperglycaemic conditions in vitro (Kumar et al., 2014) and 

in vivo (Booth et al., 2001). However, most studies in this area have studied the whole leukocyte 

population, whilst the effect of HG on lymphocyte migration remains unclear. In this chapter we 

explored the effects of HG on PBL interactions with the endothelium and on the ability of 

endothelium to support these interactions. Since metformin and insulin are widely used in patients 

with T2DM for their glycaemic control and beneficial vascular effects, we also studied their effects 

on leukocyte-endothelium interactions. To investigate the mechanisms of action in 

hyperglycaemia we evaluated the expression of adhesion molecules on BEC. Finally, since 

AdipoRs expression on B cells from T1DM patients was decreased limiting their production of 

PEPITEM (Chimen et al., 2015), we hypothesised that hyperglycaemia decreases the expression 

of AdipoRs and therefore the PEPITEM pathway in T2DM. Using an in vitro experiment, we 

evaluated the expression of AdipoRs on B-cells and other subsets of PBMCs following treatment 

with HG, metformin and/or insulin. 

 

4.2 Results 

4.2.1 Effect of HG on PBL adhesion and migration 
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HG has been shown to increase expression of pro-inflammatory cytokines in T cells, which 

lead to leukocyte activation and adhesion (Kumar et al., 2014). To determine whether 

hyperglycemia affects PBL transmigration in healthy controls, we used an in vitro human vascular 

tissue model to study the sole effect of HG treatment on either lymphocyte or endothelial cell 

behavior. Pre-treating BEC with HG for 24 hours had no effect on PBL adhesion (Figure 4.1-A), 

but significantly reduced PBL transmigration when compared to BEC treated with normal glucose 

(Figure 4.1-B). In contrast, pre-treating PBL with HG for 1 hour had no effect on their adhesion 

or their migration (Figure 4.1-C and D). However, exposing the PBL to HG for 24 hours 

significantly increased both their adhesion (Figure 4.1-E) and migration when compared to the 

cells treated with normal glucose (Figure 4.1-F). Thus, suggesting that HG differently affects the 

endothelium and PBL behavior to influence lymphocyte trafficking.  

4.2.2 Effect of Metformin on PBL adhesion and migration  

Metformin is widely used for the treatment of T2DM and acts primarily by reducing the 

hepatic glucose output and improving insulin sensitivity (Cameron et al., 2016). However, in both 

experimental and clinical studies metformin is associated with anti-inflammatory response, which 

is exerted irrespective of its anti-hyperglycaemic properties (Hattori et al., 2015; Cameron et al., 

2016). To determine whether metformin could influence lymphocyte recruitment in a normal 

glucose environment, we pre-treated either BEC or lymphocytes prior to assessing PBL adhesion 

and migration to TNF-α/IFN-γ-stimulated BEC. Metformin treatment of either cell type had no 

effect on PBL adhesion to or migration through TNF-α/IFN-γ-stimulated BEC (Figure 4.2), 

indicating metformin does not regulate endothelium-lymphocyte interaction under normal glucose 

conditions. 
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Figure 4. 1 The effect of high glucose treatment on lymphocyte recruitment to inflamed endothelium.  

BECs were cultured for 24 hours prior to stimulation with TNF-α/IFN-γ and exposed to normal (5mM; NG) 

or high dose (30mM; HG) for 24 hours. PBLs were isolated, (A, B) left untreated or (C-F) treated with NG 

or HG for (C, D) 1 hour or (E, F) 24 hours. PBLs (1 × 106 cells/ml) were added to BEC and allowed to 

adhere and migrate for 6 minutes 30 seconds at 37 °C. Digitised images of 5 random fields were acquired 

and analysed offline. (A, C, E) The number of adherent PBLs expressed as the number of cells/mm2/106 

cells added. (B, D, F) Lymphocyte transmigration expressed as the percentage of adherent cells that had 

transmigrated. Data are shown as mean ± SEM for n = 6 independent experiments, using 2 different BEC 

donors and 6 different lymphocyte donors. *= p<0.05 and ** = p<0.01 by paired t-test compared to NG.  
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Figure 4.2 The effect of metformin treatment on lymphocyte recruitment to inflamed endothelium. 

BECs were cultured for 24 hours prior to stimulation with TNF-α/IFN-γ in the (C-F) absence or (A, B) 

presence of metformin at 20 µM, 200 µM and 2000 µM (2mM) for 24 hours. PBLs were isolated, (A, B) 

left untreated or (C-F) treated with metformin at 20 µM, 200 µM and 2000 µM for (C, D) 1 hour or (E, F) 

for 24 hours. PBLs (1 × 106 cells/ml) were added to BEC and allowed to adhere and migrate for 6 minutes 

30 seconds at 37 °C. Digitised images of 5 random fields were acquired and analysed offline. (A, C, E) The 

number of adherent PBLs expressed as the number of cells/mm2/106 cells added. (B, D, F) Lymphocyte 

transmigration expressed as the percentage of adherent cells that had transmigrated. In A-F, ANOVA 

showed no effect of metformin concentration on PBL adhesion or transmigration. Data are shown as mean 

± SEM for n = 3 independent experiments, using 1 BEC donor and 3 different lymphocyte donors. 
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1.1.1 The effect of metformin or high glucose treatment on monocyte or neutrophil 

recruitment to inflamed endothelium 

Hyperglycemia-induced endothelial cell dysfunction in diabetes has been reported to 

enhance the leukocyte interaction with endothelium leading to vascular inflammation (Burlet and 

Jain, 2013; Sundararajan et al., 2019; Wang et al., 2019). One of the earliest events in this 

inflammatory process is increased binding of neutrophils (Berezin, 2019) and monocytes (Babu et 

al., 2012) to endothelial cells. Here, pre-treating BEC with HG or metformin had no effect on 

monocyte (Figure 4.3) or neutrophil (Figure 4.4) adhesion to or migration through TNF-α/IFN-γ-

stimulated BEC. These data suggest the effects of HG are specific to lymphocyte recruitment, 

whilst once again metformin treatment is unable to not modulate leukocyte recruitment, 

specifically monocyte or neutrophil recruitment. 

4.2.3 Combined effect of high glucose and metformin treatment on lymphocyte 

recruitment to inflamed endothelium 

Although metformin treatment of either BEC or PBL had no effect on lymphocyte 

recruitment in a normal glucose environment (Figure 4.2), we tested whether metformin could 

influence the PBL recruitment post HG treatment. Metformin treatment of BEC post HG treatment 

had no effect on PBL adhesion (Figure 4.5-A), but significantly increased lymphocyte 

transmigration back to the levels observed on BEC cultured in normal glucose (Figure 4.5-B). In 

contrast, metformin treatment of PBL post HG treatment had no effect on their adhesion to or 

migration through TNF-α/IFN-γ-stimulated BEC (Figure 4.5-C and D). These data indicate that 

metformin treatment of BEC restores the lymphocyte transmigration to control levels. 
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Figure 4.3 The effect of metformin or high glucose treatment on monocyte recruitment to inflamed 

endothelium. BECs were cultured for 24 hours prior to stimulation with TNF-α/IFN-γ and exposed to 

normal glucose in absence (5mM; NG) or presence of metformin (200 µM, 2000 µM) or high glucose 

(30mM; HG) for 24 hours. Purified monocytes (1 × 106 cells/ml) were added to BEC and allowed to adhere 

and migrate for 6 minutes 30 seconds at 37 °C. Digitised images of 5 random fields were acquired and 

analysed offline. (A) The number of adherent monocytes expressed as the number of cells/mm2/106 cells 

added. (B) Monocyte transmigration expressed as the percentage of adherent cells that had transmigrated. 

In A-B, ANOVA showed no effect of treatment on monocyte adhesion or transmigration. Data are shown 

as mean ± SEM for n = 5 independent experiments, using 2 different BEC donors and 5 different blood 

donors. 
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Figure 4.4 The effect of metformin or high glucose treatment on neutrophil recruitment to inflamed 

endothelium. BECs were cultured for 24 hours prior to stimulation with TNF-α/IFN-γ and left at normal 

glucose (NG) or exposed to metformin (200µM, 2000µM) in normal glucose or high glucose only (30mM; 

HG) for 24 hours. Neutrophils (1 × 106 cells/ml) were added to BEC and allowed to adhere and migrate for 

6 minutes 30 seconds at 37 °C. Digitised images of 5 random fields were acquired and analysed offline. (A) 

The number of adherent neutrophils expressed as the number of cells/mm2/106 cells added. (B) Neutrophil 

transmigration expressed as the percentage of adherent cells that had transmigrated. In A-B, ANOVA 

showed no effect of treatment on neutrophil adhesion or transmigration. Data are shown as mean ± SEM 

for n = 5 independent experiments, using 2 different BEC donors and 5 different blood donors. 
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Figure 4.5 Combined effect of high glucose and metformin treatment on lymphocyte recruitment to 

inflamed endothelium. BEC were stimulated with TNF-α/IFN-γ in (C, D) normal or (A, B) high glucose 

(HG) for 24 hours, followed by metformin treatment (20µM and 200µM) for 4 hours. PBLs were isolated 

and (A, B) left untreated or (C, D) treated with HG for 24 hours, followed by metformin treatment (20 µM, 

200 µM) for 4 hours. PBLs (1 × 106 cells/ml) were added to (A, B) treated or (C, D) untreated BEC and 

allowed to adhere and migrate for 6 minutes 30 seconds at 37 °C. Digitised images of 5 random fields were 

acquired and analysed offline. (A, C) The number of adherent PBLs expressed as the number of 

cells/mm2/106 cells added. (B, D) Lymphocyte transmigration expressed as the percentage of adherent cells 

that had transmigrated. In B, ANOVA showed a significant effect of metformin on lymphocyte migration; 

P<0.001. Data are shown as mean ± SEM for n = 4 independent experiments, using 1 BEC donor and 4 

different lymphocyte donors. ***= P<0.001 compared to HG, no metformin treatment by Dunnett post-test. 
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4.2.4 Effect of Insulin on PBL adhesion and migration  

Insulin is  one of common treatment options for many patients with T2DM (Cahn et al., 

2015). Alterations in insulin regulation are shown to compromise the immune function in T2DM 

(Xiu et al., 2014). Insulin exerts its effects on immune cells by binding to the insulin receptor, 

which is extensively expressed on neutrophils and monocytes/macrophages (Gyurko et al., 2006). 

There are controversial findings regarding the effects of insulin on leukocyte trafficking: Insulin 

was reported to increased neutrophil-endothelial interaction; while it was shown to reduce 

monocyte adhesion to endothelium in vivo (Okouchi et al., 2002). To our knowledge, there are no 

studies showing the direct effects of insulin on lymphocyte recruitment. We found that insulin 

treatment of either BEC or PBL had no effect on PBL adhesion to or migration through TNF-

α/IFN-γ-stimulated BEC (Figure 4-6), indicating insulin is unable to regulate endothelium-

lymphocyte interaction under normal glucose conditions. 

4.2.5 Combined effect of high glucose and insulin treatment on lymphocyte recruitment 

to inflamed endothelium 

We showed no effects of insulin on PBL recruitment through the inflamed endothelium in 

NG environment. Next, we aimed to investigate whether insulin could influence the PBL 

recruitment post glucose treatment. Insulin treatment of BEC post HG treatment had no effect on 

PBL adhesion (Figure 4.7-A), but significantly increased lymphocyte transmigration back to the 

levels observed on BEC cultured in normal glucose (Figure 4.7-B). In contrast, insulin treatment 

of PBL post HG treatment had no effect on their adhesion to or migration through TNF-α/IFN-γ-

stimulated BEC (Figure 4.7-C and D). These data indicate that insulin treatment of BEC restores 

the lymphocyte transmigration to control levels. 
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Figure 4.6 The effect of insulin treatment on lymphocyte recruitment to inflamed endothelium. BEC 

were cultured for 24 hours prior to stimulation with TNF-α/IFN-γ in the (C and D) absence or (A and B) 

presence of insulin at 10-7M/L for 24 hours. PBLs were isolated, (A, B) left untreated or (C, D) treated with 

insulin at 10-7M/L for 24 hours. PBLs (1 × 106 cells/ml) were added to BEC and allowed to adhere and 

migrate for 6 minutes 30 seconds at 37 °C. Digitised images of 5 random fields were acquired and analysed 

offline. (A, C) The number of adherent PBLs expressed as the number of cells/mm2/106 cells added. (B, D) 

Lymphocyte transmigration expressed as the percentage of adherent cells that had transmigrated. In A-F, 

ANOVA showed no effect of insulin concentration on PBL adhesion or transmigration. Data are shown as 

mean ± SEM for n = 4 independent experiments, using 1 BEC donor and 4 different lymphocyte donors. 

 



 118 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Combined effect of high glucose and insulin treatment on lymphocyte recruitment to 

inflamed endothelium. BEC were stimulated with TNF-α/IFN-γ in (C, D) normal or (A, B) high glucose 

(HG) for 24 hours, followed by insulin treatment (10-7M/L) for 24 hours. PBLs were isolated and (A, B) 

left untreated or (C, D) treated with HG for 1 hours, followed by insulin treatment (10-7M/L) for 1 hours. 

PBLs (1 × 106 cells/ml) were added to (A, B) treated or (C, D) untreated BEC and allowed to adhere and 

migrate for 6 minutes 30 seconds at 37 °C. Digitised images of 5 random fields were acquired and analysed 

offline. (A, C) The number of adherent PBLs expressed as the number of cells/mm2/106 cells added. (B, D) 

Lymphocyte transmigration expressed as the percentage of adherent cells that had transmigrated. In A and 

B, ANOVA showed a significant effect of insulin on lymphocyte migration; Data are shown as mean ± 

SEM for n = 4 independent experiments, using 1 BEC donor and 4 different lymphocyte donors*= p<0.05, 

**= P<0.01 and ***= P<0.001, compared to HG treatment by Dunnett post-test. 
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4.2.6 Effects of high glucose or metformin on the expression of AdipoR1/2 on PBMC 

subsets 

Reduced AdipoRs expression on B cells from patients with T1DM (Chimen et al., 2015) 

led us to hypothesise that the regulatory PEPITEM pathway is also modulated in T2DM 

individuals.  Therefore, we tested if HG or metformin could modulate the pathway by influencing 

the AdipoRs expression on B cells of healthy donors. We previously showed that AdipoRs are 

mainly expressed on B cells, NK-cells, and monocytes. We found no difference in surface 

expression or frequency of AdipoR1/2 in leukocyte subsets following 24 hours treatment with HG 

or metformin under normal glucose conditions (Table 4.1). Suggesting HG and/or metformin does 

not influence lymphocyte recruitment through modulating AdipoRs. 

 

4.2.7 Combined effect of high glucose and metformin on adiponectin receptors expression 

by PBMCs subsets 

Since the metformin showed no effect on surface expression or frequency of AdipoR1/2 in 

leukocyte subsets in NG condition, we tested the effect of metformin on expression of these 

receptors post HG treatment of PBL. As shown in Table 4.2, metformin treatment of PBL had no 

significant effects on AdipoR1/R2 expression on B cells, NKs and monocyte populations. 

 

4.2.8 Combined effect of high glucose and insulin on adiponectin receptors expression by 

PBMCs subsets 
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To investigate the combined effect of HG and insulin on adiponectin receptors expression, we did 

slightly different experiment. We exposed the PBL to HG only for 1 hour, followed by 1 hour 

insulin treatment. In B cells, glucose treatment for 2 hours (which was used as a HG control) 

significantly increased the surface expression of AdipoR1 (Figure 4.8-A), and AdipoR2 (Figure 

4.8-A) compared to NG. We observed no difference in AdipoR1/R2 expression in insulin treated 

compared to HG group (Figure 4.8). We also found no significant difference in AdipoR1/R2 

expression in NKs and monocyte population (Figure 4.8-E) Indicating insulin is not able to 

modulate AdipoRs in HG condition. 
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Table 4.1 Effect of high glucose and metformin treatment on Adiponectin receptors expression by PBMCs subsets. 
AdipoR1 AdipoR2 

 MFI Frequency MFI Frequency 

Leukocyte 
subset 

Condition Fresh blood Leukocyte 
cone 

Fresh blood Leukocyte cone Fresh blood Leukocyte cone Fresh blood Leukocyte 
cone 

 
 
B cell 

Baseline 111.3 ± 13.64 222.6 ± 58.87 74.42 ± 2.761 83.67 ± 2.338 115.2 ± 37.06  99.08 ± 40.73 
 

71.95 ± 4.499 
 

74.50 ± 2.802 
 

NG 71.22 ± 20.04 100.6 ± 28.07 73.20 ± 3.439 

 
72.50 ± 6.062 

 
32.27 ± 9.476 
 

65.14±9.663 61.78 ± 6.659 
 

65.07 ± 2.130 
 

HG 93.64 ± 39.56 

 
64.44 ± 18.51 

 
71.43 ± 2.454 

 
69.57 ± 4.921 

 
31.42 ± 7.349 
 

58.14 ± 21.58 
 

58.10 ± 5.776 
 

65.40 ± 11.51 
 

Metformin 
(200 µM)  

105.2 ± 23.23 
 

86.14 ± 9.975 

 
73.98 ± 2.574 

 
71.17 ± 3.835 

 
41.74 ± 10.93 
 

42.97±11.57 
 

61.40 ± 4.793 
 

63.90 ± 2.801 
 

Metformin  
(2000 µM) 

56.94 ± 19.66 
 

80.78 ± 33.38 

 
66.63 ± 2.360 

 
72.93 ± 3.205 

 
40.97 ± 15.58 
 

51.29 ± 20.32 
 

58.06 ± 3.426 
 

63.00 ± 6.409 
 

 
 
Monocyte 

Baseline 252.3 ± 72.26 

 
324.5 ± 52.44 

 
85.21 ± 2.667 

 
86.78 ± 2.914 

 
112.4 ± 60.71 
 

167.0 ± 131.7 
 

85.73 ± 2.586 
 

85.43 ± 2.589 
 

NG 241.6 ± 58.45 

 
166.0 ± 41.86 

 
73.05 ± 1.552 

 
86.80 ± 1.457 

 
72.70 ± 31.11 
 

82.57 ± 45.53 
 

60.43 ± 8.173 
 

79.85 ± 6.138 
 

HG 185.9 ± 42.05 

 
136.6 ± 25.22 

 
72.58 ± 2.071 

 
84.40 ± 4.055 

 
46.13 ± 14.91 
 

58.18 ± 25.35 
 

62.63 ± 2.855 
 

76.72 ± 11.42 
 

Metformin 
(200 µM)  

330.0 ± 37.63 

 
302.8 ± 73.34 

 
73.45 ± 1.291 

 
89.18 ±0.5862 

 
52.48 ± 7.105 
 

122.3 ± 67.75 
 

64.65 ± 3.452 
 

81.18 ± 5.817 
 

Metformin 
 (2000 µM) 

168.3 ± 18.69 

 
130.6 ± 21.73 

 
71.23 ± 3.658 

 
87.13 ± 1.571 

 
73.03 ± 19.75 
 

136.9 ± 81.37 
 

63.35 ± 4.804 
 

77.18 ± 10.19 
 

 
 
NK 

Baseline 131.5 ± 31.50 
 

185.2 ± 62.41 
 

78.98 ± 6’018 80.66 ± 3.567 62.67 ± 11.71 38.05 ± 1.567 76.08 ± 2.762 75.46 ± 3.666 
 

NG 77.95 ± 27.62 
 

121.2 ± 24.49 
 

67.25 ± 5.433 65.95 ± 13.69 27.35 ± 11.08 38.01 ± 7.557 64.23 ± 3.943 59.18 ± 9.122 
 

HG 74.35 ± 25.51 
 

90.42 ± 12.75 
 

66.14 ± 4.436 68.08 ± 14.47 21.63 ± 4.993 69.25 ± 26.28 64.77 ± 3.943 
 

59.12 ±11.29 

Metformin 
200 µM 

111.8 ± 24.31 187.5 ± 43.22 
 

67.73 ± 5.209 82.03 ± 4.975 36.07 ± 10.90 45.44 ± 18.44 63.43 ± 4.615 72.23 ± 2.225 

Metformin 
 (2000 µM) 

63.28 ± 21.05 

 
41.85 ± 41.85 66.20 ± 4.452 66.82 ± 13.06 28.37 ± 13.43 50.11 ± 15.59 63.97 ± 3.89 58.68 ± 9.045 

 

AdipoR1 - Adiponectin Receptor 1; AdipoR2 - Adiponectin Receptor 2; HG – 30mM glucose; MFI – mean fluorescence intensity; NG – 5mM 

glucose. ANOVA showed no significant effect of treatment on adiponectin receptor expression. Data are mean ± SEM for n = 7 independent 

experiments, using 4 different blood donors and 3 different leukocyte cones. 
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Table 4.2 Combined effect of high glucose and metformin on adiponectin receptors 

expression by PBMCs subsets. 

  AdipoR1   AdipoR2   

  MFI Frequency MFI Frequency 

B-cells Baseline 111.3±1.6 57.40±2.03  116.3±18.3  59.18±1.5 

  HG 94.8±18.3 55.87±5.1  46.66±12.9  59.2±1.1 

  HG+ metformin 98.1±13.2 57.1±65  58.77±65  58.86±1.4 

Monocyte Baseline 146.75±19.4 85.7±1.19  92.8±14.8  84.4±2.7 

  HG 138.43±12.7 85.4±2.2  72.32±10.3  85.43±1.7 

  HG+ metformin  144.30±13.4  84.5±1.5  81.11±11.2  84.1±1.2 

NKs Baseline  112.4±20.2 57.1±1.6  61.88±6.51  64±6.2 

  HG  94.2±13.1  55.6±2.3  55.87.4±13.6  66.01±4.4 

  HG+ metformin  110.02±20  57.8±1  64.76±16.6  64.22±8.6 
 

AdipoR1 - Adiponectin Receptor 1; AdipoR2 - Adiponectin Receptor 2; HG – 30mM glucose; Metformin 

200 µM; MFI – mean fluorescence intensity; ANOVA showed no significant effect of treatment on 

adiponectin receptor expression. Data are mean ± SEM for n = 4 independent experiments, using 4 different 

blood donors. 
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  AdipoR1   AdipoR2   

      

E.  MFI Frequency MFI Frequency 

Monocyte Baseline 146.75±19.4 85.7±1.19  92.8±14.8  84.4±2.7 

  HG 144.4±22.4 86.25±1.4  79.78±25.78  84.38±1.44 

  HG+Insulin 123.65±20.29 87.4±0.4  67.73±30.9  84.39±1.8 

NKs Baseline  112.4±20.2 57.1±1.6  61.88±6.51  64±6.2 

  HG  104.2±14.7  59.40±3.77 58.25 ±9.25  63±6 

  HG+Insulin  104.7±10.73  59.70±3.19 52.22 ±9.22  60±6.3 
 

Figure 4.8 Combined effect of high glucose and insulin on adiponectin receptors expression by 

PBMCs subsets. PBMCs were isolated from whole blood and treated with HG (30mM) for 1 hour, 

followed by insulin treatment (10-7M/L) for 1 hours. AdipoRs expressions were measured using flow 

cytometry and quantified as frequency of cells expression AR1/2 or MFI on (A-D) B-cells, (E) monocytes 

and NKs. Data are mean ± SEM from n=4 independent experiments using 4 different blood donors. ** = 

p<0.01 and *** =p<0.001 by Bonferroni’s multiple comparison posttest. 
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4.2.9 Effect of high glucose, metformin, or insulin treatment on expression of endothelial 

adhesion molecule  

It is unclear by which mechanism hyperglycemia alters the function of vascular cells and 

leukocyte trafficking in T2DM. There are evidence showing the variations in the expression of 

adhesion molecules on the vasculature, enhancing leukocyte adhesion in patients with T2DM. 

Here, we analysed whether the treatment of BEC with HG, metformin or insulin could modulate 

the surface expression of the adhesion molecules ICAM-1, VCAM-1, and E-selectin. As expected, 

we saw up-regulation of ICAM-1 (Figure 4.9-A) and VCAM-1 (Figure 4.9-C and D) in response 

to cytokine treatment. Surface expression of E-selectin did not significantly change at this time 

point (24 hour) (Figure 4.9-E). HG treatment of BEC increased surface expression of ICAM-

1(Figure 4.9-A) and frequency of both VCAM-1 (Figure 4.9-D) and E-selectin (Figure 4.9-F) 

compared to BEC treated in normal glucose. Treatment with metformin had no significant effect 

on surface expression or frequency of BEC expressing these adhesion molecules when compared 

to TNF-α/IFN-γ stimulated BEC control (Figure 4.9), indicating metformin does not modulate 

adhesion molecules expression in NG condition. However, insulin treatment increased surface 

expression (Figure 4.9-C) and frequency (Figure 4.9-D) of VCAM-1 compared to TNF-α/IFN-γ 

stimulated control BEC. Metformin or Insulin treatment of BEC post HG treatment had no effect 

on surface expression or frequency of BEC expressing these adhesion molecules when compared 

to TNF-α/IFN-γ stimulated HG treated BEC (Figure 4.9).  

We also analysed the gene expression of adhesion molecules in the same conditions we 

tested for protein expression. We saw up-regulation of ICAM-1 (Figure 4.10-A), VCAM-1 (Figure 

4.10-B) and, E-selectin (Figure 4.10-C) in response to cytokine treatment. However, we saw no 

difference in gene expression of adhesion molecules in HG -cytokine stimulated BEC when 
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compared to HG -unstimulated BEC (Figure 4.10). Treatment with metformin or insulin had no 

significant effect on BEC expressing these adhesion molecules when compared to TNF-α/IFN-γ 

stimulated BEC control (Figure 4.10). Metformin or insulin treatment of BEC post HG treatment 

had no effect on gene expression of adhesion molecules when compared to TNF-α/IFN-γ 

stimulated HG treated BEC (Figure 4-10). The data indicates that, HG suppresses gene expression 

of adhesion molecules in response to cytokine stimulation. 
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Figure 4-9. Effect of high glucose, metformin, or insulin treatment on surface expression of 

endothelial adhesion molecule. BECs were stimulated with TNF-α/IFN-γ in presence or absence of high 

glucose (HG), metformin (200µM) or insulin (107M) for 24 hours. For combined treatments, BEC were 

stimulated with TNF-α/IFN-γ in high glucose (HG) for 24 hours, followed by metformin (200µM) or insulin 

treatment (10-7M/L) for 24 hours.The surface expression of (A and B) ICAM-1, (C and D) VCAM-1 and 

(E and F) E-selectin was measured by flow cytometry and quantified as median fluorescence intensity 

(MFI) or frequency of the cells expressing these molecules. In A, C,D and F,  ANOVA showed a significant 

effect of treatment on adhesion molecules surface expression; P<0.001. Data are shown as mean ± SEM 

for at least n = 5 independent experiments, using 2 different BEC donors. ***= p<0.001 by Dunnett posttest 

compared to untreated BEC. 
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Figure 4.10 Effect of high glucose, metformin, or insulin treatment on gene expression of endothelial 

adhesion molecule. BEC were stimulated with TNF-α/IFN-γ in presence or absence of high glucose (HG), 

metformin (200µM/ml) or insulin (107M/L) for 24 hours. For combined treatments, BEC were stimulated 

with TNF-α/IFN-γ in high glucose (HG) for 24 hours, followed by metformin (200µM) or insulin treatment 

(10-7M/L) for 24 hours. The gene expression of (A) ICAM-1, (B) VCAM-1 and (C) E-selectin was 

measured by qPCR and quantified as fold change to the unstimulated control. In A, B and C ANOVA 

showed a significant effect of treatment on adhesion molecules gene expression; Data are shown as mean 

± SEM for n = 4 independent experiments, using 2 different BEC donors. ***= p<0.001 by Dunnett post-

test compared to untreated BEC. 
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4.3 Discussion 

In this chapter, we aimed to investigate how HG, metformin and insulin modulates the 

PEPITEM pathway. Using an in vitro adhesion model, we found that HG significantly influenced 

the ability of endothelial cells to support PBL transmigration, such that levels were much lower 

those seen in normal glucose conditions. Interestingly, we observed no changes in surface 

expression of adhesion molecule on BEC surface that would explain this reduction. Crucially this 

effect was reversed by insulin supplementation, as would be the physiological response post 

digestion, or supplementation with the T2DM treatment metformin. Thus, indicating 

immunomodulatory effects of insulin and metformin. By contrast, HG treatment for 24 hours, but 

not 1 hour, enhanced the adhesive and migratory properties of PBL on inflamed BEC, but this was 

not altered by metformin or insulin. We found no changed in surface expression or frequency of 

AdipoR1/2 on B cells in response to HG, metformin, or insulin to explain this increase.  

We therefore propose that HG differently affects the endothelium and PBL behaviour to 

support the lymphocytes transmigration through inflamed BEC. We also suggest metformin or 

insulin treatment of BEC restores the lymphocyte transmigration to control levels, which should 

clinically translate to decreased vascular complications that are commonly associated with T2DM. 

 

4.3.1 Evidence of High Glucose actions on endothelial cells and mechanisms involved 

Since the effects of hyperglycaemia on leukocyte-endothelium interactions have mostly been 

investigated using in vivo animal models or in T2DM subjects, in which both leukocytes and 

endothelium are simultaneously exposed to HG, there is currently very little evidence defining the 

sole effect of HG on BEC or leukocytes behaviour to compare our results against. As such this 
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discussion will focus on what evidence exists for endothelium or leukocytes responses to HG and 

modulation by metformin and/or insulin. Indeed, the studies around the effect of HG on endothelial 

cells and leukocyte recruitment are conflicting: In a recent study, cultured endothelial cells isolated 

from mice injured tissue exposed to HG  at 25 mM and TNF-α stimulation for 16 hours showed 

decreased gene expression of ICAM-1 in HG-cytokine stimulated cells compared to NG-cytokine 

stimulated (Qiu et al., 2020). No significant differences were detected among the non-activated 

counterparts. This agrees with our data showing suppressed gene expression of ICAM-1 in 

response to HG in activated endothelium. We similarly observed no change in gene expression of 

ICAM-1 in response to HG in non-activated endothelium, indicating upregulation of adhesion 

molecules gene expression in response to cytokine stimulation regardless of glucose concentration. 

In contrast to our result showing unaffected neutrophils recruitment in HG treated BEC, the same 

study also reported an attenuated neutrophil transmigration in HG treatment group using the 

transwell system and  was postulated to be due to reduced expression of ICAM-1 (Qiu et al., 2020). 

Of note, ICAM-1 regulates BEC permeability in inflamed tissues (Han et al., 2016) and is known 

to support leukocyte rolling, adhesion and transmigration across the endothelium (Sumagin et al., 

2008). Although the attenuation of CAMs was only observed at mRNA level in our study, there is 

also report of this decreased at protein levels in response to HG (Bačun et al., 2008). An in vitro 

study demonstrated, protein expression of ICAM-1 on human aortic endothelial cells after 

treatment with 16.5 mM glucose for 4 hours was lower than with 12.0 mM glucose in respect to 

5.5 mM  glucose, suggesting the cytotoxicity of glucose at high concentrations (Bačun et al., 2008). 

Indeed, it has been demonstrate that exposure of HUVEC to HG at 30 mM (HG concentration used 

in our study) for 48> hours can promote apoptosis compared to control cultures exposed to 5 mM 

glucose; as measured by [3H] thymidine assays where increased DNA fragmentation was observed 
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in HG treated HUVEC, suggesting potential endothelial damage by hyperglycemia in diabetic 

patients (Baumgartner-Parzer et al., 1995). Our data adds further weight to these findings, where 

HG treatment of BEC not only decreases gene expression of ICAM-1, but also reduces VCAM-1 

and E selectin gene expression. However, this attenuation was not translated to protein levels 

which is required for the function of these adhesion molecules. Therefore, reduced recruitment of 

PBL in HG treated BEC cannot be due to modulation of CAMs expression in our study. More in 

vitro experiments assessing other factors, such as chemokine response in HG condition, are needed 

clarify the mechanism involved in this process.  

 

In contrast to our findings with HG, there are studies showing the upregulation of CAMs in 

response to transient HG conditions in vitro: Treatment of HUVEC for 48 hours with HG 

(25 mM) shown to increase ICAM-1, VCAM-1 and E-selectin protein expression compared to 

5mM NG control (Huang et al., 2019). In addition, both 12 and 24 hour treatment of HUVEC 

with HG at 25 mM increased gene expression of these CAMs compared to NG control (Lo et al., 

2018). The effects of chronic HG (which is realistically exist in T2DM condition) on 

inflammatory properties of endothelial cells were investigated by Ciortan et al. where using a 3D 

model of  human aortic valvular endothelial cells they showed increase gene expression of 

VCAM-1 and E-selectin in endothelial cells after 14 days of  HG (25 mM) treatment compared 

to normal glucose (5 mM), (Ciortan et al., 2020). As the cell surface expression of CAMs on 

endothelial cells can only be studied in vitro, discrepancies between these results may be related 

to differences in the concentration of glucose, as well as the exposure time of endothelial cells to 

glucose and the source of endothelial cells used in these experiments. Moreover, short-term 
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experiments in vitro have their limitations and the effects of HG when used long-term in vivo 

could differ from those observed in in vitro. 

For the first time we shown that transient HG treatment of endothelium decreased 

lymphocyte recruitment, which was reversed by metformin and insulin treatment back to normal 

level. In fact, several studies have demonstrated that metformin and other hypoglycaemic drugs 

protect the endothelium from the development of vascular impairment (Mather et al., 2001; 

Arunachalam et al., 2014). However, the mechanisms for this effect remain unknown. Metformin-

mediated decrease in CAM expression has been implicated as a possible mechanism for such 

effects (Abbasi et al., 2004). Metformin treatment of patients with T2DM for 12 weeks has been 

shown to result in a significant decrease in plasma sV-CAM levels with no changes in sICAM-1 

and sE-selectin compared to baseline levels (Abbasi et al., 2004). As the soluble CAMs are 

representative of their endothelial expression this suggests metformin’s capacity to modulate the 

leukocyte recruitment. The combined effects of HG and metformin in vitro was investigated by 

Bačun et al in human aortic endothelial cells; showing HG treatment of endothelial cells at 12.0 

mM increased the expression of E-selectin, VCAM-1 and ICAM-1, and metformin (10 µM) 

administration in the medium with 12.0 mM glucose for 4 hours additionally enhanced E-selectin 

and VCAM-1 expression compared to effects of corresponding glucose concentration (Bačun et 

al., 2008). In contrast and in same study, it was shown that metformin treatment of human aortic 

endothelial cells (10 µM) in the medium with 16.5mM glucose for 4 hours had no significant effect 

on protein expression of ICAM-1,  E-selectin and VCAM-1 compared to effects of corresponding 

glucose concentration (Bačun et al., 2008), which is in agreement with our findings demonstrating 

no change in expression of CAMs by endothelial cells in response to metformin in HG condition. 

However, in our study metformin administration was post glucose treatment of BEC and with 
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higher concentration at (200 µM) but still in therapeutic range. We also used higher concentration 

of glucose (30mM) with longer exposure time (24 hours) in our study. In fact, we showed that 

short-term effect of metformin on CAMs expression on BEC in vitro is unlikely to provide the 

mechanisms for metformin’s beneficial effects on cardiovascular complications in diabetes. 

However, we cannot exclude a possibility that a long-term administration of metformin may result 

in significant changes in CAM expression of BEC. Furthermore, since it is reported that decrease 

in plasma soluble CAMs, such as E-selectin, is dependent on improvement in glycemia, this may 

indicate that metformin in vivo effects could be indirect via glucose control in patients with T2DM.  

Although insulin and metformin exert their effects via different signalling pathways, our 

results demonstrated that insulin and metformin similarly influenced the endothelium supporting 

the PBL recruitment. In physiological conditions, insulin is released in response to high blood 

glucose post digestion and brings the blood sugar back to normal level by binding to insulin 

receptors. However, in conditions like T2DM where insulin resistance is developed due to insulin 

signalling inhibition,  a series of immune responses occurs that exacerbate the inflammatory state, 

which leads to hyperglycaemia (Berbudi et al., 2020). Thus, understanding the mechanisms by 

which insulin acts would identify the cellular signalling network linking the immune system and 

metabolism in T2DM. Several reports have investigated the role of hyperinsulinemia on the 

endothelium (Federici et al., 2002; Taguchi et al., 2014), the condition which exists in T2DM. But 

there is not much known about how insulin modulated the endothelium behaviour at physiological 

concentrations. For the first time we showed that in HG environment, insulin at physiological 

concentrations restores the endothelium function to support the lymphocyte transmigration. 

Indeed, there are studies supporting the modulation of CAMs expression by insulin in vitro: Aljada 

et al. reported decreased gene and protein expression of ICAM-1 on human aortic endothelial cells 
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after exposing them to physiological concentrations of insulin (100 and 1000 μU/mL) for 2 days, 

which was postulated due to an increase in endothelial nitric oxide synthase (NOS) expression 

compared to non-insulin treated control (Aljada et al., 2000). As insulin increases NO 

bioavailability, reduced CAMs expression after insulin treatment was expected in our study. 

Contrary to expectations, we found that insulin-induced protein expression of one adhesion 

molecule, VCAM-1, which might partly explain the slight but not significant increased adhesion 

of PBL in insulin (10-7M/L) treated BEC in NG condition. In agreement with our finding insulin 

was shown to increase protein expression of selectively VCAM-1 on HUVEC at 10−9 to 10−7 M/L 

concentrations in a dose dependent manner after 24 incubations (Madonna et al., 2004). Similar to 

our results they found no change in protein expression of ICAM-1 and E-selectin under similar 

conditions. To dissect potentially implicated signal transduction pathways, they individually 

treated HUVEC with known pharmacological inhibitors of two distinct insulin signalling pathways 

(PI3′-kinase and MAP kinase) which were not investigated in our study. They could show that 

30 minutes of pre-treatment with PI3′-kinase inhibitor potentiated the effect of insulin on VCAM-

1 surface expression compared to non-pre-treated cells (Madonna et al., 2004), which suggests 

activation of MAP-kinase pathway at 10−7 M/L concentration of insulin as used in our study. 

Therefore, indicating that insulin might be important mediator in activation of endothelium and 

progression of atherosclerosis in states of insulin resistance. In contrast to NG condition, BEC 

differently responded to same concentration of insulin in HG condition in our study. Unchanged 

expression of CAMs on BEC despite increased transmigration of PBLs in respond to insulin in 

HG condition suggests that immunomodulatory effects of insulin were not mediated through 

adhesion molecules or possibly activation of MAP kinase signalling pathway in our study. 

However, evaluating only the CAMs expression in our study was not optimal to investigate the 
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mechanism of action for insulin. Thus, more in vitro studies using inhibitors for CAMs, MAP-

kinase and PI3′-kinase pathway are needed to clarify the possible mechanisms involved in HG 

condition. 

 

4.3.2 Evidence of High Glucose actions on leukocytes and mechanisms involved 

Our in vitro model allowed us to separately evaluate the behaviour of BEC and leukocytes 

in response to HG. Interestingly we observed an opposite effect of HG on lymphocyte - as both 

adhesion and transmigration of PBLs were increased in response to 24 HG treatment suggesting 

activation of lymphocytes in hyperglycaemic environment. In addition, this behaviour of PBLs 

was not affected by metformin or insulin supplementations of PBL post HG treatment. Indeed, 

activation of lymphocyte in response to HG was shown in a previous in vitro study, where they 

showed that HG treatment of Jurkat T-cells at 15mM increased their expression of IL-17, and 

downstream signalling cascades resulted in the expression of TNF-α and chemokines CXCL5, 

CXCL1, IL-8, CCL2 (Kumar et al., 2014), which functionally increased their adhesion to HUVEC. 

Here, our study lacks the information about whether HG modulates the expression of any 

activation marker on lymphocytes, however it reflects the functional activation of PBLs in 

response to HG. Increased expression of integrins LFA-1 and VLA-4, which are considered as 

leukocyte activation marker, were reported higher on leukocytes of patients with T2DM compared 

to healthy control (Stulc et al., 2012). Since firm adhesion of lymphocytes is only possible if the 

right signals activate these integrins on lymphocytes so that they bind their endothelial cell borne 

receptors ICAM-1 and VCAM-1 (Shamri et al., 2005), it would be worth investigating the 

expression of these integrins in HG condition in the future experiments. Therefore, in our study in 

the absence of any discernible changes in CAMs expression by BEC in response to HG, we 
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anticipate that HG might be acting on the signalling process that modulates integrin function in 

lymphocytes.   

Although our results demonstrate no modulatory effects of metformin and insulin on PBL 

behaviour in HG condition, there are studies reporting lymphocyte-suppressing effects of 

metformin in T2DM patients where administration of metformin at higher dose of 3 gr/day and 1 

gr/day for 3 month decreased lymphocyte (Krysiak and Okopien, 2012) and monocyte (Krysiak 

and Okopien, 2013) release of IFN-γ and TNF-α respectively compared to placebo. However, the 

behaviour of these leukocytes was not looked and compared in these studies.  

Like metformin, insulin at physiological concentration did not affect the PBL recruitment 

in HG environment. Since in patient with T2DM glucose homeostasis is impaired and 

hyperinsulinemia has developed, leukocytes are exposed to pathophysiological concentrations of 

insulin in these subjects and to mimic their behaviour using in vitro experiments with higher 

concentrations of insulin are needed. 

Investigating the possible mechanisms modulating leukocyte recruitment in HG condition, 

we also looked at the expression of AdipoR1/R2 on B cells of HG treated PBMCs as these 

receptors are important part of the PEPITEM pathway and binding to adiponectin they regulate 

the trafficking of lymphocytes (Chimen et al., 2015). Our findings from previous chapter showed 

that AdipoRs are highly expressed on B cells, monocytes, and NKs in contrast are very low 

expressed by lymphocytes. We know that AdipoRs expression is decreased on B cells from T1DM 

patients (Chimen et al., 2015). However, the pathophysiology of T1DM is different from T2DM 

and there are not many studies investigating the expression of these receptors by immune cells in 

T2DM to compare our results against. Among these few studies we can mention is the Alberti et 

al. study where they evaluated the gene expression of AdipoRs by lymphocytes in three groups of 
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obese subjects, one with normal glucose tolerance, obese with impaired glucose tolerance, and  

obese with T2DM (Alberti et al., 2007). Their findings followed a trend of decreased AdipoR1 

expression when moving from obese subjects to obese with impaired glucose tolerance, which was 

associated with higher plasma insulin and lower adiponectin levels (Alberti et al., 2007). Indeed, 

insulin was already shown to reduce AdipoR1/R2 RNA expression in mice skeletal muscle, which 

supports the hypothesis that an alteration of AdipoRs expression together with lower serum 

adiponectin contributes to the development of insulin resistance in a sort of vicious cycle (Tsuchida 

et al., 2004). Surprisingly, AdipoR1/R2 RNA expression tended to increase in T2DM compared 

to obese with impaired glucose tolerant group. However, the T2DM subjects in this study were 

receiving glucose lowering drugs that might affect the AdipoRs expression. In our study, we saw 

no modulation of AdipoRs expression on any of PBMC subsets in response to 24-hour HG 

treatment, although 2-hour HG treatment of PBMCs increased AdipoRs on B cells in some 

experiments which can be explain as an immediate protective reaction to HG treatment. 

Furthermore, subsequent metformin and/or insulin treatments post HG had no modulatory effects 

on these receptors. Indicating the effects of HG, metformin and insulin on lymphocyte trafficking 

do not seem to be mediated by these receptors. However, in our in vitro system, PBMCs only 

experienced a transient HG which is not very similar to chronic hyperglycaemic condition in 

T2DM. Indeed, one of our research aims in this study was to evaluate the PEPITEM pathway 

through measuring the AdipoRs expression particularly on B cells of patients with T2DM 

compared to aged match healthy control and monitor lymphocyte trafficking which would allow 

us to measure the pathway in patients with poor glycaemic compared to those with well glycaemic 

control. However, this experiment was not plausible due to covid restrictions prohibiting our 

access to patients’ blood samples.  
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4.3.3 Limitations 

A limitation of this study is our static in vitro assay which does not allow us to analyse 

dynamic behaviour of leukocytes in response to HG. Therefore, a more realistic system like flow 

assay in which PBL are perfused on the HUVEC monolayer at a specific shear stress (Luscinskas 

et al., 1995; Bahra et al., 1998; McGettrick et al., 2009) is required to quantify the total capture, 

rolling, firm adhesion and transmigration in a more physiological context. Furthermore, our 

experiments do not reflect the natural environment which exists in T2DM, because cells are only 

exposed to transient HG which is not optimal to reflect the chronic hyperglycaemia of T2DM.  

Important factors such as adiponectin and insulin resistance and inflammatory cytokines can 

influence the leukocyte-endothelium behaviour and are absent in our in vitro system. Lack of 

experiments with blood samples of subjects with T2DM is another limitation of our study which 

could have provided us more insight into leukocyte trafficking in T2DM. 

 

4.3.4 Conclusion 

In conclusion we show that HG differently affects the endothelium and PBL behaviour and 

subsequent impact on lymphocyte trafficking. Moreover, metformin and insulin supplementation 

of endothelium restores its ability to support the PBL recruitment. However, our study is not able 

to clarify the mechanisms involved in this process. Further studies such as evaluating the 

chemokine response, inhibiting the CAMs, and blocking insulin signalling pathways are required 

to fully understand the pathway. 
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5.1 Introduction 

In the previous chapter, we clearly demonstrated that adiponectin inhibited lymphocyte 

recruitment through inflamed BEC. Similarly, we found that PEPITEM treatment of PBL inhibits 

their migration through the inflamed BEC in vitro (Figure 5.1). The efficacy of PEPITEM in vivo 

using models of inflammation has been previously shown, where PEPITEM reduced the number 

of T cells in site of inflammation in a model of endotoxin-induced ocular inflammation (Chimen 

et al., 2015). The PEPITEM pathway was shown to be compromised in subjects with the T cell–

driven disease, such as type 1 diabetes (T1DM) (Chimen et al., 2015). T2DM is also considered 

an immunocompromised disease (Berbudi et al., 2020), however, the pathogenesis of T2DM is 

different to that of T1DM (Zaccardi et al., 2016). There is no study demonstrating the modulation 

of the PEPITEM pathway in T2DM. Obesity is a promoter of T2DM, and is accompanied by 

chronic inflammation at tissue level (Malone and Hansen, 2019). Suppressing inflammation has 

been shown to improve blood glucose levels and insulin sensitivity in patients with T2DM (Larsen 

et al., 2007).  

 

Given that PEPITEM regulates T cell trafficking, we evaluated the immune modulatory 

effects of PEPITEM in mice on an obesogenic diet similar to that experienced by T2DM patients.  

We hypothesis that the PEPITEM pathway is dysregulated in T2DM mice, therefore resulting in 

suppression of the homeostatic mechanism (PEPITEM) controlling T-cell trafficking during 

inflammation. We also hypothesis that an impaired PEPITEM pathway worsens the obesity 

induced fat inflammation, insulin resistance and pancreatic beta cells function in T2DM. In this 

chapter we evaluated the PEPITEM effects in two sets of in vivo experiments including mice on 6 

or 12 weeks on HFD. We investigated if PEPITEM administration is able to decrease disease onset 
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in a mouse model of T2DM and affect the blood glucose or insulin secretion. We also evaluated 

how PEPITEM administration in a model of T2DM modulates leukocyte trafficking in different 

tissues such as blood, adipose tissue, LNs, spleen and peritoneal lavage. 

 

 

5.2 Results 

5.2.1 The effect of PEPITEM on PBLs migration across the endothelium in healthy 

controls 

There is previous evidence supporting the inhibitory effects of PEPITEM on PBLs 

transmigration through the inflamed endothelium (Chimen et al., 2015). Here, we also examined 

the inhibitory capacity of PEPITEM on PBL adhesion and migration in vitro. PEPITEM had no 

effect on PBL adhesion (Figure 5.1A), but significantly reduced the migration of PBLs across adult 

BEC (Figure 5.1B). This data indicates PEPITEM is functional in vitro. 

 

5.2.2 Immunomodulatory effects of PEPITEM in 6 week-HFD mice 

Efficacy in both in vitro (Figure 5.1) and in vivo models of inflammation led us to 

investigate whether the PEPITEM pathway was compromised in obesogenic diet induced 

inflammation. The mouse model of HFD-induced obesity has become a valuable tool to 

understand the development of T2DM (Tang et al., 2013). HFD feeding of mice for 16–20 

weeks, increase the body weight up to 20–30% when compared to normal-fed mouse (Tang et 

al., 2013). Although 4 weeks of HFD usually induce the hyperglycaemia,  typical manifestation 

of obesity occurs after 16 weeks of HFD (Tang et al., 2013). 
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Figure 5.1 Effect of PEPITEM on lymphocyte migration through inflamed endothelium in static 

conditions. BEC were cultured for 24 hours prior to stimulation with TNF-α/IFN-γ for 24 hours. PBLs 

were isolated, left untreated (control) or treated with PEPITEM at 20ng/ml. PBLs (1 × 106 cells/ml) were 

added to BEC and allowed to adhere and migrate for 6 minutes 30 seconds at 37 °C. Digitised images of 5 

random fields were acquired from BEC and analysed offline. (A) The number of adherent PBLs expressed 

as the number of cells/mm2/106 cells added. (B) Lymphocyte transmigration expressed as the percentage of 

adherent cells that had transmigrated. Data are shown as mean ± SEM for n = 7 independent experiments 

using 2 different BEC donors and 7 different lymphocyte donors. **= p<0.01 compared to control, by 

paired t-test.  
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5.2.2.1 Effect of PEPITEM administration on body weight and glucose tolerance in 6 week- 

HFD mice 

Here, the mice were placed on HFD for 6 weeks and treated with PEPITEM or PBS 

administrated via mini pumps.  The osmotic minipumps are designed to deliver their contents for 

6 weeks according to the manufacturer’s guidelines. Body weight was assessed weekly and 

glucose tolerance was measured at week 3 and 6 following 5h fasting. Body weight steadily and 

similarly increased in both groups (Figure 5.2-A). There was no difference in AUC for body weight 

between two groups (Figure 5.2-B). Fasting blood glucose levels at baseline were not different 

between the two groups at week 3 (Figure 5.2-C) and week 6 (Figure 5.2-E) of HFD. Additionally, 

blood glucose concentrations returned close to baseline for both treatment groups following 

IPGTT at week 3 (Figure 5.2-C) and week 6 (Figure 5.2-E) of HFD. The AUC for IPGTT was not 

different between two groups at week 3 (Figure 5.2-D, P value=0.1373) and week 6 (Figure 5.2-

F, P value=0.3092) of HFD. These data indicate PEPITEM had no effect on glucose tolerance and 

insulin resistance in mice on HFD for 6 weeks. 

 

5.2.2.2 The effect of PEPITEM on pancreatic beta cell mass in 6-week HFD- mice  

Although insulin resistance is described as a the main pathophysiological feature in T2DM, 

recent studies have shown that a functional deficiency of pancreatic islets is also important in the 

development of T2DM (Inaishi and Saisho, 2020). Previous reports have established that 

pancreatic beta cell mass in subjects with obesity increases, to compensate for insulin resistance 

(Polonsky et al., 1988). However, , the beta cell mass was reported to decrease by approximately 

40% once the glucose intolerance develops in T2DM (Butler et al., 2003). Here, we aim to 

investigate whether the PEPITEM administration in a mice model of glucose intolerance can affect 
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the beta-cell mass and the number of pancreatic islets compared to PBS treated mice. Therefore, 

we isolated the mice pancreas at the end of 6 weeks on HFD and stained for insulin and glucagon. 

The islet images acquired using slide scanner as shown in Figure 5.3 and quantified as the number 

of the islets/10000µm2 of whole area. PEPITEM had no effect on number of the pancreatic 

islets/10000µm2 of whole sectioned area (Figure 5.4-A) However, it significantly reduced the area 

of islets/10000µm2 of whole sectioned area compared to PBS treated (Figure 5.4-B). These data 

indicate, administration of PEPITEM in 6-week HFD- mice avoids the expansion of pancreatic 

beta cell mass. 

 

5.2.2.3 Quantification of leukocytes in 6-week HFD-mice treated with PEPITEM vs PBS 

Given that obesity and T2DM are accompanied by chronic inflammation at a tissue level, 

we evaluated the immunoregulatory effects of PEPITEM during inflammation caused by 

obesogenic diet and during T2DM. We investigated whether PEPITEM could affect T cells or 

other leukocyte subsets trafficking into different vascular beds. We quantified the number of 

leukocyte subsets in the blood, LN, spleen, adipose tissue, and peritoneal lavage in mice using 

flow cytometry. The number of CD45+ cell, B cells, age associated B cells, CD8+ T cells, T regs, 

eosinophils and neutrophils remained unchanged in all these tissues in PEPITEM treated mice 

compared to PBS treated mice (Table 5.1). However, PEPITEM treatment significantly decreased 

the number of CD4+ T cells (Figure 5.5-A) and senescent T cells (Figure 5.5-B) in visceral adipose 

tissue. In addition, PEPITEM treatment significantly decreased the number of T cells (Figure 5.5-

C), senescent T cells (Figure 5.5D) and macrophages (Figure 5.5E) in peritoneal lavage compared 

to PBS treated mice. These data indicates that the regulatory effects of PEPITEM in visceral fat 

and peritoneal lavage inflammation in in 6-week HFD-mice. 
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Figure 5.2 Effect of PEPITEM administration on body weight and glucose tolerance in HFD- mice 

treated with PEPITEM vs PBS. Male wt (C57Bl/6) mice were fed a high fat diet (HFD) for 6 weeks and 

received 73µg/day PEPITEM (red squares) or PBS (black circles) administrated via mini pumps for the 6 

weeks of HFD. (A) Body weight was assessed weekly and (B) quantified as the area under the curve. Blood 

glucose concentrations was measured at (C) week 3 and (E) week 6 of HFD: The mice were fasted for 5 

hours, and baseline blood glucose was measured at 0 min, then 1g glucose/kg body weight was injected 

intraperitoneally. Glucose levels were measured regularly at 15, 30, 60, 90 and 120 minutes and quantified 

as AUC for (D) week 3 and (F) week 6 of HFD. Data are shown as mean ± SEM for n =1 independent 

experiment using n =5 mice per group. 
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Figure 5.3 Representative image of pancreatic islets in mice pancreas. The isolated pancreas was fixed, 

paraffin embedded, sectioned, and stained for insulin and glucagon. Representative images acquired using 

slid scanner showing merged fluorescent channels in whole sectioned area using red for beta cells, green 

for alpha cells and DAPI for nucleus. The zoomed area represents one pancreatic islet. Scale bar =1000µm 
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Figure 5.4 Quantification of pancreas islets number and area in HFD-mice treated with PEPITEM 

vs PBS. The C57Bl/6 Mice were placed on HFD for 6 weeks and received PEPITEM at 3.5mg/ml via mini 

pumps during 6 weeks of HFD. Pancreas was removed, and pancreatic islets were stained and imaged and 

quantified as (A) the average number of the islets/10000µm2 of sectioned area and (B) the average area of 

islets/10000µm2 of sectioned area. Data are shown as mean±SEM for n = 1 independent experiment using 

n=5 mice per group. **= p<0.01 by unpaired t-test compared to PBS treated.
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Table 5.1 Quantification of leukocyte subsets in 6-week HFD-PEPITEM vs HFD-PBS mice 

Leukocyte subset 
 

Blood/ml 
 

Visceral adipose  
Tissue/g 

Subcutaneous 
adipose 
Tissue/g 

Spleen/g LNs Peritoneal lavage/ml 

PBS PEPITEM PBS PEPITEM PBS PEPITEM PBS PEPITEM PBS PEPITEM PBS PEPITEM 

CD45+ cell  
number 

116307± 

9038 
  

108159± 

3169 

42655± 

14492 

48882± 

12226 

28655± 

3311 

30882± 

2353 
37777237± 
3795124 

40914684± 

3937809 

137761± 

9322 

168338± 

17547 

78712± 

1249 

82160± 

3683 

B cell number 37645± 

2128 

44837± 

5613 

2599± 

357.6 

2259± 

257.8 

1799± 

152.3 

1859± 

100.9 
18017788± 

2422941 

20549882± 

3272735 

26811± 

5889 

24771± 

5804 

32617± 

4658 

32838± 

3015 

 

Age associate B 
cell  
number 

5091± 

566.0 

6895± 

834.7 

2067± 

198.1 

1627± 

158.3 

1027± 

32.36 

1007± 

53.37 
1605879± 

280099 

1723345± 

164344 

241.3± 

49.36 

294.2± 

56.49 

7052± 

729.9 

6190± 

682.5 

T cell number 35785± 

4418 

40481± 

3827 
30354± 

3586 

22952± 

4381 

14954± 

1491 

16152± 

1673 

 

5812659± 

1284432 

 

6841248± 

1093347 

 

99419± 

1338 

 

105056± 

3970 

 

Figure 

5.4C 

Figure 

5.4C 

CD4+ T cell number  17686± 

2435 

19895±  

3260 

Figure 

5.4A 

Figure 

5.4A 

9454± 

483.8 

9483± 

417.3 

3898541± 

262349 

3727943± 

393053 

30624± 

6550 

34302± 

2347 

13560± 

1231 

14538± 

1383 

CD8+ T cells 
number 

6764± 

1059 

5868±  

978.0 

1884± 

305.6 

1956± 

511.3 

1484± 

145.0 

1356± 

122.8 

2658353± 

341183 

31795± 

1446 

32976± 

760.9 

34302± 

2347 

4557± 

461.1 

4464± 

369.0 

T reg number 140.0± 

5.055 

138.7±  

13.06 

181.0± 

25.57 

161.1± 

17.58 

153.0± 

10.71 

135.1± 

12.90 

3299± 

452.8 

3249± 

495.7 

265.3± 

38.10 

233.1± 

37.80 

61.45± 

5.657 

58.24± 

9.663 

Senescent T cell 
number 

1762± 

363.0 

1704± 

393.5 

Figure 

5.4B 

Figure 

5.4B 

545.5± 

72.02 

455.8± 

56.55 

694010± 

71650 

 

689293± 

71412 

11427± 

712.8 

11735± 

470.1 

Figure 

5.4D 

Figure 

5.4D 

Monocyte/ 
Macrophage 
number 

14171± 

1812 

15697±  

1004 

 

44660± 

9735 

 

52891± 

9545 

13260± 

1007 

13691± 

1260 

317833± 

37650 

307157± 

37216 

341.7± 

137.8 

 

332.4± 

114.4 

 

Figure 

5.4E 

Figure 

5.4E 

Eosinophil 
number 

1147± 

68.55 

910.7± 

193.1 

3843± 

439.5 

3121± 

531.1 

1643± 

99.73 

1721± 

37.83 

19308± 

3064 

15359± 

3000 

21.86± 

10.79 

55.30± 

26.30 
110.8± 

4.912 

133.8 

29.50 

Neutrophil 
number 

8067± 

885.1 

7605± 

1488 

959.8± 

60.78 

1183± 

163.7 

839.8± 

44.11 

682.9± 

75.47 
260316± 

18831 

223631± 

12099 

96.57± 

33.38 

94.97± 

51.71 

23.00± 

8.973 

37.36± 

17.43 

T reg -Regulatory T cells: LN – Lymph Node. Unpaired t-test showed no significant effect of PEPITEM treatment on leukocyte number for the 

data presented in this table. Statistically significant data are represented in figure format (Figure 5.4A-E). Data are shown as mean ± SEM for n = 

1 independent experiments, using n=5 mice per group.
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Figure 5.5 Quantification of leukocyte subsets in HFD-mice treated with PEPITEM vs PBS. The 

C57Bl/6 Mice were placed on HFD for 6 weeks and received PEPITEM at 3.5mg/ml via mini pumps during 

6 weeks of HFD. (A) Visceral adipose tissue CD4+ T cells, (B) visceral adipose tissue senescent T-cells, 

(C) peritoneal lavage T cells, (D) peritoneal lavage senescent T cells and (E) peritoneal lavage macrophages 

were quantified using flow cytometry analysis. Absolute number of immune cells were normalised to bead 

counts and plotted as number per g of adipose tissue and per ml of peritoneal lavage. Data are shown as 

mean±SEM for n = 1 independent experiment using n = 5 mice per group. *= p<0.05, and *** p<0.005 by 

unpaired t-test compared to PBS treated. 
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5.2.3 Immunomodulatory effects of PEPITEM in mice on HFD for 12 weeks 

In previous experiment we used 6-week HFD-induced obesity to generate a glucose 

intolerance mice model to assess the immunomodulatory effects of PEPITEM in vivo. To achieve 

a model with worse glucose intolerance that more closely represented the T2DM physiopathology 

we extended the HFD duration to 12 weeks, to further explore the regulatory effects of PEPITEM. 

Due to the restriction of the Home Office licence, we were only allowed to implant one osmotic 

pump, as such we opted to administer PEPITEM for the last 6 weeks of HFD to assess its 

immunoregulatory potential as T2DM symptoms developed. 

 

5.2.3.1 Effect of PEPITEM administration on body weight and glucose tolerance in 12-week 

HFD- mice 

First, we explored whether the PEPITEM administration has any effect on weight gain and 

glucose tolerance during 12 weeks of HFD. Body weight was assessed weekly and glucose 

tolerance was measured at week 8 and 12 following 5 hours fasting. Body weight steadily and 

similarly increased in both groups (Figure 5.6-A). Once again, the AUC for body weight was not 

different between two groups (Figure 5.6-B). Fasting blood glucose levels at baseline were not 

different between the two groups at week 8 (Figure 5.6-C) and week 12 (Figure 5.6-E) of HFD. 

Additionally, blood glucose concentrations returned close to baseline for PBS treated group 

following IPGTT at week 8 and week 12 of HFD. We observed a slight increase in glucose 

intolerance in the PEPITEM-treated mice at week 8 (Figure 5.6-C) and 12 (Figure 5.6-E) as 

glucose levels did not return to baseline levels. However, the AUC for IPGTT data was not 

significantly different between two groups at week 8 (Figure 5.6-D) and week 12 (Figure 5.6-F) 

of HFD, indicating that PEPITEM had no effect on glucose tolerance and insulin resistance in 

mice on HFD for 12 weeks. 



 150 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 Effect of PEPITEM administration on body weight and glucose tolerance in HFD-mice 

treated with PEPITEM vs PBS. Male wt (C57Bl/6) mice were fed a high fat diet (HFD) for 12 weeks 

and received 3.5mg/ml PEPITEM (red squares) or PBS (black circles) administrated via mini pumps for 

the last 6 weeks of HFD. (A) Body weight was assessed weekly and (B) quantified as the area under the 

curve. Blood glucose concentrations was measured at (C) week 8 and (E) week 12 of HFD: The mice 

were fasted for 5 hours, and baseline blood glucose was measured at 0 min, then 1g glucose/kg body 

weight was injected intraperitoneally. Glucose levels were measured regularly at 15, 30, 60, 90 and 120 

minutes and quantified as AUC for (D) week 8 and (F) week 12 of HFD. Data are shown as mean ± SEM 

for n =1 independent experiment using n =14 mice per group. 
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5.2.3.2 The effect of PEPITEM on pancreatic beta cell mass in 12-week HFD- mice  

Next, we explored whether administration of PEPITEM for 6 weeks can affect the islet 

number or their area in 12-week HFD-mice. The islet images acquired using slide scanner as shown 

in Figure 5.7. We observed no significant effect of PEPITEM on number of the pancreatic 

islets/10000µm2 of whole sectioned area (Figure 5.8A). However, PEPITEM treatment 

significantly reduced the area of islets/10000µm2 of whole sectioned area compared to PBS (Figure 

5.8-B). These data indicate, administration of PEPITEM in 12-week HFD-mice avoids the 

expansion of pancreatic beta cell mass. 

 

5.2.3.3 Quantification of leukocytes in 12-week HFD-mice treated with PEPITEM vs PBS 

Finally, we explored the effect of PEPITEM on leukocyte trafficking in in the blood, LN, 

spleen, adipose tissue, and peritoneal lavage in mice using flow cytometry. We found no 

significant changes in number of CD8+ T cells and T regs in any of the tissues (Table 5.2) in 

PEPITEM treated mice vs PBS. The number of age associated B cells (Figure 5.9-A), senescent T 

cells (Figure 5.9-B), and neutrophils (Figure 5.9-C) were reduced in blood of PEPITEM treated 

mice. We also observed reduced number of T cells (Figure 5.10-A), CD4+ T (Figure 5.10-B), cells 

and senescent T cells (Figure 5.10-C) in visceral adipose tissue of PEPITEM treated mice. We 

found no significant change in number of any leukocyte subsets in subcutaneous adipose tissue in 

PEPITEM treated group (Table 5.2). In spleen, the number of CD45+ cells (Figure 5.11-A), B cells 

(Figure 5.11-B), age associated B cells (Figure 5.11-C), and T cells (Figure 5.11-D) were increased 

in PEPITEM treated mice. However, neutrophil number (Figure 5.11-E) were reduced in this 

group. In LN, higher numbers of CD45+ cells (Figure 5.12-A), T cells (Figure 5.12-B) and 

eosinophils (Figure 5.12-C) were observed in PEPITEM treated group compared to control treated 
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animals. PEPITEM treatment only reduced the macrophage number in peritoneal lavage (Figure 

5.13). These data indicates that administration PEPITEM in last 6 weeks of HFD-induced obesity 

modulates leukocyte trafficking in visceral fat, peritoneal lavage also in secondary lymphatic 

organs such as spleen and LNs. 
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Figure 5.7 Representative image of pancreatic islets in mice pancreas. The isolated pancreas was fixed, 

paraffin embedded, sectioned, and stained for insulin and glucagon. Representative images acquired using 

slid scanner showing merged fluorescent channels in whole sectioned area using red for beta cells, green 

for alpha cells and DAPI for nucleus. The zoomed area represents one pancreatic islet. Scale bar =1000µm 
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Figure 5.8 Quantification of pancreas islets number and area in HFD-mice treated with PEPITEM 

vs PBS. Male wt (C57Bl/6) mice were fed a high fat diet (HFD) for 12 weeks and received 3.5mg/ml 

PEPITEM or PBS administrated via mini pumps for the last 6 weeks of HFD. Pancreas was removed, and 

pancreatic islets were stained and imaged and quantified as (A) the average number of the islets/10000µm2 

of sectioned area and (B) the average area of islets/10000µm2 of sectioned area. Data are shown as 

mean±SEM for n = 1 independent experiment using n=7 mice per group. *= p<0.05 by unpaired t-test 

compared to PBS treated.
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Table 5.2 Quantification of leukocyte subsets in 12- week HFD-mice treated with PBS vs PEPITEM 

Leukocyte subset 
 

Blood/ml 
 

Visceral adipose  
Tissue/g 

Subcutaneous 
adipose 
Tissue/g 

Spleen/g LNs Peritoneal lavage/ml 

PBS PEPITEM PBS PEPITEM PBS PEPITEM PBS PEPITEM PBS PEPITEM PBS PEPITEM 

CD45+ cell  
number 

125413± 
7680   

126756±
12148 

42328±5
478 

50925± 
5764 

27399± 
1277 

27353± 
1505 

Figure 

5.8A 
Figure 

5.8A 
Figure 

5.9A 
Figure 

5.9A 
86512± 
10012 

84768±1
4061 

B cell number 90359± 
12190 

116113±
11644 

2615± 
206.9 

2540± 
214.0 

2257± 
92.45 

2195± 
101.2 

Figure  

5.8B 
Figure  

5.8B 
2723± 
5750 

31610± 
5063 

35959± 
5160 

25257±3
596 

Age associate B cell  
number 

Figure  

5. 6A 
Figure 
5. 6A 

1929± 
126.1 

2123± 
118.9 

1350± 
49.26 

1440± 
51.59 

Figure  

5.8C 
Figure 

 5.8C 
399.0± 
72.70 

401.9± 
76.86 

8570± 
1247 

6372± 
994.4 

T cell number 20930± 
3587 

28771± 
4010 

Figure  

5. 7A 
Figure 
5. 7A 

24114± 
810.0 

22855± 
798.0 

Figure  

5.8D 
Figure 

 5.8D 
Figure 

5.9B 
Figure 

5.9B 
23228± 
3704 

21997±3
547 

CD4+ T cell number  

 
10255± 
1821 

14783± 
2145 

Figure  

5. 7B 
Figure 
5. 7B 

14857± 
845.4 

13654± 
911.8 

3506279±5
10247 

5028258±8
12723 

3840± 
6313 

53669± 
7784 

14177± 
2182 

12751±1
973 

CD8+ T cells number 7894± 
1422 

9929± 
1302 

1741± 
202.9 

1864± 
217.5 

904.8± 
44.33 

876.6± 
59.01 

2536683±3
66794 

3311768±5
17992 

3039± 
1129 

33409± 
855.9 

5730± 
1089 

5269±10
83 

T reg number 59.05± 
12.01 

96.43± 
23.67 

384.5± 
81.54 

340.8± 
77.51 

74.88± 
6.300 

69.18± 
7.382 

4141± 
718.1 

4517± 
857.0 

311.1± 
42.85 

266.3± 
31.22 

46.07± 
7.619 

58.75± 
7.399 

Senescent T cell 
number 

Figure  

5. 6B 
Figure 
5. 6B 

Figure  

5. 7C 
Figure 
5. 7C 

978.6± 
49.70 

920.1± 
68.95 

1325711±2
07466 

1479041±2
35741 

1033± 
568.1 

11741± 
392.0 

2245± 
254.1 

2421±44
1.5 

Monocyte/ 
Macrophage 
number 

15022± 
1991 

11864± 
1070 
 

42582±5
265 
 

49601± 
6083 
 

24024± 
1005 
 

24866± 
1017 
 

704531± 
99344 

522682± 
83250 

357.2± 
94.92 
 

447.8± 
95.50 
 

Figure 

5.10 
Figure 

5.10 

Eosinophil number 784.2± 
88.40 

791.5± 
112.0 

4287± 
593.7 

4285± 
678.1 

3082± 
151.7 

2682± 
209.3 

27292± 
4242 

23901± 
6099 

Figure 

5.9C 
Figure 

5.9C 
4.406± 
0.8045 
 

4.273± 
0.5858 

Neutrophil number Figure  

5. 6C 
Figure 
5. 6C 

1320± 
128.3 

1480± 
1480 

1046± 
67.31 

997.7± 
50.01 

Figure  

5.8E 
Figure 

 5.8E 
64.90± 
17.87 

66.24± 
20.77 

169.8± 
44.00 

216.7± 
50.73 

 

T reg -Regulatory T cells: LN – Lymph Node. Unpaired t-test showed no significant effect of PEPITEM treatment on leukocyte number for the data 

presented in this table. Statistically significant data are represented in figure format (Figure 5.6-10). Data are shown as mean ± SEM for n = 1 

independent experiments, using n=14 mice per group.
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Figure 5. 9 Quantification of leukocyte subsets in blood of HFD-mice treated with PEPITEM vs PBS. 

Male wt (C57Bl/6) mice were fed a high fat diet (HFD) for 12 weeks and received 3.5mg/ml PEPITEM or 

PBS administrated via mini pumps for the last 6 weeks of HFD. Blood (A) age associated B cells, (B) 

senescent T-cells and (C) neutrophils were quantified using flow cytometry analysis. Absolute number of 

immune cells were normalised to bead counts and plotted as number per ml of blood. Data are shown as 

mean±SEM for n = 1 independent experiment using n = 14 mice per group. *= p<0.05, ** = p<0.01 by 

unpaired t-test compared to PBS treated.

PB
S

PEPIT
EM

0

5000

10000

15000

A
g
e
 a

s
s
o

c
ia

te
d

B
 c

e
ll 

n
u

m
b

e
r/

m
l *

A.

PB
S

PEPIT
EM

0

2000

4000

6000

8000

10000

S
e
n

e
s
c
e
n
t

T
 c

e
ll 

n
u

m
b
e

r/
m

l

**

B.

PB
S

PEPIT
EM

0

5000

10000

15000

20000

N
e

u
tr

o
p
h

il 
n

u
m

b
e

r/
m

l

*

C.



 157 

 

 

 

 

 

 

 

 

 

Figure 5.10 Quantification of leukocyte subsets in visceral adipose tissue of HFD-mice treated with 

PEPITEM vs PBS. Male wt (C57Bl/6) mice were fed a high fat diet (HFD) for 12 weeks and received 

3.5mg/ml PEPITEM or PBS administrated via mini pumps for the last 6 weeks of HFD. Visceral adipose 

tissue (A) T cells, (B) CD4+ T cells and (C) senescent T-cells were quantified using flow cytometry analysis. 

Absolute number of immune cells were normalised to bead counts and plotted as number per g of tissue. 

Data are shown as mean±SEM for n = 1 independent experiment using n = 14 mice per group. *= p<0.05, 

by unpaired t-test compared to PBS treated. 
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Figure 5.11 Quantification of leukocyte subsets in spleen of HFD-mice treated with PEPITEM vs 

PBS. Male wt (C57Bl/6) mice were fed a high fat diet (HFD) for 12 weeks and received 3.5mg/ml 

PEPITEM or PBS administrated via mini pumps for the last 6 weeks of HFD. Spleen (A) CD45+ cells, (B) 

B cells (C) age associated B cells, (D) T cells, and (E) neutrophils were quantified using flow cytometry 

analysis. Absolute number of immune cells normalised to bead counts and plotted as number per g of tissue. 

Data are shown as mean±SEM for n = 1 independent experiment using n = 14 mice per group. *= p<0.05, 

by unpaired t-test compared to PBS treated. 
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Figure 5.12 Quantification of leukocyte subsets in LN of HFD-mice treated with PEPITEM vs PBS. 

Male wt (C57Bl/6) mice were fed a high fat diet (HFD) for 12 weeks and received 3.5mg/ml PEPITEM or 

PBS administrated via mini pumps for the last 6 weeks of HFD. Lymph node (LN) (A) CD45+ cells, (B) T 

cells and (C) eosinophils using flow cytometry analysis. Absolute number of immune cells normalised to 

bead counts and plotted as number per LN. Data are shown as mean±SEM for n = 1 independent experiment 

using n = 11 mice per group. *= p<0.05, ** = p<0.01 by unpaired t-test compared to PBS treated. 
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Figure 5.13 Quantification of macrophages in peritoneal lavage of HFD-mice treated with PEPITEM 

vs PBS. Male wt (C57Bl/6) mice were fed a high fat diet (HFD) for 12 weeks and received 3.5mg/ml 

PEPITEM or PBS administrated via mini pumps for the last 6 weeks of HFD. Peritoneal lavage 

macrophages were quantified using flow cytometry analysis. Absolute number of macrophages normalised 

to bead counts and plotted as number per ml. Data are shown as mean±SEM for n = 1 independent 

experiment using n = 13 mice per group. *= p<0.05, by unpaired t-test compared to PBS treated. 
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5.3 Discussion 

Here using two sets of experiments, we explored the prophylactic as well as therapeutic 

capacity of a novel endogenous peptide, PEPITEM, on chronic inflammation caused by 

obesogenic diet in mice. We observed no direct metabolic action of PEPITEM in either sets of our 

in vivo experiments, despite a significant reduction in islets individual size of area compared to 

PBS treated group. Prophylactic PEPITEM treatment was only able to block the obesogenic diet-

induced T cell and macrophage trafficking into adipose tissue and peritoneum. However, 

therapeutic administration of PEPITEM following feeding mice HFD dramatically altered the 

composition of leukocyte subsets in peripheral tissues, as well as secondary lymphoid organs. 

To the best of our knowledge, this is the first study to investigate the metabolic aspects of 

PEPITEM and there is currently no evidence reporting the immune modulatory influence of 

PEPITEM in obesity/T2DM to compare our results against. Therefore, this discussion will focus 

on the evidence exists for obesity-related leukocyte trafficking focusing on adipose tissue. 

 

5.3.1 Evidence on obesity related metabolic changes 

Diet-induced obesity, widely used in rodents, has become one of the most beneficial tools to 

explore the impact of obesity on glucose metabolism and development of T2DM (Tang et al., 

2013). Some studies suggest that high fat/high fructose diet is better to mimic the T2DM in animal 

models, as high-fructose diet can cause hyperinsulinaemia, while a high-fat diet can result in 

impaired pancreatic function of insulin secretion and glucose intolerance (Huang et al., 2004). 

Following 16–20 weeks of HFD, mouse will typically show 20–30% increase in body weight when 

compared to chow diet mouse (Tang et al., 2013). Here we observed approximately 30% increase 
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in body weight in both groups after feeding them HFD either for 6 or 12 weeks, which is similar 

to the clinical manifestation of diabetic patients in early stage as they are gaining body weight. We 

used male mice in our experiments as it is already stablished that C57BL/6 male mice have a 

greater propensity of gaining body weight than female mice to develop glucose intolerance (Hong 

et al., 2009). In our model although we have not include any chow diet control to compare whether 

obesity could cause necessary changes to impair the glucose tolerance, our results are comparable 

with previous studies showing higher fasting glucose (9.1 ± 0.3 vs. 7.9 ± 0.4 mmol/l ) following 8 

weeks of HFD  compared to chow diet mice (Andrikopoulos et al., 2008). In both sets of 

experiments,  we observed an impaired fasting glucose in week 8 (PBS:9.41±0.3, 

PEPITEM:10.5±1.11) and week 12 (PBS:10.9±0.6, PEPITEM: 11.8±0.9) of HFD, indicating that 

our HFD was only able to induce the initial metabolic changes take place in obese subjects as the 

fast glucose levels in both sets of experiments are higher compare to those shown in chow fat diet 

control mice in other studies (Andrikopoulos et al., 2008) 

Here we used IPGTT as  a simple approach to analyse the effect of diet/PEPITEM on 

metabolism (Dinger et al., 2018). Indeed we examined how well the body's cells are able to uptake 

glucose after injecting a given amount of sugar, which in turn is indicative of insulin secretion and 

insulin effect (Dinger et al., 2018). Here, our findings showed that blood glucose levels reached 

the fasting glucose levels in all IPGTT after 120-minute test, suggesting that despite impaired 

fasting glucose, insulin is still able to keep the blood glucose at fasting levels, showing no 

development of insulin resistance after feeding mice HFD for 6 or 12 weeks in our model. 

Previous reports have clearly established the association between obesity and beta cell mass in 

both obese and T2DM subject. Several human studies have reported  beta cell mass expansion by 

20% to 90% in obese non diabetic subjects (Hanley et al., 2010; Saisho et al., 2013). 
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Immunohistochemistry data from Tschen et al. demonstrated a threefold expansion in beta cells 

mass in 6-week-old male C57BL/6 mice following 8 weeks HFD compared to control chow diet 

mice, which was due to increased proliferation of the pancreatic beta cells  in response to decreased 

insulin sensitivity shown as increased fasting insulin levels in HFD mice (Tschen et al., 2009).In 

fact our study lacks the control mice on chow diet to evaluate the obesity related expansion of 

islets. However, we observed 2.2- and 1.2-fold reduction in islet size by prophylactic and 

therapeutic administration of PEPITEM respectively, suggesting prophylactic administration of 

PEPITEM was more efficiently reduced the obesity induced expansion of the islets. 

Given that we observed no change in glucose homeostasis between two groups, it is unlikely 

that PEPITEM has modulate the blood insulin levels in treated group and more tests such as insulin 

tolerance test is needed to address whether PEPITEM affects insulin sensitivity. Our data suggests 

that PEPITEM limits HFD-induced pancreatic islet expansion independent of its effects on insulin 

sensitivity. However, the mechanism by which PEPITEM suppress the islets expansion is 

unknown and the sole effect of PEPITEM on beta cells mass in non-obese WT mice must be 

investigated to conclude whether PEPITEM is reversing the beta cell mass back to baseline or 

avoids the expansion of islets in general. Interestingly, like what we observed with PEPITEM, 

metformin, was shown to suppress the compensatory beta cell expansion induced by HFD in mice 

(Tajima et al., 2017). Indeed, they showed that 8 weeks of HFD was sufficient to induce adaptive 

beta cell mass expansion and proliferation in HFD mice compared to chow diet mice (Tajima et 

al., 2017). An 8-week metformin treatment suppressed the compensatory beta cell hyperplasia 

induced by HFD which was demonstrated by lower ratio of BrdU- or Ki67-positive proliferating 

beta cells in metformin treated HFD mice (Tajima et al., 2017). In search of mechanism by which 

metformin affected this, they roll out the possibility of beta cell apoptosis by showing unchanged 
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ratio of cleaved caspase-3-positive beta cells between the HFD group and HFD + metformin group 

using immunostaining (Tajima et al., 2017). Using 1 week HFD mice, while no insulin resistance 

was developed, they could show that 1 week metformin treatmentis able to suppress the 1-week 

HFD induced beta cell proliferation compared to only HFD mice, indicating metformin suppressed 

HFD-induced beta cell proliferation before the development of insulin resistance (Tajima et al., 

2017). This was further supported by in vitro data where metformin directly blocked the glucose-

induced replication of beta cells through suppressing the glucose-induced phosphorylation of 

mammalian target of rapamycin (which is essential for cell growth and proliferation). Since we 

also have seen a similar suppressing effect of PEPITEM on HFD induced beta cell expansion in a 

condition which the insulin resistance was not induced yet by HFD, this suggests a possible 

mechanism of action for PEPITEM to reduce the islets expansion by blocking the proliferation of 

beta cells before the development of insulin resistance. However, the involvement of extrinsic 

signals from other organs such as adipose tissue is also important for the regulation of adaptive 

beta cell expansion. These signals might influence the PEPITEM effects on the compensatory beta 

cell expansion, since PEPITEM has shown immunomodulatory effects in multiple tissues in our 

study. Based on the results of our study, mainly the prophylactic administration of PEPITEM has 

the potential to impose a preventive effect on compensatory beta cell expansion during an early 

disease stage independent of improvement in metabolic parameters.   

 

5.3.2 Evidence on PEPITEMs actions in inflammation 

Despite the lack of evidence about metabolic capacity of PEPITEM, there are few studies 

supporting the in vivo efficacy of PEPITEM in inflammation. For the first time Chimen et al. 
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showed the in vivo functionality of PEPITEM in various inflammatory induced conditions 

(Chimen et al., 2015); They generated a B cell–knock out mouse model of zymosan-induced 

peritonitis, with no capacity to produce PEPITEM. Zymosan induced more T cells infiltration into 

the peritoneum of B cell– knock out mice compared to WT controls, which was reversed with 

injection of PEPITEM to these mice with (Chimen et al., 2015). This was further supported with 

another model of inflammation where PEPITEM administration could suppress the lymphocyte 

infiltration into inflamed liver of Salmonella-infected C57BL/6 mice compared to PBS treated 

mice (Chimen et al., 2015). Most recently, Mastubara et al. reported reduced infiltration of double-

negative T cells into the kidney of  MRL/lpr mice treated with PEPITEM,  which was  concomitant 

with  increased protein expression of CDH15 (receptor for PEPITEM) on endothelial cells of 

glomeruli and kidney arterioles of lupus mice (Matsubara et al., 2020), suggesting the modulation 

of PEPITEM/CDH15 axis in lupus nephritis. This improvement in inflammation translated into 

milder proteinuria in PEPITEM treated mice compared to non-treated MRL/lpr mice (Matsubara 

et al., 2020). Our study adds more evidence to this regulatory aspect of PEPITEM in governing 

lymphocytes trafficking in obesity induced chronic inflammatory condition. Indeed, we could 

show prophylactic administration of PEPITEM suppressed CD4+ T cells and senescent T cells 

infiltration into visceral adipose tissue and peritoneum in a 6-week HFD-mice.   In addition, our 

data showed a reduction in number of macrophages in peritoneum of PEPITEM treated when both 

administrated prophylactic and therapeutic, suggesting the capacity of PEPITEM in regulating the 

innate immune system, either by limiting the lymphocyte recruitment or unknown direct influence 

over macrophages. This limited recruitment of macrophages to site of inflammation was also 

shown in Mastubara et al. study, where their immunohistochemistry analysis showed a decrease 

in the number of F4/80 + cells in the renal interstitium along with reduced deposition in C3 and 
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IgG in the glomeruli upon PEPITEM treatment, indicating macrophage and B cell activation was 

suppressed along with the decrease infiltration of T cells into the renal interstitium (Matsubara et 

al., 2020).  

5.3.3 Obesity related changes in leukocyte trafficking in adipose tissue 

In this study we observed a regulatory effect of PEPITEM on adipose tissue mostly by 

suppressing the CD4+ T cells and senescent T cells recruitment. The mechanisms that regulate T 

cell trafficking in adipose tissue are largely unknown. Increased number of T cells in visceral 

adipose tissue has been previously shown in obese mice and human and are linked either to their 

recruitment or proliferation. For example, Duffat et al, showed more infiltration of CD3+ T cells 

composed of CD4+ and CD8+ cytotoxic T cells into adipose tissue of obese non diabetic subjects, 

(Duffaut et al., 2009) which was explained by increased gene expression of chemokine CCL20 on 

mature adipocytes from obese people compare to lean (Duffaut et al., 2009). Moreover, flow 

cytometric analysis of an in vivo study showed higher numbers of T cells and macrophages in 

adipose tissue of male mice placed on 24-week HFD compared to normal diet lean mice (Wu et 

al., 2007). In this study the recruitment of T cells into adipose tissue of obese mice was postulated 

to higher protein and gene expression of RANTES and its receptor CCR5 in fat tissue of obese 

mice (Wu et al., 2007). HFD for 14 weeks, was reported to activate the proliferation of CD4+ T 

cells in adipose tissue (Morris et al., 2013). In fact, they showed that adipose tissue macrophages 

are able to develop the proliferation CD4+ T cells in adipose tissue (Morris et al., 2013). These 

data support the concept that adipose tissue macrophages govern an adaptive response by 

modulating T cell activation in obese fat (Morris et al., 2013). However, in another in vivo study 

early infiltration of adipose tissue B cells followed by increased T cell proceeded the accumulation 



 167 

of macrophages in adipose tissue after 12 weeks of HFD (Duffaut et al., 2009). Using lymphocyte 

deficient mice, this study demonstrated absence of lymphocytes did not change the onset of obesity 

and insulin resistance status (Duffaut et al., 2009). Therefore suggested that the lymphocytes alone 

are not enough for the initiation of obesity-associated insulin resistance (Duffaut et al., 2009). 

Moreover, an exaggerated infiltration of macrophages in adipose tissue in absence of lymphocytes 

suggested a protective role for lymphocytes to control inflammation in adipose tissue (Duffaut et 

al., 2009). In our study however, since the number of visceral adipose tissue macrophages are 

unchanged in both prophylactic and therapeutic treatment with PEPITEM, it seems that PEPITEM 

exerts its immunomodulatory effect on adaptive cells in adipose tissue. Indeed, PEPITEM is 

known to regulate T cells trafficking in vitro and in vivo in previous studies. Here for the first time, 

we show its functionality in obesity induced inflammation. Although we have not measured the 

adiponectin levels here, it is already stablished that both circulating and adipose tissue expressed 

adiponectin levels are decreased in obese subjects (Lu et al., 2008) and our data suggests that 

administration of PEPITEM is able to restore the homeostatic pathway regulating T cell 

recruitment in adipose tissue of obese mice. However more experiments such as evaluating the 

expression of CDH15 by adipose tissue is needed to confirm the modulation of PEPITEM/CDH15 

axis in obesity. Furthermore, the effect of PEPITEM on chemokine response in adipose might be 

necessary to better clarify its mechanism of action.    

There are evidence showing the involvement of CD8+ T cells in development of insulin 

resistance in obesity. It has been proposed that CD8 + T cells improve insulin resistance through 

recruiting macrophages (Eller et al., 2011; Liu et al., 2021) As shown by Nishimura et al., the 

increased recruited CD8 + T cells and macrophages in visceral adipose tissue of WT mice placed 

on HFD for 16 weeks was associated to insulin resistance in HFD mice compared to chow diet and 
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genetic depletion of CD8+ T cells decreased macrophage infiltration and dampened the systemic 

insulin resistance (Nishimura et al., 2009) This suggests adipose tissue CD8+ T cells and 

macrophages together are necessary for metabolic changes occurs in obesity. Thus, here in our 

study, unchanged number of CD8+ T cells and macrophages in adipose tissue in PEPITEM treated 

mice, might be associated with unchanged systemic metabolic status between two groups. 

In this study for the first time, we demonstrated the capacity of PEPITEM in regulating 

senescent lymphocytes in chronic inflammation. KLRG1 has been widely used in animal studies 

to identify senescent CD4+ (Beyersdorf et al., 2007) and CD8 +T cells (Voehringer et al., 2001). 

These studies provide evidence for strikingly lower cell divisions of KLRG1+ T cells when 

compared with their KLRG1− counterpart. However, a recent in vivo mice study has revealed that, 

it is the loss of KLRG1 that marks out a population of senescence like cells (Herndler-Brandstetter 

et al., 2018). In this study they showed that KLRG1+ effector CD8+ T cells lose KLRG1 expression 

and differentiate into long-lived memory cells called ‘‘ExKLRG1’’memory cells which retained 

high cytotoxic and proliferative capacity distinct from other populations and contributed to 

effective anti-influenza and anti-tumor immunity (Herndler-Brandstetter et al., 2018). In our study 

the senescent T cells have been defined by phenotype only and the data showing their proliferative 

capacity is missing. Therefore, more functional experiments confirming their senescence is needed 

in future expeiments.  Previous studies has shown increased number of senescent T cells in adipose 

tissue of HFD mice (Shirakawa et al., 2016; Kiran et al., 2021). Shirakawa et al. showed that CD4 

+ T cells expressing PD-1 and CD153 were increased in number in adipose tissue from mice fed a 

HFD for 3 months (Shirakawa et al., 2016). These T cells were similar to senescence CD4+ T cells 

that normally increase with age. Also, their adoptive transfer from a HFD mice to a lean WT mice 

caused insulin resistance (Shirakawa et al., 2016). Kiran et al. found that 16 weeks of HFD 
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increases infiltration of activated T cells expressing KLRG1, a senescent marker, and induce 

polarization of macrophages towards an inflammatory M1 macrophages in epididymal adipose 

tissue of HFD mice which was associated with increased fasting blood glucose in HFD mice 

compared to lean mice  (Kiran et al., 2021). In our study, although we have not included a normal 

chow diet mice to compare the HFD effects on senescent T cells, reduced number of T cells 

expressing KLRG1 were significantly decreased in visceral adipose tissue of PEPITEM treated 

group, suggesting PEPITEM might be able to restore the normal profile. However, reduced 

number of senescent T cells with PEPITEM was not associated with any change in metabolic 

parameters in our study, indicating PEPITEM may influence the immune system independent to 

metabolism. 

Although, PEPITEM pathway emphasis on protective role of B cells in regulating lymphocyte 

recruitment in inflammatory condition, there are studies demonstrating the pathogenic role for B 

cells in the development of metabolic disorders in obesity induced inflammation. Indeed, Winer 

et al, showed 8 week-HFD-induced obese mice lacking B cells are protected from impaired fasting 

glucose and impaired glucose tolerance and insulin resistance compared to HFD-wt mice (Winer 

et al., 2011). B cell deficiency did not influence the glucose intolerance and insulin resistance in 

normal chow diet mice, indicating that metabolic influences of B cells require a HFD (Winer et 

al., 2011) Therefore it might be assumed that depletion of B cell might be a beneficial strategy in 

obesity induced T2DM. However, our results that PEPITEM can inhibit the trafficking of T cells 

in fat tissue, raises the possibility that the PEPITEM pathway can be a potential target to treat 

chronic inflammatory diseases. 
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5.3.4 Obesity related changes in leukocyte trafficking in secondary lymphatic organs 

There are evidence showing obesity modulates leukocyte trafficking in secondary lymphoid 

organs. For example, frequency of  CD4+ and CD8+ T cells reported higher in spleen and 

mesenteric LNs of obese compared to WT lean mice following 16 weeks of HFD (Kiran et al., 

2021). However, in another in vivo study total number of lymphocytes determined using a phase-

contrast microscope, reported lower in visceral LNs of mice on HFD for 10 weeks compared to 

those on chow diet (Kim et al., 2008). Their FACS data showed no changes in the percentages of 

CD4+ T cells and CD8+ T cells in the visceral lymph nodes of the obese compared to those in the 

nonobese mice (Kim et al., 2008). Moreover, they observed higher expression levels of Annexin 

V, (apoptosis marker), on lymphocytes of visceral lymph node in obese mice, indicating HFD-

induced lymphocyte death happens in visceral lymph node cells (Kim et al., 2008). Overall, our 

data from spleen and inguinal LNs indicates that therapeutic but not prophylactic treatment of 

PEPITEM in HFD mice alters leukocyte trafficking to these organs mostly through affecting the 

adaptive immune cells. Reduced number of T lymphocytes in adipose tissue as a main source of 

inflammation in obesity along with lymphocyte increase in spleen and lymph nodes with no change 

in number of antigens presenting cells like macrophages in these organs, suggest that PEPITEM 

possibly retains the lymphocytes in secondary lymphoid organs. Thus, less lymphocytes are 

migrated to peripheral tissues. The mechanism by which PEPITEM retains the lymphocyte in SLO 

is not clear. More evaluations are needed to see if PEPITEM rescue the lymphocyte from HFD 

induced apoptosis in SLO. 

It is widely accepted that S1P is one of the most important factors that regulates lymphocyte 

egress from the SLO to periphery via binding to receptor 1 (S1P1) (Chiba et al., 2011). It has been 

stablished that in mice whose lymphocytes lack a single S1P receptor, (S1P1+/-),  
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mature T cells are unable to exit SLO (Lo et al., 2005). Moreover, S1P1 overexpression in activated 

B cells reduces their accumulation in the spleen and increase the ability of activated T 

cells to exit the lymph nodes (Lo et al., 2005). It is also proposed that cyclical modulation of S1P1 

on circulating lymphocytes is necessary to direct them to/from SLO, as expression of S1P1 

receptor are reduced on lymphocytes during trafficking in blood and lymph and 

increase within the lymphoid organs (Lo et al., 2005; Tsai and Han, 2016). Thus, considering the 

importance of S1P1 in homing and egression of lymphocytes, modulation of S1P1 in SLO might 

be a possible mechanism by which PEPITEM influence the lymphocyte. Furthermore, homing of 

lymphocyte from blood into SLO highly depends on lymphocyte specific chemokines (CCL19, 

CCL21, CXCL12, and CXCL13), as their expression in SLO is necessary to attract the 

lymphocytes from circulation to SLO (Tsai and Han, 2016). Therefore, the effects of PEPITEM 

on the expression of these chemokines and their receptors might give us more insight on 

immunomodulatory effects of PEPITEM in SLO. 

 

5.3.5 Limitations 

Our study lacks a control group for mice on chow diet. Therefore, including a control group of 

lean mice would be beneficial to clarify whether either of the 6- or 12-week HFD made the 

sufficient metabolic as well as immune alterations required to achieve obesity related changes. 

Similarly including a group of control mice on normal chow diet with PEPITEM treatment would 

allow us to investigate the metabolic and immunomodulatory effects of PEPITEM itself at baseline 

levels in WT mice, which to our knowledge it is not investigated so far. 
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5.3.6 Conclusion 

In conclusion we have observed PEPITEM therapy can limit the obesity induced islet 

expansion independent of improvement in metabolic status and is able to restore the homeostatic 

regulatory pathway in adipose tissue of obese mice.  Thus, PEPITEM administration may be 

considered as a potential therapeutic tool to overcome the obesity relatted changes occures in early 

disease stage. However, more control groups including chow diet mice with or without PEPITEM 

administration is required to fully interpret this result. 
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6  GENERAL DISCUSSION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 174 

6.1 Summary of findings 

In this thesis we first sought to understand and characterise the role of CDH13 in anti-

inflammatory effects of adiponectin focusing on PEPITEM pathway. As previously published 

(Chimen et al., 2015) and this study also showed, adiponectin can strongly inhibit PBL 

transmigration via PEPITEM pathway by acting on PBL. In addition, we showed the inhibitory 

effect of adiponectin in T cell migration when acting directly on BEC, suggesting that endothelial 

response to adiponectin was sufficient to dampen PBL transmigration. Furthermore, we 

demonstrated that CDH13 and AdipoR1/R2 are expressed by BEC. There are previous evidence 

supporting that, in absence of adiponectin receptors, adiponectin loses its protective effects 

because of the lack of adiponectin signaling in different tissues (Denzel et al., 2010; Iwabu et al., 

2010). Here, we showed that individual knock down of CDH13, AdipoR1 or AdipoR2 abrogates 

the capacity of adiponectin to inhibit PBL transmigration through the inflamed endothelium, 

indicating the ability of these receptors to individually influence PBL migration and thus 

potentially impact on the PEPITEM pathway.  

Evaluating expression of CDH13 by BEC, we found increased surface expression and 

decreased total (both surface and intracellular) expression of CDH13 following cytokine-

stimulation of BEC, which is in agreement with the previous evidence showed increased 

expression of CDH13 in oxidative stressed-experienced BEC (Joshi et al., 2005) and subsequent 

increased shedding from endothelial cells (Philippova et al., 2011). Here we showed that 

adiponectin treatment reversed the effects of the cytokines on CDH13 total levels bringing them 

back to the levels observed at baseline, suggesting the ability of adiponectin to modulation the 

expression patterns of CDH13 during inflammation. Indeed, colocalization of adiponectin together 

with CDH13 in vasculature was shown in previous studies suggesting their overlapping biological 
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effects (Ivanov et al., 2001; Takeuchi et al., 2007). However, the mechanisms of action of CDH13 

are not clear and further studies are required to get a better understanding of adiponectin-CDH13 

interactions. 

Mimicking a HG condition similar to T2DM in vitro, we determined how hyperglycaemia 

effects PBL transmigration. Since the effects of hyperglycaemia on leukocyte-endothelium 

interactions have mostly been investigated using in vivo animal models or in T2DM subjects, in 

which both leukocytes and endothelium are simultaneously exposed to HG, using our in vitro 

transmigration assay we were able to define the sole effect of HG on BEC or leukocytes behaviour 

separately. For the first time we showed that HG differently effects the endothelium and PBL 

behaviour and subsequent impact on lymphocyte trafficking. We found that HG significantly 

reduced the ability of endothelial cells to support PBL transmigration, which was restored by 

insulin supplementation, as would be the physiological response post digestion, or 

supplementation with the T2DM treatment metformin. These findings emphasise the 

immunomodulatory capacity of metformin and insulin in hyperglycaemic conditions like T2DM 

regardless of their glucose lowering effects. 

 Furthermore, unchanged protein levels of CAMs in these experiments suggests that HG, 

metformin, and insulin are not influencing the PBL recruitment through modulation of CAMs in 

this study despite their previously shown capacity to modulate the CAMs (Aljada et al., 2000; 

Abbasi et al., 2004; Bačun et al., 2008; Huang et al., 2019). Therefore, more in vitro experiments 

assessing other factors, such as chemokine response in HG and supplemented conditions, are 

needed to clarify the mechanism involved in this process. 

In contrast to what we saw in BEC, we found increased adhesion and transmigration of PBLs 

in response to HG treatment of PBLs, suggesting activation of lymphocytes in hyperglycemic 
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environment. Indeed, increased expression of leukocyte activation marker, such as integrins LFA-

1 (αLβ2-integrin) and VLA-4 (α4β1-integrin), were reported higher on leukocytes of patients with 

T2DM (Stulc et al., 2012). Although our study reflects the functional activation of PBLs in 

response to HG, it lacks the data about whether HG modulates the expression of these markers on 

lymphocytes, which can be a suggested mechanism by which HG acts on lymphocytes. Moreover, 

since the AdipoRs expression, particularly on B cells, remained unchanged following HG and 

subsequent metformin and insulin treatment of PBLs, the modulation of these receptors is not 

suggested to be a possible mechanism for these treatments here. However, here PBLs only 

experienced a transient HG, which is not like chronic hyperglycemic condition in T2DM and 

evaluating the AdipoRs expression on B cells from subjects with T2DM would be beneficial to 

investigate the possible mechanisms of lymphocyte trafficking in this condition. 

We clearly showed the efficacy of PEPITEM through reducing PBL migration across BEC in 

vitro. The in vivo functionality of PEPITEM was previously shown using different models of 

inflammation, where PEPITEM reduced the number of T cells in site of inflammation (Chimen et 

al., 2015; Matsubara et al., 2020). Here for the first time, we investigated the metabolic and 

immune modulatory aspects of PEPITEM in a HFD-induced chronic inflammation, while no 

insulin resistance was developed in mice. We found no improvement in metabolic parameters by 

either prophylactic or therapeutic administration of PEPITEM despite a significant limit in 

pancreatic islet expansion in both PEPITEM treatment conditions. This decrease was greater when 

PEPITEM was administrated prophylactic or in other word before the HFD-induced alterations 

was stablished. Our data suggests that PEPITEM limits HFD-induced pancreatic islet expansion 

independent of its effects on glucose homeostasis. Indeed, PEPITEM action here was similar to 

metformin mechanism of action, which has been shown to suppress the HFD-induced islet 
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expansion before the development of insulin resistance via blocking the glucose-induced 

replication of beta cells (Tajima et al., 2017). However, the mechanism by which PEPITEM 

suppress the HFD-induced islets expansion is unknown and the sole effect of PEPITEM on beta 

cells mass in non-obese wt mice has not been investigated yet. 

For the first time, in this study we showed a regulatory effect of PEPITEM on visceral adipose 

tissue mostly by limiting T cells recruitment. Indeed, increased infiltration of T cells into adipose 

tissue was shown in interaction with innate immune cells (macrophages) in obese subjects (Duffaut 

et al., 2009; Morris et al., 2013). Here, decreased number of T cells along with unaffected number 

of macrophages in visceral adipose tissue in both prophylactic and therapeutic treatment with 

PEPITEM, suggest that PEPITEM exerts its immunomodulatory effect on adaptive cells in adipose 

tissue. Furthermore, decreased adiponectin levels (both in circulation and adipose tissue) has been 

previously reported in obesity (Lu et al., 2008) and suggests the possibility of impaired PEPITEM 

pathway in our HFD mice is more like, and which seems to be compensated by PEPITEM 

treatment through its ability to restore the homeostatic pathway regulating T cell recruitment in 

visceral adipose tissue. 

CD8+ T cells and macrophages are two major population of leukocytes that are known to 

induce insulin resistance and metabolic changes in fat inflammation (Eller et al., 2011; Liu et al., 

2021), suggesting that unchanged systemic metabolic status between treated and untreated groups 

in our study might be associated with unchanged number of CD8+ T cells and macrophages in 

adipose tissue in PEPITEM treated mice. Furthermore, the accumulation of senescent T cells in 

adipose tissue of HFD mice was shown in association with insulin resistance (Shirakawa et al., 

2016; Kiran et al., 2021). In our study, reduced number of T cells expressing KLRG1 were 

significantly decreased in visceral adipose tissue of PEPITEM treated group, suggesting a 
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therapeutic potential of PEPITEM to restore the normal profile in adipose tissue. However, 

reduced number of senescent T cells with PEPITEM was not associated with any change in 

metabolic parameters in our study, indicating PEPITEM may influence the immune system 

independent to metabolism.  

Our data from SLO (spleen and inguinal LNs) indicates that therapeutic, but not prophylactic, 

treatment of PEPITEM (when the 6-week HFD-induced damage is stablished) in HFD mice alters 

leukocyte trafficking to these organs mostly through affecting the adaptive immune cells. Both 

increase (Kiran et al., 2021) and decreased (Kim et al., 2008) number of lymphocyte were reported 

in LNs of HFD mice. Indeed, increased number of T lymphocytes in SLO along with no change 

in number of antigens presenting cells like macrophages in these organs suggest that PEPITEM 

possibly retains the lymphocytes in secondary lymphoid organs. However, the mechanism by 

which PEPITEM does this is not clear and more studies are required to see if PEPITEM effects 

the lymphocyte specific chemokines (Tsai and Han, 2016) in SLO or acts through modulating S1P1 

a (potent regulator of lymphocyte egress from SLO) (Chiba et al., 2011). 

 

1.2 Future directions 

 

CDH13 

• Further evaluating the localization of CDH13, AdipoR1/R2 and adiponectin at cellular 

levels using confocal imaging by including more conditions, such as individual knock 

down of these receptors, would help to investigate the role of these receptors in adiponectin 

signaling. 
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• Further investigating the protein expression of CDH13 in inflammation vs baseline by 

including other techniques of protein measurement, such as western blot, to support the 

flow cytometry data and clarify CDH13 modulation in inflammation. 

 

 

HG, metformin, and insulin 

• Analysing dynamic behavior of leukocytes in response to HG, metformin, and insulin 

treatments to quantify their behavior in a more physiological context. 

 

• Evaluating expression of leukocyte activation markers, such as integrins LFA-1 (αLβ2-

integrin) and VLA-4 (α4β1-integrin), following HG treatment to confirm their activation 

in response to HG. 

 

• Evaluating the endothelium-leukocyte interaction in response to pathological/prolonged 

exposure to insulin concentration similar to those observed in T2DM. 

 

• Investigating the AdipoRs expression in PBMCs from patients with T2DM and measuring 

the capacity of adiponectin and PEPITEM in regulating PBL recruitment in vitro. [This 

aspect of the project was delayed due to COVID]. 
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PEPITEM 

• Adding more control groups, including chow diet mice with or without PEPITEM 

administration to compare the PEPITEM effects with baseline levels, as well as investigate 

the metabolic and immunomodulatory effects of PEPITEM in non-obese WT mice. 

 

• Evaluating the effects of PEPITEM on insulin secretion by beta cells either via performing 

insulin tolerance test or Glucose-Stimulated insulin Secretion (GSIS). 

 

• Placing mice on HFD for longer timeframes, such as 16 weeks, to create a glucose 

intolerance mice model closer to T2DM to allow understanding of PEPITEM effects on 

metabolic and immune changes occur in T2DM. 

 

• Measuring the adiponectin and PEPITEM levels in circulation in HFD mice to see how 

PEPITEM pathway is modulated in obesity, and check if PEPITEM administration via 

mini pumps effectively increased the PEPITEM serum levels 

 

• Evaluating the expression of CDH15 by visceral adipose tissue to confirm the involvement 

of PEPITEM/CDH15 axis in adipose tissue in obese mice.  

 

• Evaluating the chemokine response in visceral adipose tissue of obese mice to allow us to 

better clarify PEPITEM mechanism of action in regulating T cells.    
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• Evaluating the functional and proliferative capacity of KLRG1+ T cells to confirm their 

senescence.  

• Evaluating the modulation of S1P1, as well as lymphocyte specific chemokines, in SLO to 

understand the mechanism by which PEPITEM retains the lymphocyte in SLO 

 

In conclusion, we have shown a crucial role of CDH13 in functionality of PEPITEM 

pathway. We also showed that HG differently affects the endothelium and PBL behaviour. 

Moreover, metformin and insulin supplementation of endothelium restores its ability to support 

the PBL recruitment. Finally, we showed that PEPITEM therapy can limit the obesity induced 

islet expansion independent of improvement in metabolic status and is able to restore the 

homeostatic regulatory pathway in adipose tissue of obese mice.  Thus, PEPITEM administration 

may be considered as a potential therapeutic tool to control the magnitude of obesity related 

inflammation and overcome the changes occurs in early disease stage.  

Graphical abstract of our findings is shown Figure 6.1. 
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Figure 1.6 PEPITEM regulation of lymphocytes during inflammation. (A) Binding to AdipoR1/R2 

on B cells, adiponectin induces PEPITEM production by B cells. (B) Binding to its endothelial receptor 

(CDH15), PEPITEM results in inhibition of T cell transmigration through inflamed endothelium. (C) 

Adiponectin signaling through CDH13 also inhibits T cell transmigration. (D) PEPITEM is able to inhibit 

T cell infiltration into the visceral adipose tissue and (E) suppress lymphocyte mobilization from 

secondary lymphatic organs such as lymph nodes and (F) spleen to peripheral tissues during HFD induced 

inflammation. 
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Paquot, N., M. J. Castillo, P. J. Lefèbvre and A. J. Scheen (2000). "No increased insulin sensitivity after a 
single intravenous administration of a recombinant human tumor necrosis factor receptor: Fc fusion 
protein in obese insulin-resistant patients." The Journal of Clinical Endocrinology & Metabolism 85(3): 
1316-1319. 
Parker-Duffen, J. L., K. Nakamura, M. Silver, R. Kikuchi, U. Tigges, S. Yoshida, M. S. Denzel, B. Ranscht and 
K. Walsh (2013). "T-cadherin is essential for adiponectin-mediated revascularization." Journal of 
Biological Chemistry 288(34): 24886-24897. 
Peraldi, P. and B. Spiegelman (1998). "TNF-α and insulin resistance: summary and future prospects." 
Molecular and cellular biochemistry 182(1): 169-175. 
Pezhman, L., A. Tahrani and M. Chimen (2021). "Dysregulation of leukocyte trafficking in type 2 
diabetes: mechanisms and potential therapeutic avenues." Frontiers in cell and developmental biology 
9: 624184. 
Philippova, M., Y. Suter, S. Toggweiler, A. W. Schoenenberger, M. B. Joshi, E. Kyriakakis, P. Erne and T. J. 
Resink (2011). "T-cadherin is present on endothelial microparticles and is elevated in plasma in early 
atherosclerosis." European heart journal 32(6): 760-771. 
Polonsky, K., B. Given and E. Van Cauter (1988). "Twenty-four-hour profiles and pulsatile patterns of 
insulin secretion in normal and obese subjects." The Journal of clinical investigation 81(2): 442-448. 



 195 

Powers, D. C., J. E. Morley and J. F. Flood (1992). "Age-related changes in LFA-1 expression, cell 
adhesion, and PHA-induced proliferation by lymphocytes from senescence-accelerated mouse (SAM)-
P/8 and SAM-R/1 substrains." Cellular immunology 141(2): 444-456. 
Pratipanawatr, W., T. Pratipanawatr, K. Cusi, R. Berria, J. M. Adams, C. P. Jenkinson, K. Maezono, R. A. 
DeFronzo and L. J. Mandarino (2001). "Skeletal muscle insulin resistance in normoglycemic subjects with 
a strong family history of type 2 diabetes is associated with decreased insulin-stimulated insulin receptor 
substrate-1 tyrosine phosphorylation." Diabetes 50(11): 2572-2578. 
Qiu, D., L. Zhang, J. Zhan, Q. Yang, H. Xiong, W. Hu, Q. Ji and J. Huang (2020). "Hyperglycemia Decreases 
Epithelial Cell Proliferation and Attenuates Neutrophil Activity by Reducing ICAM-1 and LFA-1 Expression 
Levels." Frontiers in Genetics: 1604. 
Ranscht, B. and M. T. Dours-Zimmermann (1991). "T-cadherin, a novel cadherin cell adhesion molecule 
in the nervous system lacks the conserved cytoplasmic region." Neuron 7(3): 391-402. 
Rehfeld, A., M. Nylander and K. Karnov (2017). The Immune System and the Lymphatic Organs. 
Compendium of Histology, Springer: 379-409. 
Reinehr, T., B. Karges, T. Meissner, S. Wiegand, B. Stoffel-Wagner, R. W. Holl and J. Woelfle (2016). 
"Inflammatory markers in obese adolescents with type 2 diabetes and their relationship to hepatokines 
and adipokines." The Journal of pediatrics 173: 131-135. 
Rieu, I. and S. J. Powers (2009). "Real-time quantitative RT-PCR: design, calculations, and statistics." The 
Plant Cell 21(4): 1031-1033. 
Ruan, H. and L. Q. Dong (2016). "Adiponectin signaling and function in insulin target tissues." Journal of 
molecular cell biology 8(2): 101-109. 
Rutledge, N. S. and W. A. Muller (2020). "Understanding Molecules that Mediate Leukocyte 
Extravasation." Current Pathobiology Reports 8(2): 25-35. 
Rutter, G. A., T. J. Pullen, D. J. Hodson and A. Martinez-Sanchez (2015). "Pancreatic β-cell identity, 
glucose sensing and the control of insulin secretion." Biochemical Journal 466(2): 203-218. 
Saisho, Y. (2015). "Metformin and inflammation: its potential beyond glucose-lowering effect." 
Endocrine, Metabolic & Immune Disorders-Drug Targets (Formerly Current Drug Targets-Immune, 
Endocrine & Metabolic Disorders) 15(3): 196-205. 
Saisho, Y., A. E. Butler, E. Manesso, D. Elashoff, R. A. Rizza and P. C. Butler (2013). "β-cell mass and 
turnover in humans: effects of obesity and aging." Diabetes care 36(1): 111-117. 
Salani, B., C. Marini, A. D. Rio, S. Ravera, M. Massollo, A. M. Orengo, A. Amaro, M. Passalacqua, S. 
Maffioli and U. Pfeffer (2013). "Metformin impairs glucose consumption and survival in Calu-1 cells by 
direct inhibition of hexokinase-II." Scientific reports 3(1): 1-8. 
Saravia, J., N. M. Chapman and H. Chi (2019). "Helper T cell differentiation." Cellular & molecular 
immunology 16(7): 634-643. 
Sayyed, S. G., M. Ryu, O. P. Kulkarni, H. Schmid, J. Lichtnekert, S. Grüner, L. Green, P. Mattei, G. 
Hartmann and H.-J. Anders (2011). "An orally active chemokine receptor CCR2 antagonist prevents 
glomerulosclerosis and renal failure in type 2 diabetes." Kidney international 80(1): 68-78. 
Scheepers, A., H.-G. Joost and A. Schurmann (2004). "The glucose transporter families SGLT and GLUT: 
molecular basis of normal and aberrant function." Journal of parenteral and enteral nutrition 28(5): 364-
371. 
Schenkel, A. R., Z. Mamdouh and W. A. Muller (2004). "Locomotion of monocytes on endothelium is a 
critical step during extravasation." Nature immunology 5(4): 393-400. 
Schieber, M. and N. S. Chandel (2014). "ROS function in redox signaling and oxidative stress." Current 
biology 24(10): R453-R462. 
Shamri, R., V. Grabovsky, J.-M. Gauguet, S. Feigelson, E. Manevich, W. Kolanus, M. K. Robinson, D. E. 
Staunton, U. H. von Andrian and R. Alon (2005). "Lymphocyte arrest requires instantaneous induction of 



 196 

an extended LFA-1 conformation mediated by endothelium-bound chemokines." Nature immunology 
6(5): 497-506. 
Shanaki, M., M. Khosravi, A. Khoshdooni-Farahani, A. Dadashi, M. F. Heydari, M. Delfan, H. Jafary and S. 
Gorgani-Firuzjaee (2020). "High-Intensity Interval Training Reversed High-Fat Diet–Induced M1-
Macrophage Polarization in Rat Adipose Tissue via Inhibition of NOTCH Signaling." Journal of 
Inflammation Research 13: 165. 
Shaw, R. J., K. A. Lamia, D. Vasquez, S.-H. Koo, N. Bardeesy, R. A. DePinho, M. Montminy and L. C. 
Cantley (2005). "The kinase LKB1 mediates glucose homeostasis in liver and therapeutic effects of 
metformin." Science 310(5754): 1642-1646. 
Shen, Y. Y., J. A. Charlesworth, J. J. Kelly, K. W. Loi and P. W. Peake (2007). "Up-regulation of adiponectin, 
its isoforms and receptors in end-stage kidney disease." Nephrology Dialysis Transplantation 22(1): 171-
178. 
Shendurse, A. and C. Khedkar (2016). "Glucose: properties and analysis." Encyclopedia of Food and 
Health 3: 239-247. 
Shirakawa, K., X. Yan, K. Shinmura, J. Endo, M. Kataoka, Y. Katsumata, T. Yamamoto, A. Anzai, S. Isobe 
and N. Yoshida (2016). "Obesity accelerates T cell senescence in murine visceral adipose tissue." The 
Journal of clinical investigation 126(12): 4626-4639. 
Sloan-Lancaster, J., E. Abu-Raddad, J. Polzer, J. W. Miller, J. C. Scherer, A. De Gaetano, J. K. Berg and W. 
H. Landschulz (2013). "Double-blind, randomized study evaluating the glycemic and anti-inflammatory 
effects of subcutaneous LY2189102, a neutralizing IL-1β antibody, in patients with type 2 diabetes." 
Diabetes care 36(8): 2239-2246. 
Smith, U., M. Axelsen, E. Carvalho, B. Eliasson, P. A. JANSSON and C. Wesslau (1999). "Insulin signaling 
and action in fat cells: associations with insulin resistance and type 2 diabetes." Annals of the New York 
Academy of Sciences 892(1): 119-126. 
Sorice, A., E. Guerriero, F. Capone, G. Colonna, G. Castello and S. Costantini (2014). "Ascorbic acid: its 
role in immune system and chronic inflammation diseases." Mini reviews in medicinal chemistry 14(5): 
444-452. 
Stienstra, R., L. A. Joosten, T. Koenen, B. Van Tits, J. A. Van Diepen, S. A. Van Den Berg, P. C. Rensen, P. J. 
Voshol, G. Fantuzzi and A. Hijmans (2010). "The inflammasome-mediated caspase-1 activation controls 
adipocyte differentiation and insulin sensitivity." Cell metabolism 12(6): 593-605. 
Stögerer, T. and S. Stäger (2020). "Innate immune sensing by cells of the adaptive immune system." 
Frontiers in immunology 11: 1081. 
Stulc, T., R. Ceska, I. Marinov and J. Skrha (2012). "The effect of simvastatin and fenofibrate on the 
expression of leukocyte adhesion molecules and lipopolysaccharide receptor CD14 in type 2 diabetes 
mellitus." Neuro Endocrinol Lett 33(Suppl 2): 73-77. 
Stumvoll, M., N. Nurjhan, G. Perriello, G. Dailey and J. E. Gerich (1995). "Metabolic effects of metformin 
in non-insulin-dependent diabetes mellitus." New England Journal of Medicine 333(9): 550-554. 
Sumagin, R., E. Lomakina and I. H. Sarelius (2008). "Leukocyte-endothelial cell interactions are linked to 
vascular permeability via ICAM-1-mediated signaling." American Journal of Physiology-Heart and 
Circulatory Physiology 295(3): H969-H977. 
Sundararajan, S., I. Jayachandran, M. Balasubramanyam, V. Mohan, B. Venkatesan and N. Manickam 
(2019). "Sestrin2 regulates monocyte activation through AMPK-mTOR nexus under high-glucose and 
dyslipidemic conditions." Journal of cellular biochemistry 120(5): 8201-8213. 
Taguchi, K., K. Sakata, W. Ohashi, T. Imaizumi, J. Imura and Y. Hattori (2014). "Tonic Inhibition by G 
protein–coupled receptor kinase 2 of Akt/endothelial nitric-oxide synthase signaling in human vascular 
endothelial cells under conditions of hyperglycemia with high insulin levels." Journal of Pharmacology 
and Experimental Therapeutics 349(2): 199-208. 



 197 

Tajima, K., J. Shirakawa, T. Okuyama, M. Kyohara, S. Yamazaki, Y. Togashi and Y. Terauchi (2017). 
"Effects of metformin on compensatory pancreatic β-cell hyperplasia in mice fed a high-fat diet." 
American Journal of Physiology-Endocrinology and Metabolism 313(3): E367-E380. 
Takeuchi, T., Y. Adachi, Y. Ohtsuki and M. Furihata (2007). "Adiponectin receptors, with special focus on 
the role of the third receptor, T-cadherin, in vascular disease." Medical Molecular Morphology 40(3): 
115-120. 
Takeuchi, T., A. Misaki, S. B. Liang, A. Tachibana, N. Hayashi, H. Sonobe and Y. Ohtsuki (2000). 
"Expression of T-cadherin (CDH13, H-Cadherin) in human brain and its characteristics as a negative 
growth regulator of epidermal growth factor in neuroblastoma cells." Journal of neurochemistry 74(4): 
1489-1497. 
Tang, L.-L., Q. Liu, S.-Z. Bu, L.-T. Xu, Q.-W. Wang, Y.-F. Mai and S.-W. Duan (2013). "The effect of 
environmental factors and DNA methylation on type 2 diabetes mellitus." Yi Chuan= Hereditas 35(10): 
1143-1152. 
Todoric, J., M. Löffler, J. Huber, M. Bilban, M. Reimers, A. Kadl, M. Zeyda, W. Waldhäusl and T. Stulnig 
(2006). "Adipose tissue inflammation induced by high-fat diet in obese diabetic mice is prevented by n− 
3 polyunsaturated fatty acids." Diabetologia 49(9): 2109-2119. 
Tsai, H.-C. and M. H. Han (2016). "Sphingosine-1-phosphate (S1P) and S1P signaling pathway: 
therapeutic targets in autoimmunity and inflammation." Drugs 76(11): 1067-1079. 
Tschen, S.-I., S. Dhawan, T. Gurlo and A. Bhushan (2009). "Age-dependent decline in β-cell proliferation 
restricts the capacity of β-cell regeneration in mice." Diabetes 58(6): 1312-1320. 
Tsuchida, A., T. Yamauchi, Y. Ito, Y. Hada, T. Maki, S. Takekawa, J. Kamon, M. Kobayashi, R. Suzuki and K. 
Hara (2004). "Insulin/Foxo1 pathway regulates expression levels of adiponectin receptors and 
adiponectin sensitivity." Journal of Biological Chemistry 279(29): 30817-30822. 
Uotila, L. M., F. Jahan, L. S. Hinojosa, E. Melandri, M. Grönholm and C. G. Gahmberg (2014). "Specific 
phosphorylations transmit signals from leukocyte β2 to β1 integrins and regulate adhesion." Journal of 
Biological Chemistry 289(46): 32230-32242. 
Vara-Ciruelos, D., M. Dandapani, F. M. Russell, K. M. Grzes, A. Atrih, M. Foretz, B. Viollet, D. J. Lamont, D. 
A. Cantrell and D. G. Hardie (2019). "Phenformin, but not metformin, delays development of T cell acute 
lymphoblastic leukemia/lymphoma via cell-autonomous AMPK activation." Cell reports 27(3): 690-698. 
e694. 
Vessby, B., M. Uusitupa, K. Hermansen, G. Riccardi, A. A. Rivellese, L. C. Tapsell, C. Nälsén, L. Berglund, A. 
Louheranta and B. Rasmussen (2001). "Substituting dietary saturated for monounsaturated fat impairs 
insulin sensitivity in healthy men and women: The KANWU Study." Diabetologia 44(3): 312-319. 
Voehringer, D., C. Blaser, P. Brawand, D. H. Raulet, T. Hanke and H. Pircher (2001). "Viral infections 
induce abundant numbers of senescent CD8 T cells." The Journal of Immunology 167(9): 4838-4843. 
von Andrian, U. H. and B. Engelhardt (2003). α4 integrins as therapeutic targets in autoimmune disease, 
Mass Medical Soc. 
Wang, L., X. Zhou, Y. Yin, Y. Mai, D. Wang and X. Zhang (2019). "Hyperglycemia induces neutrophil 
extracellular traps formation through an NADPH oxidase-dependent pathway in diabetic retinopathy." 
Frontiers in immunology 9: 3076. 
Wang, Q., J. Cai, J. Wang, C. Xiong, L. Yan, Z. Zhang, Y. Fang and J. Zhao (2014). "Down-regulation of 
adiponectin receptors in osteoarthritic chondrocytes." Cell biochemistry and biophysics 70(1): 491-497. 
Wen, Y., J. Skidmore, M. Porter-Turner, C. Rea, M. Khokher and B. Singh (2002). "Relationship of 
glycation, antioxidant status and oxidativestress to vascular endothelial damage in diabetes." Diabetes, 
obesity and metabolism 4(5): 305-308. 
Winer, D. A., S. Winer, L. Shen, P. P. Wadia, J. Yantha, G. Paltser, H. Tsui, P. Wu, M. G. Davidson and M. 
N. Alonso (2011). "B cells promote insulin resistance through modulation of T cells and production of 
pathogenic IgG antibodies." Nature medicine 17(5): 610-617. 



 198 

Winer, S., Y. Chan, G. Paltser, D. Truong, H. Tsui, J. Bahrami, R. Dorfman, Y. Wang, J. Zielenski and F. 
Mastronardi (2009). "Normalization of obesity-associated insulin resistance through immunotherapy." 
Nature medicine 15(8): 921-929. 
Wondmkun, Y. T. (2020). "Obesity, insulin resistance, and type 2 diabetes: associations and therapeutic 
implications." Diabetes, metabolic syndrome and obesity: targets and therapy 13: 3611. 
Wright, R. D. and D. Cooper (2014). "Glycobiology of leukocyte trafficking in inflammation." Glycobiology 
24(12): 1242-1251. 
Wu, H., S. Ghosh, X. D. Perrard, L. Feng, G. E. Garcia, J. L. Perrard, J. F. Sweeney, L. E. Peterson, L. Chan 
and C. W. Smith (2007). "T-cell accumulation and regulated on activation, normal T cell expressed and 
secreted upregulation in adipose tissue in obesity." Circulation 115(8): 1029-1038. 
Xiu, F., M. Stanojcic, L. Diao and M. G. Jeschke (2014). "Stress hyperglycemia, insulin treatment, and 
innate immune cells." International journal of endocrinology 2014. 
Xu, H. E., M. H. Lambert, V. G. Montana, K. D. Plunket, L. B. Moore, J. L. Collins, J. A. Oplinger, S. A. 
Kliewer, R. T. Gampe and D. D. McKee (2001). "Structural determinants of ligand binding selectivity 
between the peroxisome proliferator-activated receptors." Proceedings of the National Academy of 
Sciences 98(24): 13919-13924. 
Xue, C.-B., A. Wang, Q. Han, Y. Zhang, G. Cao, H. Feng, T. Huang, C. Zheng, M. Xia and K. Zhang (2011). 
"Discovery of INCB8761/PF-4136309, a potent, selective, and orally bioavailable CCR2 antagonist." ACS 
medicinal chemistry letters 2(12): 913-918. 
Yago, T., B. Shao, J. J. Miner, L. Yao, A. G. Klopocki, K. Maeda, K. M. Coggeshall and R. P. McEver (2010). 
"E-selectin engages PSGL-1 and CD44 through a common signaling pathway to induce integrin αLβ2-
mediated slow leukocyte rolling." Blood 116(3): 485-494. 
Yamagata, K., C. Tagawa, H. Matsufuji and M. Chino (2012). "Dietary apigenin regulates high glucose and 
hypoxic reoxygenation-induced reductions in apelin expression in human endothelial cells." The Journal 
of nutritional biochemistry 23(8): 929-936. 
Yanaba, K., J. D. Bouaziz, T. Matsushita, C. M. Magro, E. W. St. Clair and T. F. Tedder (2008). "B-
lymphocyte contributions to human autoimmune disease." Immunological reviews 223(1): 284-299. 
Yao, L., O. Herlea-Pana, J. Heuser-Baker, Y. Chen and J. Barlic-Dicen (2014). "Roles of the chemokine 
system in development of obesity, insulin resistance, and cardiovascular disease." Journal of 
immunology research 2014: 81450. 
Yaribeygi, H., F. R. Farrokhi, A. E. Butler and A. Sahebkar (2019). "Insulin resistance: Review of the 
underlying molecular mechanisms." Journal of cellular physiology 234(6): 8152-8161. 
Yates, C. M., S. P. Tull, J. Madden, P. C. Calder, R. F. Grimble, G. B. Nash and G. E. Rainger (2011). 
"Docosahexaenoic acid inhibits the adhesion of flowing neutrophils to cytokine stimulated human 
umbilical vein endothelial cells." The Journal of nutrition 141(7): 1331-1334. 
Yoon, H. J., S. W. Cho, B. W. Ahn and S. Y. Yang (2010). "Alterations in the activity and expression of 
endothelial NO synthase in aged human endothelial cells." Mechanisms of Ageing and Development 
131(2): 119-123. 
Yuseff, M.-I., P. Pierobon, A. Reversat and A.-M. Lennon-Duménil (2013). "How B cells capture, process 
and present antigens: a crucial role for cell polarity." Nature Reviews Immunology 13(7): 475-486. 
Zaccardi, F., D. R. Webb, T. Yates and M. J. Davies (2016). "Pathophysiology of type 1 and type 2 diabetes 
mellitus: a 90-year perspective." Postgraduate medical journal 92(1084): 63-69. 
Zand, H., N. Morshedzadeh and F. Naghashian (2017). "Signaling pathways linking inflammation to 
insulin resistance." Diabetes & Metabolic Syndrome: Clinical Research & Reviews 11: S307-S309. 
Zha, J., X.-w. Chi, X.-l. Yu, X.-m. Liu, D.-q. Liu, J. Zhu, H. Ji and R.-t. Liu (2016). "Interleukin-1β-targeted 
vaccine improves glucose control and β-cell function in a diabetic KK-Ay mouse model." PloS one 11(5): 
e0154298. 



 199 

Zhang, J., P. Alcaide, L. Liu, J. Sun, A. He, F. W. Luscinskas and G.-P. Shi (2011). "Regulation of endothelial 
cell adhesion molecule expression by mast cells, macrophages, and neutrophils." PloS one 6(1): e14525. 
Zhang, L., L. Zhang, H. Gu, Y. Chen and G. Z. Chen (2021). "Honeycombed activated carbon with greatly 
increased specific surface by direct activation of glucose for supercapacitors." Journal of Alloys and 
Compounds 883: 160907. 
Zhang, P., Y. Wang, Y. Fan, Z. Tang and N. Wang (2009). "Overexpression of adiponectin receptors 
potentiates the antiinflammatory action of subeffective dose of globular adiponectin in vascular 
endothelial cells." Arteriosclerosis, thrombosis, and vascular biology 29(1): 67-74. 
Zhao, H.-y., M. Zhao, T.-n. Yi and J. Zhang (2011). "Globular adiponectin protects human umbilical vein 
endothelial cells against apoptosis through adiponectin receptor 1/adenosine monophosphate-activated 
protein kinase pathway." Chinese Medical Journal 124(16): 2540-2547. 
Zhou, G., R. Myers, Y. Li, Y. Chen, X. Shen, J. Fenyk-Melody, M. Wu, J. Ventre, T. Doebber and N. Fujii 
(2001). "Role of AMP-activated protein kinase in mechanism of metformin action." The Journal of clinical 
investigation 108(8): 1167-1174. 
Zhou, T., Z. Hu, S. Yang, L. Sun, Z. Yu and G. Wang (2018). "Role of adaptive and innate immunity in type 
2 diabetes mellitus." Journal of diabetes research 2018: 1-9. 
Zierath, J., A. Krook and H. Wallberg-Henriksson (2000). "Insulin action and insulin resistance in human 
skeletal muscle." Diabetologia 43(7): 821-835. 
Zou, Y., S. Yoon, K. J. Jung, C. H. Kim, T. G. Son, M.-S. Kim, Y. J. Kim, J. Lee, B. P. Yu and H. Y. Chung 
(2006). "Upregulation of aortic adhesion molecules during aging." The Journals of Gerontology Series A: 
Biological Sciences and Medical Sciences 61(3): 232-244. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 200 

 

 

 

 

8 Appendix 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 201 

8.1 Published review 

 

 

 



 202 

 

 

 



 203 

 

 

 



 204 

 

 

 



 205 

 

 

 



 206 

 

 

 



 207 

 

 

 



 208 

 

 

 



 209 

 

 

 



 210 

 

 

 



 211 

 

 

 



 212 

 

 

 



 213 

 

 

 



 214 

 

 

 



 215 

 

 

 



 216 

 

 

 



 217 

 

 

 



 218 

 

 

 



 219 

 


