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Abstract 

Heparan sulfate proteoglycan (HSPG) core proteins and highly sulfated heparan sulfate 

(HS) are expressed at unusually high levels inside islet beta cells. Intracellular HS plays 

a critical role in the survival of beta cells and acts as a constitutive non-enzymatic 

quencher of reactive oxygen species (ROS). Heparanase (Hpse)-mediated degradation of 

intracellular HS in the beta cells of non-obese diabetic (NOD) mice has been shown to 

contribute to the development of type 1 diabetes (T1D). This project examines the role of 

beta cell HS and HSPG core proteins in obese db/db mice during the progression of type 

2 diabetes (T2D). 

 

Endoplasmic reticulum (ER) stress contributes to beta cell failure in T2D. Our studies 

demonstrate that ER stress in the islets of db/db mice correlates with a progressive loss 

of intra-islet HSPG core proteins and HS during T2D development. The isolation of islets 

in vitro leads to loss of intracellular HS but not HSPG core proteins from islet beta cells. 

Replacement of the lost HS in the wildtype and db/db beta cells in vitro using heparin (a 

highly sulfated HS analogue) improved cell viability and protected the beta cells from 

culture- and ROS-induced death (i.e., oxidative stress). Significantly, treatment of db/db 

mice with the chemical chaperone TUDCA relieved ER stress, improved intra-islet HSPG 

core proteins, HS and insulin levels, and impaired T2D progression. Similarly, 

Ins2WT/C96Y Akita mice, an established model of ER stress-mediated diabetes, 

demonstrated a decline in intra-islet HSPG core proteins, HS and insulin in islet beta cells. 

In addition, in vitro induction of ER stress in MIN6 cells reduced levels of intracellular 

HSPG core proteins, HS and Hpse (a HS-degrading enzyme) and increased beta cell death. 

ER stress-induced HS loss was therefore Hpse-independent. Since HS is synthesised 

directly onto HSPG core proteins, the novel findings in this project indicate that ER stress 

in db/db beta cells downregulates the production of HSPG core proteins, leading to 

diminished HS synthesis. As a consequence, beta cells are rendered more highly 

susceptible to oxidative stress and death. 

 

A chronic low grade inflammation is associated with obesity, insulin resistance and beta 

cell stress in T2D. An increased proportion of monocytes/inflammatory macrophages in 

white adipose tissue, confirmed the heightened inflammatory status of db/db mice, 
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compared to wildtype controls. Importantly, increased cell surface expression of Hpse on 

myeloid cells was observed in wildtype white adipose tissue (homeostatic inflammation) 

and db/db white adipose tissue (T2D obesity-induced inflammation) compared to 

corresponding levels in the circulation. This finding suggests that Hpse plays an important 

role in the migration of leukocytes from the circulation and across sub-endothelial 

basement membranes to establish the enhanced adipose tissue inflammation in T2D. 

 

This project has identified the potential for treatment with a heparin-like HS 

replacer/Hpse inhibitor, chemical chaperone or a combination of both for rescuing T2D 

beta cell HS, reducing adipose tissue inflammation and promoting beta cell 

survival/function.  
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1.1 The pancreas: composition and physiology 

The pancreas is derived from the Greek words Pan meaning all and Kreas meaning flesh. 

The pancreas is a long flattened gland which lies in the upper abdomen behind the 

stomach and is surrounded by the small intestine, liver and spleen. The three main 

anatomical regions of the pancreas are the “head”, “body” and “tail”. The head is attached 

to the duodenum and the body and tail extends to the left side of the abdomen, with the 

tail positioned next to the spleen (Longnecker, 2014). The pancreas consists of two 

distinct cellular compartments, namely the exocrine and the endocrine pancreas. The 

exocrine pancreas constitutes the major part of the pancreas whereas the endocrine tissue 

accounts for only 1-2% of the total pancreas tissue (Sakula, 1988). The exocrine pancreas 

contains acinar cells that synthesise, store and secrete digestive enzymes, including 

proteases, amylases and lipases. These enzymes are involved in the hydrolysis of proteins, 

carbohydrates and fats, respectively (Leung and Ip, 2006). The endocrine part of pancreas 

helps to maintain glucose homeostasis. It consists of clusters of cells that form “islets” 

that geographically resemble “islands” amongst the exocrine or acinar tissue (Haist, 1971, 

Sakula, 1988). These discrete clusters of endocrine cells were first described by Paul 

Langerhans and are therefore called the “islets of Langerhans” (Haist, 1971). Pancreatic 

islet cells produce insulin, glucagon, somatostatin, pancreatic polypeptide and ghrelin. 

Their principal function is to regulate glucose levels in the blood.  

 

Heterogeneity of islet cell populations exist in the head, body and tail regions in the 

pancreas of humans and other species such as rodents (Trimble et al., 1982). In rodents, 

the beta cell mass is higher in the tail and body regions compared to the head region and 

the body-tail region is rich in glucagon-producing alpha cells. Consequently, insulin 

secretion and proinsulin biosynthesis is higher in the tail region (Wang et al., 2013a, 

Trimble et al., 1982). Similar to rodents, the density of human islets is two-fold higher in 

the tail region compared to the head and body regions (Wang et al., 2013a). In contrast to 

rodents, human islets show no regional differences in endocrine cell composition or 

insulin secretion (Wang et al., 2013a, Bosco et al., 2010). 

 

1.1.1 Islet cell populations 

Islets are specialised mini-organs scattered throughout the pancreas. The islets contain 

endocrine cells, endothelial cells, nerves, fibroblasts, and leukocytes (lymphocytes, 
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macrophages and dendritic cells) (Brissova and Powers, 2008, Mattsson, 2005). The five 

main types of endocrine cells are called alpha (α), beta (β), delta (δ), epsilon (ε) and 

pancreatic polypeptide (PP) cells (Figure 1.1) (Wierup et al., 2002). The α cells produce 

the peptide hormone glucagon that increases the blood glucose levels by targeting 

glucagon (G-protein coupled) receptors expressed in the liver, kidney, adipose tissue, 

spleen and gastro-intestinal tract to release glucose in the blood by glycogenolysis and 

gluconeogenesis (Dunphy et al., 1998, Goke, 2008). β cells release the hormone insulin 

to decrease elevated blood glucose levels and maintain normoglycaemia. The δ cells 

produce somatostatin which regulates insulin and glucagon levels in the blood by 

inhibiting the secretion of insulin and glucagon from β and α cells, respectively (Hauge-

Evans et al., 2009). PP cells produce pancreatic polypeptide to inhibit pancreatic enzyme 

secretion and the exocrine function of the pancreas (Adrian, 1978). The epsilon (ε) cells 

produce ghrelin which inhibits the secretion of insulin (Wierup et al., 2002, Broglio et al., 

2003). Together, the endocrine islet cells regulate glucose metabolism.  

 

1.1.2 Architecture of pancreatic islets 

The architecture and composition of islets varies among species (Brissova et al., 2005). 

The size of islets varies from 100 to 500 µm in diameter and individual islets contain 

approximately 1000-3000 cells (Smith et al., 1991). In rodents, the islets are composed 

of ~80% β cells, 14% α cells, 6% δ cells, <5% PP cells and <1% epsilon cells. The β cells 

are clustered in the core of the islet and are surrounded by a mantle of α, δ and PP cells. 

On the other hand, human islets are composed of ~60% β cells, 30% α cells, <10% δ cells, 

<5% PP cells and <1% epsilon cells (Wierup et al., 2002, Brissova et al., 2005, Cabrera 

et al., 2006). Human islets lack mantle-core segregation and the β cells are intermingled 

with α and δ cells (Brissova et al., 2005). In humans, PP cells are present around the 

perimeter of pancreatic islets, in the parenchyma of the exocrine pancreas and the 

epithelium of pancreatic duct (Larsson et al., 1975, Ceranowicz et al., 2015). The 

characteristic architecture of islets aids in endocrine cell interactions and in regulating the  

secretion of the different islet hormones (Bosco et al., 2010). 

 

Islets are highly enriched in blood vessels and generally are no further than one cell away 

from an intra-islet capillary (Bonner-Weir and Orci, 1982). The islet capillaries are 

approximately 5 µm in diameter and the density of the islet vasculature is five-times 
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Figure 1.1: Composition of the pancreatic islet. 

Each islet of Langerhans consist of five types of cells including α (blue), β (orange), δ 

(green), ε (yellow) and PP cells (grey) and is surrounded by a continuous basement 

membrane. The insulin-producing beta cells are localised in close proximity to intra-islet 

blood vessels or capillaries. Islets are enriched in blood vessels (red) which provide 

oxygen and nutrients to the endocrine cells and deliver insulin to the rest of the body. 
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greater than that in surrounding acinar tissue (Henderson and Moss, 1985). The intra-islet 

vasculature optimises oxygen and nutrient supply to the islet cells and ensures a rapid 

sensing of plasma glucose levels and distribution of secreted endocrine hormones 

(Lammert et al., 2001, Mattsson, 2005). The peri-islet basement membrane is present at 

the islet boundary providing structural support and acting as a barrier to cell invasion 

(Irving-Rodgers et al., 2008, Korpos et al., 2013).  

 

 

1.2 Pancreatic islet microenvironment 

The different islet endocrine cells interact with each other through extracellular spaces 

and gap junctions (Nepton, 2013). The extracellular matrix, neurons and endothelial cells 

play an important role in these cell-cell interactions.  

 

1.2.1 Extracellular Matrix 

The extracellular matrix (ECM) is an important component of the islet environment and 

consists of a complex network of glycoproteins and proteoglycans (Wang and Rosenberg, 

1999, Laurila and Leivo, 1993). In general, the ECM functions as a cellular scaffold, a 

reservoir for growth factors and in cell attachment, migration, proliferation, 

differentiation and survival (Wang and Rosenberg, 1999, Cheng et al., 2011). Two 

different types of islet-associated ECM exist: the basement membrane (BM) and the 

interstitial matrix (IM) (Laurila and Leivo, 1993, van Deijnen et al., 1992).  

 

BMs are highly organised sheets of ECM that separate tissues into different compartments 

and provide structural support (Laurila and Leivo, 1993, Wang and Rosenberg, 1999). 

Conventionally, the major components of BMs are type IV collagen, laminins, nidogen 

and perlecan. Islets contain a peri-islet BM and intra-islet BMs associated with islet 

capillaries. Compared to BMs, the IM consists of a more relaxed organisation of ECM 

components. The IM fills the space between cells in tissues and contains glycoproteins, 

proteoglycans and matricellular proteins (Wang and Rosenberg, 1999). The major 

components of the IM are collagens, fibronectin, fibrinogen and elastin. Interstitial 

matrices (IMs) aid in cell adhesion and migration. 
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1.2.2 Islet basement membrane 

Islets contain a peri-islet basement membrane (BM) and sub-endothelial BMs associated 

with intra-islet capillaries. The mouse peri-islet BM is continuous and contains laminin 

chains (α 1-5, β1-3, γ1-3), collagen type IV, the heparan sulfate proteoglycan (HSPG) 

perlecan, and nidogens (nidogen-1 and nidogen-2) (Figure 1.2) (Irving-Rodgers et al., 

2008). BMs are anchored to the surface of cells by integrins and beta cells, in particular, 

bind to collagen type IV and laminins. The composition, thickness and continuity of the 

islet BM is diverse amongst different species due to the presence of different forms of 

laminins and collagen type IV (Irving-Rodgers et al., 2008, Van Deijnen et al., 1994). 

The role of the islet BM is to provide structural support and to prevent cell invasion.  

 

Collagen type IV is one of the major components of the BM and is assembled into planar 

hexagonal networks in the BM. In vitro, exogenous collagen type IV helps in the survival 

of intact islets and decreases insulin production and secretion by purified beta cells (Kaido 

et al., 2004). Laminins are biologically active components of BMs and bind to cell surface 

integrin and non-integrin receptors to transduce signals for proliferation, migration and 

differentiation. Laminins are cross-shaped or T-shaped heterotrimeric glycoproteins 

consisting of three polypeptide chains (α, β, γ) joined by disulfide bonds (Timpl and 

Brown, 1996). There are 12 laminin isoforms containing 11 laminin chains i.e., α 1-5, β1-

3, γ1-3 (Jiang et al., 2002). Laminins are connected to collagen type IV by a bridging 

molecule called nidogen-1. Nidogen is a sulfated glycoprotein with three globular 

domains which contain binding sites for other ECM molecules e.g., collagen IV, laminins 

and perlecan (Pujuguet et al., 2000). The two isoforms of nidogen, namely nidogen-1 and 

nidogen-2, are present in mouse pancreatic islet BMs and act as a cell adhesive molecules 

that bind to integrins (Kohfeldt et al., 1998). Perlecan is a HSPG core protein present in 

the peri-islet BM and also in the sub-endothelial BMs of intra-islet capillaries (Irving-

Rodgers et al., 2008). Perlecan in the islet BM stabilises interactions between other matrix 

proteins and functions as a barrier to cell invasion. In the context of the sub-endothelial 

BM, perlecan inhibits the extravasation of metastasizing tumour cells and leukocytes as 

well as leukocyte recruitment to inflammatory sites (Irving-Rodgers et al., 2008). Other 

extracellular HSPGs, e.g., agrin and collagen type XVIII (Iozzo, 2005) can also be found 

in sub-endothelial BMs (which can be 20-100 nm thick) and as a barrier against leukocyte 

migration (Parish, 2006, Yadav et al., 2003). 
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Figure 1.2: Pancreatic islet basement membrane. 

The peri-islet basement membrane (BM; orange) surrounds individual islets and consists 

of collagen type IV (dark red), laminin (blue), perlecan (purple) and nidogen (green). The 

islet BM provides structural support and prevents cell invasion. Modified from Cheng et 

al. (2011).  
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Similar to the mouse peri-islet BM, the human peri-islet BM also contains perlecan, 

nidogen-1 and collagen IV α1/α2 (Virtanen et al., 2008, Otonkoski et al., 2008, 

Yurchenco, 2011). In humans, however, a double BM surrounds individual blood vessels 

in the islets (Virtanen et al., 2008). The inner vascular leaflet of the double BM contains 

laminin-411/421 and -511/521 whereas the outer leaflet which faces the endocrine cells 

contains only laminin-511 (Otonkoski et al., 2008). In pancreatic islets of both mouse and 

human, sub-endothelial BMs are rich in laminin α4 and α5 (Korpos et al., 2013). 

 

1.2.3 Interstitial matrix (IM) in pancreas 

Interstitial matrices (IMs) in the pancreas are thin layers of matrix proteins adjacent and 

external to the peri-islet BMs and are also localised around pancreatic ducts and blood 

vessels (Bogdani et al., 2014). In both human and mouse, the IM underlying the peri-islet 

BM contains collagen I and III, elastin, fibronectin and proteoglycans (hyaluronic acid 

and decorin) (Frantz et al., 2010, Korpos et al., 2013). The IM external to peri-islet BM 

(surrounding ducts and blood vessels in the pancreas) is also associated with hyaluronan-

binding molecules such as versican, inter-alpha inhibitor and tumour necrosis factor 

(TNF)-stimulated gene-6 (Bogdani et al., 2014). Generally, the IM provides tensile 

strength and elasticity to tissues due to the presence of fibrillar collagens, and can act as 

a scaffold within tissues (Bonnans et al., 2014). 

 

 

1.3 Islet beta cells 

Islet beta cells account for 60% and 80% of the islet cell population in human and mice, 

respectively. The main function of the beta cell is to produce and secrete insulin in 

response to increased blood glucose levels, nutrients, growth factors (e.g., insulin like 

growth factors) and hormones (e.g., glucagon-like peptide-1 (GLP-1)) (Kulkarni, 2004). 

Islet beta cells synthesise proinsulin to form insulin, which is stored in intracellular 

granules (Haist, 1971). Beta cells co-secrete C-peptide with insulin and human beta cells 

also secrete islet amyloid polypeptide (IAPP, amylin) into the bloodstream (Nepton, 

2013). C-peptide is released as a by-product of the cleavage of proinsulin to form mature 

insulin. The main function of C-peptide is to help in the synthesis of insulin and to allow 

correct insulin protein folding and formation of disulfide bonds (Wahren et al., 2000). 
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1.3.1 Insulin synthesis and storage 

Insulin is a dipeptide containing A and B chains linked by disulfide bonds. The secreted 

form of insulin consists of 51 amino acids with 21 amino acids in chain A and 30 amino 

acids in chain B. The insulin gene encodes a 110 amino acid precursor known as 

preproinsulin (Figure 1.3). Preproinsulin consists of a hydrophobic N-terminal signal 

peptide that interacts with cytosolic ribonucleoprotein signal recognition particles (SRP) 

(Chan et al., 1976). The SRP helps to translocate preproinsulin from rough endoplasmic 

reticulum (rER) into the ER lumen (Chan et al., 1976, Lomedico and Saunders, 1977). 

During post-translational processing, the signal peptide is cleaved from preproinsulin by 

a signal peptidase to produce proinsulin (Patzelt et al., 1978), the polypeptide is folded 

and stabilised by the formation of three disulfide bonds (Huang and Arvan, 1995). 

Proinsulin consists of an amino-terminal B chain, a carboxy-terminal A chain and C-

peptide, acting as a connecting peptide. In the ER, specific peptidases (prohormone 

convertases (PCs), PC1/3 and PC2) cleave the C-peptide chain from proinsulin to produce 

mature, active insulin (Steiner et al., 1996). Finally, insulin and C-peptide are packaged 

into secretory granules in the Golgi and are subsequently stored in the cytoplasm (Nishi 

et al., 1990). Insulin is also crystallised with zinc and calcium to form dense core granules 

during the maturation process (Hou et al., 2009). Following appropriate stimulation by 

glucose, insulin is secreted from the beta cells into the circulation by exocytosis (see 

Section 1.3.2 and 1.3.3). 

 

1.3.2 Glucose stimulated insulin secretion  

Insulin secretion is regulated by the concentration of glucose in the blood. Islet beta cells 

highly express specific glucose transporters (glucose transporter-2 (GLUT2) in rodents 

and glucose transporter-1 (GLUT1) in humans) on their cell surface for the efficient 

uptake of glucose in response to elevated glucose levels in the blood (Kaneto et al., 2005). 

GLUT2 is also expressed in the liver and to a lesser extend in the nervous system, intestine 

and kidney (Fu et al., 2013, Thorens, 2015). In the liver of rodents and humans, GLUT2 

is a major glucose transporter; following uptake, glucose is stored as glycogen (Thorens, 

2015). In other insulin-sensitive tissues (adipose tissue and skeletal muscle), GLUT4 is 

the predominant insulin responsive glucose transporter, facilitating the uptake of 

extracellular glucose into the tissues (Shan et al., 2011, Chang et al., 2004). 
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Figure 1.3: Insulin synthesis. 

Insulin is synthesised as a preproinsulin in beta cells and contains chains A, B and C (C-

peptide) with a signal sequence (signal peptide). The preproinsulin undergoes co-and 

post-translational translocation into the endoplasmic reticulum (ER) where the signal 

peptide is cleaved and proinsulin is produced. Proinsulin undergoes folding in the ER and 

forms 3 disulfide bonds. C-peptide is cleaved from proinsulin to form mature insulin with 

the help of prohormone convertase (PC1/3 and PC2). In the Golgi, insulin and C-peptide 

are packaged into secretory granules and stored in the cytoplasm (Kaufman, 2011).  
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Following uptake by beta cells, glucose is converted to glucose-6-phosphate by a rate-

limiting enzyme, glucokinase (Figure 1.4). This modified glucose is trapped in the beta 

cells where it is further metabolised to release ATP in mitochondria. The increase in the 

cytosolic ATP/ADP ratio causes the closure of ATP-gated potassium channels resulting 

in depolarisation of the cell membrane (Rorsman et al., 2000). Eventually, this activates 

the voltage-gated calcium channels for transport of calcium ions into the cell. The 

increase in intracellular calcium ions triggers the transfer of insulin granules to the plasma 

membrane (Figure 1.4). Diffusion of insulin into the circulation reduces blood glucose 

levels, thereby maintaining normoglycaemia.  

 

Glucagon like peptide-1 (GLP-1) receptors are present on the cell surface and increases 

insulin secretion in response to elevated glucose levels (Figure 1.4) (Cornu et al., 2010). 

GLP-1 is a growth and differentiation factor of pancreatic beta cells and after binding to 

its G protein-coupled receptor, activates adenylate cyclase and the production of cyclic 

adenosine monophosphate (cAMP). ATP in the beta cells also promotes the formation of 

cAMP. The increased levels of cAMP leads to the phosphorylation and activation of 

protein kinase A (PKA) and exchange protein directly activated by cAMP 2 (EPAC2). 

Together, PKA and EPAC2 increase the translation and transcription of insulin mRNA 

and promote pulsatile insulin secretion (Tengholm, 2012). 

 

1.3.3 Insulin exocytosis 

Insulin release is a biphasic process (Curry et al., 1968) and at least two populations of 

insulin secretory granules are present i.e., the readily releasable pool (RRP) and the 

reserve pool (Figure 1.4). Insulin release involves the transport of granules to the plasma 

membrane followed by docking, priming and fusion of the granules with the plasma 

membrane (Rorsman and Renström, 2003, Lang, 1999, Barg, 2003, Olofsson et al., 2002, 

Trexler and Taraska, 2017).  

 

In response to increased intracellular calcium concentrations, the RRP granules come in 

close contact with the plasma membrane via the help of soluble N-ethylmaleimide-

sensitive factor attachment protein receptor (SNARE) proteins (Figure 1.5) (Wang and 

Thurmond, 2009, Rorsman et al., 2000). The main SNARE proteins involved in insulin 

release are syntaxin 1, Synaptosomal-associated protein 25 (SNAP25) and vesicle  



Chapter 1: Literature Review 

12 

 

 

 

Figure 1.4: Insulin secretion pathway. 

In pancreatic beta cells, elevated glucose levels (via glycolysis and mitochondrial ATP 

production) increases the ATP/ADP ratio. This results in the closure of ATP-sensitive K+ 

(KATP) channel and plasma membrane depolarisation. This leads to an increased influx of 

calcium ions followed by fusion of insulin secretory granules with the plasma membrane. 

In addition, glucagon like peptide-1 (GLP-1) binds to its receptor to activate adenylyl 

cyclase and increase cAMP levels. Elevated cAMP binds and activates protein kinase A 

and EPAC which release intracellular calcium ions from the endoplasmic reticulum (ER) 

and increase the number of insulin granules at the plasma membrane. cAMP, adenosine-

3’, 5’-cyclic monophosphate; EPAC, exchange protein directly activated by cAMP; 

VDCC, voltage-dependent calcium channel; RRP, readily releasable pool of insulin 

granules (Hou et al., 2009). 
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Figure 1.5: Insulin exocytosis process. 

The key steps involved in insulin exocytosis are docking, priming and granule fusion. (1) 

The insulin granule is translocated and tethered to the plasma membrane where the 

exocyst complex is formed. (2) Insulin granule docking and priming involves trans-

SNARE complex formation along with co-factors like Munc13, Munc18 and 

synaptotagmin. Munc18 binds to syntaxin to prevent binding with vesicle-associated 

membrane protein (VAMP). During priming, conformational changes lead to formation 

of the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) 

complex. This complex is bound to calcium channels and forms an excitosome. (3) The 

granule is held close to the plasma membrane and increased calcium influx allows fusion 

of granules to take place. (4) Recycling can occur in a kiss and run or cavicapture 

exocytosis where dynamin and other canonical endocytotic proteins close the fusion pore 

to recapture the insulin granule. SNAP25, Synaptosomal-associated protein 25. Modified 

from Trexler and Taraska, (2017).  
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associated membrane protein 2 (VAMP2). Syntaxin 1A and SNAP25 are uniformly 

distributed in the beta cell plasma membrane (Low et al., 2014). They function not only 

in membrane fusion but also in forming complexes that firmly attach the granules to the 

membrane and to the calcium ion channel (forming the excitosome) (Rorsman and 

Renström, 2003). Small GTP-binding Rab proteins interact with adhesion factors during 

vesicle transport and promote SNARE and vesicle fusion with the target membrane 

(Xiong et al., 2017). The mammalian uncoordinated-18 (Munc 18) protein regulates the 

SNARE complex by binding to syntaxin and forming a “closed” conformation. During 

priming, Munc18 interacts with Munc13 which results in the “open” conformation of 

syntaxin (Gaisano, 2014). This results in the formation of a “partially zipped” state where 

the insulin secretory granule is close to the plasma membrane. The calcium binding 

synaptotagmin complex is also formed and the fusion of the two membranes occurs due 

to the increased influx of calcium ions. Insulin is then released into the blood stream. 

There are three types of fusion processes: complete fusion, kiss and run, and cavicapture 

(Galli and Haucke, 2001, Hou et al., 2009). The complete fusion involves complete 

integration of the granule membrane with the plasma membrane. The kiss and run process 

allows partial or full granule content to be released between the granule membrane and 

plasma membrane through the opening of a transient pore. The cavicapture or selective 

“kiss and run” process is where the granule content is partially released before the 

membrane pore closes. 

 

Once the readily releasable pools (RRPs) of insulin granules have been depleted, the 

reserve pool is used for prolonged insulin secretion (Hou et al., 2009). The reserve pool 

granules undergo a series of ATP, calcium, time and temperature-dependent reactions, 

commonly referred as priming/mobilisation to gain competence for insulin release 

(Rorsman and Renström, 2003). This is followed by interactions with the SNARE 

complex, identical to the release of insulin from RRPs. 

 

In vitro studies revealed that beta cells within intact islets secrete more insulin than 

isolated pancreatic beta cells (Thorn et al., 2004, Thorn et al., 2016). Using a two-photon 

extracellular imaging based quantification (TEPIQ) to track exocytosis, it was found that 

glucose recruits individual beta cells for exocytosis, increases the number of fusion events 

per beta cell and activates oscillatory exocytotic activity (Low et al., 2013, Behrendorff 
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et al., 2010, Takahashi et al., 2002). In addition, these studies revealed that the insulin 

granule is dispersed towards the vasculature and away from the region of glucose uptake 

(Low et al., 2014) i.e., glucose-induced insulin granule exocytosis is biased toward the 

blood vessels (Gan et al., 2017, Low et al., 2014). Insulin secretion was therefore found 

to be influenced by beta cell-vasculature interactions as well as beta cell-beta cell 

interactions (Low et al., 2014).  

 

1.3.4 Insulin signalling in the normal state 

Insulin acts by binding to its cell surface receptor, a glycoprotein consisting of two distinct 

subunits, α and β, connected by disulfide bonds (Figure 1.6). The number of insulin 

receptors expressed on cells varies among different cell types (Flier, 1983). In peripheral 

tissues (adipose tissue and muscle), insulin binds to the extracellular α subunit causing a 

conformational change which allows ATP to bind to the intracellular β subunit (Figure 

1.6). The bound ATP triggers phosphorylation of the β subunit conferring tyrosine kinase 

activity and recruitment of insulin receptor substrate (IRS) (Hubbard, 1997). IRS is a key 

element in insulin action and exists in four forms i.e., IRS-1, IRS-2, IRS-3 and IRS-4 

(Kahn and White, 1988). IRS-1 accounts for insulin action in muscle and IRS-2 

contributes to insulin signalling in liver (Previs et al., 2000). The C-terminus of IRS 

contains tyrosine and serine phosphorylation sites that bind to phosphatidylinositol 3-

kinase (PI3K). The recruitment of PI3K to the plasma membrane releases the catalytic 

subunit of PI3K which converts phosphatidylinositol 4,5-bisphosphate (PIP2) to 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3) (Czech, 2000). The major targets of 

PIP3 are protein kinase B (Akt), protein kinase C (PKC) and PI-dependent kinase 1 

(PDK1). Akt binds to phosphorylated PIP3 causing its activation (Alessi et al., 1996). 

Activated Akt mediates insulin-stimulated glucose uptake by phosphorylating and 

inhibiting Rab-GTPase activating protein (Sano et al., 2003). As a result, glucose 

transporter protein is translocated to the cell surfaces promoting glucose uptake, 

glycogen, lipid, and protein synthesis, and the control of hepatic gluconeogenesis (Kahn 

and White, 1988). 
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Figure 1.6: Insulin signalling. 

Insulin and ATP binds to the α and β subunits of insulin receptor, respectively. ATP 

triggers phosphorylation of the β subunit, recruiting insulin receptor substrates (IRS) to 

the intracellular β subunit of the insulin receptor in target tissues (adipose tissue and 

muscle). This activates phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), resulting 

in protein kinase B (PKB; also know as Akt) activation and the translocation of glucose 

transporter 4 (GLUT4) to the plasma membrane. PIP2, phosphatidylinositol-4,5-

biphosphate; PIP3, phosphatidylinositol-3,4,5-triphosphate and ATP, adenosine 

triphosphate. 
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1.4 Diabetes Mellitus 

Diabetes mellitus is derived from the Greek word diabetes (siphon) meaning to “pass 

through” and the Latin word mellitus meaning honey/sweet. It was first discovered by the 

ancient Egyptians around 1500 B.C and was described as a condition in which a person 

urinated frequently (MacCracken and Hoel, 1997). Diabetes was diagnosed by the sweet 

taste of the urine in suspected individuals. In the 1800s, a chemical test to detect the 

presence of sugar in the urine was developed (Ahmed, 2002). In 1889, Joseph Von Mering 

and Oskar Minkowski discovered the role of the pancreas in diabetes. They found that 

dogs in whom the pancreas was removed, developed symptoms of diabetes and died soon 

after (Minkowski, 1892). This provided the first evidence that the pancreas was important 

in regulating glucose levels in the body. 

 

Diabetes mellitus is a metabolic disorder characterised by hyperglycaemia (elevated 

blood glucose levels). The condition is caused by defects in insulin secretion, insulin 

action or both that induce disturbances in the metabolism of carbohydrate, fat and protein 

(Alberti and Zimmet, 1998). The characteristic symptoms of diabetes mellitus are 

polyuria (excessive urination), polydipsia (excessive thirst), weight loss and blurred 

vision. The long-term complications of diabetes mellitus include: retinopathy with 

potential loss of vision; nephropathy resulting in renal failure; peripheral neuropathy with 

risk of foot ulcers, limb amputations and charcot joints; and nephropathy (Nathan 1993). 

Diabetes increases the incidence of atherosclerotic cardiovascular, peripheral arterial, and 

cerebrovascular disease, hypertension and abnormal lipoprotein metabolism (Alberti and 

Zimmet, 1998, American Diabetes, 2009). There are two main types of diabetes namely, 

type 1 diabetes (T1D) and type 2 diabetes (T2D). The processes involved in diabetes 

development include autoimmune destruction of the islet beta cells leading to insulin 

deficiency (T1D) and metabolic abnormalities leading to insulin resistance (T2D), 

respectively.  

 

Type 1 diabetes (T1D) commonly referred to as insulin-dependent diabetes mellitus 

accounts for about 5-10% of all cases. It is an autoimmune disease caused by the 

immunological destruction of insulin-secreting pancreatic beta cells (Mathis et al., 2001b). 

In non-obese diabetic (NOD) mice, a commonly used model of spontaneous autoimmune 

T1D, the disease is characterised by two main stages: (i) the non-destructive phase where 
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inflammatory leukocytes, including macrophages, dendritic cells, CD4 T cells, CD8 T 

cells and B cells accumulate around the islet periphery (peri-islet insulitis) (Anderson and 

Bluestone, 2005, Willcox et al., 2009, Bach, 1994) and (ii) a destructive phase where the 

leukocytes invade the islets and destroy the beta cells, eventually reducing the insulin 

content of the pancreas to <10% of normal levels (Bluestone et al., 2010). In contrast to 

NOD mice, T1D patients show much less pronounced accumulation of cells around the 

islet periphery, mild infiltration, and, at clinical onset, the insulin content is reduced to 

20-30% of normal pancreas (In’t Veld, 2014). 

 

Type 2 diabetes (T2D) is the most common form of diabetes and represents about 90% 

of all cases. It is characterised by a metabolic syndrome, reduced insulin action and 

eventually insulin deficiency (Marchetti et al., 2007). It is generally associated with 

obesity. 

 

1.4.1 Clinical diagnosis of Type 2 Diabetes 

The prevalence of diabetes is increasing dramatically; in 2011 there were over 366 million 

people with diabetes (including T1D and T2D) and this number is expected to increase to 

552 million by 2030 (Olokoba et al., 2012).  The diagnosis of T2D in humans is 

determined by measuring blood glucose levels (e.g., fasting plasma glucose (FPG)), after 

challenge with a fixed dose of glucose (e.g., oral glucose tolerance test (OGTT)) and can 

be monitored in the long-term by also measuring glycated haemoglobin A1c (HbA1c; 

Table 1.1) (American Diabetes association, 2010).  

 

FPG levels are measured after at least 8 hrs of fasting. An OGTT in humans involves the 

oral administration of 75 g anhydrous glucose dissolved in water, followed by measuring 

plasma glucose levels after 2 hrs. Diabetes is diagnosed when glucose levels are ≥ 7.0 

mmol/L in the fasting state or ≥ 11.1 mmol/L following a glucose load (Table 1.1). 

Individuals with impaired glucose tolerance (IGT) or impaired fasting glucose (IFG) i.e., 

with glucose levels between 7.8 mmol/L and 11.0 mmol/L after a glucose load (OGTT) 

or between 5.6 mmol/L to 6.9 mmol/L (FPG) are identified as “pre-diabetes” and have a 

high risk of developing diabetes (American Diabetes association, 2010). Haemoglobin 

A1c (HbA1c) levels are measurements of glycated haemoglobin which is formed by a 

non-enzymatic reaction between haemoglobin and glucose  
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Table 1.1: The diagnostic criteria for human diabetes (T1D and T2D).  

Test Glucose levels¶ 

HbA1c  6.5% or 48 mmol/mol 

FPG  126 mg/dL or  7 mmol/L 

OGTT  

2-hr plasma glucose 

 200 mg/dL or  11.1 mmol/L 

Random plasma glucose  200 mg/dL or  11.1 mmol/L 

¶HbA1c, glycated haemoglobin A1c; FPG, fasting plasma glucose; and OGTT, oral 

glucose tolerance test. Adapted from (American Diabetes Association, 2010).   
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(Bookchin and Gallop, 1968, Goldstein et al., 2004). HbA1c is formed by chemical 

glycation of the N-terminal lysine and valines of haemoglobin A (Bookchin and Gallop, 

1968). The rate of HbA1c formation is directly proportional to the blood or plasma 

glucose concentrations and reflects chronic glycaemia over the previous 120 days (12 

weeks). HbA1c measurements can therefore be used to diagnose diabetes and to monitor 

disease progression (American Diabetes Association, 2010). HbA1c levels ≥ 6.5% 

indicate diabetes and can be up to two-fold higher than non-diabetic patients (normal 

range < 6%) (Rahbar et al., 1969). 

 

T2D is a metabolic syndrome disease. Metabolic syndrome (also known as insulin 

resistance syndrome) is defined as a cluster of clinical and biological abnormalities which 

includes glucose intolerance, obesity, hypertension and dyslipidaemia (Magliano et al., 

2006, Tenenbaum et al., 2003, Ginsberg and MacCallum, 2009) and is a predictor of T2D 

(Shin et al., 2013).  

 

1.4.2 T2D pathogenesis 

T2D is a complex disease influenced by both environmental and genetic factors. T2D 

develops due to lack of physical activity, increase in caloric intake, decrease in energy 

expenditure and increase in nutrient composition (specially increased amount of dietary 

fats and saturated fat) in individuals that are genetically predisposed to both insulin 

resistance and beta cell dysfunction (Hu et al., 2001, Prentki and Nolan, 2006, Kahn et 

al., 2014). Insulin resistance (IR; an impaired response to insulin) and beta cell 

dysfunction precede hyperglycaemia (elevated blood glucose levels) in T2D individuals 

(Prentki and Nolan, 2006). Longitudinal studies have demonstrated that due to insulin 

resistance, circulating insulin levels are increased during the normoglycaemic/prediabetic 

phase to compensate for growing glucose intolerance (Leahy et al 2005). Beta cell 

dysfunction develops due to amyloid toxicity, glucotoxicity, lipotoxicity, inflammation, 

ER stress and oxidative stress, ultimately leading to beta cell failure. 

 

During the early stages of T2D development, obesity (Section 1.5) leads to inflammation 

in adipose tissue (Section 1.6), IR (Section 1.5) and glucose intolerance. Initially, in 

response to IR, beta cells increase their production of insulin. Eventually, this response 

and/or the chronic exposure to elevated glucose levels (glucotoxicity; Section 1.7) leads 
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to the accumulation of misfolded proinsulin in the endoplasmic reticulum (ER) and ER 

stress (Figure 1.7; Section 1.9). In parallel, beta cells increase the production of reactive 

oxygen species via the electron transport chain and by non-enzymatic glycation reactions, 

resulting in oxidative stress (Section 1.11). In addition, apoptotic adipose cells release 

free fatty acids (FFAs) resulting in lipidaemia and lipotoxicity (Section 1.8) in beta cells, 

also exacerbating ER stress and oxidative stress. To protect the beta cells from ER stress, 

eukaryotic cells activate a defence system referred to as the “unfolded protein response” 

(UPR) or the ER stress response. The UPR maintains ER homeostasis by reducing protein 

translation, increasing ER chaperones and inducing ERAD pathway. The failure of the 

UPR to relieve ER stress contributes to beta cell failure, hyperglycaemia and overt T2D. 

In addition, the islets of T2D patients are characterised by amyloid deposits (see Section 

1.13.4), which are insoluble fibrils formed by the aggregation of islet amyloid polypeptide 

(IAPP) (Haataja et al., 2008). IAPP is a 37-amino acid polypeptide which is co-expressed 

and co-secreted with insulin by β-cells (Butler et al., 1990). Amyloid accumulation has 

been shown to cause beta cell toxicity and can lead to islet inflammation in human T2D 

(Clark and Nilsson, 2004a, Butler et al., 2003). 

 

 

1.5 Insulin resistance and obesity 

IR is a metabolic condition where insulin produced by beta cells fails to facilitate glucose 

uptake by target peripheral tissues such as adipose tissue, liver and muscle. This metabolic 

abnormality results in glucose intolerance and leads to hyperglycaemia. Eventually the 

beta cells demonstrate impaired insulin secretion, dysfunction and eventually failure 

(Prentki and Nolan, 2006). 

 

IR initially develops in adipose tissue. Adipose tissue normally plays an important role in 

metabolic regulation by releasing free fatty acids (FFAs) to reduce glucose uptake in 

muscle, insulin secretion from beta cells, and to increase glucose production from liver 

(Coelho et al., 2013). The main function of adipocytes is to store lipids and to secrete 

hormones known as adipokines, which influence metabolism, energy expenditure and 

insulin sensitivity. Two hypotheses have been proposed to relate obesity with insulin 

resistance: the “adipokine hypothesis” and the “inflammation hypothesis” (Hussain et al., 

2010). The adipokine hypothesis proposed that the altered secretion of adipose tissue 



Chapter 1: Literature Review 

22 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: ER stress in Type 2 Diabetes.  

Obesity in a subset of individuals induces insulin resistance, glucose intolerance, the over-

production of insulin and lipidaemia. This process creates a biosynthetic over-load on the 

endoplasmic reticulum (ER) inducing ER stress and activation of the unfolded protein 

response (UPR) pathway. ER stress is conventionally accompanied by oxidative stress. 

Beta cell failure and overt hyperglycaemia, i.e., T2D, ensues when the UPR fails to 

compensate for ER stress.  
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hormones such as leptin and adiponectin, results in insulin resistance. The hormone leptin 

is a cytokine that acts on receptors in the central nervous system to inhibit food intake 

and promote energy expenditure. In ob/ob and db/db mice, IR occurs as a result of leptin 

deficiency and leptin resistance, respectively (Coleman, 1978). In ob/ob mice, the 

exogenous adminstration of leptin improves glucose tolerance and insulin sensitivity, 

irrespective of changes in food intake (Halaas et al., 1995, Shimomura et al., 1999). 

Another hormone, adiponectin, regulates glucose homeostasis and fatty acid oxidation. 

The levels of adiponectin are reduced in T2D mouse models (db/db and KKAγ mice (Ay 

mutation on KK strain)) and obese humans. Treatment of db/db and KKAγ mice with 

exogenous adipokine decreases insulin resistance, FFAs and the triglyceride content of 

muscle and liver and increases the expression of genes involved in fatty acid oxidation 

and energy expenditure (Yamauchi et al., 2001). Insulin resistance in PPAR-γ+/- 

(peroxisome proliferator-activated receptor γ) obese mice was completely reversed by 

combined treatment with both adiponectin and leptin, and was only partially relieved 

when either was adminstered alone (Yamauchi et al., 2001). 

 

The inflammation hypothesis postulates that obesity increases chemokine secretion from 

the adipocytes, promoting macrophage activation and recruitment (Hussain et al., 2010). 

In addition, adipocytes respond to a high nutrient overload by enlarging in size via 

hypertrophy (Figure 1.8). This leads to adipocyte apoptosis, the activation and 

recruitment of macrophages and the local release of cytokines such as tumour necrosis 

factor-α (TNF-α) and chemokines (Hotamisligil et al., 1993, Xu et al., 2003, McNelis and 

Olefsky, 2014). Other adipocytes respond to TNF by increasing lipolysis and this results 

in the release of FFAs in to the circulation. FFAs bind to toll-like receptor-4 (TLR4) and 

TNF receptors on adipocytes, resulting in the activation of nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-kB; via IKKβ) and c-Jun N-terminal kinases 

(JNK) signalling pathways (Dasu and Jialal, 2011, McNelis and Olefsky, 2014) (Figure 

1.9). As a consequence, IRS-1 becomes phosphorylated inhibiting insulin signalling and 

inducing insulin resistance (Hotamisligil et al., 1996, Dasu and Jialal, 2011). 
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1.6 Inflammation in type 2 diabetes 

Inflammation provides a link between obesity and insulin resistance in T2D. In T2D in 

both mice and humans, inflammation is observed in adipose tissue, liver, muscle and 

pancreas. At these sites, infiltrating macrophages play a crucial role in the production of 

pro-inflammatory cytokines such as TNF-α, IL-6 and IL-1β which in turn activate JNK 

and NF-κB pathways. These signalling pathways increases transcription of inflammatory 

genes and phosphorylates IRS-1, causing down-regulation of insulin signalling and 

contributing to insulin resistance (Figure 1.9). 

 

1.6.1 Adipose tissue inflammation 

Adipose tissue (AT) is made up of adipocytes (the major constituent) as well as 

preadipocytes, endothelial cells and immune cells (known as the stromal vascular fraction 

(SVF) in vitro). A prime function of AT is to insulate and cushion internal organs and to 

store excess energy in the form of triglycerides. In addition, AT plays an important 

endocrine role, secreting adipokines and cytokines into the circulation. Inflammation in 

AT was first reported by Hotamisligil and colleagues who demonstrated the increased 

expression and production of TNF-α in obese individuals (Hotamisligil et al., 1993). This 

evidence was pivotal in identifying a role for inflammation in obesity-induced insulin 

resistance (see Section 1.5).  

 

During obesity, white adipose tissue (WAT) initially responds to nutrient overload by fat 

deposition as well as the growth of adipocytes (Figure 1.8) (Chmelar et al., 2013, Despres 

et al., 2008). AT expansion is generally associated with adipocyte hypertrophy, free fatty 

acid flux, vascularisation, increased leptin secretion, hypoxia, ER stress, oxidative stress 

and adipocyte cell death. Furthermore, the expansion of WAT is accompanied by 

compensatory angiogenesis and also triggers an inflammatory response which is 

characterised by the recruitment of macrophages with pro-inflammatory and pro-

angiogenic properties (McNelis and Olefsky, 2014). Activated macrophages enter WAT 

to phagocytose dead or dying adipocytes which release FFAs (Xu et al., 2003, Weisberg 

et al., 2003). They also secrete pro-inflammatory cytokines and chemokines such as TNF-

α, IL-6, IL-1β and monocyte chemotactic protein 1 (MCP-1) (McNelis and Olefsky, 

2014), the production of which is regulated by IKKβ-NF-κB and JNK pathways. 

Receptor-bound cytokines (e.g., TNF) and free fatty acids at the cell surface also induce  
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Figure 1.8: Obesity induced inflammation in the peripheral tissues. 

Adipocyte enlargement and apoptosis results in the local recruitment and accumulation 

of macrophages. Activated macrophages secrete cytokine/chemokines stimulating viable 

adipocytes to release FFAs (via lipolysis) into the circulation. Similar processes occur in 

skeletal muscle and liver. Modified from (McNelis and Olefsky, 2014) 
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Figure 1.9: Insulin resistance-induced by inflammation. 

Elevated free fatty acids (FFAs) and tumour necrosis factor (TNF) bind to their receptors 

on adipocytes to activate nuclear factor kappa-light-chain-enhancer of activated B cells 

(NF-κB) and c-Jun N-terminal kinases (JNK) signalling. The phosphorylation of IRS-1 

by IKKβ and JNK inhibits insulin signalling. NF-κB and JNK signalling also increases 

inflammatory gene expression further contributing to insulin resistance. TLR, toll like 

receptor; IR, insulin receptor; PI3K, phosphatidylinositol 3-kinase; AKT, protein kinase 

B; IL-1β, interleukin-1 beta; TRAF2, TNF receptor-associated factor 2; TRIF, 

Toll/interleukin-1 receptor) domain-containing adaptor protein inducing interferon beta; 

TRADD, Tumor necrosis factor receptor type 1-associated death domain protein and 

Myd88, Myeloid differentiation primary response 88. Modified from (McNelis and 

Olefsky, 2014).  
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the expression of inflammatory genes (Figure 1.9) (Olefsky and Glass, 2010, Ozcan et 

al., 2004). In addition, the nucleotide binding domain, leucine rich-containing family, 

pyrin domain-containing 3 (NLRP3) inflammasome is activated in adipocytes, promoting 

the maturation of pro IL-1β to IL-1β and pro IL-18 to IL-18 via caspase 1 (Figure 1.9). 

 

The activation of IKKβ and phosphorylation of the inhibitor of NF-κB, IκB, initiates 

IKKβ-NF-κB signalling (Figure 1.9). Under normal conditions, NF-κB is associated with 

IκB; upon an inflammatory stimulus (e.g., TNF), phosphorylated IκB dissociates from 

NF-κB. The free NF-κB translocates to the nucleus where it binds to cognate DNA 

response elements and activates the transcription of inflammatory genes (Shoelson et al., 

2003). Similarly, inflammatory mediators phosphorylate and activate c-Jun N-terminal 

kinase (JNK), resulting in inflammatory gene expression. Moreover, the lack of JNK1 in 

Jnk1-/- mice prevents the development of insulin resistance and diabetes in both genetic 

(ob/ob) and dietary mouse models of obesity, confirming the critical role of JNK in 

blocking insulin signalling (Hirosumi et al., 2002). 

 

The proinflammatory environment triggers the further recruitment of inflammatory 

leukocytes such as macrophages, mast cells, neutrophils, dendritic cells and lymphocytes 

(Weisberg et al., 2003, Talukdar et al., 2012). These leukocyte sub-populations are 

discussed below in detail. 

 

(a) Adipose tissue macrophages (ATMs) 

Macrophages are a major contributor to adipose tissue (AT) inflammation. Generally, the 

main function of macrophages is to aid in tissue development, immune responses, 

surveillance and tissue homeostasis. Monocytes are macrophage precursors found in the 

blood, bone marrow and spleen. When recruited to tissues, monocytes differentiate into 

inflammatory macrophages. In contrast, tissue resident macrophages aid in tissue 

development, tissue homeostasis and the resolution of inflammation. C-C chemokine 

ligand 2/chemokine receptor 2 (CCL2/CCR2) function in recruiting monocytes from the 

blood to tissues. 

 

Macrophages are categorised into two distinct phenotypes: “classically activated 

macrophages” termed “M1” and “alternatively activated macrophages” called “M2” 
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(Mantovani et al., 2002, Martinez and Gordon, 2014). In obese AT, M1 macrophages are 

characterised by cell surface expression of CD11c and absence of both CD206 (mannose 

receptor) and macrophage galactose-type C-type lectin 1 (MGL1). M1 macrophages 

secrete cytokines such as TNF-α, IL-6 and IL-1β and produce high levels of inducible 

nitric oxide synthase (iNOS) that reduce insulin signaling in various tissues (e.g., adipose 

tissue) and contributes to insulin resistance and T2D development (Wentworth et al., 2010, 

Lumeng et al., 2007b, Lumeng et al., 2008, Shaul et al., 2010). In contrast, M2 

macrophages are characterised by the scavenger receptors CD206 and MGL1. M2 

macrophages produce cytokines such as IL-10, a potent anti-inflammatory cytokine and 

are involved in tissue repair, remodeling and maintenance of insulin sensitivity in lean 

adipose tissue (Lumeng et al., 2007a). The balance between M1/M2 determines the net 

inflammatory effect and degree of insulin sensitivity. Various factors that affect the 

M1/M2 balance include a high fat diet, free fatty acids, and fetuin-A. M2 macrophages 

are predominantly found in lean AT, whereas during obesity, M1 macrophages are 

recruited to WAT, and accumulate around dying adipocytes in ring-like formation called 

crown-like structures (CLSs) (Cinti et al., 2005). Macrophages are therefore a major 

component of the chronic low-grade inflammation in obese WAT. 

 

(b) Neutrophils 

Neutrophils circulate in the resting state and characteristically are the first immune cells 

to be recruited to inflamed tissues. Upon activation, neutrophils secrete antimicrobial 

factors such as proinflammatory cytokines and serine proteases such as neutrophil 

elastase. Recent studies have demonstrated that neutrophil elastase degrades IRS-1 and 

impairs insulin signaling (Talukdar et al., 2012). Furthermore, neutrophil elastase 

contributes to AT inflammation via activation of downstream signaling of TLR-4 (Figure 

1.9) and induction of inflammatory gene expression (Talukdar et al., 2012). In addition, 

neutrophils promote the subsequent recruitment of monocytes to AT by producing MCP-

1, IL-8 and other cytokines (Soehnlein et al., 2008). 

 

(c) Eosinophils 

In contrast to neutrophils, eosinophils serve as a negative regulator of AT inflammation. 

Eosinophils are present in lean AT and assist in glucose homeostasis by regulating anti-

inflammatory M2 macrophages (Wu et al., 2011). In the lean state, WAT eosinophils 
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reduce inflammation by producing IL-4 and IL-13 which induce peroxisome proliferator 

activated receptor gamma (PPARγ) and delta (PPARδ) to maintain macrophage 

polarisation (Kang et al., 2008, Odegaard et al., 2007, Desvergne, 2008). However, in 

obesity, the levels of WAT eosinophils are reduced, promoting inflammation. 

 

(d) B cells 

The main function of B cells is to promote humoral immunity by producing antibodies 

specific for foreign antigens. In addition, B cells are able to recognise certain pathogen-

associated patterns via TLRs (LeBien and Tedder, 2008) and can act as antigen presenting 

cells. The number of B cells are highly increased in the WAT of obese animals and 

contributes to WAT inflammation and insulin resistance (Winer et al., 2011). IgG2c 

antibodies are present in CLSs, suggesting their possible role in the clearance of dying 

adipocytes (Mraz and Haluzik, 2014). The recruitment of B cells (as well as T cells) 

precedes ATMs in adipose tissue, suggesting that B cells may play a role in ATM 

polarisation (Duffaut et al., 2009). In further support of this notion, mice deficient in B 

cells showed reduced levels of M1-polarised ATMs.  

 

(e) T cells 

T cells play a role in WAT inflammation by interacting with macrophages and regulating 

the inflammatory cascade. Previous studies demonstrated that the number of CD8+ T cells 

was increased in the epididymal adipose tissue of obese mice whereas the number of 

CD4+ T cells was reduced (Nishimura et al., 2009, Winer et al., 2011). This finding 

suggests that CD4+ T cells may play a suppressive role in the development of obesity-

induced inflammation and insulin resistance and that the relative expression of CD8+ T 

cells might be responsible for the polarisation of macrophage from the M2 to M1 

phenotype (Winer et al., 2009). The accumulation of CD8+ T cells in WAT prior to 

macrophages supports this notion.  Furthermore, both the immunological and genetic 

depletion of T cells reduced the infiltration of WAT macrophages, decreased adipose 

tissue inflammation and improved insulin resistance (Nishimura et al., 2009).  

 

(f) Dendritic cells 

Dendritic cells (DCs) are antigen presenting leukocytes of myeloid origin and play a 

critical role in innate as well as adaptive immunity (Wu and Liu, 2007). DCs are 
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categorised into two groups: plasmacytoid DC (pDC) and conventional DC (cDC). 

Previous studies have shown that cDCs are increased in the WAT of obese (ob/ob) and 

diet-induced obesity (DIO)-mice and are involved in the accumulation and activation of 

macrophages in inflamed AT (Dominguez and Ardavin, 2010, Stefanovic-Racic et al., 

2012, Zhong et al., 2013, Chen et al., 2014). The number of cDCs in the circulation are 

increased in obese T2D patients and DC-deficient mice showed protection from obesity, 

insulin resistance as well as reduced macrophage accumulation in AT (Chmelar et al., 

2013). These studies indicate that cDCs play a role in the recruitment of macrophages in 

WAT. 

 

1.6.2 Islet inflammation  

The pathogenesis of islet inflammation in human T2D involves mild leukocyte 

recruitment and infiltration, cytokine production, beta cell apoptosis, amyloid deposition 

and islet fibrosis (Donath et al., 2009). Immunohistochemical analysis of the infiltrating 

leukocytes in the pancreatic islets of T2D rodents and human patients revealed an 

increased number of islet macrophages (Larsen et al., 2007, Ehses et al., 2007, Richardson 

et al., 2009). In particular, recruited/activated macrophages secrete pro-inflammatory 

cytokines within the islets which can further expand the inflammatory response (Banaei-

Bouchareb et al., 2004).  

 

The major mechanism by which islet macrophages contribute to beta cell dysfunction is 

via the secretion of IL-1β (Figure 1.10). Various factors stimulate islet macrophages to 

secrete IL-1β in vivo, including: human islet amyloid polypeptide (hIAPP), palmitate, 

glucose and endocannabinoid (Eguchi and Nagai, 2017). These complex interactions can 

exacerbate islet inflammation and T2D. The exposure of beta cells to elevated glucose 

levels increases their metabolic activity and leads to the increased formation of reactive 

oxygen species (ROS). Increased glucose levels also cause dissociation of thioredoxin 

interacting protein (TXNIP) from thioredoxin and allow it to bind to the NLRP3 

inflammasome (Figure 1.10) (Chen et al., 2008, Donath and Shoelson, 2011, Oslowski 

et al., 2012). In addition, ROS and ER stress promote activation of the NLRP3 

inflammasome. Interactions  with the NLRP3 inflammasome result in the processing and 

activation of cysteine protease caspase 1 which then converts inactive pro IL-1β to mature 

IL-1β (Zhou et al., 2009). Mature IL-1β, binds to IL-1R on the cell surface and activates  
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Figure 1.10: Islet inflammation in T2D. 

Elevated glucose levels promote production of interleukin-1β (IL-1β) by beta cells via the 

dissociation of thioredoxin-interacting protein (TXNIP) from thioredoxin. This results in 

the activation of NOD-, LRR- and pyrin domain-containing 3 (NLRP3) inflammasome. 

Furthermore, free fatty acids (FFAs) can also induce inflammasome activation. This 

activates caspase 1 and causes formation of mature IL-1β from inactive pro-IL-1β. Mature 

IL-1β induces the production of several chemokines and cytokines by activating nuclear 

factor-kappa B (NF-κB). NF-κB activation is also enhanced by FFA-induced activation 

of toll-like receptors (TLRs) e.g., TLR2 or TLR4. This leads to the recruitment of 

macrophages to the beta cells, eventually establishing a vicious cycle of IL-1β-induced 

beta cell inflammation (Donath and Shoelson, 2011). 
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nuclear factor-kappa B (NF-κB), inducing the production cytokines and chemokines e.g., 

IL-6, IL-8 (in humans), TNF and MCP-1. Furthermore, free fatty acids (FFAs) bind to 

TLR-4 expressed on the beta cells causing nuclear translocation of NF-κB and the 

induction of inflammatory signals (e.g., activation of IL-1β gene). These responses lead 

to the recruitment of macrophages and other immune cells to the islets (Igoillo-Esteve et 

al., 2010), enhancing islet inflammation.  

 

Blockade of IL-1β by treatment with IL-1 receptor antagonist restored beta cell function 

in both T2D rodents and humans in vivo and in vitro (Ehses et al., 2009, Sauter et al., 

2008, Larsen et al., 2007, Rissanen et al., 2012). A clinical trial in which T2D patients 

were treated with Anakinra (an IL-1R anatagonist) for 13 weeks demonstrated  an 

improvement in glucose metabolism, as observed by reduced HbA1c levels and increased 

C-peptide secretion as well as reduced levels of systemic inflammatory marker IL-6 

(Larsen et al., 2007). Subsequent monitoring over  a period of 39 weeks showed a 

sustained reduction in inflammatory markers and an improvement in beta cell function 

(lower proinsulin/insulin ratio) (Larsen et al., 2009). However, short-term clinical trials 

testing IL-1β blockade using IL-1β neutralising antibodies (LY2189102 and 

gevokizumab) showed only a slight improvement in HbA1c levels (Cavelti-Weder et al., 

2012, Sloan-Lancaster et al., 2013). Furthermore, recent clinical trials with the anti-IL-

1β antibody canakinumab demonstrated an initial reduction in HbA1c levels in the first 

6-9 months but this effect was lost over time (Lytrivi et al., 2018, Everett et al., 2018). 

Based on these clinical studies, the role of IL-1β inhibition in improving beta cell function 

in T2D is unclear and warrants further investigation. 

 

A shift in the polarisation of macrophages from the M2- to M1-like phenotype was 

observed in the islets of two T2D mouse models i.e., db/db mice and KKAy mice (Ehses 

et al., 2007, Richardson et al., 2009). This study used flow cytometry analysis of CD206 

and CD301 surface markers for M2 macrophages and CD68 and F4/80 for M1 

macrophages (Eguchi et al., 2012). Clodronate-loaded liposome-mediated inhibition of 

macrophage recruitment to the islets of db/db mice and KKAy mice improved insulin 

secretion in oral glucose tolerance tests. The isolated islets from these mice exhibited 

increased glucose stimulated-insulin secretion (GSIS) as well as increased insulin and 
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PDX-1 mRNA levels. Collectively these studies suggest that macrophages participate in 

islet inflammation and contributes to beta cell dysfunction.  

 

While there is an established role for WAT inflammation in T2D (see Section 1.6.1), islet 

inflammation has only recently been identified as a contributing factor to T2D 

development (Ehses et al., 2007, Richardson et al., 2009, Eguchi et al., 2012, Marchetti, 

2016, Eguchi and Nagai, 2017). 

 

 

1.7 Hyperglycaemia/Glucotoxicity 

The detrimental effect of elevated plasma glucose levels on beta cells is known as 

glucotoxicity (Kaiser et al., 2003). In response to high glucose levels, various types of 

cells reduce the transport of glucose to the cytoplasm to maintain a constant intracellular 

glucose concentration; however, this process fails in some cells (e.g., pancreatic beta cells, 

neuronal cells and endothelial cells), resulting in high intracellular glucose levels 

(Brownlee, 2005). Pancreatic beta cells are highly sensitive to changes in blood glucose 

concentrations and altered glucose homeostasis both in vivo and in vitro impacts beta cell 

function. The chronic exposure to increased blood glucose concentrations affects insulin 

synthesis/secretion, insulin sensitivity and beta cell survival, resulting in hyperglycaemia 

(Robertson et al., 2004). Upon entry into beta cells, glucose is metabolised, resulting in 

increased ATP production in mitochondria (Figure 1.4). However, prolonged exposure 

of glucose can exceed the capacity of mitochondria to convert glucose metabolites to ATP 

(Campos, 2012). Increased metabolic flux into the mitochondria induces the excessive 

generation of ROS leading to oxidative stress (Robertson et al., 2003). Treatment of db/db 

mice with the antioxidant N-acetylcysteine, showed enhanced insulin secretion, improved 

insulin content and reduced beta cell apoptosis (Kaneto et al., 1999). Glucose stimulated 

insulin secretion (GSIS) is impaired along with insulin gene expression in T2D humans 

and rodent islets. The prolonged exposure to elevated blood glucose levels in Zucker 

diabetic fatty (ZDF) rats and HIT-TI5 cells also causes a reduction in insulin promoter 

activity and PDX-1 expression, leading to decreased insulin gene expression (Kim and 

Yoon, 2011). These outcomes were partially improved by treating ZDF rats with 

troglitazone (a thiazolidinedione drug) or with the antioxidants N-acetylcysteine or 

aminoguanidine. In both T2D human and rodent islets, moderately high glucose 
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concentrations induce ER stress in beta cells due to an increased demand for insulin 

synthesis in the ER (Marchetti et al., 2007, Wang et al., 2005).  

 

 

1.8 Lipotoxicity 

The toxic effects of persistently high FFA levels on beta cells is called lipotoxicity. FFAs 

are a major source of energy in muscle, liver and kidney. FFAs are also a key substrate 

in the liver for triglyceride production (Hussain et al., 2010). Under normal physiological 

conditions, FFAs are important for maintaining GSIS (Stein et al., 1996). In both humans 

and rodents, the exposure of beta cells to elevated FFAs results in impaired Ins gene 

transcription and GSIS. Eventually prolonged exposure to FFAs can lead to beta cell 

apoptosis (Shimabukuro et al., 1998, Sako and Grill, 1990, Zhou and Grill, 1994). These 

effects are observed in the presence of increased blood glucose levels. In addition, 

increased FFAs can lead to the accumulation of fatty acid (FA) metabolites, affecting beta 

cells directly or indirectly through lipid derived signals (van Raalte et al., 2011). In vitro, 

prolonged exposure of isolated rat islets and MIN6 cells to palmitate (a saturated FFA) 

inhibits insulin gene expression. Palmitate also exerts toxic effects on non-diabetic human 

and rat pancreatic islets by reducing beta cell proliferation and hypertrophy and inducing 

oxidative stress and beta cell apoptosis (Kusminski et al., 2009, Briaud et al., 2001, 

Maedler et al., 2003, El-Assaad et al., 2003). Elevated extracellular FFAs also contribute 

to insulin resistance in peripheral tissues such as adipose tissue; in addition, the 

intracellular accumulation of FA metabolites (diacylglycerol and fatty acyl coenzyme A) 

impairs insulin signalling and glucose uptake (Cusi, 2010). Importantly, an increase in 

FFA metabolism in MIN6 cells was found to result in ER stress, defects in vesicular 

trafficking and apoptosis (Boslem et al., 2011).  

 

 

1.9 Endoplasmic reticulum (ER) stress 

The ER of eukaryotic cells is a membrane-bound organelle where proteins and lipids are 

synthesised. The ER produces secretory and membrane proteins as well as lipids for most 

cells and plays a central role in metabolism and a variety of signalling processes. The ER 

also plays an important role in Ca2+ storage and signalling (Araki et al., 2003). The Ca2+ 
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concentration inside the ER is three to four times higher than cytoplasmic Ca2+; this 

gradient is generated by the sarcoplasmic (endoplasmic) reticulum Ca2+ ATPase (SERCA) 

proteins (Berridge, 2002). The ability of the ER to store and release Ca2+ allows the ER 

to control various processes such as organogenesis, transcriptional activity, stress 

responses and apoptosis (Eizirik et al., 2008).  

 

Under normal conditions, the nascent proteins synthesised in the ER undergo 

conformational changes to achieve a correct or mature structure, which is often stabilised 

by the formation of disulfide bonds. ER chaperones and foldases (folding catalysts) 

increase the rate of protein folding and help to maintain protein solubility (Scheuner and 

Kaufman, 2008, Gething and Sambrook, 1992). The properly folded mature proteins are 

then transported to the Golgi apparatus, after which they can function as membrane or 

secretory proteins (Hammond and Helenius, 1994). ER homeostasis and function can be 

influenced by the lack of chaperones to promote protein folding, inhibition of protein 

glycosylation, calcium depletion from the ER, disruption of the redox state, protein 

mutations and reduced disulfide bond formation. Such perturbations lead to the 

accumulation of misfolded proteins in the ER lumen (Yoshida, 2007, Eizirik et al., 2008). 

These misfolded/unfolded proteins are normally retrotranslocated to the cytoplasm by the 

ER-associated degradation (ERAD) pathway and degraded by the proteasome (Ahner and 

Brodsky, 2004). Both ER chaperones and ERAD deal with nascent proteins in the ER. 

When the ER folding capacity and ERAD machinery capacity are impaired due to 

excessive demand, unfolded/misfolded proteins accumulate in the ER and this condition 

is known as “ER stress” (Yoshida, 2007, Ariyasu et al., 2017). To protect the cells from 

ER stress, eukaryotic cells activate a defence system referred to as the “unfolded protein 

response” (UPR) or the ER stress response. The UPR maintains ER homeostasis by 

different pathways: reducing protein translation, increasing ER chaperones, inducing 

ERAD and by apoptosis (Figure 1.11); each are discussed below. 

 

1.9.1 ER chaperones 

The proper conformation of nascent proteins in the ER is both aided and monitored by a 

variety of chaperones. The ER contains ER chaperones which help in the folding of 

nascent proteins and to establish the correct folding of misfolded or unfolded proteins 

(Schroder and Kaufman, 2005). ER chaperones include molecular chaperones and folding 
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Figure 1.11: ER stress pathways. 

In the ER, proteins undergo modification and refolding to become mature proteins which 

are then transported to the Golgi apparatus. However, the excessive accumulation of 

misfolded proteins in the lumen of the ER results in ER stress. To maintain homeostasis 

in the ER, cells adopt a compensatory pathway called the “unfolded protein response” 

(UPR). The UPR maintains homeostasis by decreasing protein translation, increasing ER 

chaperones, inducing the ERAD pathway and by apoptosis. 
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enzymes. 

 

The major molecular chaperones in the ER are immunoglobulin heavy-chain binding 

protein (BiP; also known as GRP78 and HSPA5), BiP-associated protein (BAP), calnexin 

and calreticulin (Ma and Hendershot, 2004). The molecular chaperones aid in protein 

translocation, protein folding and protein degradation to maintain ER homeostasis. The 

ER chaperone, BiP, also known as glucose regulated protein 78 (GRP78), is a central 

regulator of ER stress with anti-apoptotic properties (Lee, 2005). BiP is the ER resident 

protein that binds to the hydrophobic region of unfolded proteins via a substrate binding 

domain (Gething, 1999). This facilitates folding through a conformational change evoked 

by the hydrolysis of ATP by the ATPase domain. BiP is an indicator of misfolded proteins 

in the ER and ER stress. In addition, BiP has the ability to control apoptosis by impairing 

interactions between caspases 7 and 12 (Rao et al., 2002, López et al., 2017). Heat shock 

protein 40 (HSP40) chaperones e.g., P58IPK, ER dnaJ 1(ERdj1), ERdj3, ERdj4 and 

ERdj5 modulate the function of BiP (as a co-chaperone) by regulating its ATPase 

(Yoshida, 2007). BAP modulates the function of BiP by enhancing nucleotide exchange 

and is involved in the general folding process of secretory proteins (Chung et al., 2002). 

Calnexin and calreticulin are molecular chaperones that belong to the class of lectin-like 

chaperones and are involved in the folding of glycoproteins (Ellgaard and Helenius, 2001). 

Proteins with an Asn-X-Ser/Thr sequence synthesised in the ER are attached with a 

mannose type oligosaccharide which is trimmed during protein maturation (Schrag et al., 

2001, Buck et al., 2007). The glycoproteins are trimmed by glucosidase I or II and the 

polypeptides are folded by the calnexin cycle (Kornfeld and Kornfeld, 1985). The 

mannose peptide residues of polypeptides that are not folded by the calnexin cycle are 

cleaved by mannosidase and removed by the ERAD machinery. 

 

Protein disulfide isomerase (PDI) and glucose regulated protein 58/ER resident protein 

57 (GRP58/ERp57) are folding enzymes that help to form appropriate disulfide bonds by 

oxidising relevant cysteine residues of nascent proteins (Yoshida, 2007). These enzymes 

are also involved in protein folding as well as recognising and targeting aberrant proteins 

for ERAD (Nishikawa et al., 2005, Jordan and Gibbins, 2006). 
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1.9.2 ERAD pathway 

ERAD plays an important role in maintaining ER homeostasis and in preventing diseases 

caused by the accumulation of proteins in the ER. The four main steps in the ERAD 

pathway are recognition, retrotranslocation, ubiquitination and degradation (Yoshida, 

2007). Following recognition of misfolded proteins by ER molecular chaperones and 

lectin-like proteins, the ERAD machinery traps the misfolded proteins so that ER resident 

reductases can cleave the disulfide bonds to facilitate retrograde transport to the 

cytoplasm (Hoseki et al., 2010). The retrotranslocated proteins are then ubiquitinated and 

degraded by the proteasome in the cytoplasm.  

 

Mannose type oligosaccharides are attached to most proteins in the ER. However, the 

glycoproteins that are not properly folded by calnexin bind to the ER degradation 

enhancing α mannosidase like protein (EDEM; Figure 1.12) (Eriksson et al., 2004). The 

three EDEMs involved in the ERAD pathway are EDEM1, EDEM2 and EDEM3. 

EDEM1 is an ER membrane protein whereas EDEM2 and EDEM3 are luminal proteins 

(Hirao et al., 2006, Mast et al., 2005). Other ERAD proteins responsible for the 

recognition of misfolded proteins include OS9 (Szathmary et al., 2005). The proteins then 

associate with protein disulfide isomerase (PDI) and BiP to allow cleavage of disulfide 

bonds and to unfold the partially folded proteins (Kabani et al., 2003, Nishikawa et al., 

2001). Derlin forms a translocation channel in the ER membrane and binds to the 

cytosolic ATPase p97 through an adapter protein valocin-containing protein (VCP)-

interacting membrane protein 1 (VIMP1) (Ye et al., 2005). p97 is a cytosolic AAA-

ATPase and recruits unfolded ER proteins to the cytosol in association with ubiquitin 

fusion degradation 1 (ufd1) and nuclear protein localisation proteins 4 (Npl4) (Byun et 

al., 2014, Ye et al., 2003, Rabinovich et al., 2002). The retrotranslocated proteins are 

ubiquitinated by the activation enzymes (E1s)-conjugation enzymes (E2s)-ligation 

enzymes (E3s) ubiquitin system present in the cytoplasm (Eletr et al., 2005, Chaugule 

and Walden, 2016). Derlin binds to an ubiquitin ligase complex that consists of HMG-

CoA reductase degradation protein 1 (HRD1) and suppressor of lin-12 like protein 1 

(SEL1L) (Hosokawa et al., 2008). Ubiquitin is firstly conjugated to enzyme E2 by E1 and 

then transferred to the ERAD substrate by E3. The retrotranslocated and ubiquitinated 

proteins are deglycosylated by peptide N-glycanase before their degradation by the 

proteasome. 
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Figure 1.12: ERAD pathway. 

The four main steps of ERAD pathway are recognition (a), retrotranslocation (b), 

ubiquitination (c) and degradation (d). (a) During recognition, misfolded protein binds to 

the ER degradation enhancing α-mannosidase like protein (EDEM) and OS9. In addition, 

misfolded protein associates with protein disulfide isomerase (PDI) to partially unfold the 

protein. (b) Recognition of misfolded protein results in the assembly of retrotranslocon 

(with the help of homocysteine-induced ER protein (Herp) and BiP). Retrotranslocon 

contains derlin, HMG-CoA reductase degradation protein-1 (HRD1) and suppressor of 

lin-12 like protein 1 (SEL1L). This complex recruit cytosolic ATPase p97 and its 

associated proteins ubiquitin fusion degradation 1 (ufd1) and nuclear protein localisation 

proteins 4 (Npl4). PDI and EDEM then disengage and the misfolded protein passes 

through the translocon. (c) In the cytosol, ubiquitination of the protein takes place 

followed by (d) proteasomal degradation of protein; BiP then binds to the luminal side of 

the translocon. Adapted from (Byun et al., 2014). 
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In the ERAD pathway for unglycosylated proteins, BiP interacts with the partially 

oxidised form of the protein and prevents the formation of the fully oxidised form (Hoseki 

et al., 2010). The protein is then transferred to a complex containing homocysteine-

induced ER protein (HERP) and Derlin-1. Thereafter, like the pathway for glycosylated 

proteins, p97 and HRD1 assist in guiding the proteins to the proteasome for degradation. 

 

 

1.9.3 Unfolded protein response 

The UPR is a signal transduction system that links the ER lumen with the cytoplasm and 

nucleus. The aim of the UPR is to relieve ER stress, maintain ER homeostasis and prevent 

cell death. There are three main UPR sensors in mammals: protein kinase RNA (PKR)-

like endoplasmic reticulum kinase (PERK), activating transcription factor 6 (ATF6) and 

inositol requiring ER to nucleus signal kinase 1 (IRE1) (Figure 1.13). These 

transmembrane proteins work together to: i) prevent entry of nascent proteins into the ER 

lumen and to degrade misfolded and aggregated proteins that have accumulated in the ER; 

ii) increase the expression of ER chaperones to improve the folding capacity of the ER; 

iii) increase the transport of misfolded proteins to the cytoplasm for degradation by the 

proteasomes; and iv) trigger apoptosis in situations where the UPR fails to compensate 

for ER stress (Eizirik et al., 2008). 

 

Under “unstressed” or basal conditions, the UPR is present in an inactive state and the 

ER chaperone BiP is found bound to the luminal domain of the three ER transmembrane 

sensor protein PERK, ATF6 and IRE1 (Bertolotti et al., 2000). BiP activates these ER 

transmembrane sensors via a binding release mechanism (Back and Kaufman, 2012) i.e., 

BiP binding to the sensors prevents their activation and vice versa. In the “stressed” state, 

BiP senses unfolded or misfolded proteins and binds to them, resulting in dissociation 

from the UPR sensor and activation of UPR signalling (Zhang and Kaufman, 2008a).  

 

1.9.3.1 PERK pathway 

PERK is a transmembrane protein which is localised on the ER membrane and senses the 

accumulation of misfolded proteins in the ER lumen (Harding et al., 1999). The luminal 

portion of PERK detects unfolded proteins whereas the cytoplasmic portion of PERK 

contains a serine/threonine kinase domain (Shi et al., 1998). 
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Figure 1.13: UPR signalling pathways. 

ER stress causes release of the BiP chaperone from the UPR membrane proteins (PERK, 

IRE1 and ATF6). PERK and IRE1 undergo phosphorylation and oligomerisation which 

causes inactivation of eIF2α for translational attenuation and splicing of XPB1 mRNA to 

enhance prosurvival genes (e.g., ERAD), respectively. In addition, the RNase activity of 

IRE1 degrades prosurvival mRNAs via a process called IRE1-dependent decay of mRNA 

(RIDD). Active ATF6 is translocated to the Golgi apparatus where it is cleaved and 

increases the transcription of ER chaperones and XBP1. These pathways maintain ER 

homeostasis and reduce ER stress. In the case of prolonged ER stress, three main 

apoptotic pathways are induced i.e., the UPR sensors PERK and ATF6 regulate the 

expression of CCAAT-enhancer-binding protein homologous protein (CHOP). CHOP is 

present downstream of ATF4 and activates pro-apoptotic genes such as ATF3 and 

GADD34. IRE1-mediated activation of TNF-receptor associated factor 2 (TRAF2)-

apoptosis signal regulating kinase 1 (ASK1) results in activation of c-Jun N-terminal 

kinase (JNK) or NF-κB, leading to apoptosis or inflammation, respectively. Activation of 

caspase 12 activates the caspase cascade, resulting in apoptosis. Adapted from Deldicque 

(2013). 

 

 

 

 

 

 

 

 

 



Chapter 1: Literature Review 

42 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1: Literature Review 

43 

Under normal conditions, BiP is bound to the luminal domain of PERK and remains in 

its inactive form (Figure 1.13). Under stressed conditions, misfolded proteins bind to the 

canonical substrate binding domain of BiP, releasing PERK and resulting in PERK 

activation via trans-phosphorylation and oligomerisation. Activated PERK 

phosphorylates and inactivates the α subunit of the eukaryotic translational initiation 

factor 2 (eIF2α), causing “general” (global) translation to be attenuated (Harding et al., 

1999) and the protein folding load in the ER to be reduced. This process is transient 

because the protein is dephosphorylated by specific phosphatases including constitutive 

repressor of eIF2α phosphorylation (CReP), protein phosphatase 2C-GADD34 and 

p58IPK (Kojima et al., 2003, Brush et al., 2003). Phosphorylated eIF2α selectively 

activates the translation of the transcription factor ATF4 (Xu et al., 2005). ATF4 

upregulates genes that are involved in amino acid import, metabolism and resistance to 

oxidative stress, i.e., with cytoprotective effects. In contrast, the activation of C/EMP-

homologous protein (CHOP) is involved in apoptosis (Hinnebusch, 1993, Harding et al., 

2000). The PERK pathway can therefore have either cytoprotective or apoptotic effects. 

 

1.9.3.2 ATF6 pathway 

The second UPR transmembrane protein in the ER is ATF6 which is a type II 

transmembrane protein with a basic-leucine zipper motif (bZIP) type domain and 

transcription factor domain (Haze et al., 1999, Todd et al., 2008). The two isoforms of 

ATF6, ATF6α and ATF6β, are ubiquitously expressed in mammals (Haze et al., 2001). 

ATF6α is responsible for the induction of the UPR.  

 

In the presence of ER stress, ATF6α is released from BiP and translocates to the Golgi 

where it undergoes regulated intramembrane proteolysis (RIP) by site 1 proteases (S1P) 

and site 2 proteases (S2P) (Figure 1.13) (Ye et al., 2000, Chen et al., 2002). SP1 is a 

serine protease which cleaves the luminal domain of ATF6α whereas SP2 is a 

metalloproteinase that cleaves the N-terminal part of ATF6α. The N-terminal cytoplasmic 

domain of ATF6 is then translocated to the nucleus where ATF6 binds to the ER stress 

response element (ERSE) and activates the transcription of ER chaperone genes such as 

BiP (Figure 1.13) (Okada et al., 2002). This pathway helps to improve protein folding 

capacity in the ER. 
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1.9.3.3 IRE1 pathway 

The third UPR transmembrane protein is IRE1. It is the most fundamental ER stress 

sensor because of its conservation among eukaryotic cells. The luminal domain of IRE1 

is similar to PERK and is also responsible for detecting misfolded proteins in the ER. The 

cytoplasmic domain contains a kinase domain and a ribonuclease (RNase) domain 

(Yoshida, 2007, Tirasophon et al., 2000). IRE1 exists in two isoforms i.e., IRE1α and 

IRE1β. IRE1β is mainly present in gastrointestinal tract epithelial cells, whereas IRE1α 

is highly expressed in pancreatic cells (Bertolotti et al., 2001, Tirasophon et al., 1998). 

 

During ER stress, BiP releases IRE1α for its activation via trans-phosphorylation and 

oligomerisation (Figure 1.13). Activated IRE1 converts x-box binding protein 1 (XBP1) 

pre-mRNA to a mature spliced XBP1 mRNA by unconventional process of splicing 

(Calfon et al., 2002). The splicing removes a 26-base intron from the mRNA encoding 

the bZip-containing XBP1, resulting in the translation of active XBP1 (Chen and 

Brandizzi, 2013). The XBP1 is then translocated to the nucleus and binds to the unfolded 

response element (UPRE) to increase the expression of prosurvival genes encoding 

chaperones, folding catalysts and ERAD machinery such as EDEM, EDEM2/3, Derlins-

1–3, and HRD1 (Lee et al., 2003, Sriburi et al., 2004).  

 

In addition, IRE1α RNase activity is involved in a mechanism known as regulated IRE1-

dependent decay of mRNA (RIDD) (Hollien and Weissman, 2006). RIDD selectively 

degrades proteins (secretory or membrane) in the ER to reduce the ER load (Hollien et 

al., 2009). 

 

 

1.9.4 ER stress-induced apoptosis 

The excessive accumulation of misfolded proteins in the ER is toxic to cells. When the 

UPR pathway fails to suppress ER stress, apoptotic pathways are triggered to terminate 

the cells. Apoptosis is derived from a Greek word ἀπόπτωσις meaning “falling off”. 

Apoptosis is a type of cell death that eliminates unwanted or harmful cells and is 

characterised by the activation of caspases (cysteine proteases). Apoptosis occurs during 

the development and ageing of cells as well as when cells are damaged. Cells undergoing 

apoptosis are morphologically different from normal cells. Apoptotic cells are round or 
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oval due to cell shrinkage and have dense eosinophilic cytoplasm with tightly packed 

organelles (Elmore, 2007). The main characteristic feature of apoptosis is the 

condensation of chromatin at the nuclear periphery. This is accompanied by the 

disassembly of nuclear scaffold proteins and the formation of apoptotic bodies (Toné et 

al., 2007, Prokhorova et al., 2015). The three well characterised apoptotic pathways 

associated with ER stress are the CCAAT-enhancer-binding protein homologous protein 

(CHOP) pathway, IRE1-TRAF2-ASK1 pathway and the caspase pathway (Figure 1.13) 

(Yoshida, 2007).  

 

Production of the transcription factor CHOP is induced by the ATF6 and PERK pathways 

during ER stress (Figure 1.13). CHOP is also known as growth arrest and DNA damage 

153 (GADD153). Activated ATF4 translocates to the nucleus and binds to the amino acid 

response element (AARE) and to the ERSE in the promoter region of the CHOP gene to 

increase its expression (Oyadomari and Mori, 2004). CHOP activates the expression of 

proapoptotic factors such as death receptor 5 (DR5) and ER oxidoreductin 1 (ERO1). 

DR5 is a transmembrane receptor and a member of the TNF receptor family. DR5 is a 

cell surface death receptor that activates the caspase cascade (Yamaguchi and Wang, 

2004). ERO1 and ER oxidase cause the ER a more hyper-oxidizing environment 

(Marciniak et al., 2004). Furthermore, CHOP-/- mice are protected from renal toxicity 

when ER stress is induced by tunicamycin (Marciniak et al., 2004), suggesting that CHOP 

induces cell death during chronic ER stress. In line with this, CHOP deletion in rodents 

(db/db mice and heterozygous Akita mice) protects from ER stress-induced beta cell 

death induced by the accumulation of misfolded proinsulin and by oxidative stress (Song 

et al., 2008, Oyadomari et al., 2001, Oyadomari et al., 2002b). 

 

The IRE1-TRAF-ASK1 pathway is signalled through the IRE1-dependent activation of 

mitogen-activated protein kinases (MAPK) cascade (Figure 1.13). Activated IRE1 binds 

to an adaptor protein tumor necrosis factor receptor associated factor 2 (TRAF2) and 

forms a complex with apoptosis signal regulating kinase 1 (ASK1) which phosphorylates 

and activates JNK (Nishitoh et al., 2002, Urano et al., 2000). In beta cells, activation of 

the JNK pathway results in decreased pancreatic PDX-1 activity, suppression of insulin 

gene transcription and ultimately, beta cell death. Conversely, suppression of insulin gene 

expression by the JNK pathway can protect beta cells from oxidative stress (Zhang and 
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Kaufman, 2008). Furthermore, the IRE1-TRAF2-ASK1 complex phosphorylates IKK, 

resulting in activation of NF-κB pathway and the expression of inflammatory genes. 

 

Caspases are proapoptotic components which are also induced by ER stress. Caspases are 

expressed constitutively in healthy cells and are synthesised as procaspases. The caspase 

family is divided into two groups: initiator caspases (caspase-8, 9, and 12) and effector 

caspases (caspase-3, 6, and 7) (Morishima et al., 2002). The initiator caspases, activated 

in response to apoptotic signals, process the precursors of the effector caspases. Caspase-

12 in rodents and caspase-4 in humans is present on the ER membrane and is activated 

by ER stress (Martinez et al., 2010, Binet et al., 2010). Caspase-12/4 activates caspase-9 

which in turn activates the caspase-3-mediated apoptotic pathway leading to beta cell 

death (Figure 1.13) (Morishima et al., 2002). Previous studies have shown that caspase-

12 is induced in PC12 cells and fibroblast cells by ER stress inducers (e.g., tunicamycin, 

thapsigargin). Furthermore, embryonic fibroblast cells of caspase-12 null mutant mice are 

resistant to ER stress inducers (tunicamycin/thapsigargin), suggesting that caspase-12 is 

essential for ER stress-induced apoptosis (Nakagawa et al., 2000). 

 

 

1.9.5 ER stress-associated inflammation 

ER stress together with oxidative stress generates inflammatory signals. ER stress triggers 

inflammation in the hypothalamus, pancreatic beta cells, adipocytes and hepatocytes in 

response to increased fatty acid levels and/or nutrient overload. The ER stress sensors 

PERK and IRE1 and their pathways regulate the expression of thioredoxin interacting 

protein (TXNIP) which binds to thioredoxin to inhibit oxidant scavenging and thiol-

reducing capacity (Hasnain et al., 2012). In addition, oxidative stress activates NF-κB in 

beta cells via TXNIP, resulting in inflammasome activation, IL-1β secretion and local 

inflammation (Menu et al., 2012). Thus, TXNIP provides a direct link between regulation 

of ER stress and oxidative stress (Oslowski et al., 2012, Hasnain et al., 2016, Menu et al., 

2012). Alternatively, high levels of cytosolic Ca2+ and ROS can induce NF-κB signalling 

independently of the UPR pathway (Hasnain et al., 2016). 

 

NF-κB is a master regulator of inflammation in beta cells. For example, IRE1/TRAF2 

activation can induce AKT and JNK signalling (Figure 1.13) and PERK/eIF2α pathway 
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activates NF-κB, inducing cytokine and chemokine gene transcription and subsequent 

inflammation (Deng et al., 2004, Jiang et al., 2003, Urano et al., 2000). Local 

inflammation results in the activation of intra-islet resident macrophages, dendritic cells, 

T cells and endothelial cells as well as in increased leukocyte recruitment from the blood 

(Coppieters et al., 2012, Toyama et al., 2003). 

 

 

1.9.6 ER stress inducers 

The profile of ER stress markers and the UPR in different cell types suggest that different 

ER stress inducers activate the UPR in a distinct manner. ER stress and activation of the 

UPR can be induced by certain pharmacological and physiological agents. 

Pharmacological agents that induce ER stress include: tunicamycin, thapsigargin, 

brefedin A and dithiothreitol (DTT). Physiological inducers, on the other hand, include 

palmitate, cytokines (IL-1β and IFN-γ) and chronic exposure to high glucose (Oslowski 

and Urano, 2011, Cardozo et al., 2005, Cunha et al., 2008a, Åkerfeldt et al., 2008). The 

concentration of ER stress inducers and the duration of treatment varies among different 

systems. In this project, thapsigargin and tunicamycin were used as pharmacological or 

chemical ER stress agents in in vitro studies, and the saturated free fatty acid palmitate 

was chosen as a physiological ER stress inducer. 

 

Tunicamycin is an antibiotic derived from Streptomyces lysosuperificus and inhibits N-

linked glycosylation (Takatsuki et al., 1971). Tunicamycin is an inhibitor of the UDP-N-

acetylglucosamine-dolichol phosphate N-acetylglucosamine-1-phosphate transferase 

(GPT) which blocks the initial step of glycoprotein synthesis in the ER (Figure 1.14(a)) 

(Dorner et al., 1990). Treatment with tunicamycin causes an accumulation of unfolded 

glycoproteins in the ER and ER stress. Tunicamycin treatment of MIN6 cells has been 

reported to induce the UPR and beta cell death (Srinivasan et al., 2005, Engin et al., 2013, 

Gao et al., 2014). 

 

Thapsigargin is a specific inhibitor of the sarcoplasmic/endoplasmic reticulum Ca2+-

ATPase (SERCA) (Lytton et al., 1991). The resulting disturbance in the Ca2+ levels in the 

ER causes ER stress (Figure 1.14(b)). Treatment of MIN6 cells with thapsigargin results 

in a decline in ER calcium levels which in turn impairs the activity of the calcium-ion  
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Figure 1.14: Mechanism of ER stress inducers. 

(a) Tunicamycin is an antibiotic which inhibits N-linked glycosylation in the ER. 

Glycosylation is important for protein folding and disruption of this process results in 

misfolding and the accumulation of proteins in the ER causing ER stress. (b) The 

pharmacological ER stress agent thapsigargin decreases Ca2+ levels in the ER and impairs 

protein folding capacity by reducing the activity of ER chaperones i.e., resulting in 

misfolded proteins. This causes ER stress which can lead to oxidative stress and apoptosis. 

(c) The saturated free fatty acid palmitate results in depletion of Ca2+ from the ER, 

reduction in ER-Golgi trafficking and reduction in carboxypeptidase E, causing 

accumulation of misfolded proteins in the ER and ER stress. Failure of beta cells to adapt 

to ER stress, results in apoptosis/cell death.  
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dependent ER chaperones such as calnexcin and BiP, and impacts protein folding capacity 

in the ER leading to ER stress (Yoshida, 2007, Werno et al., 2008, Zhou et al., 1998). In 

in vitro, thapsigargin treatment of rodent islets and MIN6 cells induce increased 

production of ROS, enhanced expression of ER stress-associated genes and beta cell 

apoptosis (Srinivasan et al., 2005, Ueda et al., 2005, Zhou et al., 1998, Wali et al., 2014, 

Kaufman, 1999). 

 

Palmitate is a long chain saturated FFA and is toxic for beta cells in vivo and in vitro 

(Figure 1.14(c)) (Zhang and Kaufman, 2008a). For in vitro studies, palmitate is usually 

coupled to bovine serum albumin (BSA) to increase its solubility. Exposure of pancreatic 

beta cells to palmitate induces ER stress by a number of different mechanisms. Elevated 

levels of palmitate deplete Ca2+ in the ER and hamper ER-to-Golgi protein trafficking, 

thereby contributing to the build-up of protein in the ER (Preston et al., 2009, Cunha et 

al., 2008b). In addition, palmitate contributes to the accumulation of long chain acyl-

coenzyme A or lipid derivatives as well as to the activation of PKC-δ, resulting in beta 

cell dysfunction (Back et al., 2012). Palmitate exposure also promotes the degradation of 

carboxypeptidase E, an enzyme involved in insulin processing. This leads to the 

accumulation of misfolded proinsulin in the ER, culminating in ER stress (Jeffrey et al., 

2008, Fonseca et al., 2011). Palmitate has also been shown to activate the UPR in INS-

1E (rat) and MIN6 (mouse) insulinoma cells as well as in primary rodent and human islets 

(Kharroubi et al., 2004, Laybutt et al., 2007) as a consequence of ER stress, and induce 

beta cell apoptosis (Eizirik et al., 2008). 

 

 

1.10 ER stress and type 2 diabetes 

Endocrine cells are highly susceptible to ER stress because peptide hormones require a 

complex three-dimensional protein structure. Furthermore, the requirement for hormone 

secretion changes rapidly. In pancreatic beta cells, the folding and processing of newly 

synthesised proinsulin is carried out in the ER followed by trafficking of proinsulin to the 

Golgi apparatus. The increased demand in insulin and protein synthesis poses a burden 

on the ER that results in ER stress, beta cell dysfunction, beta cell failure and eventually 

diabetes. 
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ER stress in beta cells can be caused by chronic exposure to elevated levels of FFAs (see 

Section 1.8) and/or glucose (see Section 1.7), obesity (see Section 1.5), insulin resistance 

(see Section 1.5) and elevated levels of pro-inflammatory cytokines (Cunha et al., 2008b, 

Matveyenko et al., 2009, Bensellam et al., 2012, Hasnain et al., 2014). Furthermore, islet 

amyloid accumulation contributes to ER stress in humans with T2D.  

 

In T2D, beta cells increase the production of proinsulin to compensate for insulin 

resistance in peripheral tissues. This creates an over-load in the ER causing ER 

dysfunction. The increased demand for protein folding in the ER creates an imbalance 

between the protein folding load and the ER’s protein folding capacity. As a consequence, 

unfolded or misfolded proteins accumulate in the ER lumen causing ER stress and 

activation of the UPR (Zhang and Kaufman, 2008a). In response, beta cells increase their 

cell mass and processing capacity in order to synthesise and secrete more insulin - this is 

referred to as “beta cell adaptation” or “compensation” (Figure 1.15). When beta cells 

fail to adapt to an increased demand for insulin, insulin deficiency, beta cell dysfunction 

and ultimately diabetes ensues (Figure 1.15).  

 

1.10.1 Role of the UPR in beta cell compensation 

The UPR machinery is important for ER homeostasis and beta cell integrity. The UPR 

sensors in the ER play a critical role in regulating ER folding capacity, increasing the 

degradation of misfolded proteins and in reducing mRNA translation (Rabhi et al., 2014). 

Various transgenic mouse models and rodent models of obesity and insulin resistance 

have provided valuable insights into the positive role of the UPR in the adaptation of beta 

cells to an increased burden for proinsulin synthesis and in the mechanism of beta cell 

compensation. 

 

For example, IRE1α/XBP1 stimulates proinsulin synthesis in beta cells (Lipson et al., 

2006) and beta cell specific deletion of XBP1 in mice causes beta cell failure, suggesting 

that IRE1α-XBP1 signalling is important for beta cell function (Lee et al., 2011). 

 

Furthermore, the conditional deletion of IRE1α in pancreatic beta cells of mice and 

insulinoma beta cells (INS-1 and MIN6 cells) resulted in diabetes (Lipson et al., 2006, 

Hassler et al., 2015, Iwawaki et al., 2010, Lee et al., 2011). Perk KO mice (with  
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Figure 1.15: Role of ER stress in pancreatic beta cells.  

Obesity and metabolic changes such as hyperlipidemia, glucose intolerance, and 

increased insulin demand lead to ER stress in pancreatic beta cells. Upregulation of the 

adaptive UPR helps to improve beta cell function by increasing beta cell mass and ER 

capacity. The failure of the ER to adapt to ER stress together with increased oxidative 

stress and inflammation results in beta cell death or loss of beta cell phenotype, causing 

T2D. Modified from Chan et al. (2013).  
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C57BL/6J or 129SvEvTac background) showed early onset of diabetes and failure 

tophosphorylate eIF2α and attenuate insulin translation, thus resulting in ER stress and 

impaired insulin secretion (Zhang et al., 2006, Harding et al., 2001). The ob/ob mice strain 

is leptin-deficient. Ob/ob mice become obese as well as insulin-resistant but do not 

develop diabetes because of beta cell compensation (Chan et al., 2013). The islets from 

ob/ob mice exhibit increased expression of adaptive UPR markers which accompany a 

compensatory increase in beta cell mass and function. In addition, BALB/c mice lacking 

XBP1 (BALB/c-XBP-1+/– mice) developed insulin resistance, suggesting that ER stress 

is associated with obesity and insulin resistance (Ozcan et al., 2004). Similarly, increased 

markers of adaptive UPR were observed in high fat diet (HFD) mice, db/db mice and 

ZDF rats, compared to their respective controls. Furthermore, overexpression of the ER 

chaperone BiP in beta cells protected RIP-GRP78 −/+ mice from HFD-induced diabetes 

(Teodoro-Morrison et al., 2013). 

 

1.10.2 Role of the UPR in beta cell dysfunction 

Chronic ER stress both in vitro and in vivo contributes to beta cell dysfunction and beta 

cell death by activating pro-apoptotic UPR pathways. For example, isolated islets from 6 

week-old prediabetic db/db mice showed increased transcript expression for UPR 

markers i.e., XBP1s, ATF4, IRE1 and PERK whereas these markers were reduced in 

diabetic db/db mice at 16 weeks of age (Chan et al., 2013). These findings indicated that 

in db/db beta cells, the UPR is not able to cope sufficiently with prolonged ER stress, 

resulting in beta cell dysfunction. Furthermore, JNK activation following exposure of 

MIN6 cells to cytokines was associated with lower levels of UPR mRNAs and beta cell 

death, whereas inhibition of JNK in db/db islets increased UPR gene expression and 

reduced beta cell death (Chan et al., 2013). Although Ins2WT/C96Y mice represent another 

model of ER stress-induced diabetes, Ins2WT/C96Y mice crossed with Chop-/- mice showed 

delayed onset of diabetes supporting a role for CHOP in beta cell apoptosis (Oyadomari 

et al., 2002b). In addition, CHOP gene deletion in genetic- (db/db) and diet-induced 

(eIF2αS/AChop-/- and STZ-treated) mouse models of insulin resistance led to improved 

glycaemia, reduced oxidative stress, increased beta cell mass and enhanced increase in 

UPR gene expression (Song et al., 2008). Conversely, beta cell lines, human islets and 

mouse islets exposed to pharmacological ER stress inducers such as thapsigargin and 

tunicamycin induced beta cell death (Eizirik et al., 2008). 

https://www.sciencedirect.com/topics/medicine-and-dentistry/c57bl-6
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In humans, a mutation in the EIF2AK3 gene which encodes for eIF2a kinase (similar to 

PERK) causes Wolcott-Rallison syndrome (Delepine et al., 2000). This syndrome is 

characterised by neonatal or early insulin-dependent diabetes caused by impaired insulin 

secretion.  Immunohistochemical analyses of human T2D islets showed an increase in 

intra-islet BiP, CHOP and P58 (DNAJC3) compared to non-diabetic controls (Laybutt et 

al., 2007) and the ER was enlarged (Marchetti et al., 2007). These findings are consistent 

with prolonged ER stress contributing to beta cell dysfunction and progression of human 

T2D. 

 

 

1.11 Oxidative stress 

ER stress and oxidative stress are interconnected features of T2D (Song et al., 2008, Back 

et al., 2009). Oxidative stress occurs due to the excessive production or inadequate 

disposal of intracellular reactive oxygen species (ROS) and reactive nitrogen species 

(RNS) which have deleterious effects on cells. Under physiological conditions, 

endogenous ROS/RNS helps to maintain cell homeostasis and function (Robertson et al., 

2004). Conventionally, ROS/RNS are generated in intracellular organelles including the 

ER and mitochondria, by oxidative phosphorylation, glyceraldehyde auto-oxidation, the 

formation of  advanced glycation products and oxidative protein folding (Scheuner and 

Kaufman, 2008). High concentrations of ROS and RNS promote NF-κB activation, 

induce DNA damage as well as alter mitochondrial membrane potential, resulting in the 

release of cytochrome c and apoptosis (Lowell and Shulman, 2005). To regulate 

intracellular ROS and RNS levels, cells produce a wide range of antioxidant enzymes 

known as “free radical scavengers”, including superoxide dismutases (SODs; Cu-Zn-

SOD1 (cytoplasmic); Mn-SOD2 (mitochondrial)), glutathione peroxidase, glutathione 

reductase, and catalase (Pham-Huy et al., 2008).  

 

The process of oxidative protein folding involves the formation of intramolecular and 

intermolecular disulfide bonds and is found in the processing of proinsulin to insulin in 

beta cells. Oxidizing conditions are generated by two key enzymes: protein disulfide 

isomerase (PDI) and ER oxidoreductin 1 (ERO1) (Malhotra et al., 2008, Pollard et al., 

1998). Disulfide bond formation results in the production of ROS. Firstly, PDI catalyses 

the oxidation of substrate polypeptides. PDI is subsequently reduced by ERO1 and the 
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transfer of electrons to molecular O2 results in the generation of ROS (Tu and Weissman, 

2002). In the ER, PDI also generates disulfide bonds in nascent proteins for their secretion. 

Additionally, reduced glutathione (GSH) reduces non-native disulfide bonds in misfolded 

proteins, producing oxidised glutathione and ROS (Malhotra and Kaufman, 2007). Under 

conditions of ER stress, this reaction would be expected to exacerbate increased ROS 

levels and contribute to oxidative stress. 

 

During the production of ATP via mitochondrial respiration, superoxide (ROS) is 

produced by the transfer of an electron to molecular oxygen (Pham-Huy et al., 2008, Cao 

and Kaufman, 2014). This process is fundamental to cellular physiology and impacts 

calcium influx, energy demand, cellular redox state, hypoxia, ER stress, and inflammation 

(Cao and Kaufman, 2014).  

 

1.11.1 ER stress-induced oxidative stress 

ER stress and oxidative stress coexist and are interconnected in T2D beta cells (Figure 

1.16). Beta cells express low levels of antioxidant enzymes and are therefore susceptible 

to oxidative damage (Tiedge et al., 1997, Robertson et al., 2003, Wang and Wang, 2017, 

Li et al., 2008a). Protein misfolding in the ER elevates ROS levels; in addition, oxidative 

stress can induce protein misfolding by disturbing ER homeostasis and disrupting 

disulfide bond formation (Scheuner and Kaufman, 2008). Hence, a vicious cycle of ER 

stress and oxidative stress is likely to exist in T2D beta cells.  

 

Protein misfolding in the ER contributes to oxidative stress by increasing disulfide bond 

formation. GSH reduces disulfide bonds to enable proper bond formation by the PDI-

ERO1 cycle. As a consequence, H2O2 is produced, depleting GSH levels in the ER and 

further increasing ROS levels. During the ER adaptive response, disulfide bonds are 

cleaved by disulfide reductase ERdj5 and degraded, potentially impacting the ER redox 

balance (Cao and Kaufman, 2014). Furthermore, CHOP activates ERO1 expression and 

contributes to further ROS production during ER stress. ERO1 induces inositol-1,4,5-

trisphosphate receptor (IP3R)-mediated Ca2+ leakage from the ER which activates pro-

apoptotic pathways and increases mitochondrial membrane permeability (Figure 1.16). 

Ca2+ released from the ER is taken up by mitochondria, exacerbating oxidative stress in 

cells (Tang et al., 2012). To maintain cellular redox homeostasis, the PERK pathway 
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Figure 1.16: ER stress-induced ROS production in the cell. 

In response to ER stress, reactive oxygen species (ROS) are generated by cellular 

processes including oxidative protein folding and mitochondrial respiration. This disrupts 

cell function and homeostasis and damages the cells. IP3R, inositol-1,4,5-trisphosphate 

receptor; SERCA, sarcoendoplasmic reticulum (SR) calcium transport ATPase; BiP, 

binding immunoglobulin protein; ATP, Adenosine triphosphate; ADP, Adenosine 

diphosphate; GSH, Glutathione; and GSSG, Glutathione disulfide (Cao and Kaufman, 

2014). 
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translates mRNA that encodes for ATF4, allowing phosphorylation of NRF2 (nuclear 

factor-erythroid-derived 2 (NF-E2)-related factor 2 (NRF)) (Harding et al., 2003). This 

activation leads to the transcription of genes encoding antioxidant enzymes such as SODs, 

NAD(P)H quinone oxidoreductases and glutathione S-transferase to prevent intracellular 

ROS accumulation (Mathers et al., 2004, Zhang, 2006). In support of ROS-induced beta 

cell damage, in vivo treatment of NOD mice with antioxidants such as superoxide 

dismutase and catalase was shown to protect transplanted islets (Nomikos et al., 1989). 

Furthermore, N-acetylcysteine treatment of db/db mice displayed improved insulin 

content, insulin mRNA and an increase in insulin gene transcription factor PDX-1 

(Kaneto et al., 1999). In addition, these antioxidants protect beta cells against 

glucotoxicity, oxidative stress, and AGE production and inhibit NF-κB activation 

(Tanaka et al., 1999, Tangvarasittichai, 2015, Ho et al., 1999, Ho and Bray, 1999). 

 

 

1.12 Heparan sulfate proteoglycans 

Heparan sulfate proteoglycans (HSPGs) are glycoproteins containing a core protein 

covalently attached to one or more heparan sulfate (HS; a type of glycosaminoglycan 

(GAG)) chains (Figure 1.17). There are five main classes of HSPGs: the syndecans, 

glypicans, perlecan, agrin and collagen type XVIII (Figure 1.18). These HSPGs always 

express HS chains and are therefore termed “full-time” HSPGs (Iozzo, 2001). Some 

HSPGs express HS chains under specific circumstances and are called “part-time” 

HSPGs, such as CD44, betaglycan and testican (Rops et al., 2004) (Figure 1.18). HSPGs 

are ubiquitously expressed on the surface of cells. The core proteins are attached to a 

transmembrane domain (syndecans) or to a glycosylphosphatidylinositol-anchored core 

linkage (glypicans). Extracellularly, HSPGs such as perlecan, agrin and collagen type 

XVIII are found in basement membranes (BMs) and extracellular matrix (ECM).  

 

HSPGs are structurally diverse molecules due to the extensive chemical heterogeneity of 

the HS chains. This heterogeneity allows HS chains to bind to a wide range of bioactive 

molecules such as cytokines, chemokines, growth factors, cell adhesion and proteases 

(Parish, 2006). 
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Figure 1.17: Basic structure of heparan sulfate proteoglycans. 

Heparan sulfate proteoglycans (HSPGs) consist of heparan sulfate (HS) chains (thick blue 

line) covalently attached to a core protein. HS chains are linear polysaccharides 

containing repeating units of glucosamine and uronic acid (black box). The HS chains 

contain regions that are highly sulfated (red box). Heparanase cleaves HS chains within 

highly sulfated regions. Adapted from Simon Davis and Parish (2013). 
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Figure 1.18: Molecular structure of different classes of HSPGs. 

The five main classes of HSPGs are the syndecans, glypicans, perlecan, agrin and 

collagen type XVIII. Generally, syndecans and glypicans are present on the cell surface 

whereas perlecan, agrin and collagen type XVIII are expressed in extracellular matrix and 

basement membranes. (b) CD44 expresses HS chains under specific circumstances e.g., 

CD44 isoform with v3 exon. aa, amino acids. Modified from Iozzo (2001) and Rops et al. 

(2004). 

(b) 

(a) 
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1.12.1 Syndecans 

Syndecans belong to a family of transmembrane proteoglycans to which HS/chondroitin 

sulfate (CS) chains are attached and are expressed on the cell surface. Syndecans consist 

of a short intracellular cytoplasmic domain, a single-span transmembrane domain with an 

ectodomain and an extracellular domain for attachment of GAG chains (Figure 1.18) 

(Tkachenko et al., 2005). Based on the extracellular domain structure, syndecans are 

categorised into four members i.e., syndecan-1 (syndecan), syndecan-2 (fibroglycan), 

syndecan-3 (N-syndecan) and syndecan-4 (amphiglycan) (Bernfield et al., 1992, Carey, 

1997). The principal GAG chain for syndecans is HS but syndecan-1 and syndecan-3 may 

additionally contain CS chains (Deepa et al., 2004). The GAG chains of syndecans 

provide a link between the ECM and the cytoskeleton. Additionally, syndecans act as co-

receptors for growth factors, interact with cytoskeleton and modulate cell interactions 

with the ECM. Within these context, they are involved in cell adhesion, migration, cell 

signalling, growth and the development of the cytoskeleton (Beauvais and Rapraeger, 

2004, Ramani et al., 2012, Couchman et al., 2001).  

 

1.12.2 Glypicans 

Glypican core proteins carry 2-5 GAG chains and are bound to the cell surface via 

glycosyl phosphatidyl inositol (GPI) anchor (Bernfield et al., 1999, Tkachenko et al., 

2005). Glypicans consist of a N-terminal signal sequence, an extracellular domain to 

which GAGs e.g., HS chains, are attached and a C-terminal GPI anchor (Figure 1.18). 

There are six members of glypican family: glypican-1 (glypican), glypican-2 

(cerebroglycan), glypican-3 (OCI-5), glypican-4 (K-glypican), glypican-5, and glypican-

6. Glypicans generally carry HS chains, with the exception of glypican-5 which contains 

both HS and CS chains. The glypicans play a very important role in angiogenesis, 

metastasis and growth regulation. Similar to syndecans, glypican HSPGs also modulate 

the biological activity of enzymes such as proteases and lipases. 

 

1.12.3 Perlecan 

The HSPG perlecan is a secreted HSPG, conventionally expressed in BMs. Perlecan is 

one of the largest single chain polypeptides found in both vertebrates and non-vertebrates 

(Iozzo, 1998). The perlecan core protein consists of five domains with one unique domain 

at the N-terminal region for attachment of HS chains and the other four domains contain 
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motifs that are involved in nutrient metabolism, mitogenesis and adhesion (Figure 1.18) 

(Dolan et al., 1997, Friedrich et al., 1999). Due to its abundance in BMs, perlecan plays 

a role in developmental and homeostatic processes, including the establishment of 

cartilage and the regulation of wound healing. Perlecan HS interacts with other BM 

components such as laminin, fibronectin and collagen to stabilise the membrane and in 

doing so, helps the BM to act as a physical barrier to migrating cells (Irving-Rodgers et 

al., 2008). Perlecan also serves as a reservoir for growth factors, cytokines and 

chemokines, thereby providing signals for cell activity and function.  

 

1.12.4 Agrin 

Agrin is a secreted HSPG abundantly found in BMs and ECMs. Agrin contains multiple 

polypeptide domains and regulates cell interactions during the development of the central 

nervous system (Figure 1.18). Agrin plays an important role in the formation, 

maintenance and regeneration of neuromuscular junctions (NMJs) by clustering 

acetylcholine receptors as well as aggregating sodium channels (Bezakova and Ruegg, 

2003). Agrin represents a major component of the glomerular BM and acts as a filtration 

barrier (Groffen et al., 1998). Agrin found extracellularly helps in the organisation of the 

muscle cytoskeleton (Goldberg et al., 2009, Bezakova and Ruegg, 2003) by interacting 

with α-dystroglycan (which connects ECM component to cytoskeleton) (Bassat et al., 

2017, Henry and Campbell, 1996). 

 

1.12.5 Collagen type XVIII 

Collagen type XVIII (Col18) is also a secreted HSPG which is found in BMs and ECM. 

The core protein of Col18 can carry up to four HS chains (Rehn and Pihlajaniemi, 1994, 

Iozzo, 2001). Col18 is a member of the multiplexin family of collagens which contains a 

central triple helical collagenous domain interrupted and flanked by a non-collagenous 

domain with extended non-collagenous N- and C-terminal domain (Figure 1.18). The 

non-collagenous domain provides a degree of flexibility between the triple helical 

collagenous regions and allows formation of fibril polymers. The C-terminal non-

collagenous domain is further divided into three segments i.e., a proximal region which 

is responsible for triple helix assembly, a hinge domain which is highly susceptible to 

proteases and endostatin which is a proteolytic fragment with anti-angiogenic activities 

(Marneros and Olsen, 2005). The HS chains of Col18 aid in the migration of leukocytes 
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to peripheral lymph nodes and in leukocyte adhesion to blood vessels by interacting with 

the leukocyte receptors, L-selectin and monocyte chemotactic protein-1 (MCP-1). Col18 

functions as a negative regulator of angiogenesis and has been implicated in the 

generation of adipose tissue and in hyperlipidaemia associated with visceral obesity and 

fatty liver (Seppinen and Pihlajaniemi, 2011). Col18 also functions as a growth factor 

reservoir, in cell adhesion to ECM and contributes to the barrier function of the 

glomerular BM. 

 

1.12.6 CD44 

CD44 is a part-time HSPG because it expresses HS only under specific conditions 

(Figure 1.18) (Parish, 2006). For instance, resting leukocytes do not express HSPG CD44 

but upon activation induce HSPG CD44 expression. HSPG CD44 is found in various 

isoforms produced by splicing of up to 12 alternative exons (v2-v10) into a single site 

within the extracellular domain (Rops et al., 2004, Lesley et al., 1994). The standard form 

of CD44, CD44H or CD44S, contain exons 1-5 and 16-17 which are without HS chains; 

an isoform of CD44 expresses exon v3 for HS attachment (Rops et al., 2004, Bennett et 

al., 1995). The structure of CD44 consists of an extracellular, membrane and cytoplasmic 

domain. CD44 is a transmembrane protein which is typically expressed by macrophages, 

monocytes and endothelial cells (Henke et al., 1996). HSPG CD44 regulates leukocyte 

trafficking in tissues and participates in rolling interactions with hyaluronic acid (HA) on 

endothelial cells.   

 

 

1.13 Heparan sulfate 

Heparan sulfate (HS) is an anionic linear polysaccharide containing repeating 

disaccharides of N-acetylated or N-sulfated glucosamine and uronic acid. HSPG core 

proteins are modified and folded in the ER to achieve their proper or mature conformation, 

whereas HS chains are assembled directly onto the core proteins in the Golgi apparatus 

(Figure 1.19) i.e., HS chains are not synthesised in the absence of HSPG core proteins. 

HS chains are initiated at a serine residue in the core protein. Uronic acid in HS exists as 

either glucouronic acid or its epimer iduronic acid. Further modification of the HS 

disaccharides includes sulfation at the N-, 3-O or 6-O position of N-acetylamine or the 2-

O position of uronic acid. Importantly, the extent of sulfation promotes the functional  
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Figure 1.19: Synthesis of HSPG core proteins. 

Heparan sulfate proteoglycan (HSPG) core proteins (e.g., syndecan-1, Collagen type 

XVIII and perlecan) are modified and folded into their proper conformation in the ER. 

The mature protein (containing serine residue(s)) is then transported to the Golgi 

apparatus for HS synthesis. Modified from Iozzo (2001). 
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diversity of HS chains. 

 

1.13.1 Biosynthesis of HS 

The heterogenous and complex HS structure is formed by a cascade of enzymatic 

reactions. HS biosynthesis involves three major steps: chain initiation, elongation and 

modification (Figure 1.20). The various enzymes involved in the process include: 

galactotransferases, exostosin-like glycosyltransferase (EXTL), exostosin (EXT), N- 

deacetylase/N-sulfotransferase (NDST), C5 epimerase and O-sulfotransferases (Esko and 

Lindahl, 2001).  

 

HSPG core proteins are synthesised in the ER and transported to the Golgi apparatus for 

HS assembly. Within the Golgi apparatus, initially a tetrasaccharide linker protein 

(xylose-galactose-galactose-uronic acid) is covalently bound to a serine residue in the 

core protein (Bernfield et al., 1999, Iozzo, 2001). This linkage region is phosphorylated 

at C2 of xylose and sulfated at C4 or C6 of the galactose residue. The HS chain is then 

assembled by the alternate addition of N-acetylglycosamine (GlcNAc) and glucuronic 

acid (GlcA), followed by polymerisation of the HS disaccharides (Bernfield et al., 1999). 

Glucosamine residues can be sulfated by replacing the GlcNAc N-acetyl group with a 

sulfate group. The chain then undergoes a number of chemical modifications that includes 

C5 epimerization of GlcA to iduronic acid (IdoA), O-sulfation of IdoA at C2 and O- 

sulfation of GlcN residues at C6 (Kjellén and Lindahl, 1991).  

 

The enzymatic modifications in the chain provide structural diversity with highly sulfated 

regions being interspersed with regions that are under-sulfated. The highly sulfated 

disaccharides make HS chains highly negatively charged or “polyanionic”. This property 

allows HS to interact with a vast number of proteins, thereby impacting cell physiology, 

inflammation and various diseases. 
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Figure 1.20: Biosynthesis of HS. 

HS biosynthesis is a complex process that consists of 3 major steps: chain initiation, 

elongation (polymerization) and modification. Assembly of a tetrasaccharide linker 

protein to a serine residue present on the core protein is followed by HS chain elongation. 

The nascent polysaccharide undergoes chain modification by N-deacetylation/N-

sulfation, C5 epimerasation, 2-O-sulfation, 6-O-sulfation and 3-O-sulfation (Esko and 

Lindahl, 2001). 
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1.13.2 Role of HS in cell physiology 

The heterogeneity in HS chains and the high negative charge carried by the sulfate groups 

allows interaction with a number of different proteins such as growth factors, cytokines, 

chemokines, proteases, protease inhibitors, morphogens (a signal molecule involved in 

tissue development), lipases and cell-adhesion molecules (Dreyfuss et al., 2009). The 

anionic property of HS also allows interaction with positively charged sodium ions in the 

ECM and water molecules. As a result, HS is highly hydrated and provides space filing 

and molecular sieving properties (Parish, 2006). Additionally, HS also interacts with 

extracellular matrix proteins such as fibronectin and with the plasma protein 

antithrombin-1 via the antithrombin binding site (Figure 1.20) to regulate coagulation 

(Tkachenko et al., 2005, Liu and Pedersen, 2007). The interaction between HS and 

antithrombin III leads to a conformational change in the latter that increases substrate 

binding and accelerates the inhibition of thrombin and other clotting enzymes (Liu and 

Pedersen, 2007, Stringer and Gallagher, 1997). In BMs, HS acts as a physical barrier to 

leukocyte migration and plays a critical role in inflammation (see Section 1.13.3) 

(Sarrazin et al., 2011). 

 

HS serves as a co-receptor for growth factors on the cell surface and facilitates formation 

of ligand-receptor complexes. For example, Hedgehog signalling, a bone morphogenic 

protein, wnt signalling and fibroblast growth factor (FGF) signalling are all dependent on 

HS interactions with their receptors (Bornemann et al., 2004). HS interacts with FGF and 

the FGF receptor (FGFR) in a ternary complex on the cell surface (Schlessinger et al., 

2000, Pellegrini, 2001). HS stabilises this complex and increases the affinity of FGF for 

its receptors. Activation of FGFRs stimulate signal transduction cascades that have been 

implicated in embryonic development, angiogenesis, wound healing and tumour growth 

(Powers et al., 2000).  

 

HS plays an essential role in the permeability of the glomerular BM (GBM) (Dreyfuss et 

al., 2009) and acts as an antioxidant or a free radical sink in islet beta cells to protect them 

from ROS-mediated damage (Ziolkowski et al., 2012, Theodoraki et al., 2015, 

Simeonovic et al., 2018). However, high levels of ROS depolymerise HS (Raats et al., 

1997, Rota et al., 2005, Ziolkowski et al., 2012, Choong et al., 2015). HS therefore 

provides protection for beta cells from ROS produced during normal metabolism. 
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1.13.3 Role of HS in inflammation 

In inflammation, the exit of leukocytes from the vasculature and passage through the 

underlying sub-endothelial BM to the inflammation site is a highly ordered process which 

involves a range of adhesion receptors and cytokines (Parish, 2005). HS serves as a 

scaffold for the presentation of chemokines to leukocyte receptors, modulating the rolling, 

adhesion and transmigration of leukocytes from blood vessels. HS therefore plays an 

important role in leukocyte migration and wound healing during injury and infection.  

 

Cytokines produced by activated leukocytes such as tumour necrosis factor-α (TNF-α) 

and interleukin 1β (IL-1β) activate the endothelium and other leukocytes. As a result, the 

expression of intercellular and vascular adhesion molecules (e.g., selectins) on the 

endothelium are increased. HS on the endothelial cell surface directly interacts with L 

selectin on leukocytes to reduce their rolling and to facilitate their adhesion to the 

endothelium (Rops et al., 2004). The leukocytes can then interact with HS bound 

chemokines to activate leukocyte integrins and to achieve a more stable adhesion. The 

leukocytes then transmigrate across the endothelial layer via a process called transcytosis 

passage through the sub-endothelial BM. In order for leukocytes to traverse the BM, HS 

in the BM needs to be degraded by the enzyme heparanase (Hpse) which is produced by 

activated leukocytes and endothelial cells (Parish et al., 2001, Goldshmidt et al., 2003). 

Heparanase activity also releases HS-bound growth factors, cytokines and chemokines 

(Parish, 2006) to promote inflammatory cell responses and stimulate angiogenesis and 

tissue repair mechanisms. 

 

1.13.4 Role of HS in amyloid deposition 

Amyloid disease is characterised by the formation of insoluble fribillar aggregates of 

misfolded proteins in tissues and organs (Temussi et al., 2003). The two common amyloid 

diseases are Alzheimers disease (AD) and type 2 diabetes. HS promotes fribillogenesis 

by associating with the amyloid precursors and facilitating conformational changes 

required for the assembly of fibrils (van Horssen et al., 2003). In AD, HS is co-distributed 

with Aβ amyloid peptide in cerebral senile plaques. The HS promotes amyloid beta 

peptide (Aβ) fibrillisation and toxicity and also the clearance of Aβ aggregates (Zhang et 

al., 2012).  
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Islet amyloid deposition is a characteristic feature of human T2D (Kahn et al 1999). 

Human islet amyloid polypeptide (IAPP) is a peptide hormone which is amyloidogenic 

and associated with reduced beta cell mass and induction of beta cell apoptosis in T2D 

(Butler et al., 2003, Clark and Nilsson, 2004b). Human IAPP (hIAPP) aggregates cause 

beta cell and islet dysfunction and death. Therefore, overexpression of IAPP exhibit 

toxicity to beta cells by inducing apoptosis and amyloidogenesis. Additionally, HS co-

localises with extracellular amyloid deposits in T2D humans and after islet 

transplantation (Young et al., 1992, Meng et al., 2007). Inhibition of HS biosynthesis in 

transgenic mouse islets expressing human IAPP resulted in decreased amyloid formation; 

furthermore, overexpression of hIAPP and Hpse also significantly reduced amyloid 

deposition (Hull et al., 2007). These findings indicate an important role for HS in IAPP 

formation. 

 

1.13.5 Role of HS in Cancer  

HS-protein interactions are important for the function of growth factors, inflammation, 

coagulation, ECM integrity and for modulating tumour growth and metastasis (Parish, 

2006). HS chains function as a barrier to the migration of cancer cells through BMs. HS 

in sub-endothelial BMs is cleaved by Hpse to facilitate the movement of tumour cells 

from the blood to secondary sites in tissues. This degradation of BM HS is also important 

for angiogenesis, a process required for the growth of both the primary tumour as well as 

tumour metastases. HS interacts with several angiogenic factors such as vascular 

endothelial growth factor (VEGF), FGFs and hepatocyte growth factor (HGF), platelet 

derived growth factor (PDGF) that promote  the vascularisation needed for tumour growth, 

tumour cell proliferation, and differentiation (Bogenrieder and Herlyn, 2003, Jiang and 

Couchman, 2003). HS therefore plays diverse roles in normal physiology and disease. 

 

 

1.14 Heparanase 

Heparanase exists in two forms in mammals, namely, heparanase-1 and heparanase-2. 

Heparanase-1 is the sole mammalian endo-β-D-glucoronidase that cleaves HS chains at 

specific sites, generating HS fragments that are 10-20 sugar residues in length (5-10 kDa) 

(Freeman and Parish, 1998, Levy-Adam et al., 2005). Heparanase-2, on the other hand, 
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does not exhibit HS degrading activity. Heparanase-1 (referred to as heparanase or Hpse) 

degrades HS at glycosidic bonds adjacent to glucuronic acid residues (Parish et al 2013). 

Unlike Hpse, heparitinase from bacteria extensively cleaves HS chains via a beta 

eliminase mechanism (or eliminative cleavage) (Vlodavsky and Friedmann, 2001). 

Mammalian Hpse is highly expressed by placental trophoblasts, platelets, leukocytes and 

tumour cells. Hpse modifies the structure and function of HSPGs by cleaving HS and 

contributes to the remodelling of cell surfaces and the ECM. Heparanase expression and 

activity is therefore tightly regulated. 

 

1.14.1 Heparanase synthesis and release 

Hpse is synthesised as a 68 kDa precursor (pre-proheparanase) which consists of an N-

terminal signal peptide, a C-terminal hydrophobic peptide, 5 cysteine residues and 6 N-

glycosylation sites (Figure 1.21) (Vreys and David, 2007). Pre-proheparanase is 

transported to the ER for glycosylation and cleavage of the signalling peptide to form 65 

kDa inactive proheparanase. Proheparanase is directed to the Golgi apparatus, where it is 

packaged into vesicles and is secreted. Extracellular proheparanase interacts with cell 

surface HSPGs, low density lipoprotein-receptor related protein and mannose-6-

phosphate receptor (MPR). The inactive enzyme is taken up by certain cells and 

undergoes pH-dependent proteolytic cleavage by the cysteine protease cathepsin L to 

produce catalytically active heparanase in a form of a heterodimer consisting of 50 kDa 

(human) or 48 kDa (mouse) and 8 kDa (Vlodavsky et al., 1999, Fairbanks et al., 1999, 

Ziolkowski et al., 2012, Simeonovic et al., 2013, Parish et al., 2013, Miao et al., 2002). 

Cathepsin L is found in lysosomes and is secreted by leukocytes such as macrophages 

(Parish et al., 2013). The maximal catalytic activity of active heparanase occurs between 

pH 5.5 and 6 (there is no activity outside this range) and active Hpse has a half-life of 

approximately 30 hrs (Gingis-Velitski et al., 2004). The active form of Hpse is then stored 

in lysosomes which subsequently move to the cell surface to release Hpse. Moreover, 

inflammatory cytokines such as TNF-α and IL-1β can also trigger Hpse release from 

endothelial cells and peripheral T lymphocytes (Goldberg et al., 2013, Chen et al., 2004). 

During leukocyte migration, cell surface Hpse which is bound to the cation-independent 

MPR, is activated by cathepsin L produced by macrophages. Extracellular activation of 

Hpse can also help to degrade HS in the ECM/BM.  
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Figure 1.21: Heparanase (Hpse) structure. 

Hpse is synthesised as pre-proheparanase of ~68 kDa with a N-terminal signal peptide 

(SP) that subsequently undergoes proteolytic cleavage in the ER and yields ~65kDa 

inactive proheparanase. Proheparanase undergoes proteolytic cleavage by cathepsin L to 

generate 50 kDa and 8 kDa subunits which forms the active heterodimer (Vreys and 

David, 2007). 
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1.14.2 Function of heparanase 

Under normal conditions, the expression of heparanase by various cell types such as 

placental trophoblasts, blood borne cells and keratinocytes (Vreys and David, 2007) plays 

an important role in normal development, tissue remodelling and pathophysiology. For 

example, extracellular Hpse remodels BMs following injury or at inflammatory sites and 

regulates cell growth and differentiation by releasing growth factors bound to 

extracellular HS (Dempsey et al., 2000). Pathological conditions such as experimental 

autoimmune encephalomyelitis, diabetic nephropathy, delayed type hypersensitivity, 

arthritis, vascular injury, atherosclerosis and T1D have demonstrated high levels of Hpse 

(Parish et al., 2013, Parish, 2005, Ziolkowski et al., 2012, Li et al., 2008b, Baker et al., 

2009). 

 

Catalytically active Hpse degrades glycosidic bonds in HS at sites adjacent to N- or 6-O 

sulfated glucosamine at pH 5.5.-6.0 (Simeonovic et al., 2013, Ilan et al., 2006). 

Heparanase-mediated degradation of HS in BMs and ECMs is important for leukocyte 

migration and inflammation (Parish et al., 2001, Parish, 2005). 

 

Heparanase also exhibit non-catalytic biological functions (pH 7.2-7.4), independent of 

its enzymatic activity (Levy-Adam et al., 2008). Cell surface heparanse promotes T cell 

adherence to the ECM via interaction with HSPGs expressed on the cell surface (Sotnikov 

et al., 2004). Heparanase enhances Akt signalling and stimulates PI3k and p38-dependent 

endothelial cell migration and invasion. In addition, it promotes VEGF expression via the 

Src pathway where it activates endothelial cells and induces a pro-angiogenic and survival 

response (Ilan et al., 2006, Gingis-Velitski et al., 2004, Simeonovic et al., 2013, Parish et 

al., 2013). Furthermore, inactive Hpse increases the expression of certain growth factors 

and facilitates binding of HS in the ECM and to endothelial cells in vitro (Gingis-Velitski 

et al., 2004, He et al., 2012). 

 

During cancer progression, active heparanase contributes to the breakdown of 

extracellular barriers by degrading HSPGs in BMs to allow cell invasion. Hpse in this 

context also regulates the bioavailability and activity of growth factors. Extravasion of 

immune cells into non-vascular spaces is accompanied by the release of growth factors, 
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cytokines and chemokines bound to HS, thereby enhancing angiogenesis and tumour 

growth (Vlodavsky et al., 2012, Kelly et al., 2005). 

 

During inflammation in tissues, leukocytes are recruited from the blood. Both endothelial 

cells and inflammatory leukocytes secrete heparanase to facilitate leukocyte migration 

into underlying tissues. Heparanase is highly expressed by immune cells such as 

macrophages, T cells, B cells, dendritic cells, neutrophils, monocytes and Langerhans 

cells (in the skin), as well as by platelets (Vreys and David, 2007, Vlodavsky et al., 2007, 

Parish, 2006). Inactive heparanase produced by endothelial cells facilitates T cell 

adhesion to the ECM by interacting with HSPGs on the cell surface. Thus, chemokines 

bound to HS in endothelium provide a chemokine gradient to direct leukocyte migration 

across the endothelium. The next step is for the leukocytes to migrate through the sub-

endothelial BM which contains HS associated with the HSPG perlecan. Catalytically 

active Hpse degrades the HS in BMs and ECMs. Additionally, matrix degrading enzymes 

such as elastase, matrix metalloproteases, cysteine proteases, serine proteases and 

sulfatases are secreted by neutrophils, lymphocytes, monocytes, endothelial cells and 

platelets to destroy BM matrix proteins (Simeonovic et al., 2013, Parish, 2006). Cytokines 

(IL-4, TNF-α) secreted by inflammatory cells induce heparanase expression and the 

production of cathepsin L by certain leukocytes (macrophages and T cells) promotes 

heparanase activation (Ilan et al., 2006, Lerner et al., 2011, Gocheva et al., 2010). 

Collectively, these pathways facilitate the migration of leukocytes to site of inflammation. 

Active heparanase therefore functions as a HS degrading endoglycosidase and inactive 

heparanase promotes cell adhesion (at neutral pH). 

 

 

1.15 Role of HS and Hpse in beta cell health and disease 

The HSPG perlecan was found to be localised in the peri-islet BM where by convention 

it is thought to serve as a barrier to cell infiltration (Irving-Rodgers et al., 2008). Further 

studies particularly in the Simeonovic lab revealed that HS is intensely expressed inside 

pancreatic beta cells and correlates with the intracellular expression of the HSPGs 

collagen type XVIII, syndecan-1 and CD44 (Ziolkowski et al., 2012, Takahashi et al., 

2009, Choong et al., 2015). Furthermore, during islet isolation, isolated mouse islets were 
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found to completely lose their peri-islet BM, partially lose their beta cell HS but retain 

their HSPG core proteins (Choong et al., 2015, Ziolkowski et al., 2012).  

 

HS is essential for the survival of beta cells and plays a critical role in protecting beta 

cells from ROS-mediated cell death (Ziolkowski et al., 2012). Other studies also showed 

that beta cell-specific deletion of HS in βExtl3KO mice reduced GSIS by isolated islets 

and the expression of genes involved in insulin secretion (Takahashi et al., 2009). In 

addition, the mice showed abnormal islet morphology, and reduced beta cell proliferation 

during development. HS therefore also helps to regulate postnatal islet maturation and 

normal insulin secretion (Takahashi et al., 2009). 

 

In T1D, the autoimmune destruction of islets in NOD/Lt mice is associated with increased 

Hpse expression by inflammatory (insulitis) leukocytes and loss of intra-islet HS (Figure 

1.22). Briefly, in NOD/Lt mice, non-destructive insulitis leukocytes initially accumulate 

around the periphery of islets (Irving-Rodgers et al., 2008). When the insulitis switches 

to a destructive phenotype, the leukocytes produce catalytically active Hpse which 

degrades HS in the peri-islet BM (Ziolkowski et al., 2012). The disrupted islet BM allows 

the inflammatory cells (including T cells) to invade the islets. Within the islets, the local 

release of Hpse by invading leukocytes degrades intracellular HS in the beta cells, thereby 

contributing to beta cell death and T1D. The in vivo administration of a Hpse inhibitor/HS 

replacer, PI-88, significantly reduced the incidence of T1D by 50% in NOD/Lt mice and 

improved the HS content of the beta cells. These studies suggested that HS represent a 

critical target for autoimmune damage in beta cells and that Hpse is a novel destructive 

mechanism in the pathogenesis of T1D (Ziolkowski et al., 2012).    

 

Studies of T1D in NOD mice have also identified other mechanisms of beta cell damage 

and destruction, including CD8 T cell-mediated cytotoxicity, programmed cell death, 

cytokine-induced apoptosis, ROS-mediated damage and ER stress (Rojas et al., 2018, 

Pirot et al., 2008). Autoreactive CD8 T cells (recognizing beta cell-specific autoantigens 

e.g., insulin) can kill beta cells by the perforin/granzyme pathway of cytotoxicity and/or 

by inducing programmed cell death via the interaction of apoptosis stimulating fragment 

(Fas) on beta cells and its ligand FasL on the surface of CD8+ T cells (Mathis et al., 2001, 

Allison et al., 2005, Mallone et al., 2011, Han et al., 2013). The secretion of pro- 
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Figure 1.22: Role of islet HS and leukocyte-derived heparanase (Hpse) during 

different stages of T1D progression.  

In stage 1 of T1D, non-destructive insulitis leukocytes produce heparanase (Hpse). 

During stage 2, catalytically active Hpse degrades heparan sulfate (HS) in the peri-islet 

basement membrane (BM). In stage 3, the damaged BM allows leukocytes to migrate into 

the islets. The local production of Hpse by leukocytes that have invaded the islets 

degrades intracellular HS inside beta cells. The depletion of intracellular HS, together 

with other destructive mechanisms, leads to beta cell death and subsequently T1D 

(Simeonovic et al., 2013). 
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inflammatory cytokines such as IL-1β, TNF-α, INF-γ by insulitis leukocytes also damage 

beta cells by (i) STAT-1-dependent induction of interferon regulatory transcription factor, 

iNOS expression and the subsequent production of  nitric oxide and other reactive 

chemical species (e.g., ROS) (Mathis et al., 2001, Pirot et al., 2008) and (ii) inducing beta 

cell apoptosis via JAK1/2-STAT1-dependent expression of BH3-only pro-apoptotic 

proteins, e.g. BIM (Bcl-2-like protein), DP5 (Death Protein 5) and PUMA  (p53 

upregulated modulator of apoptosis) (Gurzov et al., 2016). In addition, ER stress can also 

contribute to beta cell damage during the development of T1D (Engin et al., 2013, Eizirik 

et al., 2013, Tersey et al., 2012). Thus, an array of damaging mechanisms, including the 

Hpse-mediated degradation of intracellular HS in the beta cells, contribute to beta cell 

death in T1D. 

 

It is well established, however, that the histopathology of T1D insulitis differs in NOD 

mice and humans. In NOD mice, the accumulation of leukocytes around the islet 

periphery is pronounced and is associated with aggressive T cell infiltration. However, 

human T1D pancreases exhibit only mild insulitis/leukocyte infiltration. Furthermore, in 

humans at clinical onset, the beta cell content is reduced to 20-30% of the normal beta 

cell mass (In’t Veld, 2014). Despite the much less aggressive islet inflammation observed 

in human T1D, a significant reduction in intracellular HS and HSPG core proteins in 

residual insulin+ve T1D human beta cells has been observed in parallel with heparanase 

expression by insulitis leukocytes. Furthermore, HS replacement studies in isolated 

human beta cells have confirmed a critical role for intracellular HS in human beta cell 

survival (Simeonovic et al., 2018). Similarly, NOD mouse beta cells demonstrated a loss 

of intracellular HS during T1D development and treatment with PI-88 (a Hpse 

inhibitor/HS replacer) improved the survival of beta cells by inhibiting Hpse-mediated 

HS degradation as well as by restoring beta cell HS (Ziolkowski et al., 2012). Together 

these findings highlight the clinical relevance of Hpse-mediated loss of HS to beta cell 

demise in T1D. However, the potential also exists for other mechanisms such as ROS-

mediated depolymerisation and possibly ER stress to also contribute to the loss of beta 

cell HS in T1D disease. 
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1.16 Scope of the thesis 

Recently, a ground-breaking study in the Simeonovic lab demonstrated that islet beta cells 

require the complex sugar heparan sulfate (HS) for their survival (Ziolkowski et al., 2012). 

In addition, Choong et al. demonstrated that heparan sulfate proteoglycan (HSPG) core 

proteins i.e., collagen type XVIII, syndecan-1 and CD44 were localised inside islet beta 

cells in situ (Choong et al., 2015). These HSPG core proteins undergo folding and 

maturation in the ER and HS chains are assembled on the core proteins in the Golgi 

apparatus (Esko and Lindahl, 2001). The presence of HSPG core proteins in beta cells 

supports the unique intracellular localisation of HS in islet beta cells because HS chains 

cannot be synthesised in the absence of HSPG core proteins. Collectively, these studies 

demonstrated that islet beta cells express high levels of intracellular HS and HSPG core 

proteins. Ziolkowski et al. (2012) showed that islet beta cells lose intracellular HS during 

the islet isolation process. Moreover, isolated HS-deficient beta cells were rescued from 

dying in culture and from ROS-induced damage by treatment with HS mimetics i.e., via 

HS replacement (Ziolkowski et al., 2012). These in vitro studies underpinned the 

observation in NOD mice (in vivo) that heparanase-mediated loss of beta cell HS 

contributes to beta cell death during the development of T1D (Ziolkowski et al., 2012). 

 

Type 2 diabetes (T2D) is a metabolic syndrome disease which is characterised by insulin 

resistance, hyperglycaemia, lipidaemia and chronic low-grade inflammation of adipose 

tissue and pancreatic islets. Insulin resistance in T2D induces endoplasmic reticulum (ER) 

stress which results in defective protein maturation, oxidative stress and beta cell failure 

(Özcan et al., 2006, Laybutt et al., 2007, Hasnain et al., 2012, Eizirik et al., 2008, Schroder 

and Kaufman, 2005, Scheuner and Kaufman, 2008, Robertson et al., 2004, Ogihara and 

Mirmira, 2010, Malhotra et al., 2008, Malhotra and Kaufman, 2007, Hasnain et al., 2016). 

Since ER stress plays an important role in the pathogenesis of T2D, we hypothesised that 

ER stress in beta cells could also impair the production of HSPG core proteins, like the 

proteoglycan aggrecan (Domowicz et al., 2000), and subsequent HS synthesis.  

 

This project studied the development of T2D in db/db mice to test the following 

hypotheses: (i) the depletion of intracellular HSPG core proteins due to ER stress-induced 

impaired synthesis, results in HS loss and beta cell failure/death; (ii) HS replacement 

rescues T2D beta cells from dying in vitro and (iii) the progressive loss of beta cell 
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function in db/db mice could be alleviated by relieving ER stress or restoring intracellular 

HS. This project explores whether loss of beta cell HS represents a common molecular 

signature for both T2D and T1D.  

 

Aims of the project were to: 

(1) Determine the expression of HSPG core proteins and HS in mouse islets of T2D-

prone obese male and female db/db mice up to 20 weeks of age, compared to lean 

heterozygous and wildtype controls; 

(2) Examine the levels of HSPG core proteins and HS expression in Akita Ins2WT/C96Y 

mice (another model of ER stress-induced diabetes) compared to wildtype Ins2WT/WT 

mice; 

(3) Investigate the relationship between ER stress and the UPR to levels of HSPG core 

proteins, HS and intracellular Hpse in beta cells during T2D development; 

(4) Ascertain whether the viability and/or function of T2D beta cells in vitro can be 

rescued by HS replacement; 

(5) Establish whether HS replacement or relief from ER stress protects beta cell function 

in db/db mice in vivo; 

(6) Investigate the relationship between heparanase expression by inflammatory 

leukocytes in the white adipose tissue (WAT) of db/db mice and T2D development. 
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2.1 Animals  

Wildtype (C57BL/KsJ; +/+), heterozygous (db/+) and homozygous db/db mice; 

heterozygous Akita (Ins2WT/C96Y) and wildtype (Ins2WT/WT) mice; and BALB/c mice were 

obtained from the Australian Phenomics Facility (APF), The John Curtin School of 

Medical Research (JCSMR), The Australian National University (ANU). Highly trained 

animal technicians at the APF were responsible for the general maintenance of the mice. 

All procedures and experiments were approved by the ANU Animal Ethics Committee 

and were covered under protocols A2014/51 and A2017/56. 

 

2.1.1 db/db mice 

The diabetes (db) mutation in the leptin receptor gene (Lepr) was identified as a recessive 

mutation on chromosome 4 of the C57BL/KsJ inbred mouse strain in 1966 (Hummel et 

al., 1966). The mice used in this project were from the BKS.Cg-Dock7m +/+ Leprdb/J 

congenic strain (Chen et al., 1996). Leprdb mice which carry a homozygous mutation are 

commonly known as db/db mice. Db/db mice have a homozygous point mutation (G→T) 

in the leptin receptor (Lepr) genomic sequence in exon 19 (Chen et al., 1996). The 

mutation leads to defective signal transduction, resulting in hyperphagia, obesity, 

hyperinsulineamia, insulin resistance and hyperglycaemia (Kobayashi et al., 2000). The 

misty gene (Dock7m; a recessive coat colour mutation) was incorporated close to the Lepr 

locus on chromosome 4 to distinguish between wildtype and heterozygous mice (Yaguchi 

et al., 2005, Coleman and Hummel, 1975). The misty gene shows misty (grey) coat colour 

for lean wildtype mice; black coat colour for lean heterozygous mice; and black coat 

colour for obese mutant db/db mice (Yaguchi et al., 2005, Jung et al., 2016). Db/db mice 

develop beta cell failure and type 2 diabetes (T2D). Male and female wildtype 

(C57BL/KsJ; wt; +/+), heterozygous (het; db/+) and db/db mice were used at 3-20 weeks 

of age for monitoring T2D development, pancreas harvest, islet isolation or in vitro 

treatment. 

 

2.1.2 Akita (Ins2WT/C96Y, Ins2WT/WT) mice 

Akita (Ins2WT/C96Y and Ins2C96Y/C96Y) mice have a C57BL/NJcl background and carry a 

spontaneous point mutation in the Ins2 gene where a cysteine residue is replaced by 

tyrosine (C96Y) (Wang et al., 1999). The mutation prevents the formation of an 
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intramolecular disulfide bond between insulin A and insulin B chains which results in 

misfolding and the accumulation of proinsulin in the ER of pancreatic beta cells, ER stress 

and ultimately beta cell death (Oyadomari et al., 2002b, Izumi et al., 2003, Wang et al., 

1999). Homozygous Ins2C96Y/C96Y and heterozygous Ins2WT/C96Y Akita mice develop 

hypoinsulinemia, hyperglycaemia, polydipsia and polyuria. Homozygous Ins2C96Y/C96Y 

mice are severely hyperglycaemic by 3 weeks of age and rarely survive beyond 8-12 

weeks of age (Schoeller et al., 2014). Both homozygous and heterozygous Akita 

(Ins2WT/C96Y and Ins2C96Y/C96Y) mice develop loss of beta cell function, reduction in beta 

cell mass and overt hyperglycaemia by 4 weeks of age. The Akita (Ins2WT/C96Y and 

Ins2C96Y/C96Y) mouse model is an established model of ER stress-mediated diabetes. 

Diabetes in Ins2WT/C96Y and Ins2C96Y/C96Y Akita mice resembles monogenic diabetes in 

humans e.g., maturity-onset diabetes of young (MODY); Ins2WT/C96Y and Ins2C96Y/C96Y 

mice exhibit no insulitis or lymphocyte infiltration in the pancreas (Yoshioka et al., 1997). 

The Ins2WT/C96Y mouse breeding colony was maintained as Ins2WT/C96Y mice x C57BL/6 

at APF, ANU. Male and female wildtype (Ins2WT/WT) and heterozygous (Ins2WT/C96Y) 

mice were used at 4, 5, 6 and 9 weeks of age for pancreas harvest or islet isolation (see 

Section 2.3).  

 

2.1.3 BALB/c mice 

The BALB/c mouse strain is an albino inbred strain. BALB/c mice were obtained from 

APF, JCSMR, ANU. Female BALB/c mice (10-15 weeks of age) were used for islet 

isolation (see Section 2.3). Isolated BALB/c islets were cultured with 5 µM thapsigargin 

(ER stress inducer) for 3 days (see Section 2.3.1) and intracellular HSPG core proteins/HS 

and Hpse expression was analysed by flow cytometry on day 3 (see Section 2.8).  

 

 

2.2 Metabolic studies 

2.2.1 Body weight and blood glucose measurements 

Body weight (Bw) of mice was measured using a digital balance (Mettler Toledo). For 

blood glucose (Bg) measurements, a drop of blood from the tail vein was analysed using 

a glucometer (Accu-Chek Go; Roche diagnostics) according to the manufacturer’s 

instruction. Db/db mice were categorised into three groups based on their non-fasting 
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blood glucose levels i.e., Bg<10 mmol/L, Bg=10-15 mmol/L and Bg>15 mmol/L. The 

normal range for blood glucose levels, based on control mice, was determined by mean ± 

2 S.D (standard deviation). 

 

2.2.2 Intraperitoneal glucose tolerance test (ipGTT) 

The glucose tolerance test (GTT) measures the clearance of a glucose load from the body 

and is used to identify impaired glucose tolerance (Andrikopoulos et al., 2008). Wt and 

db/db mice at 5-9 weeks of age were weighed and bled before fasting for 6 hours. After 

fasting, mice were injected intraperitoneally (i.p.) with glucose (2 g glucose/kg) and the 

blood glucose levels were measured over two hours at 0 (before glucose injection), 15, 

30, 60, 90 and 120 mins. In parallel, 10 µl blood was collected from the tail vein using a 

microcap capillary (Drummond Scientific Co., Broomall, Pa, USA) into a microfuge tube 

containing 2 µl citrate buffer (see Appendix 1.1) to prevent blood coagulation and clot 

formation. The collected blood was immediately centrifuged at 2000-3000 x g for 15 mins 

to separate plasma. The plasma samples were stored at -20°C for measurement of plasma 

insulin by enzyme-linked immunosorbent assay (ELISA). The glucose dose was reduced 

to 0.5 g glucose/kg for obese adult female and male db/db mice to obtain fasting blood 

glucose levels within limits of sensitivity for the glucometer. The area under the curve 

(AUC) for the blood glucose plots was calculated using the trapezoid method (Purves, 

1992, Andrikopoulos et al., 2008) from time 0 to 120 mins using GraphPad Prism 5 

(version 5.04) software. 

 

2.2.3 HbA1c 

HbA1c levels in a drop of tail vein blood were measured using a HemoCue HbA1c 501 

Analyzer, according to the manufacturer’s instructions. 

 

2.2.4 Insulin ELISA 

Plasma insulin was measured using a commercial enzyme-linked immunosorbent assay 

(ELISA; EMD Millipore Corporation, #EZRMI-13K). The reagents were pre-warmed to 

room temperature and the wells of the microtiter plate were washed 3 times with diluted 

wash buffer (300 µl/well). Assay buffer (10 µl) was added to each well; duplicates were 

set up for blank, standard and sample wells. 10 µl matrix solution was then added to each 

well. For the standard wells, 10 µl rat insulin standard were added per well in ascending 
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concentration (0.2-10 ng/mL). The plasma samples were diluted (1/5) with matrix 

solution (10 µl) and added to sample wells. The wells were incubated with detection 

antibody (80 µl) for 2 hrs on an orbital microtitre plate shaker (#45000, Lomb Scientific 

Pty Ltd Australia) at 400-500 rpm. After 2 hrs, the solution was decanted, and the plates 

were washed 3 times with wash buffer (300 µl). The enzyme solution (100 µl) was added 

to each well and incubated for 30 mins at room temperature with continual agitation using 

the plate shaker at 400-500 rpm. The supernatant was decanted, and the wells were 

washed 6 times with wash buffer. The substrate solution (100 µl) was added to each well 

and incubated for 15 mins at room temperature with agitation (plate shaker, 400-500 rpm). 

Stop solution (100 µl/well) was added to terminate further colour development from blue 

to yellow. The absorbance was recorded at 450 nm (measurement wavelength) and 590 

nm (reference wavelength) using a plate reader (Infinite 200Pro, Tecan i-control serial 

number: 1207004543). The reference wavelength absorbance was subtracted from the 

measurement wavelength absorbance; a standard curve was constructed and values for 

unknown samples were interpolated from the graph. The plasma insulin levels (ng/mL) 

were then adjusted to account for the dilution factor used to prepare the samples for 

analysis. 

 

2.2.5 Free fatty acids  

The non-esterified fatty acid (NEFA) C kit (acyl-coenzyme A-synthetase (ACS) - acyl-

coenzyme A oxidase (ACOD) method, cat. # 279-75401, Wako diagnostics, Mountain 

view, CA, USA) was used to quantify the non-esterified free fatty acids in mouse plasma. 

For the assay, reagents A and B were dissolved in solvent A and B, respectively (see 

Appendix 1.1); all the reagents were kept on ice. Plasma samples were diluted (1/2) in 

Milli-Q water. The Milli-Q water blank (no sample), standards and samples (2.5 µl each) 

were loaded into a 96 well plate (#650180, CellStar, Greiner Bio-one, Kremsmünster, 

Austria) in duplicates. Reagent A (50 µl) was added to the wells using a Multipette Plus 

(Eppendorf, Sigma-Aldrich, St. Louis, MO, USA) and incubated for 10 mins at 37ºC. 

Reagent B (100 µl) was then added to each well and incubated for 10 mins at 37ºC. The 

plate was allowed to cool for 5 mins. The absorbance was read using a plate reader 

(FLUOstar OPTIMA #413-2046, BMG Labtech, Mornington, VIC, Australia) at 550 nm 

wavelength. The background (blank) absorbance was subtracted from the readings and a 

standard curve was plotted. The concentration of free fatty acids in unknown samples was 
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interpolated from the standard curve and adjusted for the dilution factor used to prepare 

the samples for analysis. 

 

 

2.3 Islet isolation from mouse pancreas 

Pancreatic islets were isolated as previously described (Ziolkowski et al., 2012). Donor 

mice were anaesthetised using i.p. avertin (0.4 ml- 0.6 ml/mouse; see Appendix 1.2). The 

abdominal region was sterilised using 80% ethanol and an incision was made in the skin 

to reveal the underlying muscle layer. An incision in the muscle layer, below the sternum 

and rib cage was used to expose the visceral organs. The mouse was sacrificed by 

exsanguination of the thoracic aorta. The liver was flipped back over the thorax and 

secured with sterile gauze, pre-soaked in wash medium A (see Appendix 1.2), exposing 

the upper abdominal region. The distal end of the common bile duct at the duodenal entry 

was located using a dissecting microscope (Model SDZ-P, Kyowa Optical, Tokyo, Japan) 

and clamped using artery forceps. A small incision was made in the proximal part of the 

common bile duct adjacent to the liver; collagenase P (see Appendix 1.2) solution was 

then slowly injected using a 30.5-gauge needle (Beckton Dickinson & Co, Franklin 

Lakes, NJ, USA) attached to a 3 ml syringe (Terumo Medical Corporation, Somerset, NJ, 

USA). The inflated pancreas was then transferred to a vial containing additional 

collagenase P solution (2 ml) and digested for 15 mins in a 37°C water bath (Labmaster). 

The pancreas digest was then hand-shaken 15-20 x over 20 seconds and then lightly 

vortexed. The enzymatic activity was terminated by dilution of the digest with 15 ml of 

medium A; the digest was then placed on ice for 5 mins. The medium (supernatant) was 

removed using a siliconised pasteur pipette without disturbing the sedimented, digested 

pancreas tissue. The digested tissue was then washed with 5 ml of medium A and placed 

on ice for 5 mins. The medium was then removed, and the digest was washed with 

approximately 2 ml of medium B (see Appendix 1.2) for 3 mins on ice. The digested 

tissue was resuspended in 2 ml of medium B and transferred into a sterile 10 cm glass 

petri dish for handpicking of the islets (Figure 2.1). For wildtype Ins2WT/WT and 

heterozygous Ins2WT/C96Y Akita pancreas tissue, the digested tissue was resuspended in 3 

ml of dithizone solution (see Appendix 1.2) for 3 minutes to stain and identify the islets. 

Dithizone is a zinc-chelating agent which selectively stains insulin granules (Latif et al., 

1988, Baskin, 2015, Kim and Jun, 2017), making the islets appear pink-red in colour. The  
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Figure 2.1: Islet isolation for experimental use. 

Islets are isolated from mouse pancreases by digestion with collagenase P to separate 

islets from the pancreatic acinar tissue. The islets were hand-picked in a petri-dish and 

transferred to tubes. The islets were collected into 1.5 ml microfuge tubes, snap frozen in 

liquid nitrogen and stored at -80°C for RNA extraction, reverse transcription and analysis 

of gene expression by TaqMan qPCR (see Section 2.6.4). Alternatively, the islets were 

collected into a 15 ml tube and dispersed into a single cell suspension using Accutase (see 

Section 2.3.2). Primary isolated beta cells were used for culture and flow cytometry 

analysis (see Section 2.8). For some studies, whole islets were cultured with thapsigargin 

(see Section 2.3.1) for flow cytometry analysis intracellular levels of HSPG core proteins, 

HS and heparanase (Hpse) in beta cells (see Section 2.8). 
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islets were then hand-picked under a dissecting microscope, using a tapered Pasteur 

pipette attached to a 5 ml syringe via a rubber tube (Figure 2.1).  

 

2.3.1 Treatment of isolated BALB/c islets with thapsigargin 

Islets were isolated from BALB/c pancreas and transferred to a 96 well flat bottom plate 

(#142010, Thermo Fischer Scientific, Roskilde, Denmark) 10 islets/well, 12-15 

wells/treatment. The islets were cultured in beta cell medium (see Section 2.4.1; Figure 

2.1; Appendix 1.2) overnight at 37°C in a humidified gas phase of 5% CO2/95% air. The 

pharmacological ER stress agent, thapsigargin (1 mM in DMSO) was diluted to 5 µM in 

serum-free 6 mM glucose DMEM (Invitrogen #11885; see Appendix 1.3).  

 

The medium was removed from the over-night cultured islets and the islets were 

resuspended in 6 mM glucose/5 µM thapsigargin, 100 µl/well. The islets were cultured 

for a further 3 days at 37°C in 5% CO2/95% air. The treated islets were then dispersed 

into primary beta cells (see Section 2.3.2). Thapsigargin-induced ER stress changes in the 

intracellular expression of HSPG core proteins, HS and Hpse were assessed by flow 

cytometry (see Section 2.8). 

 

2.3.2 Dispersion of islets into primary beta cells 

Isolated islets (~2 ml) were transferred into a 15 ml tube (Falcon, Corning Inc., One 

Riverfront plaza, NY, USA; Figure 2.1). PBS/EDTA solution (see Appendix 1.2) was 

added to 15 ml tube and centrifuged at 249 x g for 2 mins at room temperature. The 

supernatant was removed using a sterile glass pasteur pipette and the islets were again 

resuspended in PBS/EDTA. The islets were centrifuged at 249 x g for 2 mins and the 

supernatant was removed. A single cell suspension was obtained by incubating the islets 

with Accutase (250 µl/500 islets/microfuge tube; Milllipore, Temecula, CA, USA) in a 

37°C water bath for 10 mins. The islets were resuspended with gentle swirling every 4 

mins (Ichii et al., 2005). The islets were then dissociated by pipetting up and down for 

10-15 x using a 1 ml adjustable pipette. The enzymatic activity was terminated by dilution 

with beta cell culture medium (see Appendix 1.2) and the cells were centrifuged at 249 x 

g for 5 mins. The supernatant was decanted and the islet cells were resuspended in beta 

cell culture medium (500 µl/500 islet equivalent). The live cells were counted by trypan 
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blue exclusion (see Section 2.4.3) and transferred to a 96 well plate for staining and 

analysis by flow cytometry (see Sections 2.8 and 2.9). 

 

 

2.4 Cell culture 

2.4.1 Culture of primary beta cells 

Primary beta cells were cultured in RPMI 1640 (Sigma-Aldrich, St. Louis, MO, USA) 

supplemented with 10% heat-inactivated fetal calf serum (HIFCS), L-glutamine and 

antibiotics (see beta cell medium, Appendix 1.2).  

 

2.4.2 MIN6 cells 

The MIN6 cell line is derived from a C57BL/6 mouse insulinoma induced by targeted 

expression of the simian virus 40 T antigen gene (Miyazaki et al., 1990). MIN6 cells 

exhibit properties of pancreatic beta cells including the production of insulin in response 

to glucose, glucose transport and metabolism (Ishihara et al., 1993, Miyazaki et al., 1990) 

as well as susceptibility to ER stressors (Laybutt et al., 2007, Chen et al., 2013, Chan et 

al., 2012). 

 

2.4.2.1 Maintenance of MIN6 cells in 25 mM glucose-DMEM 

MIN6 beta cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 

high glucose (GIBCO-Invitrogen #11995). The DMEM high glucose medium was 

supplemented with 10% heat-inactivated fetal calf serum (HIFCS), 15 mM HEPES 

(GIBCO-Invitrogen #15630080) and Penicillin/Steptomycin/Neomycin (PSN) antibiotics 

(see Appendix 1.3). The cells were maintained in T75 flasks (Nunc, Denmark) at 37°C in 

5% CO2/ 95% air in a humidified incubator. For sub-culturing, MIN6 cells were harvested 

at 70-80% confluence (approximately every 3-4 days) using trypsin (0.5 g/L; Sigma-

Aldrich, St. Louis, MO, USA). The cells were collected into a 50 ml tube (Falcon, 

#352070, Corning Science Mexico, Reynosa, Tamaulipas, Mexico) and centrifuged at 

389 x g for 3 mins (Heraeus Megafuge 1.0R, Kendro Laboratories, Hamburg, Germany). 

The supernatant was discarded and the pellet was resuspended in 3 ml of 25 mM 

glucose/DMEM medium. 1 ml of resuspended cells were transferred to a T75 flask 
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containing 20 ml of culture medium. In the context of MIN6 cells, 25 mM 

glucose/DMEM medium is abbreviated to 25 mM glucose. 

 

2.4.2.2 Maintenance of MIN6 cells in 6 mM glucose-DMEM 

For some experiments, MIN6 cells were cultured in a sub-stimulatory glucose 

concentration i.e., 6 mM glucose to simulate resting conditions and to minimise insulin 

secretion. The low glucose DMEM (Invitrogen, Cat. #11885) was supplemented with 10% 

HIFCS, 15 mM HEPES and antibiotics (see Appendix 1.3). For MIN6 studies, 6 mM 

glucose/DMEM medium is abbreviated to 6 mM glucose. 

 

2.4.2.3 Subculture and harvest of MIN6 cells  

The culture medium was decanted, and the adherent cells were washed with PBS to 

remove residual medium. The adherent cells were then treated with trypsin (0.5 g/L; 

Sigma-Aldrich, St. Louis, MO, USA; see Appendix 1.4) for 3 mins at 37°C. The flask 

was gently tapped to detach the adherent cells and 10 ml of PBS was added to terminate 

the trypsinisation. For each T75 flask, the total cell suspension was collected into a 50 ml 

tube (Falcon, #352070, Corning Science Mexico, Reynosa, Tamaulipas, Mexico) and 

centrifuged at 389 x g for 3 mins (Heraeus Megafuge 1.0R, Kendro Laboratories, 

Hamburg, Germany). The supernatant was decanted, and the pellet was resuspended by 

flicking the tube. For subsequent culture or treatment, 3 ml of fresh culture medium was 

added to resuspend the cells. The cell density was determined using a haemocytometer 

(American Optical Co., Buffalo, NY, USA) and trypan blue exclusion to identify live 

MIN6 cells. 

 

2.4.3 Trypan blue exclusion for determining the density of live cells 

Trypan blue is a dye which selectively stains dead cells. 10 µl cell suspension (MIN6 

cells or primary beta cells) was added to 90 µl of 0.2% trypan blue solution and mixed 

(see Appendix 1.5). 10 µl of the stained cells was loaded into a haemocytometer and 

examined under a light microscope for counting. The number of viable cells (non-blue 

cells) were counted in the four corner grids and the mean cell number was calculated. The 

cell density was then calculated using the formula: mean cell count x 104 x 10 (dilution 

factor). 
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2.5 Treatment and analysis of MIN6 cells 

2.5.1 Induction of ER stress in MIN6 cells  

MIN6 cells were harvested, the cells were resuspended in 25 mM glucose (1 ml) and the 

cell density was assessed by trypan blue exclusion. 3 x 105 cells were transferred to 

individual wells of a 24-well plate (#3524, Costar, Corning Incorporated corning, NY, 

USA), 3 x 105 cells/1 ml/well. The cells were cultured overnight at 37°C in 5% CO2/95% 

air. The pharmacological ER stress agents, thapsigargin and tunicamycin, and a 

physiological ER stress inducer, palmitate, were used in this study to induce ER stress in 

MIN6 cells.  

 

2.5.1.1 Thapsigargin 

50 nM thapsigargin was prepared by a 2-step dilution of a stock concentration of 

thapsigargin (1 mM in DMSO); 1 mM thapsigargin was diluted 1/200 in serum-free 6 

mM glucose DMEM (Invitrogen #11885) followed by a 1/100 dilution (see Appendix 

1.6).  

 

2.5.1.2 Tunicamycin 

2 μM tunicamycin was prepared by diluting a stock concentration of 6 mM tunicamycin 

(in DMSO); 1/100 in serum-free 6 mM glucose DMEM (Invitrogen #11885) followed by 

a 1/30 dilution (see Appendix 1.6).  

 

2.5.1.3 Palmitate 

Palmitate (8 mM) coupled with bovine serum albumin (BSA) was provided by Prof. 

Trevor Biden (The Garvan Institute of Medical Research, Sydney). Palmitate is a free 

fatty acid which is insoluble in aqueous solution; BSA is therefore used as a carrier. 0.4 

mM palmitate/BSA was prepared by diluting (1/20) 8 mM palmitate in 6 mM glucose 

medium (see Appendix 1.6). This medium is referred to as 6 mM glucose + 0.4 mM 

palmitate in this thesis. In addition, BSA was diluted (1/20) in 6 mM glucose as a control 

and is referred to as 6 mM glucose + BSA. 
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2.5.2 Treatment with pharmacological ER stress agents 

Thapsigargin and tunicamycin were prepared in 6 mM glucose medium, as previously 

described (see Section 2.5.1). The medium from MIN6 cells cultured overnight in a 24-

well plate (see Section 2.5.1) was removed and the cells were then cultured in 25 mM 

glucose, 6 mM glucose, 50 nM thapsigargin or 2 M tunicamycin (see Sections 2.5.1.1 

and 2.5.1.2), 1 ml/well. Thapsigargin or tunicamycin-induced ER stress in the MIN6 cells 

was assessed after 20-24 hrs by qRT-PCR. Alternatively, the expression of HSPG core 

proteins, HS and Hpse as well as cell death were assessed by flow cytometry (see Sections 

2.5.5.2 and 2.8). 

 

2.5.3 Treatment with physiological ER stress agent 

Palmitate/BSA and BSA were prepared in 6 mM glucose medium, as previously 

described (see Section 2.5.1.3). The culture medium from MIN6 cells cultured overnight 

in a 24-well plate (see Section 2.5.1) was removed from the wells and the cells were then 

cultured in 25 mM glucose, 6 mM glucose + BSA or 6 mM glucose + 0.4 mM 

palmitate/BSA, 0.5 ml/well. Palmitate-induced ER stress in MIN6 cells was assessed after 

20-24 hrs by qRT-PCR. Alternatively, the expression of HSPG core proteins, HS and 

Hpse and cell death was assessed by flow cytometry (see Sections 2.5.5.2 and 2.8). 

 

2.5.4 Harvest of treated MIN6 cells 

Using a glass pipette, the culture medium from triplicate wells of a 24-well plate was 

transferred to a 15 ml tube (#352096, Corning Science Mexico, Reynosa, Tamaulipas, 

Mexico)). Each well was washed with PBS and the wash was transferred to the respective 

tubes. Diluted trypsin (see Appendix 1.4) was added to each well (0.5 ml/well) and 

incubated for 3 mins at 37°C, for cell detachment from the well floor. The plate was gently 

tapped to loosen the cells and PBS (0.5 ml/well) was added to terminate the trypsin 

treatment. The content of each well was mixed and transferred to the corresponding 15 

ml tube using a glass pipette. The tubes were centrifuged at 693 x g for 3 mins and the 

supernatant was discarded. For RNA extraction, each cell pellet was resuspended in PBS 

(2 ml) and centrifuged at 693 x g for 3 mins. The supernatant was decanted and the pellet 

was resuspended in 100 μl RNA later (Qiagen #1017980) for stabilisation of the RNA. 

The cells were transferred to a 1.5 ml microfuge tube and stored overnight at 4°C. 
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Alternatively, for flow cytometry, the cell pellet was resuspended in 2 ml of 25 mM 

glucose and the cells were transferred to a 96 well plate for staining (see Section 2.8). 

 

2.5.5 Analysis of MIN6 cells 

2.5.5.1 Flow cytometry analysis of MIN6 cells treated with ER stress agents 

MIN6 cells treated with physiological or pharmacological ER stress agents (see Sections 

2.5.2 and 2.5.3) were analysed after 1-5 days of treatment. Cell death and intracellular 

HSPG core proteins, HS and Hpse were analysed by flow cytometry (see Sections 2.5.5.2, 

2.5.5.3 and 2.8.2). 

 

2.5.5.2 Detection of cell death by flow cytometry 

Cell death was detected by flow cytometry using 7-Aminoactinomycin D (7AAD; 

Invitrogen). 7AAD is a fluorescent derivative of actinomycin D and is a DNA binding 

dye that selectively binds to GC regions in DNA (Nadine et al, 2012). 7AAD is a cell 

impermeable dye that is used to identify apoptotic and late apoptotic/dead cells by flow 

cytometry. 

 

7AAD was diluted to 10 µg/ml in PBS (see Appendix 1.15). 0.5-2 x 105 cells/well were 

plated in individual wells of a 96-well plate (CellStar, #650180, Greiner bio-one, 

Frickenhausen, Germany). The cells were centrifuged at 693 x g for 3 mins and the 

supernatant was removed. The unstained cells (controls for background staining) were 

treated with 100 μl PBS; and the remaining cells were stained with 100 μl 7AAD /well 

(1/100 dilution). The plate was incubated for 15 mins at 37°C in 5% CO2/95% air. The 

cells were then washed with 100 μl PBS, centrifuged at 693 x g for 3 mins and 

resuspended in 100 μl PBS/well for flow cytometry analysis. The samples were run on a 

BD LSR Fortessa flow cytometer using FL-1 and FL-3 channels. Flow Jo software 

(version 10.0.7, TreeStar Inc., Ashland, OR, USA) was used to detect the % 7AAD+ 

MIN6 cells in the total population using dot plots (see Section 2.5.5.3; Figure 2.2).  

 

2.5.5.3 Flow cytometry data analysis  

The percentage of 7AAD+ cells were determined from dot plots using FlowJo Software 

(Figure 2.2). Viable MIN6 cells were gated on the basis of forward scatter (FSC) and 

side scatter (SSC) properties and the dead cells were excluded from the analysis. The  



Chapter 2: Materials and Methods 

90 

 

 

 

 

 

 

 

Figure 2.2: Gating strategy for quantifying damaged/dead (7AAD+) MIN6 cells.   

(a) Representative dot plot shows forward scatter (FSC) and side scatter (SSC) properties 

used to identify the viable MIN6 population and to exclude dead cells from the analysis. 

(b) Single cells were gated based on the SSC-W and SSC-H; (c) FSC-H and FSC-A were 

used to exclude doublets in the population. (d) The dot plot shows 7AAD fluorescence 

on y-axis and an empty channel on x-axis. The internal black rectangle was generated 

using unstained cells as negatively stained population (d). In this example, 15.2% MIN6 

cells were 7AAD+ (e). SSC-A, side scatter area; FSC-A, forward scatter area; SSC-W, 

side scatter width; SSC-H, side scatter height; FSC-H, forward scatter height; FSC-A, 

forward scatter area. 
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single cells were gated based on the side scatter width (SSC-W) and side scatter height 

(SSC-H); forward scatter height (FSC-H) and forward scatter area (FSC-A) properties 

were used to exclude doublets in the population. The 7AAD staining was represented on 

the y-axis and an empty channel on the x-axis (Figure 2.2). Positive staining was 

determined using autofluorescence of unstained cells as the negatively stained population 

(see gating strategy in Figure 2.2). The same strategy was applied for the control MIN6 

cells and MIN6 cells treated with ER stressors. 

 

The geometric mean fluorescence intensity (GMFI) of intracellular staining for HSPG 

core proteins, HS and Hpse was determined by flow cytometry and analysis of histograms 

using FlowJo software (see Section 2.8). 

 

 

2.6 Quantitative real-time polymerase chain reaction 

Following RNA extraction from isolated islets and MIN6 cells (see Section 2.6.2), two-

step RT-PCR was performed where reverse transcription to cDNA and TaqMan real time 

PCR were carried out as separate steps. TaqMan real time PCR is a method used to 

quantify mRNA expression (Figure 2.3). This method uses a probe containing a reporter 

fluorescent dye at the 5’ end and a non-fluorescent quencher at the 3’ end. The close 

proximity of quencher to the reporter dye reduces the fluorescence emitted by the reporter 

dye (Arya et al., 2005). When the target sequence is present, the probe is cleaved during 

the extension of the PCR and the non-fluorescent quencher dye is separated from the 

fluorescent reporter dye resulting in increased fluorescence (Figure 2.3). The increase in 

fluorescence intensity is proportional to the amount of PCR product formed. Validated 

TaqMan gene expression primer/probe sets (Applied Biosystems, Foster City, CA, USA; 

see Appendix 1.7) were used to determine the level of expression of genes of interest in 

test samples, compared to corresponding controls. 

 

2.6.1 Preparation of tissues for RNA extraction 

2.6.1.1 Isolated islets 

Hand-picked freshly isolated islets were transferred to a 1.5 ml microfuge tube and placed 

on ice for 5-10 mins (Figure 2.1). The supernatant was removed from the tube and the 

islets were frozen in liquid nitrogen for 5 mins. The islets were stored at -80°C for  
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Figure 2.3: TaqMan Real Time-Polymerase chain reaction (PCR). 

In TaqMan PCR, a probe (complementary nucleotide sequence to the genes of interest) 

contains a reporter fluorophore (F) at the 5’ end of the probe and a quencher (Q) at the 3’ 

end. The probe binds to the target sequence in the cDNA. After denaturation of the cDNA, 

the primer and probe hybridise to a single cDNA strand. During the extension phase, the 

5’ nuclease activity of Taq polymerase cleaves the probe causing separation of fluorescent 

reporter dye and non-fluorescent quencher dye, resulting in emission of fluorescence. The 

increase in fluorescence intensity is proportional to the amount of PCR product formed. 

Adapted from (Arya et al., 2005)  
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subsequent RNA extraction. 

 

2.6.1.2 Mouse kidney tissue 

Wildtype (+/+) mouse kidney was excised and segment of kidney tissue (~2-4 mm3) were 

frozen in liquid nitrogen for 5 mins. The sample was stored at -80°C for subsequent RNA 

extraction. 

 

2.6.2 RNA extraction from isolated islets, MIN6 cells and mouse kidney 

The extraction of RNA from isolated islets and MIN6 cells (see Sections 2.5.4 and 2.6.1.1) 

was performed using the RNeasy Mini Kit (Qiagen #74124). Frozen pellet of islets and 

MIN6 cells were dislodged by flicking the tube. The cells were lysed by resuspending the 

pellet in RLT buffer (Qiagen #1015750). The lysed cells were mixed with 70% ethanol 

to aid binding of RNA to the RNeasy column. Each sample was transferred to an RNeasy 

spin column fitted with a 2 ml collection tube and centrifuged at 8000 x g for 15 secs ((# 

540709361, Eppendorf, Netheier, Hamburg, Germany). The sample was washed with 

buffer RW1 and RPE to remove contaminating non-RNA. The sample was again washed 

with RPE buffer and then centrifuged at 8000 x g for 2 mins to evaporate residual ethanol. 

The RNA was eluted from RNA-bound columns by the addition of 10-30 μl RNase free 

water followed by centrifugation at 8000 x g for 1 min. The purity and concentration of 

the RNA was measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop 

Technologies, Wilmington, DE, USA). The purity of RNA was determined by the ratio 

of absorbance at 260 nm/280 nm (ratio=1.8-2.1 for optimal purity). The RNA samples 

were then stored at -80°C. 

 

Prior to RNA extraction of mouse kidney tissue, homogenising tubes (2 ml; Wheaton, 

DWK Life Sciences, Millville, NJ, USA) and pestles were pre-soaked in 10% H2O2/ 

diethylpyrocarbonate (DEPC) water overnight to remove RNases (see Appendix 1.7). The 

H2O2/DEPC water was removed from the homogenising tubes and RLT buffer containing 

beta-mercaptoethanol (1/100 dilution) was prepared to denature RNases. The 

tubes/pestles were then washed 3 x with DEPC water. Kidney tissue was added to the 

homogenising tube followed by addition of RLT buffer (600 µl); the tissue was 

homogenised manually for 1 minute. The supernatant was transferred to a microfuge tube 

and the lysate was centrifuged for 3 minutes at 8000 x g (# 540709361, Eppendorf, 
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Netheier, Hamburg, Germany). Similar to RNA extraction from islets and MIN6 beta 

cells, the pellet was resuspended in 70% ethanol and transferred to an RNeasy spin 

column fitted with a 2 ml collection tube. The sample was centrifuged at 8000 x g for 15 

secs followed by washing with buffer RW1 and RPE buffer to remove non-RNA 

contaminants. The sample was again washed with RPE buffer and then centrifuged at 

8000 x g for 2 mins to evaporate residual ethanol.  RNase-free water (20 μl) was added 

to each column followed by centrifugation at 8000 x g for 1 min to elute the RNA. The 

purity and concentration of RNA was measured using a NanoDrop ND-1000 

spectrophotometer (NanoDrop Technologies, Wilmington, DE).  The purity of RNA was 

determined by the ratio of absorbance at 260 nm/280 nm (optimal ratio=1.8-2.1). The 

RNA samples were stored at -80°C. 

 

2.6.3 Reverse Transcription 

Total RNA (1-4 µg) was reverse transcribed in a 20 µl reaction mixture. The RNA was 

made up to a final volume of 11.5 µl by the addition of sterile Milli-Q water. The reaction 

mixture containing 1 µl of oligo dT (Cat. # 58862, Invitrogen Carlsbad, CA, USA) and 

0.5 µl of dNTPs (Cat. # U1240, Promega, Madison, WI, USA) were added to the RNA 

sample. The samples were heated to 65°C for 5 mins for linearlisation, incubated for 2 

mins on ice and then quickly spun in a microcentrifuge (Eppendorf #5417R F45-30-11) 

for ~20 secs. The RT mix (7 µl/tube; see Appendix 1.7) containing 5x first strand buffer 

(#18080093, Invitrogen, Carlsbad, CA, USA), 0.1 M dithiothreitol (DTT; #18080093, 

Invitrogen, Carlsbad, CA, USA), RNase OUT (#1077-019, Invitrogen, Carlsbad, CA, 

USA) and superscript RNase reverse transcriptase III (#18080093, Invitrogen, Carlsbad, 

CA, USA) was then added. Each sample was gently mixed and incubated at 50ºC for 60 

mins for optimal reverse transcription activity, followed by incubation at 70ºC for 15 mins 

to terminate the reaction. Each cDNA sample was diluted with sterile Milli-Q water to a 

final concentration of 50 ng/µl and stored at -20ºC. 

 

2.6.4 Real-time PCR 

The PCR mixture (9 µl) containing 5 µl TaqMan Universal Master Mix (Ref No.: 

4304437, Applied Biosystems, Foster City, CA, USA; See Appendix 1.7), 0.5-1 µl FAM-

labelled TaqMan® MGB probe (TaqMan Gene Expression Assays, Applied Biosystems, 

Foster City, CA, USA; see Appendix 1.7) and 3-3.5 µl Milli-Q water was transferred to 
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each well of an ABI PrismTM 384-well clear optical reaction plate (Ref No.: 4309849, 

Applied Biosystems, Foster City, CA, USA). 1 µl of cDNA or Milli-Q water was added 

to each well with each sample prepared in quadruplicates. The plate was covered with 

ABI PrismTM optical adhesive cover (Ref No.: 4311971, Applied Biosystems, Foster City, 

CA, USA). The PCR was performed using a ABI7900HT real-time PCR machine with 

7900HT Sequence Detection System, Version 2.2.2 2004 software program (Applied 

Biosystems, Foster City, CA, USA). 

 

2.6.5 PCR data analysis 

PCR data was analysed using the comparative CT method (Popp et al., 2007, Ziolkowski 

et al., 2012, Livak and Schmittgen, 2001). CT is the threshold cycle number at which the 

fluorescence signal generated within a reaction is greater than the minimum detection 

level. The level of expression of the targeted gene (PCR product) is inversely proportional 

to the CT value. The mean normalised CT value was calculated, taking into account all the 

biological replicates. Using the comparative CT method, ΔCT was calculated by 

subtracting the CT value for the endogenous reference gene (i.e. Ube2d1, GAPDH or 

cycolphilin A) from the CT values of the gene of interest (ATF3, CHOP, BiP and P58). 

The ΔΔCT was calculated by subtracting the ΔCT value of the control sample (isolated 

heterozygous (db/+) and wt (+/+) islets or Ins2WT/WT islets or kidney or 6 mM glucose 

MIN6 beta cells) from the ΔCT value of the test sample (isolated db/db islets, 

heterozygous Ins2WT/C96Y islets or ER stressed MIN6 cells). The formula 2-ΔΔCT was used 

to obtain the fold change in the expression for each gene (Livak and Schmittgen, 2001, 

Schmittgen and Livak, 2008). 

 

 

2.7 Immunohistochemistry and histology 

2.7.1 Fixation of pancreas 

Pancreases were dissected from db (wildtype, heterozygous and db/db) and Akita 

(wildtype and heterozygous) mice and fixed in 10% neutral-buffered formalin for at least 

2 days. The fixed tissues were processed and embedded in paraffin. Unstained sections 

were cut at 4 µm intervals (Histopathology lab, Imaging and Cytometry Facility, JCSMR) 
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for staining with haemotoxylin and eosin (H&E), for histology and for 

immunohistochemistry. 

 

2.7.2 Heparan sulfate proteoglycan 

2.7.2.1 Collagen Type XVIII 

Paraffin-embedded unstained sections of pancreas were deparaffinised in xylene, 

rehydrated in graded ethanols (100%, 90% and 70%) and washed in running tap water for 

5 mins (see Appendix 1.8). Endogenous peroxidase activity was blocked by incubating 

sections with 3% hydrogen peroxide (H2O2) (see Appendix 1.9) for 10 mins. The sections 

were initially washed in PBS for 2 x 2 mins and then in running tap water for 4 mins. For 

antigen retrieval, the sections were incubated with 0.05% pronase (Calbiochem, EMD 

Millipore, Darmstadt, Germany; see Appendix 1.9) for 10 mins in a humidified mist tray 

(Billups Rothenberg Inc., CA, USA) at 37ºC. The sections were washed with PBS for 2 

x 2 mins and incubated for an hour with Ig Blocking Reagent (M.O.M Immunodetection 

Kit, Vector Laboratories Inc., Burlingame, CA, USA; see Appendix 1.9) at room 

temperature to minimise non-specific binding of the primary mouse anti-mouse collagen 

type XVIII (Col18) mAb. The sections were washed 2 x 2 mins with PBS and treated 

with M.O.M diluent (MOM Immunodetection kit, Vector Laboratories Inc., Burlingame, 

CA, USA) for 5 mins to reduce background staining. The excess M.O.M diluent was then 

gently tipped off and the sections were incubated for 30 mins with mouse anti-mouse 

collagen type XVIII mAb (4 µg/ml or 8 μg/ml) or with purified mouse IgG2bκ (4 µg/ml 

or 8 μg/ml) as the isotype control Ig (see Appendix 1.10). The sections were then washed 

in PBS and incubated with horseradish peroxidase (HRP)-conjugated polyclonal rabbit 

anti-mouse Ig (Rabbit anti-mouse Ig-HRP, 26 µg/ml) (see Appendix 1.10) for 30 mins. 

After washing in PBS, the chromogen 3-amino-9-ethylcarbazole (AEC) (Sigma-Aldrich, 

St. Louis, MO, USA) (see Appendix 1.9) was applied to the sections for 30 mins. The 

sections were washed in deionised water (dH2O) and transferred to a fresh boat of dH2O. 

The sections were counterstained with Gill’s Haematoxylin for 35 secs, washed in dH2O 

and dipped into ammonium water (2 dips at 2 secs/dip; see Appendix 1.9), followed by 

washing in dH2O. The sections were cover-slipped using DAKO glycergel mounting 

medium (DAKO). 
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2.7.2.2 Syndecan-1 

Unstained formalin-fixed paraffin sections of mouse pancreas were deparaffinised in 

xylene, rehydrated in graded ethanols and washed in running tap water for 5 mins (see 

Appendix 1.8). Endogenous peroxidase activity was blocked by incubating sections with 

3% H2O2 for 10 mins. The sections were washed in PBS (2 x 2 mins) and in running tap 

water (2 mins). Prior to antigen retrieval, the sections were treated with 10 mM citrate 

buffer (pH 6.0) for 5 mins (see Appendix 1.9).  For antigen retrieval, the sections were 

heated in citrate buffer in a microwave (900 watts, Model No. NN-s548WA, Panasonic, 

Kadoma, Osaka, Japan) for 2 mins at high power, followed by 12 mins (2 x 6 mins) on 

low power. The sections were set aside to cool for 30 mins and then washed in PBS. The 

sections were incubated with Animal Free Blocker (AFB; Vector Laboratories Inc., 

Burlingame, CA, USA) for 10 mins. The excess AFB was tipped off and the sections 

were then incubated for 1 hour with the primary antibody rat anti-mouse CD138 

(syndecan-1; 50 µg/ml; see Appendix 1.10) or isotype control Ig, rat IgG2aκ (50 µg/ml; 

see Appendix 1.10). The sections were washed with PBS and incubated with HRP-

conjugated polyclonal rabbit ant-rat Ig (52 µg/ml; DAKO) as the secondary antibody for 

30 mins. The sections were washed with PBS, incubated with AEC (see Appendix 1.9) 

for 30 mins, and then washed in deionised water (dH2O) for 10 mins. The sections were 

counterstained with Gill’s Haematoxylin for 35 secs, washed in dH2O, dipped in 

ammonium water (2 dips at 2 secs/dip) and then washed in dH2O. The sections were 

cover-slipped using DAKO glycergel mounting medium (DAKO). 

 

2.7.2.3 CD44 

Unstained formalin-fixed paraffin sections of mouse pancreas were deparaffinised in 

xylene, rehydrated in graded ethanols and washed in running tap water for 5 mins (see 

Appendix 1.8). Endogenous peroxidase activity was blocked by incubating sections with 

3% H2O2 for 10 mins. The sections were washed in PBS (2 x 2 mins) and in running tap 

water (2 mins). Prior to antigen retrieval, the sections were treated with 10 mM citrate 

buffer (pH 6.0) for 5 mins (see Appendix 1.9).  For antigen retrieval, the sections were 

heated in citrate buffer in a microwave (900 watts, Model No. NN-s548WA, Panasonic, 

Kadoma, Osaka, Japan) for 2 mins at high power, followed by 12 mins (2 x 6 mins) on 

low power. The sections were set aside to cool for 30 mins and then washed in PBS. The 

sections were incubated with Animal Free Blocker (AFB; Vector Laboratories Inc.) for 
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10 mins. The excess AFB was tipped off and the sections were then incubated for 1 hour 

with the primary antibody rat anti-mouse CD44 (CD44; 40 µg/ml) or mouse anti-human 

CD44v3 (10 µg/ml) mAb; alternatively, the sections were incubated with isotype control 

Ig (rat IgG2bκ (40 µg/ml) or mouse IgG2b (10 µg/ml), respectively) (see Appendix 1.10). 

The sections were washed with PBS and incubated with HRP-conjugated polyclonal 

rabbit ant-rat Ig (52 µg/ml) or rabbit anti-mouse Ig (26 µg/ml) as the secondary antibody 

for 30 mins. The sections were washed with PBS, incubated with AEC (see Appendix 1.9) 

for 30 mins, and then washed in deionised water (dH2O) for 10 mins. The sections were 

counterstained with Gill’s Haematoxylin for 35 secs, washed in dH2O, dipped in 

ammonium water (2 dips at 2 secs/dip) and then washed in dH2O. The sections were 

cover-slipped using DAKO glycergel mounting medium (DAKO). 

 

2.7.3 Islet endocrine hormones  

2.7.3.1 Insulin and glucagon 

Formalin-fixed unstained sections were de-waxed in xylene, rehydrated in graded 

ethanols and washed in running tap water (see Appendix 1.8). Endogenous peroxidase 

activity was blocked for 5 mins using 0.03% H2O2/methanol/sodium azide (see Appendix 

1.9) and the sections were then washed in PBS for 3 x 10 mins. Sections were incubated 

with M.O.M Ig block reagent for 1 hour at room temperature to minimise non-specific Ig 

binding. Excess M.O.M Ig block was tipped off and the sections were incubated with 

anti-insulin mAb (ascites, 65 µg/ml or 260 µg/ml) or isotype control mouse IgG1κ (64.9 

µg/ml or 227.3 µg/ml) (see Appendix 1.11). Alternatively, sections were incubated with 

anti-glucagon mAb (ascites, clone K79bB10, 57 µg/ml or 114 µg/ml) or corresponding 

isotype control mouse IgG1κ (64.9 µg/ml) for 30 mins (see Appendix 1.11). The primary 

antibody was washed off with PBS and the sections were incubated with the secondary, 

antibody biotinylated anti-mouse IgG (1/250, M.O.M Immunodetection Kit PK-2200, 

Vector Laboratories Inc., Burlingame, CA, USA) (see Appendix 1.11) for 10 mins. The 

sections were washed in PBS and incubated with VECTASTAIN Avidin-Biotin-Complex 

(ABC) reagent (M.O.M Immunodetection Kit, PK-2200, Vector Laboratories Inc., 

Burlingame, CA, USA) for 5 mins. The sections were washed in PBS and then incubated 

with AEC for 30 mins. The sections were then washed with dH2O before counterstaining 

with Gills haematoxylin stain for 35 secs. After washing with dH2O, the sections were 
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dipped in ammonium water (2 x 2 secs/dip; Appendix 1.9) and washed again with dH2O. 

The slides were cover-slipped with glycergel mounting medium (DAKO). 

 

2.7.3.2 Proinsulin 

For immunostaining of proinsulin, unstained formalin-fixed paraffin sections were de-

waxed in xylene, rehydrated in graded ethanols and washed in running tap water (see 

Appendix 1.8). Endogenous peroxidase activity was blocked for 5 mins using using 0.03% 

H2O2/methanol/sodium azide (see Appendix 1.9) and the sections were subsequently 

washed in PBS for 3 x 10 mins and in running tap water for 2 mins. Sections were 

pretreated with 10 mM citrate buffer (pH 6.0) for 5 mins to equilibrate the pH for antigen 

retrieval.  For antigen retrieval, the sections were heated in citrate buffer for 2 mins in a 

microwave oven set at high power, followed by 12 mins (2 x 6 mins) on low power. The 

sections were set aside to cool for 30 mins, washed in PBS and then incubated with AFB 

for 10 mins to prevent non-specific binding of antibody. Excess AFB was removed, and 

the sections were then incubated for 1 hour with mouse anti-human proinsulin mAb 

(1/800) or isotype control mouse IgG1κ (1/8.8) (see Appendix 1.11). The primary 

antibody was removed by washing the sections with PBS and the sections were then 

incubated with the secondary antibody biotinylated anti-mouse IgG (1/250; M.O.M 

Immunodetection Kit, Vector Laboratories Inc., Burlingame, CA, USA; See Appendix 

1.11) for 10 mins. The sections were then washed in PBS and incubated with ABC reagent 

for 5 mins. The sections were washed in PBS, followed by incubation with AEC for 30 

mins. The sections were then washed with dH2O before counterstaining with Gills 

haematoxylin stain for 35 secs. After washing with dH2O, the sections were dipped in 

ammonium water (2 x 2 secs/dip) and washed again with dH2O. The slides were cover-

slipped with glycergel mounting medium (DAKO). 

 

2.7.4 Heparan Sulfate 

For immunolocalisation of heparan sulfate (HS), formalin fixed unstained paraffin 

sections of pancreas were deparaffinised in xylene and rehydrated in graded ethanols, 

followed by washing in running tap water for 5 mins (see Appendix 1.8). Endogenous 

peroxidase activity was blocked by incubating sections with 3% H2O2 (see Appendix 1.9) 

for 10 mins. The sections were washed in PBS for 2 x 2 mins and in running tap water 

for 4 mins. For antigen retrieval, the sections were incubated with 0.05% pronase (see 
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Appendix 1.9) for 10 mins at 37ºC in a humidified mist tray (Billups-Rothernberg Inc., 

CA, USA). Sections were washed with PBS for 2 x 2 mins and incubated for an hour with 

M.O.M Ig Blocking Reagent (M.O.M immunodetection kit, Vector Laboratories Inc., 

Burlingame, CA, USA; see Appendix 1.9). The sections were washed 2 x 2 mins and 

incubated with AFB (see Appendix 1.9) for 5 mins. The excess AFB was then gently 

tipped off and the sections were incubated for 1 hour with 10E4 mouse anti-human mAb 

(recognises highly sulfated HS; 200 µg/ml) or HepSS-1 mouse anti-human HS 

(recognises under-sulfated HS; 100 µg/ml) mAbs or isotype control mouse IgMκ (200 

µg/ml) (see Appendix 1.12). The sections were then washed in PBS and incubated with 

the secondary antibody horseradish peoxidase (HRP)-conjugated polyclonal rabbit anti-

mouse Ig (26 µg/ml, see Appendix 1.12) for 30 mins, followed by washing in PBS. AEC 

(see Appendix 1.9) was applied to the sections for 30 mins and the sections were then 

washed in dH2O.  Sections were counterstained in Gill’s Haematoxylin for 35 secs, 

washed in dH2O and dipped in ammonium water (2 dips at 2 secs/dip), followed by 

washing in dH2O. The sections were cover-slipped using glycergel mounting medium 

(DAKO). 

 

Alternatively, for phage display single chain anti-HS antibodies, EV3C3 anti-HS mAb 

and HS3A8 anti-HS mAbs were used (see Appendix 1.12). The EV3C3 anti-HS mAb 

stains for N-sulfation, C5 epimerisation and 2-O sulfation in HS chains; HS3A8 anti-HS 

mAb recognises highly sulfated HS domains i.e., 6-O and 2-O sulfation of iduronic acid 

(Dennissen et al., 2002, Alhasan et al., 2014). Immunolocalisation of HS by the phage 

display antibodies was identical to 10E4 anti-human mAb staining. The sections were 

stained with primary antibodies i.e., EV3C3 anti-HS (1/2) or HS3A8 anti-HS (7/10) 

mAbs or isotype control rabbit anti-VSV-G mAb (10 µg/ml) for 1 hour (see Appendix 

1.12). The sections were washed with PBS and incubated with secondary antibody swine 

anti-rabbit HRP (13 µg/ml; DAKO) for 30 mins. The sections were washed and AEC was 

applied for 30 mins. Sections were the washed in dH2O and counterstained in Gill’s 

Haematoxylin for 35 secs followed by washing in dH2O, dipping in ammonium water (2 

dips at 2 secs/dip) and washing in dH2O. The sections were cover-slipped using glycergel 

mounting medium (DAKO). 
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2.7.5 Morphometry 

Normal mouse (wildtype, +/+) or Ins2WT/WT islets stained with HSPG core proteins 

(collagen type XVIII, CD44 and syndecan-1) demonstrated positive staining in the islets 

for primary antibodies and no or little background staining with the corresponding isotype 

control (Figure 2.4). Anti-CD44 and anti-CD44v3 mAbs showed comparable intra-islet 

staining. Therefore, in this thesis, CD44 expression was analysed using anti-CD44 mAb. 

Both 10E4 anti-HS and HepSS-1 anti-HS mAbs showed intense staining with primary 

antibodies and absence of background staining with the isotype controls (Figure 2.5). 

Similarly, strong staining was observed in insulin and staining in the periphery for the 

glucagon for primary antibodies whereas no background staining was observed with 

isotype controls (Figure 2.6). Proinsulin staining showed punctate expression in wildtype 

Ins2WT/WT mice and no background staining in the isotype control (Figure 2.7).  

 

Images of immunostained sections were prepared using an Axio Observer inverted 

florescence microscope (Zeiss; Göttingen, Germany) at 20x maginification.  

 

2.7.5.1 Measurement of immunostained islet area  

The images were analysed to determine the percentage of islet area stained using NIH 

Image J software, version 1.48v software (NIH, USA) (Ziolkowski et al., 2012, Choong 

et al., 2015, Simeonovic et al., 2018). The threshold intensity (gray value 0-255) was set 

to define positive staining present in the islets of wildtype (+/+) and Ins2WT/WT mouse 

pancreas at 6-16 weeks and 9 weeks of age, respectively. When pancreatic sections 

showed a comparable intensity of staining in the islets, the % islet area was determined. 

For this measurement, the area of interest (i.e., an islet) was firstly traced to measure the 

total islet area; the intra-islet area of positive staining (≥ the intensity threshold) was 

measured and expressed as % +ve stained islet area. For each set of samples for each 

immunostain (e.g., for a complete time-course), the same threshold setting was applied to 

all samples at each time point. In contrast, for pancreas sections where the staining was 

variable among the islets, optical density (i.e., staining intensity) was measured using 

global calibration. For the latter analysis, a threshold setting is not required by the Image 

J program (see Section 2.7.5.2). 
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Figure 2.4: Localisation of HSPG core proteins in the pancreatic islets of wildtype 

(wt, +/+) mice. 

Representative images show the immunohistochemical localisation of heparan sulfate 

proteoglycan (HSPG) core proteins for Col18 (a), Sdc1 (c), CD44 I and CD44v3 (g) in 

the islets of wt (+/+) mice at 9 weeks of age. In contrast to the strong intra-islet expression 

of HSPG core proteins (a, c, e and g), no background staining was observed when the 

primary antibody was replaced with isotype control Ig (b, d, f and h). Scale bar = 100 μm. 
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Figure 2.5: Distribution of HS in the pancreatic islets of wt (+/+) mice. 

Representative images show the distribution of heparan sulfate (HS) in the islets of wt 

(+/+) mice at 6 weeks of age. Strong staining was observed throughout the islet with anti-

10E4 mAb (a) whereas an intense staining in the periphery and strong staining inside the 

islet was observed with Anti-HepSS1 mAb (c). In contrast, no background staining was 

observed with isotype control mouse IgMk (b, d). Scale bar = 100 μm. 
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Figure 2.6: Insulin and glucagon levels in the pancreatic islets of wildtype (wt, +/+) 

mice. 

Representative images show the distribution of insulin (a) and glucagon (d) in the islets 

of wt mice at 9 weeks of age. In contrast to the strong intra-islet expression of insulin (a) 

and glucagon (c), no background staining was observed when the primary antibody was 

replaced with isotype control mouse IgG1k (b and d). Scale bar = 100 μm. 
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Figure 2.7: Localisation of proinsulin in the pancreatic islets of wildtype Ins2WT/WT 

mice. 

Representative images show the distribution of proinsulin in the islets of Ins2WT/WT mice 

at 6 weeks of age. Punctate staining of proinsulin (a) was observed with primary antibody 

whereas no background staining was observed with isotype control mouse IgG1k (b). 

Scale bar = 100 μm. 
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For simple comparisons between two groups of adult pancreases from the same mouse 

strain, differences in optical density (staining intensity) analysis of islets closely 

resembled differences in % islet area stained (see Appendix 3). In general, for 

comparisons of immunostained islets between different mouse genotypes at different 

donor ages, the % of islet area stained was determined for the expression of HSPG core 

proteins and HS, while the intensity of staining in islets was analysed for endocrine 

hormones. 

 

2.7.5.2 Measurement of intra-islet intensity of immunostaining  

Images of immunostained sections were analysed to quantify the intensity of intra-islet 

staining using Image J 1.48v software (NIH, USA) (Choong et al., 2015, Ziolkowski et 

al., 2012). The AEC +ve component was separated from the counter-stain using a colour 

deconvolution plugin. The intensity of staining was determined by converting the mean 

pixel value of the area of interest to optical density (OD), using the calculation log10 

(255/mean pixel value) (Ziolkowski et al., 2012). 

 

 

2.8 Flow cytometry analysis of HS, heparanase (Hpse) and HSPG core 

proteins in beta cells by flow cytometry 

Cell surface and intracellular fluorescence staining were determined in separate aliquots 

of the same cell population. 

 

2.8.1 Cell surface staining 

Primary mouse beta cells (4 x 104 cells/well) and MIN6 beta cells (2 x 105 cells/well) 

were distributed in a 96-well plate (#650180, CellStar, U-bottom plate, Greiner Bio-one, 

Kremsmünster, Austria). FACs wash buffer (see Appendix 1.13) was added to make up 

the volume to 200 µl/ well and the cells were centrifuged at 249 x g (primary beta cells) 

or 693 x g (MIN6 cells) for 3 mins. The supernatant was discarded and the plate was 

vortexed briefly to resuspend the cell pellet. The cells were incubated with Fc block (rat 

anti-mouse CD16/CD32 mAb; 5 µg/ml; see Appendix 1.14) for 10 mins on ice. Cells 

were then washed with FACs wash buffer and centrifuged at 249 x g or 693 x g; the 

supernatant was then removed. The cells were then incubated with primary antibodies 

https://www.google.com.au/search?rlz=1C1CHFX_enAU684AU684&q=Kremsm%C3%BCnster+Austria&stick=H4sIAAAAAAAAAOPgE-LSz9U3SEvONjGuUgKzjUxLCouMtLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFAHA3FnxGAAAA&sa=X&ved=0ahUKEwiX1YrK5_3bAhWKQpQKHcGTC0EQmxMIxwEoATAS
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(collagen type XVIII (4 µg/ml), syndecan-1 (20 µg/ml), CD44 (40 µg/ml), 10E4 anti-HS 

(20 µg/ml; HS) or HP3/17 (1.5 µg/ml; Hpse)) (see Appendix 1.14) for 30 mins on ice. 

The cells were washed with PBS, centrifuged at 249 x g or 693 x g and the supernatant 

was discarded. The cells were incubated with secondary antibodies (goat anti-mouse Ig 

PE (5 µg/ml for Col18 and HS) or mouse anti-rat kappa PE (2 µg/ml for Sdc1 and CD44) 

or rat anti-mouse Ig FITC (10 µg/ml for Hpse)) (see Appendix 1.14) for 30 mins on ice, 

followed by washing and centrifugation at 249 x g or 693 x g. The supernatant was 

removed, and the cells were resuspended in 100 µl PBS. The samples were transferred to 

FACs cluster tubes (Axygen, Salt lake city, UT, USA) and run on a BD LSR Fortessa 

flow cytometer using FL-1 and FL-2 channels. The fluorochromes PE 561 and FITC were 

excited using a 488 nm laser. The excitation/emission wavelength maxima for PE 561 

and FITC are 496-564/578 nm and 494/519 nm, respectively. The geometric mean 

fluorescence intensity (GMFI) of cells stained with primary antibody was determined 

from histograms of fluorescence staining using FlowJo software (version 10.0.7, TreeStar 

Inc., Ashland, OR, USA).  

 

2.8.2 Intracellular staining 

For intracellular staining, primary mouse beta cells (4 x 104 cells/well) and MIN6 beta 

cells (2 x 105 cells/well) were plated out in a 96-well plate (CellStar, U-bottom plate, 

#650180). BD wash buffer (see Appendix 1.13) was added to make up the volume to 200 

µl/ well and the cells were centrifuged at 249 x g (primary beta cells) or 693 x g (MIN6 

beta cells) for 3 mins. The supernatant was discarded, and the plate was vortexed briefly 

to resuspend the cell pellet. The cells were fixed and permeablised by treatment with 100 

µl BD Fix/Perm (BD Biosciences #51-2090KZ)/sample for 10 mins on ice; 100 µl BD 

wash buffer was added to each well before centrifugation at 249 x g or 693 x g. The 

medium was removed, and the cells were incubated with Fc block (rat anti-mouse 

CD16/CD32 mAb; 5 µg/ml; see Appendix 1.14) for 10 mins on ice. The cells were 

washed with BD wash buffer, centrifuged at 249 x g or 693 x g and the supernatant was 

then removed. The cells were then incubated with individual primary antibody (collagen 

type XVIII (4 µg/ml) or syndecan-1 (20 µg/ml) or CD44 (40 µg/ml) or 10E4 anti-HS (20 

µg/ml; HS) or HP3/17 (1.5 µg/ml; Hpse)) (see Appendix 1.14) for 30 mins on ice. The 

cells were washed with PBS, centrifuged at 249 x g or 693 x g and the supernatant was 

discarded. The cells were incubated with secondary antibodies (goat anti-mouse Ig PE (5 
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µg/ml for Col18 and HS), mouse anti-rat kappa PE (2 µg/ml for Sdc1 and CD44) or rat 

anti-mouse Ig FITC (10 µg/ml for Hpse)) (see Appendix 1.14) for 30 mins on ice, 

followed by washing with PBS and centrifugation at 249 x g or 693 x g. The supernatant 

was removed, and the cells were resuspended in 100 µl PBS. The samples were 

transferred to FACs cluster tubes (Axygen, Salt lake city, UT, USA) and run on a BD 

LSR Fortessa flow cytometer using FL-1 and FL-2 channels. The fluorochromes PE 561 

and FITC were excited using a 488 nm laser. The excitation/emission wavelength maxima 

of PE 561 and FITC are 496-564/578 nm and 494/519 nm, respectively. The geometric 

mean fluorescence intensity (GMFI) of cells stained with primary antibody was 

determined from histograms of fluorescence staining using FlowJo software (version 

10.0.7, TreeStar Inc., Ashland, OR, USA).  

 

2.8.3 Gating strategy for analysis of beta cells 

Viable beta cells were gated on the basis of forward scatter (FSC) and side scatter (SSC) 

properties, thereby excluding dead cells from the analysis. Single cells were initially 

identified and gated based on the SSC-W and SSC-H; gating using FSC-A and FSC-H 

was then done to exclude any doublets contaminating the single cell population. 

Histograms were generated for cell surface or intracellular staining. The gating strategy 

is shown in Figures 2.8 and 2.9. The histogram for auto-fluorescence (unstained cells) 

was plotted and overlayed with the histogram for cells stained with primary antibody e.g., 

collagen type XVIII, CD44, 10E4, syndecan-1 or HP3/17. The GMFI was calculated for 

stained and unstained cells using FlowJo software (version 10.0.7, TreeStar Inc., Ashland, 

OR, USA).  

 

 

2.9 HS replacement in primary beta cells using HS mimetics 

Primary beta cells were isolated from male and female wt and db/db pancreases, 4 x 104 

cells/ml (see Section 2.3.2). The beta cells were cultured with and without HS mimetics 

(heparin (Celsus Laboratories, Cincinnati, OH) or PI-88 (Muparfostat; Progen 

Pharmaceuticals, Brisbane, Australia); 50 µg/ml) for 2 days and the cell viability was 

analysed by flow cytometry. 
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Figure 2.8: Gating strategy for measuring fluorescence staining (GMFI) in primary 

beta cells. 

(a) Total primary islet cell population (~90% beta cells (Ziolkowski et al., 2012)) showing 

forward scatter (FSC) and side scatter (SSC) properties. (b) Single cells were gated based 

on the SSC-W and SSC-H; (c) FSC-H and FSC-A properties were used to exclude 

doublets (cell aggregates). Histograms showing (d) cell surface and (e) intracellular 

expression of collagen type XVIII (blue) versus background staining (red) in primary beta 

cells. The intensity of florescence staining of the population is expressed as the geometric 

mean fluorescence intensity (GMFI). SSC-A, side scatter area; FSC-A, forward scatter 

area; SSC-W, side scatter width; SSC-H, side scatter height; FSC-H, forward scatter 

height and FSC-A, forward scatter area. 
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Figure 2.9: Gating strategy for measuring the intensity of fluorescence staining 

(GFMI) in MIN6 cells. 

(a) The viable MIN6 population was gated from the total MIN6 population based on 

forward scatter (FSC) and side scatter (SSC) properties. Single cells were gated based on 

(b) SSC-W and SSC-H followed by (c) FSC-H and FSC-A to exclude doublets. (d) 

Representative histogram shows the number of cells normalised to mode on the Y-axis 

and fluorescence intensity on the X-axis for the cell surface expression of collagen type 

XVIII (blue) and unstained (red) MIN6 cells. (e) Representative histogram demonstrates 

intracellular expression of collagen type XVIII core protein (blue) in MIN6 cells, versus 

unstained cells (red). Fluorescence staining of the cell population is expressed as the 

geometric mean fluorescence intensity (GMFI). SSC-A, side scatter area; FSC-A, 

forward scatter area; SSC-W, side scatter width; SSC-H, side scatter height; FSC-H, 

forward scatter height and FSC-A, forward scatter area. 
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2.9.1 Analysis of cell viability using Calcein-AM and PI staining 

The viability of primary beta cells was analysed by Calcein-AM and propidium iodide 

(PI) staining. Calcein-AM is a cell permeant dye that stains live cells. The non-fluorescent 

Calcein-AM is converted into fluorescent calcein following cleavage of the ester diacetate 

by intracellular esterase activity. PI is an impermeant fluorescent dye which only enters 

and stains dead cells. PI intercalates with the nucleic acid of dead cells and emits 

florescence. Calcein-AM was diluted to 0.04 µM in PBS (Invitrogen; see Appendix 1.15) 

and PI was diluted to 2.5 µg/ml in PBS (BD Biosciences; see Appendix 1.15). 

 

Primary beta cells were plated in a 96-well plate (#650180, CellStar, Greiner Bio-one, 

Kremsmünster, Austria), 4-8 x 104/well. The plate was centrifuged at 110 – 173 x g for 3 

mins and the supernatant was discarded. The cells were stained with 100 μl of 0.04 μM 

Calcein Acetoxymethyl (Calcein-AM; see Appendix 1.15). The unstained cells and cells 

to be subsequently stained with PI only were treated with 100 μl PBS. The cells were 

incubated for 15 mins at 37°C in 5% CO2/95% air. The cells were then washed with 100 

μl PBS and centrifuged at 110 – 173 x g for 3 mins. The supernatant was discarded, and 

the cells were washed again with 200 μl PBS and centrifuged. After removing the 

supernatant, unstained cells and cells only stained with Calcein-AM were treated with 

100 µl PBS; the remaining calcein-stained wells and additional unstained wells were then 

stained with 2.5 µg/ml PI (100 µl/well). The plate was incubated for 15 mins at 37°C in 

5% CO2/95% air. The cells were then washed with 100 μl PBS, centrifuged and 

resuspended in 100 μl PBS for flow cytometry analysis. The samples were run on a BD 

LSR Fortessa using the FL-1 and FL-2 channels. Events were collected using BD FACS 

Diva software (version 8). Flow Jo software (version 10.0.7) was used to determine the 

% viable cells (Cal+PI-), dead cells (Cal-PI+) and damaged cells (Cal+PI+) in the total 

population using dot plots and quadrant statistics. 

 

2.9.2 Analysis of cell viability using Sytox Green uptake 

Sytox Green is an impermeant fluorescent dye used to distinguish between live and dead 

cells. Sytox Green specifically stains dead cells by intercalating with nucleic acids. The 

cells were plated at 4-8 x 104 cells/well in a 96-well plate (#650180, CellStar, Greiner 

Bio-one, Kremsmünster, Austria). The cells were centrifuged at 110 – 173 x g for 3 mins 

and the supernatant was discarded. The cells were either treated with 30% H2O2 (100 

https://www.google.com.au/search?rlz=1C1CHFX_enAU684AU684&q=Kremsm%C3%BCnster+Austria&stick=H4sIAAAAAAAAAOPgE-LSz9U3SEvONjGuUgKzjUxLCouMtLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFAHA3FnxGAAAA&sa=X&ved=0ahUKEwiX1YrK5_3bAhWKQpQKHcGTC0EQmxMIxwEoATAS
https://www.google.com.au/search?rlz=1C1CHFX_enAU684AU684&q=Kremsm%C3%BCnster+Austria&stick=H4sIAAAAAAAAAOPgE-LSz9U3SEvONjGuUgKzjUxLCouMtLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFAHA3FnxGAAAA&sa=X&ved=0ahUKEwiX1YrK5_3bAhWKQpQKHcGTC0EQmxMIxwEoATAS
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µl/well) or 100 µl PBS/well. The cells were incubated for 5 mins at 37°C in 5% CO2/95% 

air. The cells were washed with 100 μl PBS and centrifuged at 110 – 173 x g for 3 mins. 

The cells were then stained with 31.25 nM Sytox Green (100 µl/well; see Appendix 1.15); 

unstained cells were treated with PBS (100 µl/well). The cells were incubated for 15 mins 

at 37°C in 5% CO2/95% air and washed with PBS (100 µl/well) followed by 

centrifugation at 110 – 173 x g for 3 mins. The cells were resuspended in PBS (100 

µl/well) and transferred to FACs cluster tubes (Axygen, Salt lake city, UT, USA) for flow 

cytometry analysis. The samples were run on a BD LSR Fortessa using the FL-2 channel. 

Events were collected using BD FACS Diva software (version 8). FlowJo software was 

used to determine the % dead or damaged cells in the total population from dot plots (see 

Section 2.9.3). 

 

2.9.3 Flow cytometry data analysis  

Flow cytometry data were generated using FlowJo Software (version 10.0.7, TreeStar 

Inc., Ashland, OR, USA). 

 

2.9.3.1 Viable Calcein (Cal)+ve PI-ve population 

The beta cells were separated on the basis of forward scatter (FSC) and side scatter (SSC) 

properties. The single cells were gated from the SSC-W and SSC-H properties; FSC-A 

and FSC-H was used to exclude doublets or cell aggregates according to the gating 

strategy in Figure 2.10. The Calcein (Cal+) staining was represented on the y-axis and PI 

staining on the x-axis (Figure 2.10). The quadrants were set using unstained cells to 

identify the negatively stained sub-population of cells. 

 

2.9.3.2 Dead/damaged Sytox Green +ve cells after H2O2 treatment 

The beta cells were gated on the basis of forward scatter (FSC) and side scatter (SSC) 

properties. Single cells were gated based on the SSC-W and SSC-H; FSC-A and FSC-H 

were used to exclude doublets in the population. Sytox Green +ve staining was 

represented on the y-axis and SSC-W on x-axis (an empty channel) (Figure 2.11). The 

region identifying Sytox Green +ve cells was set using unstained cells to identify the 

region corresponding to negatively stained cells using the gating strategy as shown in the 

Figure 2.11. 
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Figure 2.10: Gating strategy for measuring live (Cal+PI-), damaged (Cal+PI+) and 

dead (Cal-PI+) primary beta cells. 

Representative flow cytometry dot plots for ascertaining the distribution of viable, 

damaged and dead beta cells show: (a) Total islet cells (~90% beta cells (Ziolkowski et 

al., 2012)) with forward scatter (FSC) and side scatter (SSC) properties; (b) Single cells 

gated on SSC-W and SSC-H; (c) FSC-H and FSC-A for exclusion of doublets; (d-f) 

Calcein (Cal) staining on y-axis and propidium iodide (PI) staining on x-axis. Quadrants 

(Q) in (e) were determined using unstained cells. Q4: Cal-PI- cells (cell debris); Q3: Cal-

PI+ cells (dead cells); Q2: Cal+PI+ cells (damaged cells) and Q1: Cal+PI- cells (viable 

cells). Each quadrant shows data as a % of the total cell population. Single colour staining 

shows that 79.9% of wildtype beta cells were Calcein positive i.e., viable when analysed 

against an empty chanel (d). (e) Two colour staining shows that 33.5% beta cells were 

Cal+PI- (viable), 36.1% cells were Cal+PI+ (damaged) and 19.9% cells were Cal-PI+ (dead); 

red box shows calcein+ve  cells (69.6%; %Cal+Pi- + %Cal+PI+)) and yellow box shows 

PI+ cells (56.0%; %Cal+PI+ + %Cal-PI+), resembling the single colour controls in (d) and 

(f), respectively.  (f) Single colour staining shows that 55.8% of beta cells were PI+ when 

analysed against an empty chanel. Two colour staining using Calcein and PI therefore 

more sensitively identifies viable but undamaged cells (Cal+PI-). SSC-A, side scatter area; 

FSC-A, forward scatter area; SSC-W, side scatter width; SSC-H, side scatter height; FSC-

H, forward scatter height and FSC-A, forward scatter area. 
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Figure 2.11: Gating strategy for determining Sytox Green positive beta cell 

death/damage. 

(a) Representative total primary islet cells (90% beta cells) showing forward scatter (FSC) 

and side scatter (SSC) properties. (b) Single cells were gated based on SSC-W and SSC-

H; (c) FSC-H and FSC-A were used to exclude doublets present in the population. (d) 

The dot plot shows Sytox Green staining on the y-axis and an empty channel for the x-

axis. The black internal rectangle on the plot was generated based on exclusion of 

negatively stained cells in the unstained sample (d); 22.2% of treated beta cells are Sytox 

Green positive (+ve; (e)). SSC-A, side scatter area; FSC-A, forward scatter area; SSC-W, 

side scatter width; SSC-H, side scatter height; FSC-H, forward scatter height and FSC-A, 

forward scatter area. 
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2.9.4 FITC labelled HS-mimetics for HS replacement 

To study the uptake of FITC-labelled heparin and FITC-labelled PI-88 in beta cells, islets 

were isolated from normoglycaemic db/db and wt male mice (see Section 2.3) and 

dispersed into a single cell suspension (see Section 2.3.2). Primary beta cells were 

transferred to a 96 well plate (#650180, CellStar, Greiner Bio-one, Kremsmünster, 

Austria), 4 x 104 cells/ well, and cultured with and without FITC-labelled heparin (50 

µg/ml; Celsus Laboratories, Cincinnati, OH) or FITC-labelled PI-88 (50 µg/ml; 

Muparfostat; Progen Pharmaceuticals, Brisbane, Australia) for 2 days. Uptake of FITC-

mimetic by the beta cells was analysed by confocal microscopy and with staining with 

7AAD (10 µg/ml) was used to determine cell death/damage by flow cytometry. 

 

2.9.4.1 Localisation of FITC labelled heparin and FITC labelled PI-88 by confocal 

microscopy 

After 2 days of culture, the beta cells were spun down (110-173 x g) and washed with 

PBS x 2 times. PBS (10-20 µl/well) was added to the wells to resuspend the beta cells. 

The resuspended beta cells (10-20 µl) were then transferred to a 35 mm flat bottom dish 

with a 14 mm glass well (#D35-14, Cellvis, Mountain View, CA, USA) for imaging by 

confocal microscopy (Leica SP5 confocal microscope; 63x maginification). 

 

2.9.4.2 Uptake of FITC-HS mimetic by flow cytometry 

In parallel, the beta cells were cultured with and without 7AAD (10 µg/ml) for 15 mins 

(see Section 2.5.5.2). The cells were spun down at 110-173 x g, resuspended in PBS and 

transferred to FACs cluster tubes for flow cytometry analysis. The samples were run on 

a BD LSR Fortessa using the FL-3 channel. Events were collected using BD FACS Diva 

software (version 8). FlowJo software was used to determine the % FITC+7AAD- (live) 

and FITC+7AAD+ (dead/damaged) cells from dot plots. 

 

2.9.4.3 Analysis of flow cytometry data 

The beta cells were separated on the basis of forward scatter (FSC) and side scatter (SSC) 

properties. The single cells were gated from the SSC-W and SSC-H properties; FSC-A 

and FSC-H was used to exclude doublets. Uptake of FITC heparin or FITC PI-88 was 

represented on the y-axis and 7AAD staining on the x-axis. The quadrants were set using 

unstained cells to identify negatively stained sub-population of cells (Figure 2.12). 

https://www.google.com.au/search?rlz=1C1CHFX_enAU684AU684&q=Kremsm%C3%BCnster+Austria&stick=H4sIAAAAAAAAAOPgE-LSz9U3SEvONjGuUgKzjUxLCouMtLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFAHA3FnxGAAAA&sa=X&ved=0ahUKEwiX1YrK5_3bAhWKQpQKHcGTC0EQmxMIxwEoATAS
https://www.google.com.au/search?rlz=1C1CHFX_enAU684AU684&q=Kremsm%C3%BCnster+Austria&stick=H4sIAAAAAAAAAOPgE-LSz9U3SEvONjGuUgKzjUxLCouMtLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFAHA3FnxGAAAA&sa=X&ved=0ahUKEwiX1YrK5_3bAhWKQpQKHcGTC0EQmxMIxwEoATAS
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Figure 2.12: Gating strategy for the uptake of FITC-labelled HS mimetics. 

(a) Representative total primary islet cells (90% beta cells) showing forward scatter (FSC) 

and side scatter (SSC) properties. (b) Single cells were gated based on SSC-W and SSC-

H; (c) FSC-A and FSC-H were used to exclude doublets present in the population. (d) 

The dot plot shows FITC uptake on y-axis and 7AAD staining on x-axis. Quadrants (Q) 

were determined using unstained cells (d) to identify negatively stained cells. (e) 74.70% 

of beta cells were FITC+ 7AAD-. SSC-A, side scatter area; FSC-A, forward scatter area; 

SSC-W, side scatter width; SSC-H, side scatter height; FSC-H, forward scatter height and 

FSC-A, forward scatter area. 
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2.10 Preparation of leukocyte populations from wt and db/db mice 

The contribution of innate and adaptive immune cells to the white adipose tissue and 

peripheral blood of T2D-prone db/db and wt mice and the expression of cell surface 

heparanase was examined by flow cytometry. 

 

2.10.1 Peripheral blood leukocytes 

Peripheral blood (PB; 200 μl/sample) was harvested from the retro-orbital sinus of donor 

mice was directly into a tube containing 400 μl buffered saline glucose citrate (BSGC) 

buffer (see Appendix 1.16) collected by APF technical staff, JCSMR. The blood sample 

was left at room temperature for at least 1 hour. The sample was transferred to a 15 ml 

falcon tube and red blood cell lysis buffer (RCLB; see Appendix 1.16) was added to each 

tube (1.5 ml/tube). The samples were incubated at room temperature for 5 minutes and 

then centrifuged at 470 g for 5 minutes at 10°C (Heraeus Megafuge 1.0R, Kendro 

Laboratories, Hamburg, Germany). The supernatant was discarded, and the lysis step was 

repeated. The cells were then resuspended in 200 µl of FACs wash buffer for counting of 

live cells using trypan blue exclusion to determine the live cell density. 

 

2.10.2 Adipose tissue isolation 

Adipose tissue from male db/db and wt epididymal fat pads and female db/db and wt peri-

ovarian fat pads were isolated, as previously described (Cho et al., 2014). The mouse was 

euthanised and the skin was disinfected with 70% ethanol. The abdominal cavity was 

opened to expose the abdominal organs and tissues. The peri-gonodal adipose depot was 

excised and the isolated fat pads were weighed using a digital balance (Mettler Toledo). 

The adipose tissue was then washed with PBS to remove contaminating blood and hair; 

and the tissue was placed in a plastic weigh tray/boat on ice. 

 

For the isolation of stromal vascular fraction (SVF), the adipose tissue was minced using 

scissors in a weigh boat on ice. The tissue was then transferred to a 15 ml tube (Corning 

Science Mexico, Reynosa, Tamaulipas, Mexico; <1 gm) with 7 ml of cold digestion 

buffer containing collagenase II (1 mg/ml; see Appendix 1.16). Alternatively, for 

quantities of adipose tissue >1 gm, the tissue was transferred to a 50 ml falcon tube 

containing 10 ml cold digestion buffer/collagenase and the concentration was adjusted to 
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10 mg/ml (see appendix 1.16). The tubes were incubated at 37°C for 20-45 mins with 

vigorous agitation on a shaking platform (300-400 rpm). EDTA (0.5 M; see Appendix 

1.16) was then added to the tube to achieve a final concentration of 10 mM (150-300 

µl/tube) and the suspension was incubated at 37°C for 5-10 mins to terminate the 

digestion step and facilitate full dissociation of the SVFs. The cell slurry was transferred 

to a 100 µm filter (#352360, Falcon, Corning Inc., One Riverfront plaza, NY, USA) over 

a 50 ml Falcon tube and the filter was washed twice with FACs wash buffer (10 

ml/tube/wash). The filtrate containing the SVF cells was centrifuged at 500 x g for 10 

mins at 4°C to separate the adipocytes and SVFs. The pellet containing leukocytes and 

other SVF cells was resuspended in 0.5 ml RBC lysis buffer for 5 mins at room 

temperature to remove red blood cells. The FACs wash buffer (5 ml/tube) was added to 

terminate the lysis step and the cells were centrifuged at 500 x g for 10 mins at 4°C. The 

cell pellet was resuspended in 3-5 ml FACs wash buffer before determining the 

concentration of live cells using trypan blue exclusion.  

 

2.10.3 Lymph node cells 

Lymph nodes (LNs) from wt (+/+) mice were harvested into ~5 ml of FACs wash buffer 

(see Appendix 1.16) and mashed using a 3 ml syringe plunger (Terumo Co., Binan, 

Laguna, Philippines) over a 70 µm cell strainer (#352350, Falcon, Corning Inc., One 

Riverfront Plaza, NY, USA) to prepare a single cell suspension. Red cell lysis buffer 

(RCLB) (3 ml/tube; see Appendix 1.16) was added to the sample and incubated at room 

temperature for 5 minutes. The cells were then centrifuged at 389 x g for 5 minutes 

(Heraeus Megafuge 1.0R, Kendro Laboratories, Hamburg, Germany). The supernatant 

was discarded, and the cells were resuspended in 2 ml of FACs wash buffer for counting 

using a haemocytometer (American Optical Co., Buffalo, NY, USA; see Section 2.4.3). 

 

2.10.4 Flow cytometry analysis of leukocyte populations 

2.10.4.1 Cell surface staining 

(a) Heparanase 

Cells were transferred to a 96-well plate (CellStar, U-bottom plate, # 650180; 1 x 105- 

106 cells) and washed with FACs wash (200 µl/well) by centrifugation at 389 x g for 3 

mins at 4°C. The supernatant was removed, and the cells were incubated with diluted 

primary human heparanase antibody HP3/17(1.5 µg/ml; see Appendix 1.17). A sample 
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of lymph node cells (1 x 106 cells/well) was also stained with HP3/17 mAb as a single 

colour control; FACs wash buffer was added (25 µl/well) to control unstained wells. The 

plate was incubated on ice for 30 mins. The cells were then washed with FACs wash 

buffer (200 µl/well) and centrifuged at 389 x g for 3 mins at 4°C. The supernatant was 

removed, and the cells were incubated with secondary antibody goat anti-mouse Ig PE 

(2.5 µg/ml; 25 µl/well) for 30 mins on ice in the dark. The cells were centrifuged at 389 

x g for 3 mins, washed with FACs wash buffer and vortexed briefly for subsequent 

staining with leukocyte-specific antibodies (see Appendix 1.17).  

 

(b) Leukocyte markers 

To distinguish between sub-populations of leukocytes in the PB and SVFs, the cells were 

stained with a cocktail of 8 antibodies specific for a range of different leukocyte markers: 

CD11c, B220, Ly6G, Siglec F, CD45.2, CD11b, CD3, and Ly6C (see Appendix 1.17 for 

list of fluorochrome-conjugated mAbs). LN cells stained with each individual-conjugated 

antibody were used for compensation of the spectral overlap between different 

fluorochromes. The fluorescence was detected using a BD LSR II Fortessa flow 

cytometer with PE Texas Red, PE Cy5.5, PE Cy7, Alexa Fluor 405, APC, Alexa Fluor 

700, APC-Cy7 and Qdot 605 channels. The different leukocyte sub-populations were 

distinguished based on the cell surface markers are shown in Table 2.1. Events were 

collected using BD FACS Diva software (version 8). Gating for analysis of heparanase  

expression on T cells, B cells, dendritic cells, macrophages, neutrophils and eosinophils 

(see Section 2.10.4.2). 

 

 2.10.4.2 Analysis of flow cytometry data 

Live cells were distinguished from dead cells based on the forward scatter (FSC) and side 

scatter (SSC) properties. Single cells were identified using FSC-A and FSC-H and 

doublets were excluded based on the SSC-W and SSC-H properties. Leukocyte sub-

populations were determined based on cell surface markers using the gating strategy in 

Figures 2.13 and 2.14. The geometric mean fluorescence intensity (GMFI) and geometric 

mean fluorescence ratio (GMFR; normalised to the Hpse expression of B lymphocytes) 

of cell surface Hpse (PE) staining on different leukocyte sub-populations was determined 

using FlowJo software (version 10.0.7, TreeStar Inc., Ashland, OR, USA). 
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Figure 2.13: Gating strategy for analysing leukocyte sub-populations in peripheral 

blood of wt mice.   

Representative dot plots for peripheral blood show (a) gating of the leukocyte population 

using forward scatter (FSC) and side scatter (SSC) properties. (b)  Single cells were gated 

based on FSC-A and FSC-H; (c) SSC-W versus SSC-H was used to exclude doublets. (d) 

The CD45.2+ population was identified and subsequently gated for CD11c+ and CD11c- 

expression (e). (f) From the CD11c+ cells, conventional dendritic cells (cDCs) were gated 

using Ly6C-Ly6G- staining; CD11c+Ly6C+ and CD11c+Ly6G+ leukocytes were also 

identified. (g) The CD11c- population was further divided into myeloid (CD11b+) 

leukocytes and lymphocytes (CD11b-). (h) The myeloid population was sub-divided into 

Ly6Cmed-highLy6G+ neutrophils, Ly6ChighLy6G- monocytes and Ly6G-Ly6C- cells. (i) 

Based on Siglec F fluorescence, the Ly6G-Ly6C- cells were divided into Siglec F+ 

eosinophils and Siglec F- resident macrophages. (i) Hpse expression on leukocytes (e.g., 

myeloid cells) was shown using histograms of fluorescence staining (blue) versus auto-

fluorescence of unstained cells (red). (k) Lymphocytes were identified as B220+ B cells 

and CD3+ T cells. FSC-A, forward scatter area; FSC-H, forward scatter height; SSC-W, 

side scatter width and SSC-H, side scatter height. 
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Figure 2.14: Gating strategy for analysing leukocyte sub-populations in the stromal 

vascular fraction of wt mice.   

Epididymal adipose tissue dot plots show (a) gating of the leukocyte population using 

forward scatter (FSC) and side scatter (SSC) properties. (b)  Single cells were gated based 

on FSC-A and FSC-H; (c) SSC-W versus SSC-H was used to exclude doublets. (d) The 

CD45.2+ population was identified and subsequently gated for CD11c+ and CD11c- 

expression (e). (f) From the CD11c+ cells, conventional dendritic cells (cDCs) were gated 

using Ly6C-Ly6G- staining; CD11c+Ly6C+ and CD11c+Ly6G+ leukocytes were also 

identified. (g) The CD11c- population was further divided into myeloid (CD11b+) 

leukocytes and lymphocytes (CD11b-). (h) The myeloid population was sub-divided into 

Ly6Cmed-highLy6G+ neutrophils, Ly6ChighLy6G- inflammatory macrophages (INF MP) 

and Ly6G-Ly6C- cells. (i) Based on Siglec F fluorescence, the Ly6G-Ly6C- cells were 

divided into Siglec F+ eosinophils and Siglec F- resident macrophages. (i) Hpse staining 

on leukocytes (e.g., myeloid cells) was demonstrated using histograms of fluorescence 

staining (blue) versus auto-fluorescence of unstained cells (red). (k) Lymphocytes were 

identified as B220+ B cells and CD3+ T cells. FSC-A, forward scatter area; FSC-H, 

forward scatter height; SSC-W, side scatter width and SSC-H, side scatter height. 
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Table 2.1: Phenotype markers for different leukocyte sub-populations. 

Cell type Cell surface marker 

Leukocytes CD45.2+ 

Conventional dendritic cells 

(cDCs) 

CD45.2+ CD11c+ Ly6G- Ly6C- 

T cells CD45.2+ CD11c- CD11b- CD3+ 

B cells CD45.2+ CD11c- CD11b- B220+ 

Myeloid cells CD45.2+ CD11c- CD11b+ 

Neutrophils CD45.2+ CD11c- CD11b+ Ly6G+ Ly6Cmed-high 

Eosinophils CD45.2+ CD11c- CD11b+ Ly6G- Ly6Cneg-med Siglec F+ 

Inflammatory macrophages CD45.2+ CD11c- CD11b+ Ly6G- Ly6Chigh 

Resident macrophages CD45.2+ CD11c- CD11b+ Ly6G- Ly6Cneg-med Siglec F- 

Non-cDC CD11c+ leukocytes: CD11c+Ly6C+Ly6G+ 

 CD11c+Ly6C+Ly6G- 
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2.11 In vivo treatment of db/db mice 

2.11.1 PI-88 

PI-88 (phosphomannopentaose sulfate) acts as a HS replacer in beta cells (Ziolkowski et 

al., 2012). Previous studies in our lab showed that PI-88 (i) prevents culture-induced and 

ROS-induced beta cell death in mouse and human beta cells (Ziolkowski et al., 2012, 

Simeonovic et al., 2018) and (ii) protected ~50% of NOD mice from developing T1D 

(Ziolkowski et al., 2012). Male and female db/db mice were treated with PI-88 (a HS 

replacer/Hpse inhibitor), 10 mg/kg/day i.p. or saline (diluent control) i.p. from 3.5 weeks 

of age for 35 days (see Appendix 1.18). 

 

The mice were weighed 3x/week and non-fasting blood glucose were measured 3x/week. 

After 35 days of treatment, HbA1c levels of mice were measured using a HemoCue 

Analyzer (see Section 2.2.3). The treated mice were tested for either ipGTT (see Section 

2.2.2) or inflammation studies (see Section 2.10) and the pancreas tissue was collected 

for immunohistochemistry analysis (see Section 2.7). Additionally, plasma was separated 

from a 10 µl blood sample obtained from the tail vein. The blood was collected into a 

tube containing 2 µl of citrate buffer (see Appendix 1.1) and centrifuged at 2000-3000 x 

g for 15 mins. The plasma was subsequently tested for the level of free fatty acids in the 

circulation (see Section 2.2.5). 

 

2.11.2 TUDCA 

Tauroursodeoxycholic acid (TUDCA) is a chemical chaperone which assists in protein 

folding, reduces ER stress and has antioxidant and anti-apoptotic activities. TUDCA has 

been used in vivo to prevent ER stress in db/db and ob/ob mice (Özcan et al., 2006, Zhang 

et al., 2016). Male and female db/db mice from 4 weeks of age were treated with TUDCA, 

150 mg/kg/day i.p. or saline (diluent control) i.p. for 28 days (see Appendix 1.18). The 

non-fasting blood glucose levels and body weight were measured 3x/week; variations in 

weight were used to adjust the volume of TUDCA for dosing. The HbA1c levels were 

measured after 28 days of treatment (see Section 2.2.3) and pancreas tissue was collected 

in 10% neutral-buffered formalin for histology and immunohistochemistry (see Section 

2.7). For some mice, the islets were isolated from the pancreases (see Section 2.3) of 

TUDCA or saline treated db/db mice at 28 days and frozen in liquid nitrogen for 
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subsequent RNA extraction (see Section 2.6) and examination of ER stress associated 

genes by PCR (see Sections 2.6.4 and 2.6.5). 

 

 

2.12 Statistical analyses  

Statistical analysis was performed using InStat (version 3.10) and GenStat (version 18) 

software. A parametric statistical test was performed when the Gaussian distribution 

normality test was satisfied; otherwise, a non-parametric test was used. One-way 

ANOVA with Fischer’s unprotected least significant difference (LSD), Mann-Whitney 

test or unpaired t-test were used for metabolic studies of treated or untreated db mice and 

for morphometric analyses of db and Akita mouse pancreas sections. Mann-Whitney test 

was also used for gene expression analysis of isolated islets. One-way ANOVA with 

unprotected LSD test was used for gene expression studies in MIN6 cells. Mann-Whitney, 

One-way ANOVA with unprotected LSD test or Two-way ANOVA with unprotected 

LSD test were used for flow cytometry studies of MIN6 cells, primary beta cells, 

peripheral blood and adipose tissue. 
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3.1 Introduction 

Heparan sulfate proteoglycans (HSPGs) consist of a core protein with covalently attached 

heparan sulfate (HS) chains. HSPGs are ubiquitously expressed on the cell surface, in 

basement membranes (BMs) and extracellular matrix (ECM) and are distinguished by 

their core proteins. The five main classes of HSPG core proteins include the syndecans, 

glypicans as well as perlecan, agrin and collagen type XVIII (Iozzo, 2001, Parish, 2006). 

Both syndecans and glypicans are expressed on the cell surface but glypicans are 

anchored in the cell membrane via glycosylphosphatidylinositol (GPI) linkage. Perlecan, 

agrin and collagen type XVIII HSPGs are present in the ECM and BMs. Additionally, 

there are some HSPGs such as CD44, betaglycan and testican, that express HS chains 

under special circumstances and are therefore called part-time HSPGs (Rops et al., 2004). 

Whereas the core proteins of HSPGs are synthesised in the ER, the assembly of HS chains 

onto the core proteins occurs in the Golgi apparatus (Kreuger and Kjellen, 2012, Esko 

and Selleck, 2002, Leonova and Galzitskaya, 2013). HS chains are linear polysaccharides 

containing repeating units of glucosamine and uronic acid (Bernfield et al., 1999). During 

HS synthesis, the sugar residues undergo chemical modification, resulting in regions that 

are highly sulfated and under-sulfated. These chemical modifications impart both 

structural and functional heterogeneity to the HS chains. 

 

The heterogeneity within HS chains allows them to interact with a wide range of bioactive 

molecules such as chemokines, cytokines, growth factors, lipases, proteases and cell-

adhesion molecules (Dreyfuss et al., 2009). Furthermore, HS chains play an important 

role in BMs by providing stability and acting as a barrier against cell invasion. In ECM, 

HS can fill the intercellular space and act as a molecular sieve (Parish, 2006). HS also 

plays a crucial role in cell development, proliferation and differentiation as well as 

angiogenesis and wound healing (Vreys and David, 2007).  

 

Recently, HS has been identified as an important regulator in post-natal islet growth; 

failure to synthesise HS in the beta cells of exostosin-like 3 (EXTL3) knockout mice 

resulted in impaired glucose-stimulated insulin secretion (Takahashi et al., 2009). 

Furthermore, previous studies in the Simeonovic lab showed that the high levels of HS 

normally expressed inside the beta cells were essential for cell survival (Ziolkowski et al., 

2012). The intracellular localisation of HS is highly unusual because HS is normally 
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found on the surface of cells, in BMs and in ECM. During islet isolation and the 

subsequent culture of isolated beta cells in vitro, intracellular HS was found to decline 

and cell death increased. Moreover, this death of the beta cells could be prevented by 

replacing the lost HS using HS mimetics (Ziolkowski et al., 2012). Three HSPG core 

proteins i.e. collagen type XVIII, syndecan-1 and CD44 were shown to be expressed 

intracellularly in beta cells. Unlike intracellular HS, however, the HSPG core proteins 

were not lost during islet isolation (Choong et al., 2015). Furthermore, studies in non-

obese diabetes (NOD) mice revealed that HS in the peri-islet BM and within beta cells 

was degraded by heparanase (Hpse), resulting in beta cell death and ultimately, type 1 

diabetes (T1D) (Ziolkowski et al., 2012). A critical role for HS was therefore 

demonstrated in beta cell survival and the development of T1D. In this project we 

investigated whether beta cell HS and HSPG core proteins contribute to the progression 

of type 2 diabetes (T2D). 

 

Endoplasmic reticulum (ER) stress plays an important role in the pathogenesis of T2D by 

causing beta cell dysfunction and death (Laybutt et al., 2007). The accumulation of 

misfolded proinsulin/insulin (the major protein produced by beta cells) in the ER in 

response to insulin resistance, leads to ER stress. Beta cell proteins, including HSPG core 

proteins, undergo maturation and refolding in the ER. The mature HSPG core proteins 

are then transported to the Golgi apparatus; at this sub-cellular site, HS chains are 

assembled via a complex process onto the core proteins (see Section 1.13). The activation 

of ER stress induces a signalling cascade i.e., the unfolded protein response (UPR) which 

helps to alleviate ER stress by upregulating the expression of genes that aid protein 

folding. However, when ER stress is prolonged pro-apoptotic pathways become activated 

(Yoshida, 2007). ER stress in beta cells could therefore potentially play a role in reducing 

the intracellular levels of HSPG core proteins, and indirectly, HS during the progression 

of T2D. For these studies, we used T2D-prone db/db mice which express a mutation in 

the leptin receptor, leading to over-eating, obesity and insulin resistance. As a result, 

blood glucose levels become elevated and the beta cells demonstrate reduced function 

and ultimately failure/death.  

 

In this chapter, we examined the expression of HS and HSPG core proteins in the islets 

in situ in the pancreas of db/db mice during the development of T2D. The first section of 



Chapter 3: Characterisation of islet HSPGs and HS in T2D-prone db/db mice 

131 

this chapter characterises T2D development in db/db mice from the JCSMR breeding 

colony, including glucose intolerance and insulin resistance. The next part investigates 

the expression of ER stress genes in islets isolated from db/db mice and wildtype controls 

by TaqMan real-time reverse transcriptase polymerase chain reaction (RT-PCR). Finally, 

immunohistochemistry is used to monitor intra-islet levels of the HSPG core proteins 

(collagen type XVIII, syndecan-1 and CD44) and HS during T2D development.  
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3.2 Results 

3.2.1 Development of obesity and hyperglycaemia in male db/db mice  

The body weight of male wildtype (wt), heterozygous (db/+) and homozygous db/db mice 

was measured at 3, 4, 5, 6, 9, 12, 16 and 20 weeks of age during the development of T2D 

to determine the age at which db/db mice become obese (see Section 2.2.1). In parallel, 

non-fasting blood glucose levels were monitored to ascertain the age at which db/db mice 

showed onset of hyperglycaemia. 

 

The body weight of male wt and db/+ mice ranged from 7.85 ± 1.11 grams to 26.00 ± 

0.86 grams and from 7.14 ± 0.49 grams to 30.00 ± 0.63 grams, respectively, from 3 to 20 

weeks of age (Figure 3.1(a)). Homozygous mutant db/db mice weighed 7.72 ± 0.63 

grams and 34.90 ± 3.12 grams at 3 and 20 weeks of age, respectively. The gain in body 

weight of male db/db mice resembled wt and db/+ mice at 3, 4 and 5 weeks of age (Figure 

3.1(a)). The body weight of male db/db mice at 6 weeks of age was 26.00 ± 0.61 grams, 

1.5-fold higher than wt mice at 17.30 ± 1.22 grams (Figure 3.1(a)). There was a 

significant 1.7-fold (weight=32.67 ± 2.18 grams), 1.6-fold (weight=34.90 ± 1.83 grams), 

1.5-fold (weight=35.17 ± 1.95 grams) and 1.7-fold (weight=34.90 ± 3.12 grams) increase 

in the mean body weight of male db/db mice, when compared to male wt controls at 9 

(weight=18.80 ± 1.63 grams), 12 (weight=21.60 ± 0.93 grams), 16 (weight=23.70 ± 0.80 

grams) and 20 (weight=26.00 ± 0.86 grams) weeks of age, respectively (Figure 3.1(a)). 

Generally, the weight of wt and heterozygous db/+ mice did not differ significantly at 3-

20 weeks of age, except for a 1.2-fold significant increase in the body weight of 

heterozygous db/+ mice at 6 weeks of age (Figure 3.1(a); P<0.01). Male db/db mice 

therefore became overtly obese by 6 weeks of age, compared to lean control wt mice. 

 

The groups of male wt, db/+ and db/db mice exhibited normal non-fasting blood glucose 

levels at 3, 4 and 5 weeks of age (Figure 3.1(b)). However by 6 weeks of age, the mean 

non-fasting blood glucose levels of db/db mice was significantly increased 2.5-fold to 

19.63 ± 2.54 mmol/L, compared to wt mice at the same age (7.76 ± 0.69 mmol/L). The 

blood glucose levels were further augmented in db/db mice to 21.07 ± 2.36 mmol/L 

(versus wt, 7.32 ± 0.79 mmol/L), 24.28 ± 2.69 mmol/L (versus wt, 8.54 ± 0.66 mmol/L)   

and 24.98 ± 1.11 mmol/L (versus wt, 7.50 ± 0.36 mmol/L) at 9, 12 and 16 weeks of age, 

respectively. Furthermore, by 20 weeks of age, there was a 3.9-fold significant increase 
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Figure 3.1: The mean body weight and non-fasting blood glucose of male wt, 

heterozygous db/+ and db/db mice at 3-20 weeks of age. 

The body weight (a) and non-fasting blood glucose levels (b) of male wildtype (wt), 

heterozygous (db/+) and db/db mice were measured at 3-20 weeks of age during the 

development of T2D. In general, the body weight and blood glucose levels of wt, db/+ 

and db/db male mice were similar from 3-5 weeks of age. Obesity and hyperglycaemia 

in db/db mice were evident by 6 weeks. The green dotted lines define the normal blood 

glucose range for wt males i.e., 4.27 mmol/L to 10.83 mmol/L (see Section 2.2.1). The 

data represent mean ± SEM for n= 4-8 mice/group. One-way ANOVA with Fisher’s 

unprotected LSD test; *P<0.01, **P<0.001 and ***P<0.0001. 
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in the non-fasting blood glucose of male db/db mice (25.72 ± 1.01 mmol/L) compared to 

wt controls (mean blood glucose= 6.64 ± 0.47 mmol/L). Hence, male db/db mice became 

hyperglycaemic by 6 weeks of age and remained overtly diabetic for up to 20 weeks of 

age. 

 

Together, these data demonstrated that male db/db mice were both obese and 

hyperglycaemic by 6 weeks of age, marking the clinical onset of T2D. 

 

3.2.2 Male db/db mice exhibit impaired glucose tolerance and are insulin-

resistant 

Male db/db mice (5-9 weeks old) were categorised into three groups based on their non-

fasting blood glucose (Bg), i.e., db/db mice with Bg<10 mmol/L (normoglycaemic), 

db/db mice with Bg=10-15 mmol/L (mildly hyperglycaemic) and db/db mice with Bg>15 

mmol/L (severely hyperglycaemic). The male db/db mice were routinely bled in the 

morning prior to fasting for a glucose tolerance test (GTT; on the same day) to identify 

their group allocation (see Sections 2.2.1 and 2.2.2).  

 

An intraperitoneal (i.p.) GTT was performed after fasting db/db and wt mice for 6 hrs. A 

small droplet of blood was collected from the tail vein for blood glucose measurement at 

time 0 immediately before an i.p. injection of 2 g/kg glucose; subsequent blood samples 

were tested at 15, 30, 60, 90 and 120 minutes after challenge. The area under curve (AUC) 

was calculated from 0 to 120 mins. This test was performed to ascertain the capacity of 

db/db mice to regulate their blood glucose levels. Blood was also collected at 0, 60 and 

120 mins for determining circulating plasma insulin levels using an enzyme-linked 

immunosorbent assay (ELISA) assay (see Section 2.2.4). 

 

The fasting blood glucose levels at 0 mins were similar for male wt mice, 

normoglycaemic db/db males (Bg<10 mmol/L) and mildly hyperglycaemic db/db mice 

(Bg=10-15 mmol/L), i.e., 8.88-9.52 mmol/L (Figure 3.2(a), Table 3.1). In contrast, 

severely hyperglycaemic db/db mice (Bg>15 mmol/L) showed significantly increased 

fasting blood glucose levels (Bg=16.52 ± 1.57 mmol/L) compared to wt mice (Bg=8.93 

± 0.59 mmol/L; Figure 3.2, Table 3.1). The blood glucose of wt mice was rapidly 

increased to 15.97 ± 1.25 mmol/L at 15 mins after glucose injection followed by a gradual  
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Figure 3.2: Glucose tolerance test in male wt and db/db mice. 

Male wt and db/db mice were fasted for 6 hrs prior to an i.p. glucose tolerance test 

(ipGTT). Based on the non-fasting blood glucose levels on the test day, the db/db mice 

were divided into three groups i.e., Bg<10 mmol/L, Bg=10-15 mmol/L and Bg>15 

mmol/L. The blood glucose levels at 0, 15, 30, 60, 90 and 120 mins were measured (a) 

and the area under curve was calculated (b). Blood was also collected for measurement 

of plasma insulin levels (c, d). (a) Whereas wt mice showed an initial rise in blood glucose 

levels and a subsequent decline to pre-challenge levels, the blood glucose levels of db/db 

mice continued to rise and remained in the hyperglycaemic range. (b) The AUC 

corresponding to the blood glucose profiles in (a) show a significant increase for db/db 

males, compared to wt mice. (c) db/db males showed higher plasma insulin levels 

compared wt controls i.e., db/db females were hyperinsulinaemic, prior to glucose 

administration. (d) AUC bar graphs, corresponding to the plasma insulin graphs in (c) 

illustrate that severely hyperglycaemic db/db mice were significantly hyperinsulinaemic, 

relative to wt males. The data represent the mean ± SEM with n= 5-10 mice/group for 

ipGTT and n=4-5 mice/group for plasma insulin analysis. One-way ANOVA with 

Fisher’s unprotected LSD test; *P<0.01, **P<0.001 and ns, not significant. 
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Table 3.1: Blood glucose levels of male wt and db/db mice during ipGTT. 

Time 

(mins) 
Blood glucose (mmol/L)¶ 

 Wt db/db 

 Bg<10 mmol/L Bg=10-15 mmol/L Bg>15 mmol/L 

   

0 8.93 ± 0.59 8.88 ± 1.53 9.52 ± 2.03 16.52 ± 1.57** 

15 15.97 ± 1.25 18.88 ± 2.06 20.76 ± 2.30 27.65 ± 0.33*** 

30 14.02 ± 1.46 22.75 ± 2.58** 25.90 ± 1.41*** 28.00 ± 0.00*** 

60 11.83 ± 1.24 20.62 ± 3.04** 25.22 ± 1.84*** 27.02 ± 0.52*** 

90 11.55 ± 1.23 21.08 ± 3.14** 25.00 ± 2.09*** 26.73 ± 0.86*** 

120 10.23 ± 0.52 16.90 ± 3.12# 21.92 ± 2.58**  23.35 ± 1.06***## 

¶The data represent mean ± SEM. n= 5-10 male mice/group. One-way ANOVA with 

Fisher’s unprotected LSD test; *P<0.05 and **P<0.01, ***P<0.001 represent 

comparisons between wt and db/db mice groups; #P<0.05, and ##P<0.01 indicates 

comparison between time 0 and 120 mins within groups, Unpaired t test. 
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decline to normal blood glucose levels by 120 mins (Figure 3.2(a)). Similarly, 

normoglycaemic and mildly hyperglycaemic db/db mice showed a rapid increase in blood 

glucose levels to 18.88 ± 2.06 mmol/L - 20.76 ± 2.30 mmol/L at 15 mins. Moreover, the 

severely hyperglycaemic db/db mice displayed significantly higher blood glucose levels 

(27.65 ± 0.33 mmol/L) at 15 mins compared to the wt mice (P<0.001). For db/db mice, 

the fasting blood glucose remained elevated during the ipGTT. At 120 mins, the mean 

blood glucose levels were 16.90 ± 3.12 mmol/L, 21.92 ± 2.58 mmol/L, and 23.35 ± 1.06 

mmol/L for the db/db groups with Bg<10 mmol/L, Bg=10-15 mmol/L and Bg>15 

mmol/L, respectively, and were severely elevated compared to wt mice (Bg= 10.23 ± 0.52 

mmol/L; Figure 3.2(a)).  

 

In summary, wt mice showed robust clearance of blood glucose as indicated by low AUC 

1477.17 ± 125.29 A.U. (Figure 3.2(b)). There was a significant 1.6-fold (AUC=2366.50 

± 313.39 A.U.), 1.9-fold (AUC=2801.00 ± 203.24 A.U.) and 2.1-fold (AUC=3131.50 ± 

49.21 A.U.) increase in the AUC for db/db mice with Bg<10 mmol/L, Bg=10-15 mmol/L 

and Bg>15 mmol/L, respectively, compared to wt mice (Figure 3.2(b)). These findings 

confirmed that db/db mice exhibited impaired glucose tolerance, even when 

normoglycaemic in the non-fasting state.  

 

Plasma insulin levels in db/db mice belonging to the normoglycaemic (Bg<10 mmol/L) 

group were 2-fold higher than wt mice at 0 mins. Although this increase did not achieve 

statistical significance, this trend strongly suggested that normoglycaemic male db/db 

mice were hyperinsulinaemic (Figure 3.2(c), Table 3.2). Plasma insulin levels remained 

1.9-2.1-fold higher than corresponding wt controls in normoglycaemic db/db mice at 60 

and 120 mins. Similarly, plasma insulin levels for mildly hyperglycaemic (Bg=10-15 

mmol/L) db/db mice were 2.5-3.5-fold higher compared to wt mice over the time course 

but did not achieve statistical significance (Figure 3.2(c), Table 3.2). The severely 

hyperglycaemic db/db mice showed a significant 4.3-fold, 3.9-fold and 3.3-fold higher 

mean plasma insulin level than wt mice at 0, 60 and 120 mins, respectively (Figure 3.2(c), 

Table 3.2). There was a trend for an increase in AUC of plasma insulin levels for db/db 

mice with Bg<10 mmol/L (AUC= 451.30 ± 80.70 A.U.) and Bg=10-15 mmol/L (AUC= 

620.00 ± 105.92 A.U.) compared to controls (AUC= 222.96 ± 24.28 A.U.) but was not 

statistically significant. Compared to male wt mice, severely hyperglycaemic mice ( 
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Table 3.2: The plasma insulin levels of male wt and db/db mice during ipGTT. 

Time 

(mins) 
Plasma insulin (ng/mL)¶ 

 Wt db/db 

 Bg<10 mmol/L Bg=10-15 mmol/L Bg>15 mmol/L 

0 1.77 ± 0.16 3.61 ± 0.67 6.21 ± 1.08 7.57 ± 2.09* 

60 1.84 ± 0.33 3.88 ± 0.61 4.69 ± 1.27 7.26 ± 1.98* 

120 1.97 ± 0.27 3.67 ± 0.97 5.08 ± 1.46 6.52 ± 1.62* 

¶The data represent mean ± SEM with n= 4-5 male mice/group. One-way ANOVA with 

Fisher’s unprotected LSD test; *P<0.05 represent comparison between wt and db/db mice. 
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Bg>15 mmol/L) showed a significant 3.9-fold increase in AUC (AUC= 858.60 ± 165.49 

A.U.) (Figure 3.2(d)). Thus, consistently high plasma insulin levels, indicating 

hyperinsulinaemia, were observed in db/db mice during the ipGTT, correlating with 

previous reports (Kobayashi et al., 2000, King, 2012, Aasum et al., 2003). 

 

Taken together, db/db male mice displayed severe glucose intolerance despite having 

increased plasma insulin levels. These findings therefore confirmed that the db/db mice 

were insulin-resistant. 

 

3.2.3 Pancreatic islets of db/db mice exhibit ER stress 

Islets were isolated from 5-9 week old wt and hyperglycaemic db/db male mice with 

Bg>15 mmol/L. The mRNA was extracted using the RNeasy kit and cDNA was prepared. 

TaqMan PCR was performed using commercially validated primer/probes to detect 

transcripts for BiP (HSPA5), P58 (DNAJC3), CHOP (DDIT3), and ATF3 mRNAs (see 

Section 2.6), as markers of ER stress. The gene of interest was normalised to a control 

house-keeping gene (GAPDH) and mRNA levels of db/db islets were quantified as a fold-

change of lean wt control islets.  

 

Comparative CT analyses revealed a 125-fold, 113-fold, 23-fold and 13-fold significant 

increase in the expression of the ER stress-associated genes BiP, P58, CHOP and ATF3 

respectively, compared to wt islets (Figure 3.3). The expression of adaptive UPR genes 

(BiP and P58) in db/db islets was selectively increased compared to the pro-apoptotic 

UPR genes (CHOP and ATF3). These data confirm the existence of ER stress in the db/db 

islets, indicative of ER stress in the beta cells. 

 

3.2.4 Immunohistochemical localisation of HSPG core proteins in the 

pancreatic islets of male wildtype, heterozygous and db/db mice 

Having confirmed the induction of ER stress in male db/db islets, a condition that down-

regulates protein synthesis, we next examined by immunohistochemistry the in situ intra- 

islet expression of three HSPG core proteins i.e., collagen type XVIII (Col18), syndecan-

1 (Sdc1) and CD44 in pancreases of male wt, heterozygous db/+ and homozygous db/db 

mice at 3-20 weeks of age (see Section 2.7). Immunostaining of wt islets at 9 weeks of 

age confirmed the strong intra-islet expression of Col18, Sdc1 and CD44 core proteins 
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Figure 3.3: ER stress markers in male wt and db/db islets. 

RNA extracted from islets isolated from male wt and hyperglycaemic db/db mice was 

used to prepare cDNA for TaqMan real-time PCR analysis of BiP, P58, CHOP and ATF3 

transcripts. Comparative CT analysis employing GAPDH gene expression as a reference 

gene for normalisation, was used to compare db/db transcript expression to wt controls. 

All ER stress-related genes were significantly upregulated in male db/db islets, compared 

to wt islets. The data represent mean ± SEM for 4 independent experiments (120-400 

islets/group/experiment). Mann-Whitney test; *P<0.05. 
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as previously reported by the Simeonovic lab in another normal mouse strain (Choong et 

al., 2015); pancreas sections treated with isotype control Ig corresponding to each HSPG 

antibody showed no background staining (see Section 2.7, Figure 2.4).  

 

 (a) Collagen type XVIII 

Immunohistochemical analysis of collagen type XVIII (Col18) core proteins in the 

pancreases of male db/db mice at 3, 4, 5, 6, 9, 12, 16 and 20 weeks of age showed 

substantially reduced immunostaining in db/db islets from 3 weeks of age, compared to 

corresponding wt control islets (Figure 3.4). Furthermore, intra-islet staining for Col18 

was dramatically reduced in db/db islets by 5 weeks of age (prior to the onset of 

hyperglycaemia), compared to wt islets (Figure 3.5). 

 

An early reduction in the Col18+ve area of staining in db/db islets to 80.3% (P<0.05) and 

79.2% (P<0.05) of controls was observed at 3 and 4 weeks of age, respectively (Figure 

3.6). From 4 weeks to 5 weeks of age, the Col18+ve islet area of db/db islets decreased 

dramatically with the levels at 5 weeks representing only ~60% of the levels at 4 weeks. 

The Col18+ve islet area showed a consistent reduction to 45.9%, 45.3% and 41.3% of wt 

islets at 5, 6 and 9 weeks of age, respectively.  

 

A subsequent major decline in Col18 core protein expression was observed in the islets 

of db/db mice at 12 weeks of age when the intra-islet area was reduced to 10.5% of wt 

controls. Similar levels of 11.4% and 14.8% of controls were found in db/db islets at 16 

and 20 weeks of age, respectively. Wt and heterozygous db/+ male mice showed 

significant differences at 5, 12 and 20 weeks of age; however both groups showed 

stronger distribution of Col18 compared to db/db mice.  

 

Overall, this study showed that there was a progressive loss of intra-islet Col18 core 

protein in the islets of db/db mice during the development of T2D from 3-20 weeks of 

age. Striking reductions compared to corresponding wt controls were observed at 5 weeks 

and 12 weeks of age.  
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Figure 3.4: Distribution of collagen type XVIII (Col18) core protein in the 

pancreatic islets of male wt and db/db mice.  

Representative images show the immunohistochemical localisation of Col18 core protein 

in the islets of db/db mice and wt mice at 3-20 weeks of age. Islets in situ in wildtype 

mouse pancreas (a, c, e, and g) showed intense Col18 staining. In contrast, db/db islets (b, 

d, f, and h) showed a dramatic loss of Col18 expression. Scale bar = 100 μm. 
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Figure 3.5: Distribution of collagen type XVIII (Col18) core protein in the 

pancreatic islets of male wt and db/db mice at 5 weeks of age.  

Representative images show the immunohistochemical localisation of Col18 core protein 

in the islets of db/db mice and wt mice at 5 weeks of age. Compared to a wildtype mouse 

islet (a) which showed uniform Col18 staining, a dramatic loss of Col18 expression was 

observed in a db/db islet (b). Scale bar = 100 μm. 
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Figure 3.6: Intra-islet collagen type XVIII expression in pancreases from wt, db/+ 

and db/db mice at 3-20 weeks of age. 

The Col18+ve islet area was assessed by immunohistochemistry and morphometry in wt, 

db/+ (heterozygous) and db/db pancreases from donors at 3, 4, 5, 6, 9, 12, 16 and 20 

weeks of age. Intra-islet Col18 expression in db/db islets was dramatically reduced to 

~45% of wt levels by 5 weeks of age; a further major decline to ~10% of wt levels was 

observed at 12 weeks of age. The data represent mean ± SEM for n= 3 pancreases/group 

with n=14-42 islets examined/group. One-Way ANOVA with Fischer’s unprotected LSD 

test; *P<0.05, **P<0.0001 and ns, not significant. 
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 (b) Syndecan-1 

Immunohistochemistry analysis revealed a substantial decrease in the expression of intra-

islet Sdc1 in db/db mice at 4 weeks of age, compared to corresponding wt controls 

(Figure 3.7). Sdc1 core protein was strongly expressed in the islets of wt mice at all ages, 

whereas the islets of db/db mice at 4-20 weeks of age showed little, if any, Sdc1 

expression (Figure 3.7).  

 

The intra-islet Sdc1 core protein expression in the islets of db/db mice and wt mice was 

similar at 3 weeks of age (Figure 3.8). A significant decline in intra-islet Sdc1 expression 

to 39.4% of wt islets was observed in the islets of 4 week old db/db male mice. Thereafter, 

the Sdc1+ve islet area was decreased to 56.7%, 22.5% and 23.6% of wt islets in db/db 

pancreases at 5, 6, and 9 weeks of age, respectively. Almost no intra-islet Sdc1 expression 

was found in db/db mice at 12, 16 and 20 weeks of age; the Sdc1+ve islet area was 

drastically reduced to 4.9%, 6.6% and 7.5% of wt mice, respectively. 

 

As for intra-islet Col18, the wt and heterozygous db/+ male mice showed differences in 

HSPG core protein Sdc1 expression at 5-20 weeks of age. In general, however, strong 

intracellular expression of Sdc1 was observed in the islets of wt and heterozygous db/+ 

mice compared to db/db mice. 

 

These findings demonstrate that during the development of T2D in male db/db mice there 

was a significant loss in the intra-islet expression of Sdc1 core protein at 4-20 weeks of 

age, compared to corresponding wt controls. 

 

(c) CD44 

The immunohistochemical localisation of CD44 core protein showed intracellular 

expression in the pancreatic islets of wt mice and predominantly cell surface staining in 

the islets of db/db mice from 3-20 weeks of age (Figure 3.9). In contrast to wt islets, 

db/db islets showed a striking loss of intracellular CD44 from 3 weeks of age (Figure 

3.9). 
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Figure 3.7: Immunohistochemical localisation of syndecan-1 (Sdc1) in the 

pancreatic islets of male wildtype and db/db mice.  

Representative images show the localisation of Sdc1 core protein in the islets of wt (a, c, 

e, g) and db/db (b, d, f, h) mice at (a, b) 3 weeks, (c, d) 4 weeks, (e, f) 9 weeks and (g, h) 

16 weeks of age.  Islets in situ in wt mouse pancreas at all ages showed widespread Sdc1 

staining whereas the db/db islets showed a dramatic decline in the intra-islet distribution 

of Sdc1 staining from 4 weeks of age (d). Scale bar = 100 μm. 
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Figure 3.8: Syndecan-1 expression in pancreases from wt, db/+ and db/db mice at 3-

20 weeks of age. 

Morphometric analysis of the immunohistochemical staining of intra-islet Sdc1 core 

protein in wt, db/+ (heterozygous) and db/db pancreases from donors at 3, 4, 5, 6, 9, 12, 

16 and 20 weeks of age. The Sdc1+ve islet area in db/db pancreases was significantly 

reduced to 39.4% of corresponding wt controls at 4 weeks of age; subsequently marked 

reductions were observed at 6-9 weeks of age (22.5%-23.6%) and at 12-20 weeks (4.9%-

7.5%). The data represents the mean ± SEM for 3 pancreases/age group with n=15-38 

islets examined/group. One-Way ANOVA with Fischer’s unprotected LSD test; 

*P<0.0001. 
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Figure 3.9: Immunohistochemical localisation of CD44 core protein in the 

pancreatic islets of db/db mice and wildtype mice. 

Representative images show the distribution of CD44 in the islets of db/db mice (b, d, f, 

h) and wildtype mice (a, c, e, g) as demonstrated by immunohistochemical staining. 

Wildtype islets showed strong expression of CD44 and loss of staining was observed in 

the islets of db/db mice from 3 weeks of age (b). Scale bar = 100 μm. 

 



Chapter 3: Characterisation of islet HSPGs and HS in T2D-prone db/db mice 

150 

Db/db islets revealed a significant decrease in the CD44+ve islet area to 60.4% of wt 

islets at 3 weeks of age (Figure 3.10). By 4 weeks of age, CD44 expression in the islets 

of db/db mice was further reduced to 38.3% of the corresponding wt control group. Db/db 

islets at 5-6 weeks of age showed 68.6% to 37.4% of the CD44+ve islet area of wt control 

islets. By 9-12 weeks of age, the CD44+ve islet area in db/db pancreases decreased to 

~18% of corresponding wt control islets. A further decrease to 2.2-13.0% of wt controls 

was observed in db/db islets at 16-20 weeks of age. 

 

While significant differences were observed between wt and heterozygous db/+ mice at 

4-16 weeks of age (P<0.05), from a biological perspective both groups at each time point 

showed extensive intra-islet CD44 immunostaining compared to db/db groups. The lower 

intra-islet expression of CD44 at 16-20 weeks of age, in wt and db/+ pancreases compared 

to other time points was attributed to highly variable CD44 staining.  

 

These data demonstrated a significant loss in the intra-islet expression of intracellular 

CD44 core protein in db/db islets from 3-20 weeks of age compared to corresponding wt 

mice. 

 

Taken together, these immunohistochemical studies revealed a dramatic early decline in 

the expression of HSPG core proteins for Col18 (see Section 3.2.4 

(a)), Sdc1 (see Section 3.2.4(b)) and CD44 (see Section 3.2.4(c), above) in islets from 

young db/db donors at 3-5 weeks of age, with CD44>Sdc1>Col18 representing highly 

sensitive markers of T2D progression prior to the onset of hyperglycaemia. 

 

 

3.2.5 HS expression in the islets of wt and db/db mice 

Since HSPG core proteins (Col18, Sdc1 and CD44) in the islets of young db/db male 

mice from 3-5 weeks of age, decreased dramatically and HS chains are synthesised 

directly onto HSPG core proteins, we next examined the intra-islet expression of HS in 

the pancreases of wt and db/db male mice at different ages. 
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Figure 3.10: Morphometric analysis of CD44 core protein expression in pancreatic 

islets of wt, db/+ and db/db mice at 3-20 weeks of age. 

The CD44+ve islet area in immunostained sections of wt, heterozygous db/+ and db/db 

pancreases was assessed using Image J software with colour deconvolution plugin. db/db 

islets showed a significant reduction of CD44 expression by as early as 3 weeks of age. 

The data represents the mean ± SEM for 3 pancreases/age group with n= 14-40 islets 

examined/group. One-Way ANOVA with Fischer’s unprotected least significant 

difference (LSD) test; *P<0.01 and **P<0.0001. 
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The expression of HS in the islets of male db/db mice and wt mice at 4, 5, 6, and 9 weeks 

of age was determined by immunohistochemistry. Two different primary anti-HS 

antibodies i.e. anti-10E4 mAb and anti-HepSS-1 mAb were used for the analysis. The 

anti-10E4 mAb detects highly sulfated HS chains whereas anti HepSS-1 mAb detects 

less-sulfated HS chains (Ziolkowski et al., 2012, Theodoraki et al., 2015, Simeonovic et 

al., 2018). 

 

Immunostaining with 10E4 anti-HS mAb resulted in a marked decrease in the HS+ve islet 

area in db/db pancreases by as early as 4 weeks of age, compared to lean wt mice of the 

same age (Figure 3.11). Representative images in Figure 3.11 show strong expression of 

HS in wt islets and less pronounced intracellular HS in the db/db islets from 4-5 weeks 

of age. Furthermore, only scattered islet cells with strong positive staining were observed 

at 6 and 9 weeks. In contrast, immunohistochemical staining with anti-HepSS-1 mAb 

showed strong staining in some cells at the periphery of both wt and db/db islets in each 

age group (Figure 3.12). In parallel, a loss of intracellular HS was observed in db/db 

islets at 6 and 9 weeks of age compared to the widespread, intense staining in 

corresponding wt islets (Figure 3.12). Immunostaining using isotype controls 

corresponding to HS antibody showed no background staining (Figure 2.5). 

 

The HS+ve islet area was quantified by morphometry using Image J software with colour 

deconvolution plugin. The threshold for positive staining was set using the strong 

intracellular staining observed in wt islets at 6 and 9 weeks of age. This threshold was 

applied to all wt and db/db specimens. 

 

Morphometric analysis of the HS+ve islet area following immunostaining with 10E4 anti-

HS mAb revealed a significant decrease in db/db islets to 48.1% of control wt islets (anti-

HS wt, 50.46 ± 2.31% versus db/db, 24.27 ± 2.84%) at 4 weeks of age (Figure 3.13(a)). 

A similar marked reduction in db/db islets to 51.4% of wt controls (wt, 46.32 ± 2.56% 

versus db/db, 23.83 ± 2.74%) at 5 weeks of age, confirmed the early loss of highly sulfated 

HS from the islets prior to the onset of hyperglycaemia at 6 weeks (see Section 3.2.1). In 

db/db mice at 6 and 9 weeks of age, the HS+ve islet area was reduced to 33.8% and 25.7% 

of corresponding control wt islets (Figure 3.13(a)). 
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Figure 3.11: Localisation of HS in the pancreatic islets of db/db and wildtype mice 

at 4 to 9 weeks of age. 

Representative images of the distribution of HS in the islets of db/db mice and wildtype 

mice as determined by immunohistochemistry using 10E4 anti-HS mAb. The islets of 

wildtype mice (a, c, e and f) strongly express intracellular HS whereas a progressive loss 

of HS was observed in db/db islets (b, d, f, and h). 10E4 anti-HS mAb; scale bar = 100 

μm. 
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Figure 3.12: Immunohistochemical localisation of HS in the pancreatic islets of 

db/db and wildtype mice at 5- 9 weeks of age, using HepSS-1 anti-HS mAb. 

Representative images show the distribution of HS in the islets of db/db mice and 

wildtype mice after immunostaining of pancreas sections with HepSS-1 anti-HS mAb. 

Whereas strong intracellular staining of HS was observed in some cells at the periphery 

of both wt and db/db islets of all ages (see arrows, a-f), db/db islets showed a marked loss 

of intracellular staining throughout the islet mass at 6-9 weeks of age (d, f). Scale bars 

=100 μm. 
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(a)                                                                        (b) 

 

 

 

 

Figure 3.13: The distribution of HS in the pancreatic islets of wt and db/db mice at 

4-9 weeks of age. 

The relative distribution of HS in wt and db/db male pancreatic islets was determined by 

morphometry. The % HS+ve islet area was calculated using Image J software with colour 

deconvolution plugin. (a) Immunostaining with 10E4 anti-HS mAb showed that the 

positively stained highly sulfated HS (HShi+ve) in the db/db islets significantly decreased 

to 48.1% of control wt islets by 4 weeks. (b) Intracellular HS immunostaining using 

HepSS-1 anti-HS mAb uniformly stained islet beta cells (excluding intensely stained 

peripheral alpha cells) at 5 weeks. db/db islets showed a significant decline in less-

sulfated (HSlo+ve) expression to 54.5% of control islets by 6 weeks of age. Data show 

mean HS+ve islet area ± SEM for 3 pancreas specimens/age group with n=19-52 islets 

analysed/group for immunostaining with 10E4 mAb and n=16-40 islets analysed/group 

for staining with HepSS-1 mAb. Unpaired t test and Mann-Whitney test; *P<0.01, 

**P<0.0001 and ns, not significant. 
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In contrast, staining for under-sulfated HS with HepSS-1 mAb demonstrated a similar 

HS+ve islet area in wt islets (24.33 ± 5.63%) and db/db islets (32.20 ± 4.30%) at 5 weeks 

of age (Figure 3.13 (b)). However, by 6 weeks of age, there was a significant decrease in 

the intracellular distribution in db/db islets to 54.5% of control wt islets (wt, 62.73 ± 4.54% 

versus db/db, 34.17 ± 3.53%). Similarly, there was a significant reduction to 66.2% of wt 

controls in the HS+ve islet area of db/db islets at 9 weeks (wt, 57.87 ± 6.45% versus db/db, 

38.30 ± 3.14%; P<0.01; Figure 3.13(b)).  

 

Overall, db/db mice revealed a significant intra-islet loss of highly sulfated HS at the early 

age of 4 weeks and of under-sulfated HS by 6 weeks of age during the development of 

T2D. 

 

3.2.6 Immunolocalisation of insulin and glucagon in wt and db/db pancreases  

Pancreas sections of male wt and db/db mice were stained for insulin and glucagon by 

immunohistochemistry. Insulin staining identifies islet beta cells and glucagon staining 

distinguishes the islet alpha cell population.  

 

Representative images show strong staining for insulin in the islets of wt mice from 3-20 

weeks of age (Figure 3.14). Likewise, db/db islets showed a uniform intense expression 

of insulin at 3 of age (Figure 3.14). In contrast, there was a substantial loss of insulin in 

the db/db islets at 4 weeks and this reduction was maintained from 6-20 weeks of age 

(Figure 3.14) 

 

The intensity of insulin staining was quantified using Image J software with a colour 

deconvolution plugin (see Section 2.7.5). The intensity of insulin staining in db/db islets 

showed an early significant decline to 68.7% of wt controls at 4 weeks of age (Figure 

3.15). Although comparable staining for insulin was observed in wt and db/db islets at 5 

weeks of age. The intensity of insulin staining was consistently reduced in db/db islets to 

68.9% and 62.3% of wt islets at 6 and 9 weeks of age, respectively. The observed 

discrepancy at 5 weeks of age could be due to the fewer wt islets (n= 15) analysed 

compared to db/db islets (n= 30) and to unusual weaker staining of insulin in one of the 

three wildtype pancreas samples analysed. Insulin immunostaining was further 

significantly reduced to ~47-48% of corresponding controls by 12-20 weeks of age 
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Figure 3.14: Insulin immunolocalisation in the pancreatic islets of db/db and 

wildtype mice at 3-20 weeks of age. 

Insulin expression in the islets of db/db mice and wildtype mice, was localised by 

immunohistochemistry. Strong staining was observed in the islets of wildtype mice at 3, 

4, 6 and 20 weeks of age (a, c, e, and g); an initial loss of staining in db/db islets was 

found at 4 weeks of age (b) and only scattered insulin +ve beta cells were identified in 

db/db islets at 6-20 weeks of age (d, f and h). Scale bar = 100 μm. 
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Figure 3.15: Insulin expression in the islets of db/db and wt mice. 

The intensity (optical density (O.D.)) of insulin staining in pancreas section of wt and 

db/db mice was determined using Image J software with colour deconvolution plugin. 

Insulin loss was observed in two stages; an initial reduction to 68.7% of wt controls was 

found at 4 weeks of age followed by a loss to 47.3% of wt controls at 12 weeks of age. 

Data represent the mean islet intensity ± SEM for 3 pancreases/age group with n=14-37 

islets examined/group. Unpaired t test and Mann-Whitney test; *P<0.05, **P<0.01 and 

***P<0.0001. 
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 (P<0.0001).  

 

The distribution of glucagon staining in wt and db/db islets was confined to cells at the 

islet periphery, identifying alpha cells (Figure 3.16). In general, the intensity of glucagon 

staining in wt and db/db islets was similar up to 20 weeks of age. A 1.4-fold increase in 

the glucagon+ve islet area at 16 weeks of age was observed in db/db mice compared to 

wt mice (Figure 3.17). Furthermore, by 12 weeks, the restricted localisation of alpha cells 

appeared to be less pronounced and the glucagon+ve islet area increased, correlating with 

a reduction in beta cell function (Figure 3.15). The statistically significant differences 

observed at 4, 5 and 16 weeks of age are attributed to variability in glucagon staining 

intensity observed between some samples. 

 

3.2.7 Obesity and hyperglycaemia in female db/db mice 

The body weight and non-fasting blood glucose levels of female wildtype (wt), 

heterozygous (db/+) and db/db mice were measured at 3, 4, 5, 6, 7, 8, 9, 12, 16 and 20 

weeks of age (see Section 2.2.1) to establish the temporal relationship between the 

development of obesity and hyperglycaemia during T2D progression.  

 

Like male db/db mice, the body weight of female wt and db/db mice was similar at 3 and 

4 weeks of age. (Figure 3.18(a)). There was a progressive 1.4-2.0-fold significant 

increase in the body weight of female db/db mice from 6 weeks (21.76 ± 1.17 grams) up 

to 20 weeks of age (35.92 ± 4.96 grams) during the progression of T2D. Generally, the 

weight of wt and heterozygous db/+ mice did not differ significantly at 3-20 weeks of age, 

except for a 1.5-fold significant increase in the body weight of heterozygous db/+ mice 

(17.10 ± 0.37 grams) at 5 weeks of age compared to wt mice (11.75 ± 1.82 grams) (Figure 

3.18(a)). This discrepancy could be due to the presence of one mutant allele in the 

heterozygous db/+ mice. Female db/db mice were significantly heavier than wt controls 

by 6 weeks of age. 
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Figure 3.16: Localisation of glucagon in the pancreatic islets of db/db and wildtype 

mice at 3-16 weeks of age. 

Glucagon expressing alpha cells were localised in the islets of db/db mice and wildtype 

mice. Characteristically, the islet alpha cells were found at the islet periphery in db/db 

pancreases from donors up to 9 weeks of age. Scale bar = 100 μm. 
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Figure 3.17: Glucagon expression in the islets of db/db and wt mice. 

The intensity of glucagon immunostaining was determined in wt and db/db pancreases at 

3-20 weeks of age, using Image J software with colour deconvolution plugin. In general 

glucagon expression was similar between wt and db/db islets up to 20 weeks of age during 

the development of T2D. The data shows the mean optimal density (O.D.) ± SEM for 3 

pancreases/age group n=13-39 islets analysed/group. Unpaired t test and Mann-Whitney 

test; *P<0.05. 
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Figure 3.18: The mean body weight and non-fasting blood glucose of female wt, db/+ 

and db/db mice during the development of T2D. 

The mean body weight and non-fasting blood glucose levels were measured in female 

wildtype (wt), heterozygous (db/+) and db/db mice from 3-20 weeks of age. (a) db/db 

females showed increased body weight from 6 weeks of age, compared to corresponding 

wt controls. (b) Female db/db mice demonstrated hyperglycaemia by 7 weeks of age. The 

green dotted lines represent the normal blood glucose range (7.55 ± 3.12 mmol/L i.e., 

4.43 mmol/L-10.67 mmol/L), as assessed in 56 female wt mice (3-20 weeks of age). The 

data represent the mean ± SEM; n=5-8 mice/age group. One-way ANOVA with Fisher’s 

unprotected LSD test; *P<0.05, **P<0.01 and ***P<0.001. 
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Female wt and heterozygous db/+ mice remained normoglycaemic for up to 20 weeks of 

age (Figure 3.18(b)). The non-fasting blood glucose levels of wt, db/+ and db/db females 

were maintained in the normal range (7.55 ± 3.12 mmol/L) for 3-6 weeks of age. In 

contrast, female db/db mice showed a significant 2.1-fold and 2.4-fold increase in non-

fasting blood glucose levels at 7 weeks (18.26 ± 3.17 mmol/L) and 8 weeks (Bg, 18.60 ± 

3.36 mmol/L) compared to wt controls (Bg, 7.88 ± 0.62 mmol/L). Thereafter db/db 

female blood glucose levels remained >20 mmol/L for up to 20 weeks of age. Thus, the 

onset of hyperglycaemia in female db/db mice occurred at 7 weeks of age. 

 

Thus, female db/db mice were obese by 6 weeks of age and hyperglycaemic by 7 weeks 

of age during the development of T2D. 

 

3.2.8 Female db/db mice develop glucose-intolerance and insulin-resistance 

Like male db/db mice (see Section 3.2.2), female db/db mice (5-9 week old) were also 

categorised into three groups based on their non-fasting blood glucose, i.e., Bg<10 

mmol/L (normoglycaemic), Bg=10-15 mmol/L (mildly hyperglycaemic) and Bg>15 

mmol/L (severely hyperglycaemic). The db/db mice were bled in the morning and were 

allocated to groups prior to an i.p glucose tolerance test (ipGTT; see Section 2.2) on the 

same day. 

 

Female wt blood glucose levels increased sharply and peaked at 15 mins after glucose 

challenge (16.80 ± 0.89 mmol/L). However, the blood glucose levels subsequently 

returned to pre-challenge levels of 7.76 ± 0.32 mmol/L at 120 mins (Figure 3.19(a), 

Table 3.3). In contrast, the blood glucose levels of female db/db mice in each of the three 

groups rose sharply within 15 mins and remained elevated for up to 120 mins. The Bg<10 

mmol/L and Bg=10-15 mmol/L groups showed some evidence of glycaemic control with 

blood glucose levels deceasing to 14.57 ± 4.59 mmol/L and 16.00 ± 1.69 mmol/L, 

respectively at 120 mins. In contrast, db/db females belonging to the Bg>15 mmol/L 

group demonstrated severe hyperglycaemia (Bg>20 mmol/L) from 30-120 mins during 

the observation period (Table 3.3).  

 

When the ipGTT data was represented as a bar graph of AUC values for blood glucose, 

the AUC for db/db mice (Bg<10 mmol/L) significantly increased 1.8-fold to 2272.75 ±  
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Figure 3.19: ipGTT in female wt and db/db mice. 

Female wt and db/db mice were fasted for 6 hrs before an i.p. glucose tolerance test 

(ipGTT). Based on morning non-fasting blood glucose levels, the db/db mice were 

divided into three groups i.e., Bg<10 mmol/L, Bg=10-15 mmol/L and Bg>15 mmol/L. (a) 

The blood glucose levels were measured at 0, 15, 30, 60, 90 and 120 mins after i.p. 

challenge (2 g/kg glucose). Following a rapid rise in blood glucose levels in all mice at 

15 mins, wt females demonstrated a subsequent decline in blood glucose levels to the 

normal range by 120 mins; in contrast, db/db blood glucose levels remained elevated. (b) 

The AUC corresponding to the blood glucose profiles in (a) show a significant increase 

for db/db females, compared to wt mice. (c) Both wt females and db/db females of the 

normoglycaemic Bg<10 mmol/L group showed similar plasma insulin levels at 0 mins; 

mildly and severely hyperglycaemic db/db females were hyperinsulinaemic, prior to 

glucose administration. During the ipGTT (a) db/db females showed markedly higher 

plasma insulin at 60 and 120 mins, compared to wt mice (c). (d) AUC bar graphs, 

corresponding to the plasma insulin graphs in (c) illustrate that mildly and severely 

hyperglycaemic db/db groups were significantly hyperinsulinaemic, relative to wt 

females. The data show mean ± SEM with n=4-8 female mice/group for ipGTT and n=3 

mice/group for plasma insulin analysis. One-way ANOVA with Fisher’s unprotected 

LSD test; *P<0.001 and ns, not significant. 
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Table 3.3: Blood glucose measurement during ipGTT in female db/db and wt mice.  

Time 

(mins) 
Blood glucose (mmol/L)¶ 

 Wt db/db 

 Bg<10 mmol/L Bg=10-15 mmol/L Bg>15 mmol/L 

   

0 7.80 ± 0.45 8.97 ± 1.53 10.67 ± 1.20* 10.74 ± 0.99* 

15 16.80 ± 0.89 19.55 ± 3.32 22.30 ± 2.61 23.32 ± 1.68*  

30 12.89 ± 0.80 22.32 ± 2.85** 24.97 ± 2.58*** 28.00 ± 0.00** 

60 9.60 ± 0.25 21.22 ± 3.93** 23.67 ± 1.57*** 27.78 ± 0.22** 

90 9.41 ± 0.55 18.47 ± 3.63** 25.20 ± 1.19*** 27.08 ± 0.92** 

120 7.76 ± 0.32 14.57 ± 4.59* 16.00 ± 1.69*# 25.36 ± 1.30**## 

¶The data represent mean ± SEM with n= 4-8 female mice/group. One-way ANOVA with 

Fisher’s unprotected LSD test; *P<0.05, **P<0.001 represent comparisons between wt 

and db/db mice groups; #P<0.05 and ##P<0.001 indicate comparisons between time 0 

and 120 mins within groups. 
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374.16 A.U., in comparison to female wt mice with AUC of 1256.13 ± 47.69 A.U. The 

AUC was significantly increased 2.1-fold and 2.5-fold to 2683.00 ± 178.55 A.U. and 

3086.60 ± 50.96 A.U. for female db/db mice with Bg=10-15 mmol/L and Bg>15 mmol/L, 

respectively. Overall, a statistically significant 1.8-2.5-fold increase was observed in the 

AUC of db/db females compared to wt controls (Figure 3.19(b)), confirming that the 

db/db females were glucose-intolerant. 

 

Female db/db mice in the mild and severely hyperglycaemic groups displayed increased 

fasting plasma insulin levels at 0 mins compared to wt mice; in contrast, db/db females 

in the normoglycaemic group showed similar insulin levels to wt mice (Figure 3.19(c), 

Table 3.4). Plasma insulin levels were further increased in db/db mice compared to wt 

mice at time 60 mins and remained markedly higher over the time course. There was a 

trend for an increased plasma insulin AUC for db/db females with Bg<10 mmol/L (248.90 

± 17.60 A.U.), compared to wt females (146.20 ± 3.80 A.U.). AUC for db/db females 

with Bg=10-15 mmol/L (496.30 ± 41.90 A.U.) and Bg>15 mmol/L (404.83 ± 52.16 A.U.), 

were significantly higher than corresponding wt mice (P<0.0001; Figure 3.19(d)). These 

data indicate that female db/db mice were hyperinsulinaemic, consistent with previous 

studies (Kobayashi et al., 2000, Aasum et al., 2003).  

 

Like male db/db mice (see Section 3.2.2), the failure to regulate blood glucose levels 

despite elevated plasma insulin in female db/db mice, confirmed the development of 

insulin resistance. 

 

3.2.9 ER stress in isolated female db/db islets 

ER stress markers were examined in islets isolated from female db/db mice. Comparative 

CT analyses of ER stress related mRNAs in female db/db islets showed a 335.3-fold and 

243.8-fold significant increase in the expression of the adaptive UPR makers BiP and P58, 

respectively (Figure 3.20; see Section 2.6). A significant 27.9-fold and 5.4-fold increase 

in the expression of the ER stress-associated pro-apoptotic markers CHOP and ATF3 

respectively, was also observed (Figure 3.20). Similar to male db/db islets (see Section 

3.2.3), this study demonstrated a dramatic increase in the expression of adaptive UPR 

genes relative to the increased expression of pro-apoptotic UPR genes. Thus, resembling 

male db/db mice (see Section 3.2.3), the overall increased expression of UPR genes  



Chapter 3: Characterisation of islet HSPGs and HS in T2D-prone db/db mice 

168 

 

 

 

 

 

 

 

 

 

 

Table 3.4: Plasma insulin levels of wt and db/db female mice during ipGTT.  

Time 

(mins) 
Plasma insulin (ng/mL)¶ 

 Wt db/db 

 Bg<10 mmol/L Bg=10-15 mmol/L Bg>15 mmol/L 

0 1.21 ± 0.06 1.54 ± 0.33 3.79 ± 0.65 (0.054) 3.58 ± 1.45 (0.07) 

60 1.26 ± 0.11 2.36 ± 0.16* 4.30 ± 0.18** 3.79 ± 0.52** 

120 1.15 ± 0.13 2.04 ± 0.02 4.14 ± 0.44** 2.32 ± 0.59 (0.06) 

¶The data represent mean ± SEM with n= 3 female mice/group. One-way ANOVA with 

Fisher’s unprotected LSD test; *P<0.05 and **P<0.001 represent comparisons between 

wt and db/db mice. 
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Figure 3.20: ER stress markers in female wt and db/db islets. 

TaqMan real-time PCR was used to analyse mRNA expression of the ER stress-

associated markers BiP, P58, CHOP and ATF3 in the islets of wt and hyperglycaemic 

db/db females (5-9 weeks). Comparative CT using GAPDH gene expression as a reference 

for normalisation was used to compare transcript expression in db/db islets to wt controls. 

All ER stress-related genes were significantly upregulated in the islets of db/db donor 

females. The data show mean ± SEM for 4 independent experiments (n=230-341 

islets/group). Mann-Whitney test; *P<0.05. 
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confirmed evidence of ER stress in the islets of hyperglycaemic db/db females at 5-9 

weeks of age. 

 

 

3.2.10 Expression of intra-islet HSPG core proteins in wildtype, heterozygous 

and db/db females 

The intra-islet expression of three HSPG core proteins i.e., collagen type XVIII (Col18), 

syndecan-1 (Sdc1) and CD44 were analysed by immunohistochemistry and morphometry 

in the pancreas of female wildtype (wt), heterozygous (db/+) and db/db mice at 3, 4, 5, 6, 

9, 12, 16 and 20 weeks of age (see Section 2.7). The sections were imaged and analysed 

as described in Chapter 2 (see Section 2.7.5).  

 

Intra-islet staining for Col18 in female db/db donor pancreases at 3 weeks of age 

resembled corresponding wt islets (Figure 3.21(a)). In contrast, there was an early 

significant decline in Col18 expression at 4 weeks to 76.7% of wt islets. Thereafter, Col18 

immunostaining progressively declined to 68.9%, 43.6%, 28.7% and 35.9% of wt islets 

at 5, 6, 9 and 12 weeks of age, respectively (Figure 3.21(a)). By 16 and 20 weeks of age, 

the Col18+ve islet area was only 15.2% and 26.4% of wt islets, respectively.   

 

Analyses of the Sdc1+ve islet area in female db/db islets revealed a dramatic decrease to 

32.8% and 46.3% of wt islets at 4 and 5 weeks of age, respectively (P<0.001; Figure 

3.21(b)). Little, if any Sdc1 expression in db/db islets was observed from 6 weeks of age 

(1.3%-3.7% of wt controls; P<0.001). 

 

The area of islet tissue that stained positively for CD44 in female db/db pancreases 

decreased markedly to 25.6% of wt control islets at 4 weeks of age (Figure 3.21(c)). The 

CD44 core protein staining was further reduced to 14.4%, 15.1% and 13.7% of control 

wt islets at 6, 9 and 16 weeks of age, respectively. Variability in the CD44+ve islet area 

observed in wt and/or db/+ islets at 5 week and 20 weeks was possibly due to biological 

variation in the limited sample size. 
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Figure 3.21: Intra-islet HSPG core protein expression in pancreases from female wt, 

db/+ and db/db mice at different age. 

Intra-islet expression of HSPG core proteins was assessed in female wt, heterozygous 

(db/+) and db/db pancreases at 3, 4, 5, 6, 9, 12, 16, and 20 weeks of age by 

immunohistochemistry and morphometry. Data is presented as the % islet area showing 

positive staining for Col18 (a), Sdc1 (b) and CD44 (c). HSPG Core proteins were 

significantly reduced in female db/db islets from as early as 4 weeks of age. Data show 

mean ± SEM for 3 pancreases/age group with n=18-41 (Col18), n=16-43 (Sdc1) and 

n=16-35 (CD44) islets examined/group. One-Way ANOVA with Fischer’s unprotected 

LSD test; *P<0.05, **P<0.01 and ***P<0.0001. 
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Female db/db mice therefore demonstrated a significant loss of intra-islet HSPG core 

proteins for collagen type XVIII, syndecan-1 and CD44 from 4-20 weeks of age, 

resembling the temporal changes observed in male db/db islets (see Section 3.2.4). 

 

3.2.11 Insulin and glucagon localisation in female wt and db/db pancreatic 

islets  

Pancreas sections of female wt and db/db mice were immunostained for insulin and 

glucagon and the intensity of the staining was quantified using Image J software with 

colour deconvolution plugin (see Section 2.7.5). 

 

The intensity of insulin staining in female db/db islets was significantly increased 1.5-

fold at 3 weeks of age and significantly decreased to 74.4% of wt controls by 6 weeks of 

age (Figure 3.22(a)). Intracellular insulin staining was significantly reduced further to 

59.4%, 40.7%, 39.1% and 43.4% of corresponding wt controls by 9, 12, 16 and 20 weeks 

of age (Figure 3.22(a)). Hence, the intra-islet insulin was reduced in the pancreatic islets 

of female db/db mice from 6 weeks of age, i.e., prior to onset of non-fasting 

hyperglycaemia (Figure 3.18) and consistent with a mild level of insulinaemia (Figure 

3.19).  

 

There was no significant difference in the intensity of glucagon staining between wt and 

db/db islets except at 3-20 weeks of age, except at 4 weeks of age where a 1.4-fold 

increase in glucagon intensity was observed in db/db islets (Figure 3.22(b)). It is possible 

that this increase in glucagon expression could lead to a transient increase in secretion, 

gluconeogenesis and glycogenolysis and thereby contribute to hyperinsulinaemia and 

hyperglycaemia (Unger, 1971, Barbetti et al., 2016). In contrast, a previous study showed 

both an increased expression of glucagon+ve islet area as well as an increase in plasma 

glucagon levels in db/db mice, compared to heterozygous controls (Liu et al., 2011). This 

discrepancy could be due to differences in methodology and analysis; our 

immunohistochemical analysis is based on the intensity of intra-islet glucagon+ve 

staining whereas Liu et al. (2011) used immunofluorescence staining to analyse the 

glucagon+ve islet area. 
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Figure 3.22: Insulin and glucagon expression in the islets of female db/db and wt 

mice at different ages. 

The intensity (optical density (O.D.)) of immunostaining for (a) insulin and (b) glucagon 

was assessed in pancreas sections of female wt and db/db mice at 3-20 weeks of age by 

morphometry using Image J software with colour deconvolution plugin. (a) Insulin 

staining was significantly reduced by 6-9 weeks of age. (b) In general, glucagon 

expression in the islets was similar between wt and db/db mice at 3-20 weeks of age. The 

data represents the mean staining intensity ± SEM for 3 pancreases/age group with n=11-

32 islets analysed/group (insulin) and n=8-26 islets analysed/group (glucagon). Unpaired 

t test and Mann-Whitney test; *P<0.05, **P<0.01, ***P<0.0001 and ns, not significant. 
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3.2.12 Analyses of islet area 

The area of islets in pancreas sections of male and female wt and db/db mice was 

quantified using Image J software with colour deconvolution plugin (see Section 2.7.5). 

 

Male db/db islets showed an initial significant increase in islet area at 4 weeks of age and 

a consistent increase from 6-20 weeks of age (Figure 3.23(a)). There was a 1.6-fold, 1.9-

fold, 1.7-fold, 1.5-fold and 1.6-fold significant increase in islet area of db/db islets 

compared to corresponding wt controls at 4, 6, 9, 12 and 16 weeks of age, respectively. 

The 1.3-fold increase in the area of db/db islets at 5 weeks was not statistically significant. 

No significant difference was observed in the islet area of db/db males at 20 weeks of age 

(Figure 3.23(b)). Similar to male db/db islets, female db/db islets showed a significant 

1.8-fold, 1.5-fold, 2.1-fold, 1.5-fold and 1.6-fold increase in the islet area compared to 

corresponding wt controls at 5, 9, 12, 16 and 20 weeks of age, respectively (Figure 3.23). 

A marked 1.4-fold increase in the area of islet of db/db mice was observed at 6 weeks of 

age compared to controls; however, this increase did not achieve statistical significance 

 

Together, this data demonstrates that during the development of T2D in db/db mice, there 

is an expansion of islet mass to help maintain beta cell function, confirming previous 

studies (Prentki and Nolan, 2006, Dalbøge et al., 2013, Mezza et al., 2014). 

 

3.2.13 ER stress in islets of young db/db mice 

Immunohistochemistry analyses demonstrated loss of intracellular HSPG core proteins 

and HS in the islets of male and female db/db mice from an early age i.e., 3-4 weeks. To 

investigate whether the diminished levels of HSPG core proteins and HS could be due to 

ER stress-induced downregulation of proteins in beta cells, we examined the transcript 

levels of ER stress associated genes in the islets of 3.5-4.5-week old male db/db mice. 

 

Islets were isolated from 3.5-4.5-week old heterozygous and db/db male mice. The 

mRNA was extracted using the RNeasy kit and cDNA was prepared (see Section 2.6). 

TaqMan real-time PCR was performed using commercially validated primer/probes to 

detect the expression of BiP (HSPA5), P58 (DNAJC3), CHOP (DDIT3), and ATF3 

mRNAs (see Section 2.6.4), as markers of ER stress. The gene of interest was normalised  
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Figure 3.23: Quantification of islet area in male and female db/db and wt mice at 

different ages. 

The area of islet tissue was analysed for both (a) male and (b) female db/db and wt mice 

at 3-20 weeks of age by morphometry using Image J software with colour deconvolution 

plugin. Male and female db/db islets showed increased islet area from at 4 weeks and 5 

weeks of age, respectively. The data represents the mean ± SEM for 3 pancreases/age 

group with n=19-43 islets analysed/group (males) and n=14-37 islets analysed/group 

(females). Mann-Whitney test; *P<0.05, **P<0.01, ***P<0.001 and ns, not significant. 
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to a control house-keeping gene (GAPDH) and mRNA levels of db/db islets were 

quantified as a fold-change of their respective lean control (heterozygous db/+) islets. 

 

Comparative CT analyses showed a 15.9-fold (P<0.05), 12.9-fold, 3.8-fold and 3.5-fold 

increase in transcripts for BiP, P58, CHOP and ATF3, respectively, compared to controls 

(Figure 3.24). The significant ~16-fold increase in the early stress marker BiP, 

accompanied by a substantial ~13-fold increase in another early UPR gene P58, provide 

evidence for the induction of ER stress in the islets of normoglycaemic male db/db mice 

from as early as 3.5-4.5 weeks of age. 
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Figure 3.24: ER stress markers in male db/+ and db/db islets. 

RNA extracted from islets isolated from 3.5-4.5 week old male heterozygous (db/+; black 

bars) and db/db (blue bars) mice was used to prepare cDNA; analysis of BiP, P58, CHOP 

and ATF3 transcripts was performed using TaqMan real-time PCR. Comparative CT 

analysis employing GAPDH gene expression as a reference gene for normalisation, was 

used to compare db/db transcript expression to heterozygous controls. mRNA levels for 

the adaptive UPR markers BiP and P58 were highly upregulated in db/db islets from very 

young donors. The data show mean ± SEM for 4 independent experiments (120-350 

islets/group per experiment). Mann-Whitney test; *P<0.05. 
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3.3 Discussion 

The db/db mouse strain is a well-established model of obesity-induced type 2 diabetes 

(T2D) and has characteristics similar to human T2D. The db/db mice have a homozygous 

point mutation in the leptin receptor gene and as a result, overeat, develop obesity, insulin 

resistance and hyperglycaemia (Chan et al., 2011, Chen et al., 1996, Kobayashi et al., 

2000, Do et al., 2016). In addition, db/db islets show a reduced number of glucose 

responsive beta cells and reduction in insulin exocytosis (Do et al., 2014). In fact, insulin 

exocytosis is restricted to only a small proportion of db/db beta cells (Low et al., 2014). 

Consistent with previous findings (Aasum et al., 2003, King, 2012, Kobayashi et al., 2000, 

Do et al., 2016), our study demonstrated that male and female db/db mice become obese 

and hyperglycaemic from the early age of 6-7 weeks (Figures 3.1 and 3.18). Male db/db 

mice were obese (1.5-fold heavier than corresponding wt controls) and hyperglycaemic 

(db/db, 19.63 ± 2.54 mmol/L vs wt, 7.76 ± 0.69 mmol/L) by 6 weeks of age whereas 

female db/db mice showed evidence of obesity (1.4-fold heavier than wt) by 6 weeks and 

were hyperglycaemic (db/db, 18.26 ± 3.17 mmol/L vs wt, 8.53 ± 0.49 mmol/L) by 7 

weeks of age (Figures 3.1 and 3.18). These data indicate that male db/db mice develop 

hyperglycaemia before females. This is consistent with a previous study which reported 

that the onset of overt diabetes in male db/db mice precedes the onset of hyperglycaemia 

in female db/db mice (Aasum et al., 2003).  

 

To further characterise and confirm the phenotype of our db/db mouse colony, we 

evaluated blood glucose and plasma insulin levels in wt and db/db mice in response to an 

intraperitoneal glucose tolerance test (ipGTT). Our data showed that male db/db mice 

were glucose-intolerant as they displayed consistently higher glucose levels at 30-120 

mins during the ipGTT, correlating with a significantly increased glucose AUC compared 

to wt controls (Figure 3.2(a, b)). Furthermore, male db/db mice (5-9 weeks) in all three 

groups (normoglycaemic, mildly hyperglycaemic and severely hyperglycaemic) 

maintained increased insulin levels throughout the ipGTT compared to wt mice, 

confirming hyperinsulinaemia and insulin-resistance (Figure 3.2(c)). Although not 

statistically significant, the corresponding AUCs for the plasma insulin levels of 

normoglycaemic and mildly hyperglycaemic db/db males were 2.0-fold to 2.8-fold higher 

than wt control males (Figure 3.2(d)). However, severely hyperglycaemic db/db mice 

showed a significant 3.9-fold increase in the AUC for plasma insulin levels compared to 
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wt controls (P<0.001). Likewise, female db/db mice belonging to all three groups were 

glucose-intolerant and markedly insulin-resistant (Figure 3.19). Overall, increased blood 

glucose levels despite parallel increased plasma levels confirmed that both male and 

female db/db mice had impaired glucose tolerance due to insulin resistance. 

 

Mouse and human islets compensate for mild insulin resistance by increasing insulin 

secretion (via an increase in both beta cell mass and beta cell function) (Prentki and Nolan, 

2006, Dalbøge et al., 2013, Mezza et al., 2014, Saisho et al., 2013, Bernard-Kargar and 

Ktorza, 2001, Sone and Kagawa, 2005). Mezza et al. (2014) reported that the increase in 

the size of islets in insulin-resistant obese humans is due to beta cell hyperplasia (i.e., 

increased in number of beta cells). Other studies of male db/db mice showed an increase 

in beta cell area at 12 weeks of age and enhanced islet mass and beta cell proliferation at 

10 weeks (but not by 24 weeks) (Dalbøge et al., 2013). Furthermore, the size of islets 

increased in prediabetic db/db mice, suggesting altered beta cell function (Do et al., 2016).  

Consistently, our study demonstrated an increase in islet area (islet size) in db/db 

pancreases during the development of T2D generally from 6 weeks of age (Figure 3.23).  

 

Islet beta cells have a highly developed endoplasmic reticulum (ER) which is required for 

the folding, export and processing of newly synthesised insulin and other proteins 

including, HSPG core proteins (Choong et al., 2015). Disruption of chaperones which 

promote protein folding, inhibition of protein glycosylation, calcium depletion and certain 

mutations of proteins can disturb ER function and cause the accumulation of misfolded 

proteins in the ER lumen, a condition known as ER stress (Eizirik et al., 2008, Malhotra 

and Kaufman, 2007). ER stress in pancreatic beta cells can be induced by elevated free 

fatty acids and glucose, downstream read-outs of obesity and insulin resistance in type 2 

diabetes. Prolonged ER stress initiates an adaptive programme called the unfolded protein 

response (UPR). This programme consists of three distinct reparative responses: 

translation attenuation, upregulation of ER chaperones and protein degradation via the 

proteasome. Collectively, these pathways relieve ER stress, help to maintain ER 

homeostasis and prevent cell death (Yoshida, 2007). In scenarios where the UPR fails to 

sufficiently counter the impact of ER stress, beta cell apoptosis is initiated. Each of these 

stages contributes to the pathogenesis of T2D (Laybutt et al., 2007). We therefore 
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evaluated the relationship between ER stress in the pancreatic islets of db/db mice to the 

levels of intracellular HSPGs and HS localised in beta cells. 

 

Our data demonstrated a preferential upregulation of early adaptive UPR genes (BiP and 

p58) in the islets of young normoglycemic db/db mice at 3.5-4.5 weeks of age (Figure 

3.24). This data confirms and extends a previous study showing increased BiP staining in 

the islets of db/db mice at 4 weeks (Sharma et al., 2015). Together these data suggest that 

the UPR is active from an early age in db/db beta cells. Moreover, quantitative PCR 

analysis of islets isolated from wt and hyperglycaemic db/db mice at 5-9 weeks of age 

showed the upregulated expression of both adaptive and pro-apoptotic UPR genes 

(Figures 3.3 and 3.20). Interestingly, the expression of adaptive UPR genes was higher 

than pro-apoptotic UPR genes, indicating that during this period of T2D development the 

majority of the beta cells were compensating for ER stress in order to remain viable 

(Figures 3.3 and 3.20). Our data is consistent with a previous report of increased mRNA 

expression of ER stress-associated adaptive (BiP, P58, Erp72, Fkbp11 and Grp94) and 

deleterious/pro-apoptotic (ATF3, CHOP and Trib3) UPR genes in prediabetic db/db mice 

at 6 weeks of age (Chan et al., 2013). In addition, ER stress has been demonstrated 

previously in db/db islets at 4-16 weeks of age (Kjørholt et al., 2005, Laybutt et al., 2007, 

Chan et al., 2015, Eizirik et al., 2008, Sharma et al., 2015). Furthermore, in humans with 

T2D, immunostaining showed increased intra-islet expression of CHOP, BiP and P58 

proteins, compared to healthy controls (Marchetti et al., 2007, Laybutt et al., 2007). Our 

study therefore corroborated the induction of ER stress in islet beta cells of db/db mice. 

 

Previous studies have identified the presence of several HSPGs in mouse islets. Takahashi 

et al (2009) reported mRNA expression for syndecans 2-4, glypican 1 and 4, perlecan, 

agrin and collagen type XVIII in 8 week old ICR (Swiss Albino) mouse islets; however, 

no intra-islet expression was observed for syndecan-1 or other glypicans (2, 3, 5, and 6). 

In another study, syndecan-4 expression was observed in islets isolated from adult male 

C57BL/6 mice (10-12 weeks of age) by immunofluorescence but not for syndecan-1, 

glypican, agrin or collagen type XVIII (Cheng et al., 2012a). This disparity in the 

detection of HSPG core proteins can be attributed to different antibodies and staining 

techniques. Recently, the Simeonovic lab identified the presence of two full time HSPGs 

i.e., collagen type XVIII and syndecan-1 as well as the part-time HPSG CD44 in C57BL/6 
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islets in situ and after isolation (Choong et al., 2015). Therefore, this project focused on 

collagen type XVIII, syndecan-1 and CD44 and the temporal changes in their intra-islet 

(beta cell) expression during T2D development in db/db mice. 

 

Our study showed that the HSPG core proteins collagen type XVIII, syndecan-1 and 

CD44 were strongly expressed in wildtype and heterozygous islets at 3-20 weeks of age 

(Figures 3.6, 3.8, 3.10 and 3.21). Furthermore, previous studies of mouse and human 

islets have indicated that HSPG expression is localised in the beta cell population 

(Choong et al., 2015, Simeonovic et al., 2018). 

 

A significant loss of HSPG core protein expression for Col18, Sdc1 and CD44 was 

observed in male db/db mice as early as 3-4 weeks of age, with levels declining to ~40-

57% of normal wt controls by 4-5 weeks (Figures 3.6, 3.8 and 3.10). Similarly, the islets 

of female db/db mice demonstrated significant depletion of Col18, Sdc1 and CD44 core 

proteins by 4 weeks of age, with a striking progressive loss to 26%-46% of normal wt 

islets by 4-6 weeks (Figure 3.21). Interestingly, Sdc1 and CD44 showed more rapid 

decline than Col18 in db/db islets. This asynchrony could be due to a shorter half-life for 

Sdc1 and CD44, compared to collagen type XVIII. Whereas rat glomerulus basement 

membrane collagens have been shown to have very slow turnover in vivo i.e., half-life 

of > 100 days (Beavan et al., 1989), pulse chase experiments have revealed a rapid half-

life of ~ 3-5 hours for other HSPGs in baby hamster kidney cells, glomerulus basement 

membrane and rat granulosa cells (Bretscher, 1985, Yanagishita and Hascall, 1984, 

Beavan et al., 1989, Marshall, 2016). Throughout the remainder of the observation period 

(9-20 weeks) the levels of HSPG core proteins fell profoundly in db/db male islets to 

18%-41% at 9 weeks and 7.5-15% by 20 weeks (Figures 3.6, 3.8 and 3.10). Generally, 

a more sustained depletion to 2%-15% of normal controls was observed in female db/db 

islets at 9-20 weeks of age (Figure 3.21). Overall, the marked depletion of islet HSPGs 

commences at an early age in db/db mice before the onset of non-fasting hyperglycaemia 

and prior to or in parallel with significant loss of insulin in islet beta cells (Figures 3.15 

and 3.21(a)). This finding together with the absence of glucagon depletion in islets alpha 

cells (Figures 3.17 and 3.21(b)) further supports the conclusion that the observed 

modulation of HSPG expression is occurring in islet beta cells.  
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Overall, HSPG core proteins were highly expressed intracellularly in beta cells of wt islets 

and were progressively depleted in the beta cells of db/db mice during the development 

of T2D. The localisation of HSPGs inside beta cells is unique because HSPGs are 

normally expressed on the cell surface or in BMs and/or ECM (Sarrazin et al., 2011).   

 

Collagen type XVIII contains an endostatin fragment which is derived from the C-

terminal NC domain. Collagen type XVIII exhibits anti-angiogenic activity through the 

endostatin domain and inhibits angiogenesis and tumour growth (Marneros and Olsen, 

2005). However, the role of collagen type XVIII core protein in beta cells is unclear. 

Knock-out models of collagen type XVIII did not show abnormalities in the pancreas, a 

finding which could be due to other HSPG core proteins substituting for the lost core 

protein (Sarrazin et al., 2011). 

 

Syndecans play a critical role in pathological processes by interacting with a wide range 

of ligands. Altered expression of syndecan has been observed in autoimmune disorders, 

cancer, HIV infection and other pathophysiological conditions (Tkachenko et al., 2005, 

Beauvais and Rapraeger, 2004, Agere et al., 2018). Cells surface syndecan-1 regulates 

cell adhesion, migration, proliferation, invasion, cell mobility and cellular signalling 

(Ramani et al., 2012, Elenius and Jalkanen, 1994, Zimmermann and David, 1999). In vivo 

studies have provided evidence that syndecan-1 plays a role in the clearance of lipoprotein 

and uptake by hepatocytes (Stanford et al., 2009). During diabetes development, it has 

been found that insulin promotes shedding of syndecan ectodomains, suggesting a link 

between insulin signalling and syndecan-mediated pathological processes (Reizes et al., 

2006). A study by Cheng et al. (2012) demonstrated that intracellular syndecan-4 

expression is present in mouse and rat islets as well as MIN6 cells, and with localisation 

to insulin positive cells but not glucagon positive cells. Recently, silencing of syndecan-

4 in MIN6 cells resulted in impaired insulin secretion whereas overexpression of 

syndecan-4 ameliorated insulin secretion (Takahashi et al 2017). Based on these studies, 

it is therefore possible that intracellular syndecan-1 might play diverse roles in beta cells. 

 

CD44 is a part-time HSPG because it displays HS chains under special circumstances. 

The CD44v3 is the only isoform that carries HS chains. The expression of cell surface 

CD44 was markedly enhanced in inflammatory renal diseases such as lupus nephritis and 
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anti-BM glomerulonephritis (Rops et al., 2004). Macrophages express CD44 on their cell 

surface and regulate growth factor action during inflammation (Jones et al., 2000). 

Previously, CD44 deficiency in HFD-fed C57BL/6J diabetic mice reduced immune cell 

infiltration in adipose tissue and improved insulin sensitivity (Kodama et al., 2012). 

Furthermore, Kang et al. (2013) showed that HFD-fed CD44 KO (C57BL/6J) mice have 

reduced susceptibility to hepatic steatosis, adipose tissue inflammation, glucose 

intolerance and insulin resistance. This study also revealed levels of FFA genes involved 

in synthesis and transport (Fasn and CD36) were reduced in CD44 KO mice (Kang et al., 

2013). Additional, a recent study further revealed that CD44-expressing wildtype (female 

NOD) beta cells are susceptible to apoptosis whereas CD44 deficient beta cells are 

relatively protected (Assayag-Asherie et al., 2015). Depletion of all forms of CD44 in 

MIN6 cells via RNA interference improved insulin secretion and the insulin content of 

beta cells, suggesting that CD44 variants may inhibit insulin secretion (Kobayashi et al., 

2018).  

 

HSPGs in normal beta cells could act as intracellular reservoir for growth factors and 

chemokines and/or function in insulin secretion, glucose metabolism, gene transcription 

and homeostasis (Choong et al., 2015). The loss of core proteins in db/db beta cells could 

therefore contribute to reduced insulin secretion, hyperglycaemia and thus T2D. The 

glycosaminoglycan, HS, is synthesised directly on to HSPG core proteins in the Golgi 

subcellular compartment. Normally, when localised in BMs and ECM, HS interacts with 

a wide range of bioactive molecules such as growth factors, cytokines, chemokines, 

proteases and cell adhesion molecules and also helps to maintain cell integrity and 

function (Parish, 2006). Having observed the unusual intracellular localisation of HS in 

islet beta cells, Ziolkowski et al. (2012) demonstrated that HS is essential for beta cell 

survival and serves as a constitutive antioxidant. Thus, in view of the rapid and extensive 

depletion of HSPG core proteins in db/db islets during T2D development, we also 

examined the intra-islet expression of HS.  

 

The expression of intra-islet HS was assessed using two antibodies, 10E4 anti-HS mAb 

and HepSS-1 anti-HS mAb. The anti-10E4 mAb reacts with highly sulfated HS, 

specifically to N-acetylated and N-sulfated glucosamine residues of HS and O-sulfated 

groups. On the other hand, HepSS-1 anti-HS mAb reacts with an epitope of N-sulfated 
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disaccharides with reduced O-sulphation (van den Born et al., 2005, Ziolkowski et al., 

2012, Theodoraki et al., 2015, Simeonovic et al., 2018, Takahashi et al., 2009, Takahashi 

et al., 2012). HS is selectively localised in islet cell populations i.e., highly sulfated HS is 

observed in beta cells while under-sulfated HS is found in alpha cells (Theodoraki et al., 

2015, Simeonovic et al., 2018, Ziolkowski et al., 2012). These properties correlate with 

the differential expression of three HS modifying enzymes i.e., heparan sulfate 6-O 

sulfotransferase 1 (HS6ST1), sulfatase 1 (SULF1) and sulfatase 2 (SULF2); HS6ST1 was 

highly expressed in the INS1 beta cells whereas SULF1 and SULF2 were abundantly 

present in aTC1-6 alpha cells (Theodoraki et al., 2015). These data showed an absence of 

6-O sulfate groups in aTC1-6 cells compared to INS1 beta cells, suggesting beta cells 

express highly sulfated HS whereas alpha cells express under-sulfated HS. 

 

As expected, wt db mice displayed high levels of intra-islet HS. This is consistent with 

previous reports that HS is expressed in neonatal islets and BALB/c mouse beta cells 

(Takahashi et al., 2009, Ziolkowski et al., 2012). We have now demonstrated by 

immunohistochemistry and morphometry, a progressive loss of HS in db/db islet beta 

cells, compared to wt islets. The decline in intracellular HS in db/db islets using 10E4 

mAb was observed as early as 4 weeks of age at which time HS was reduced to ~69% of 

controls (Figure 3.13(a)). Thus, db/db beta cells underwent early loss of highly sulfated 

HS. Intra-islet HS levels were further reduced to 48% of controls by 9 weeks of age 

(Figure 3.13(a)). In comparison, immunostaining with HepSS-1 mAb showed that loss 

of under-sulfated HS in db/db islets was delayed until 6 and 9 weeks of age (Figure 

3.13(b)). 

 

Our study revealed that highly sulfated HS detected by 10E4 mAb was intense in normal 

wt (+/+) beta cells. This finding supports previous findings that highly sulfated HS is 

expressed in the beta cells of rodents and human islets (Ziolkowski et al., 2012, 

Simeonovic et al., 2018) and acts as a constitutive non-enzymatic quencher of reactive 

oxygen species (ROS). Replacement of HS using heparin (a highly sulfated HS analogue) 

preserved the viability of beta cells in vitro and protected the beta cells from culture- and 

hydrogen peroxide-induced beta cell death (Ziolkowski et al., 2012). These findings 

identified a critical role for HS in the survival of beta cells. HS staining with HepSS-1 

mAb (which identifies under-sulfated HS) was observed more strongly at the periphery 
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of islets i.e., in alpha cells, and was found at moderate levels throughout the remaining 

islet cell mass i.e., in beta cells. These findings support the report by Theodoraki et al. 

(2015) that highly sulfated HS is present in beta cells and less-sulfated HS is prominent 

in alpha cells. Our study showed the loss of highly sulfated HS in db/db beta cells but no 

apparent loss of under-sulfated HS from alpha cells. Our lab has previously reported that 

the depletion of highly sulfated HS during islet isolation led to beta cell death in vitro 

(Ziolkowski et al., 2012). Furthermore, Theodoraki et al. (2015) demonstrated that HS 

desulfation rendered beta cells vulnerable to oxidative damage, supporting the report by 

Ziolkowski et al. (2012) that HS plays a critical role in protecting the beta cells from 

hydrogen peroxide-induced death.  Beta cell proliferation was also reduced when INS-1 

beta cells were incubated with sodium chlorate (a competitive inhibitor of 3’-

phosphoadenosine 5’-phosphosulfate) which prevents 2-O and 6-O sulfation (Theodoraki 

et al., 2015). Collectively, these findings highlight the crucial role for intracellular highly 

sulfated HS in beta cell survival. 

 

Taken together, our study has demonstrated strong intracellular expression of HSPG core 

proteins correlating with insulin expression in the beta cells of wildtype (+/+) mice. This 

property correlated with high levels of intracellular HS in islet beta cells. In contrast, a 

significant reduction of both HSPG core proteins and insulin, but not glucagon, was found 

in the islets of db/db mice during T2D development. The depletion of HSPG core proteins 

in db/db islets was accompanied by a significant reduction in intracellular HS in db/db 

beta cells. This finding is consistent with the absolute requirement of HSPG core proteins 

for HS synthesis (see Section 1.13) i.e., without HSPG core proteins, HS chain initiation 

and polymerisation cannot occur.  Furthermore, the decline in HSPG core proteins and 

HS in db/db beta cells was observed before the mice became hyperglycaemic. These 

findings indicated that the trigger responsible for initiating the loss of HSPG core proteins 

and HS in young 3-4 week old mice was independent of non-fasting hyperglycaemia.  

 

Beta cell dysfunction/death in T2D is generally attributed to glucotoxicity (see Section 

1.7) and lipotoxicity (see Section 1.8). Briefly, chronic exposure of beta cells to high 

glucose levels reduces the expression of GLUT2, glucokinase and voltage-dependent 

calcium ion channels involved in GSIS in vivo and in vitro (Weir et al., 2001, Kaiser et 

al., 2003). Whereas exposure to free fatty acids (FFAs) stimulates insulin secretion, 
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prolonged exposure to elevated FFAs causes a reduction in GIIS (in vitro and in vivo) and 

beta cell apoptosis (Zhou and Grill, 1994, Shimabukuro et al., 1998, Cnop et al., 2005). 

A study by Laybutt et al. (2007) provided pivotal evidence that ER stress-induced beta 

cell apoptosis/ failure contributes to the pathogenesis of T2D. In that study, palmitate-

treated MIN6 cells, T2D-db/db islets and human T2D islets showed increased mRNA 

expression for ER stress-associated genes (ATF4, CHOP, BiP and P58) which correlated 

with increased beta cell apoptosis (Laybutt et al., 2007). It is now well-recognised that 

ER stress can cause beta cell failure and play a critical role in T2D (Chan et al., 2013, 

Eizirik et al., 2008, Scheuner and Kaufman, 2008, Fonseca et al., 2011). Additionally, a 

complex relationship between UPR/ER stress and oxidative stress has been identified in 

beta cells (Song et al., 2008, Cunha et al., 2008b, Chan et al., 2013, Malhotra and 

Kaufman, 2007, Hasnain et al., 2016). 

 

Beta cells undergo high levels of ER stress due to their normal secretory function (Araki 

et al., 2003, Eizirik et al., 2008). In response to high glucose levels, beta cells increase 

the synthesis of proinsulin and other secretory proteins. Following transfer to the ER, 

disulfide bonds are formed and correct folding of the proteins take place (Eizirik and 

Cnop, 2010). The increase in protein synthesis and maturation eventually induces ER 

stress in beta cells. To cope with this stress, beta cells activate the adaptive responses 

known as the unfolded protein response (UPR) which detects misfolded proteins in the 

ER. The three main ER sensors are IRE1, eIF2a-PERK and ATF6 (see Section 1.9). Their 

activation decreases the synthesis of new proteins in the ER, increases the folding 

capacity of the ER (by increasing the synthesis of ER chaperones) and removes misfolded 

proteins. When the UPR fails to maintain ER homeostasis, beta cells undergo apoptosis.  

 

Studies by Chan et al. (2013) and Sharma et al. (2015) using immunostaining and PCR 

demonstrated ER stress in beta cells of db/db mice as young as 4-6 weeks of age. 

Furthermore, increased beta cell proliferation was observed in the presence of mild UPR 

activation and was reduced at 11-14 weeks of age during beta cell loss (Sharma et al., 

2015). This finding suggested that mild UPR activation contributes to beta cell 

proliferation. These studies provide evidence that ER stress represents an early response 

to obesity and maintains homeostasis in beta cells. ER stress in db/db beta cells down-

regulates mRNA expression to reduce general protein synthesis (Chan et al., 2013). ER 
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stress in the islets of ob/ob (leptin deficient) mice, which are obese and insulin resistant 

but do not develop diabetes, led to increased expression of adaptive UPR genes (BiP, P58, 

Erp72, Grp94 and Fkbp11) but not pro-apoptotic genes (ATF3, ATF4, CHOP, Trib3) at 

6 and 16 weeks of age (Chan et al., 2013). The increase in adaptive UPR genes correlated 

with increased beta cell mass and function. Similarly, zucker rats and zucker diabetic fatty 

rats as well as HFD-fed mice showed increased expression of adaptive UPR markers 

compared to controls (Omikorede et al., 2013, Hasnain et al., 2014, Herbert and Laybutt, 

2016). In contrast, db/db (leptin receptor deficient) mice, demonstrated significant 

upregulation of UPR genes in prediabetic db/db mice at 6 weeks of age (Chan et al., 2013). 

Reduced expression of the adaptive UPR and increased expression of the pro-apoptotic 

factor ATF3 at 16 weeks of age, correlated with reduced expression of islet-associated 

transcription factors and genes that optimise beta cell function in db/db mice. This study 

provided convincing evidence that upregulation of adaptive UPR genes provides 

protection from beta cell failure whereas an increase in pro-apoptotic UPR genes results 

in beta cell dysfunction and death.  

 

ATF6 plays an anti-apoptotic role in ER stress (see Section 1.9.3.2). Studies have shown 

that reduced levels of ATF6 in ob/ob mice, HFD-mice and T2D human islets correlates 

with beta cell death (Engin et al., 2013), suggesting that ATF6 levels could be used as a 

marker for beta cell death. Interestingly, similar mRNA levels of ATF6 have been 

reported in db/db islets at 10-12 weeks of age compared to heterozygous controls (Laybutt 

et al., 2007). We propose that ATF6 protein expression in the islets of db/db mice at 

different ages could be determined by immunohistochemistry and western blotting to 

clarify the role of ATF6 during T2D development relative to other markers of ER stress 

and to the loss of HSPG protein expression. It is possible that a decline in ATF6 

expression may more closely parallel HSPG and HS loss in db/db islets than other ER 

stress markers. 

 

In our study we confirmed the induction of ER stress in the islets of db/db male and female 

mice at 3.5-4.5 weeks (normoglycaemic) and 5-9 weeks (hyperglycaemic). We propose 

that ER stress in db/db beta cells directly induces loss of intracellular HSPG core proteins 

which in turn results in depletion of beta cell HS. Intracellular HS has been reported to 
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play a critical role in protecting beta cells from oxidative damage (Ziolkowski et al., 2012). 

Furthermore, db/db islets at 6-20 weeks of age have been reported to show increased 

expression of antioxidant genes, suggesting that oxidative stress in the beta cells is 

enhanced (Chan et al., 2013, Hasnain et al., 2014). We therefore propose that early loss 

of HSPG core proteins and HS contributes to beta cell stress in T2D. Without HS, db/db 

beta cells are more highly susceptible to oxidative damage, beta cell failure/death and 

T2D. 

 

In summary: 

• Our data confirmed that db/db mice in our holding colony develop obesity, 

hyperglycaemia, glucose intolerance and insulin resistance.  

• Our study demonstrated that islet beta cells of db/db mice exhibit ER stress as 

early as 3.5-4.5 weeks of age and confirmed the presence of ER stress-associated 

genes in hyperglycaemic db/db mice.  

• We demonstrated a previously unrecognised loss of HSPG core proteins 

(collagen type XVIII, syndecan-1 and CD44) and HS in db/db islet beta cells 

during the development of T2D.  

• The loss of HSPG core proteins and HS are consistent with the downstream 

effects of ER stress. This novel finding is further explored in Chapter 4 in the 

context of ER stress in heterozygous Ins2WT/C96Y Akita mice and 

pharmacologically-induced ER stress in MIN6 and primary beta cells. 
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4.1 Introduction 

In Chapter 3, the pancreatic islets of male and female db/db mice over 3-20 weeks of age 

displayed a significant loss of intracellular heparan sulfate (HS) and heparan sulfate 

proteoglycan (HSPG) core proteins, collagen type XVIII, syndecan-1 and CD44, 

compared to age-matched lean wildtype mice. The loss of intracellular HS and HSPG 

core proteins in islet beta cells was observed before the mice exhibited obesity and 

hyperglycaemia. Additionally, we observed an upregulation of ER stress-associated 

genes in db/db islets, indicating that ER stress is an intrinsic property of db/db beta cells. 

These findings suggested that the sustained reduction in intracellular HS in islet beta cells 

could be due to impaired synthesis of HSPG core proteins, resulting from ER stress. To 

further test this hypothesis, the pancreatic islets of Akita mice were analysed at 4-9 weeks 

of age. In addition, MIN6 and primary beta cells were analysed after treatment with 

exogenous ER stress inducers in vitro.  

 

The Akita mouse is a C57BL/6 mutant mouse strain discovered by Yoshioka et al. (1997; 

see Section 2.1.2). Both homozygous and heterozygous Akita mice spontaneously 

develop hyperglycaemia and display reduced beta cell mass but neither insulitis nor 

obesity (Wang et al., 1999, Matsuda et al., 2010, Kayo and Koizumi, 1998). Both mice 

and rats contain two functional insulin (Ins) genes, insulin gene 1 (Ins1) and insulin gene 

2 (Ins2), with the latter resembling the human insulin gene (Schoeller et al., 2012, Shiao 

et al., 2008). Akita mice exhibit a mutation in the insulin gene 2 (Ins2) where a cysteine 

residue is replaced by tyrosine (Cys 96 Tyr; C96Y) (Wang et al., 1999). This mutation 

disrupts a disulfide bond normally formed between the A and B chains of proinsulin 

protein. As a consequence, the proinsulin protein undergoes a marked conformational 

change and misfolded proinsulin accumulates in the ER causing ER stress (see Section 

2.1.2) (Ron, 2002b, Wang et al., 1999). The induction of ER stress-associated pro-

apoptotic factor CCAAT/enhancer binding protein homologous protein (CHOP) and 

subsequent pancreatic beta cell apoptosis leads to reduced insulin production (Oyadomari 

et al., 2002b) and the rapid onset of hyperglycaemia. The Akita mouse therefore serves 

as a useful model of ER stress-mediated diabetes. 

 

Both homozygous and heterozygous mutations in the Ins2 gene cause a diabetic 

phenotype (see Section 2.1.2). Homozygous Akita mice are severely hyperglycaemic by 
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3 weeks of age and have a life span of 8-12 weeks. Additionally, the mutant mice are 

infertile, with male Akita mice exhibiting testicular atrophy by 5 weeks of age (Schoeller 

et al., 2012). In contrast, heterozygous Akita mice reproduce successfully and exhibit 

progressive hyperglycaemia, hypoinsulinaemia, polydipsia and polyuria, resulting in 

severe diabetes. In this project, we studied the effects of ER stress on beta cell HSPGs/HS 

in heterozygous Akita mice (Ins2WT/C96Y) produced by interbreeding between wildtype 

C57BL/6 females (Ins2WT/WT) and heterozygous Ins2WT/C96Y males (see Section 2.1.2).  

 

In parallel, we used the MIN6 beta cell line to further test whether the induction of ER 

stress directly results in the loss of beta cell HSPGs/HS. The MIN6 beta cell line 

originated from an insulinoma derived from a transgenic C57BL/6 mouse expressing an 

insulin promotor/T-antigen construct (see Section 2.4.2). MIN6 cells express high levels 

of glucose transporter 2 (GLUT2) with low levels of GLUT1 and glucokinase (Miyazaki 

et al., 1990). Glucose enters pancreatic beta cells via GLUT2, resulting in an increase in 

the ATP/ADP ratio; this causes membrane depolarisation via closure of KATP channels 

which stimulates insulin secretion (see Section 1.3.2). Previous studies have shown that 

MIN6 beta cells display characteristics of normal primary beta cells including insulin 

secretion in response to glucose and other secretagogues (e.g., potassium chloride and L-

arginine) (Ishihara et al., 1993, Miyazaki et al., 1990, Cheng et al., 2012b). MIN6 cells 

are therefore a useful surrogate for normal beta cells and studies of glucose-stimulated 

insulin secretion (GSIS). 

 

The endoplasmic reticulum (ER) plays a major role in the maturation of newly 

synthesised proteins by regulating proper protein folding and post-translational 

modifications such as glycosylation and disulfide bond formation (see Section 1.9). ER 

stress can be induced by disturbances in the ER environment such as calcium homeostasis, 

redox status or ER function such as glycosylation and transportation to the Golgi complex 

(Eizirik et al., 2008, Yoshida, 2007). Previous studies have shown that ER stress can be 

induced in MIN6 cells by physiological metabolites (e.g., palmitate) and pharmacological 

ER stress agents such as thapsigargin, tunicamycin, brefeldin A and dithiothreitol 

(Oslowski and Urano, 2011, Laybutt et al., 2007). Thapsigargin is an inhibitor of the 

sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA) pump and impairs calcium 

homeostasis in the ER by depleting ER calcium stores (see Section 1.9.6).  Tunicamycin 
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suppresses N-linked glycosylation in the ER and brefeldin A inhibits protein transport 

from the ER-to-Golgi apparatus (see Section 1.9.6) (Dorner et al., 1990, Klausner et al., 

1992). Palmitate, a saturated free fatty acid, causes depletion of ER Ca2+ in beta cells via 

translocon (Cassel et al., 2016) and hampers ER-to-Golgi protein trafficking, contributing 

to a build-up of protein in the ER (see Section 1.9.6). The chemical dithiothreitol impairs 

disulfide bond formation and causes abnormal protein folding, resulting in the 

accumulation of misfolded proteins in the ER and ER stress (Araki et al., 2003). Failure 

to restore homeostasis due to persistent, chronic ER stress can ultimately result in cell 

death due to apoptosis (Patil and Walter, 2001). In this study, we investigated the effects 

on intracellular HSPGs/HS in MIN6 beta cells induced by two pharmacological 

(thapsigargin and tunicamycin) ER stress-inducing agents and one physiological 

(palmitate) inducer. 

 

The first part of this chapter characterises the development of hyperglycaemia in male 

and female Ins2WT/C96Y mice. In addition, ER stress was evaluated in the islets of 

Ins2WT/C96Y mice at 5-12 weeks of age by real-time RT-PCR. In parallel, the levels of 

intracellular HSPG core proteins and HS in both male and female Ins2WT/C96Y Akita and 

Ins2WT/WT mice were investigated by immunohistochemistry. In the second part of this 

chapter we used flow cytometry analyses to investigate the levels of intracellular and cell 

surface HSPG core proteins and HS in MIN6 beta cells with and without treatment with 

thapsigargin, tunicamycin or palmitate. In parallel, the levels of intracellular heparanase 

(Hpse) and cell death were also examined by flow cytometry. Finally, the third part of 

this chapter investigates the intracellular levels of HSPG core proteins, HS and Hpse in 

thapsigargin-treated primary beta cells. 
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4.2 Results 

4.2.1 Characterisation of islet HSPG and HS in Akita mice 

4.2.1.1 Development of hyperglycaemia in Ins2WT/C96Y mice  

The non-fasting blood glucose levels of male and female Ins2WT/WT and Ins2WT/C96Y mice 

were measured from tail bleeds at 4, 5, 6 and 9 weeks of age (see Section 2.2.1) to 

ascertain the kinetics of diabetes development. 

 

The mean non-fasting blood glucose levels of male Ins2WT/WT mice at 4 weeks of age was 

9.26 ± 1.00 mmol/L, whereas male Ins2WT/C96Y mice showed a significantly 2.1-fold 

higher blood glucose level of 19.08 ± 1.33 mmol/L (P<0.05; Figure 4.1(a)). The mean 

non-fasting blood glucose level in the Ins2WT/C96Y mice progressively increased to 28.0 ± 

0.00 mmol/L by 9 weeks of age, representing a 2.6-fold increase over corresponding age-

matched control Ins2WT/WT males. Male Ins2WT/C96Y mice were therefore hyperglycaemic 

by 4 weeks of age. 

 

Similarly, compared to corresponding Ins2WT/WT females, female Ins2WT/C96Y mice 

showed a 1.6-2.4-fold elevation in their mean non-fasting blood glucose levels from 4-9 

weeks of age (Figure 4.1(b)). The mean non-fasting blood glucose levels in Ins2WT/C96Y 

females were 15.13 ± 0.87 mmol/L (vs Ins2WT/WT, 9.72 ± 0.55 mmol/L), 16.53 ± 2.07 

mmol/L (vs Ins2WT/WT, 10.60 ± 1.53 mmol/L), 21.00 ± 3.47 mmol/L (vs Ins2WT/WT, 8.85 

± 0.51 mmol/L) and 17.80 ± 2.11 mmol/L (vs Ins2WT/WT, 9.10 ± 0.41 mmol/L) at 4, 5, 6 

and 9 weeks of age, respectively. Hence, female Ins2WT/C96Y mice were hyperglycaemic 

by 4 weeks of age. 

 

Based on these observations, both male and female Ins2WT/C96Y mice demonstrated 

hyperglycaemia as early as 4 weeks of age. Strikingly, male Ins2WT/C96Y mice exhibited 

more severe hyperglycaemia compared to female Ins2WT/C96Y mice.  

 

4.2.1.2 ER stress is exhibited in male Ins2WT/C96Y islets  

Islets were isolated from 5-12 week old male Ins2WT/WT and Ins2WT/C96Y mice (see Section 

2.3) and snap frozen for RNA extraction (see Section 2.6). The islets were examined for 

the expression of the ER stress markers BiP (also known as HSPA5, GRP78), P58 (also 

known as DNAJC3), CHOP (also known as DDIT3, GADD153) and ATF3 by real time 
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Figure 4.1: The mean non-fasting blood glucose levels of Ins2WT/WT and mutant 

Ins2WT/C96Y mice at 4-9 weeks of age. 

The non-fasting blood glucose levels of male (a) and female (b) Ins2WT/WT (blue bars) and 

Ins2WT/C96Y (red bars) mice were measured at 4, 5, 6 and 9 weeks of age. The black dotted 

lines define the normal blood glucose range for (a) male (7.57 mmol/L-12.98 mmol/L) 

and (b) female (6.61 mmol/L-12.33 mmol/L) Ins2WT/WT mice. The data represent the 

mean blood glucose levels ± SEM for n=3-5 mice/group. Mann-Whitney test; *P<0.05, 

**P<0.01 and #P=0.06. 
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RT-PCR (see Section 2.6.4). The RNA was extracted using the RNeasy kit, cDNA was 

prepared (see Section 2.6.2) and TaqMan PCR was performed using commercially 

validated primer/probes (see Section 2.6.4). The gene of interest was normalised to a 

control house-keeping gene (GAPDH) and mRNA levels of Ins2WT/C96Y islets were 

quantified as a fold-change compared to Ins2WT/WT control islets. 

 

Comparative CT analyses showed a 382.5-fold (P<0.05), 286.7-fold (P<0.05), 32.5-fold 

(P<0.05) and 6.2-fold increase in the expression of the ER stress-associated genes BiP, 

P58, CHOP and ATF3 respectively, in Ins2WT/C96Y islets compared to control Ins2WT/WT 

islets (Figure 4.2). This study demonstrated a more pronounced increase in the adaptive 

UPR genes (BiP and P58) compared to the pro-apoptotic UPR genes (CHOP and ATF3). 

Overall, male Ins2WT/C96Y islets showed a striking upregulation of ER stress genes, 

confirming the presence of chronic ER stress in the beta cells. 

 

4.2.1.3 Immunohistochemical localisation of HSPG core proteins in the pancreatic 

islets of male Ins2WT/C96Y and Ins2WT/WT mice 

Having confirmed that the beta cells of Ins2WT/C96Y islets demonstrated properties of ER 

stress, a condition that down-regulates protein synthesis, we next examined the 

expression of HSPG core proteins i.e., collagen type XVIII (Col18), syndecan-1 (Sdc1) 

and CD44 in the pancreases of Ins2WT/WT and Ins2WT/C96Y mice by immunohistochemistry 

(see Section 2.7). No background islet staining was observed in pancreas sections 

incubated with the relevant isotype control Ig (corresponding to the monoclonal antibody 

for each HSPG core protein; data not shown).  

 

Representative images showed strong intracellular staining of Col18 in Ins2WT/WT islets 

(Figure 4.3(a)) compared to the dramatically reduced staining in Ins2WT/C96Y islets 

(Figure 4.3(b)) at 6 weeks of age. Similarly, Sdc1 core protein was strongly expressed in 

the islets of Ins2WT/WT mice (Figure 4.3(c)) whereas the islets of Ins2WT/C96Y mice showed 

weak, scattered staining for Sdc1 (Figure 4.3(d)). CD44 core protein showed widespread 

expression in the islets of Ins2WT/WT mice (Figure 4.3(e)) but predominantly cell surface 

staining in Ins2WT/C96Y islets (Figure 4.3(f)). 
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Figure 4.2: ER stress markers in male Ins2WT/WT and Ins2WT/C96Y islets. 

RNA was extracted from islets of 5-12 week old male Ins2WT/WT and Ins2WT/C96Y mice to 

prepare cDNA for TaqMan real-time PCR analysis of (a) adaptive UPR (BiP, P58) and 

(b) pro-apoptotic (CHOP and ATF3) transcripts. Test transcript levels were quantified as 

a fold change compared to Ins2WT/WT control mRNA levels which were assigned a value 

of 1. Each of the ER stress-related genes was highly upregulated in male Ins2WT/C96Y islets, 

compared to Ins2WT/WT controls. The data represent the mean ± SEM for 4 independent 

experiments (~300 islets/group/experiment). Mann-Whitney test was used for statistical 

analysis; *P<0.05 and ns, not significant. 
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Figure 4.3: Distribution of HSPG core proteins in the pancreatic islets of male 

Ins2WT/WT and Ins2WT/C96Y mice at 6 weeks of age. 

Representative images show the immunohistochemical localisation of Col18 (a, b), Sdc1 

(c, d) and CD44 (e, f) in the islets of Ins2WT/C96Y mice and Ins2WT/WT mice at 6 weeks of 

age. Islets in situ in Ins2WT/WT mouse pancreas showed strong staining for Col18 (a), Sdc1 

(b) and CD44 (c). In contrast, Ins2WT/C96Y islets (b, d and f) showed a dramatic loss of 

core proteins. Insert shows cell surface staining in the islet. Scale bar = 100 µm. 
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The HSPG core protein Col18 expression in Ins2WT/WT and Ins2WT/C96Y islets was similar 

at 4 weeks of age (Figure 4.4(a)). There was a significant decrease in the Col18+ve islet 

area of Ins2WT/C96Y islets to 24.5%, and 21.9% of corresponding Ins2WT/WT mice at 5 

weeks and 6 weeks of age, respectively (P<0.0001; Figure 4.4(a)). Furthermore, in 

Ins2WT/C96Y mice at 9 weeks of age, the Col18+ve islet area was reduced to 9.8% of control 

Ins2WT/WT islets (Figure 4.4(a)). Thus, the pancreatic islets of male Ins2WT/C96Y mice 

revealed a progressive loss of Col18 from 5 weeks of age, compared to their 

corresponding wildtype controls.  

 

The intra-islet Sdc1 core protein expression in Ins2WT/C96Y islets was significantly reduced 

to 17.8% of Ins2WT/WT islets from as early as 4 weeks of age (P<0.0001; Figure 4.4(b)). 

Thereafter, the Sdc1+ve islet area was further reduced to 2.8%, 8.9% and 1.9% of 

Ins2WT/WT islets by 5, 6 and 9 weeks of age, respectively (Figure 4.4(b)). Male 

Ins2WT/C96Y mice therefore showed a dramatic loss of intra-islet Sdc1 from 4 weeks of 

age, compared to their corresponding controls. 

 

The CD44+ve islet area in Ins2WT/C96Y islets was reduced to 39.3% of controls at 4 weeks 

of age (P<0.01; Figure 4.4(c)). Moreover, intra-islet CD44 expression declined further 

to 7.6%, 18.7% and 11.8% of Ins2WT/WT controls at 5, 6 and 9 weeks of age, respectively 

(Figure 4.4(c)). However, Ins2WT/WT islets at 5 weeks of age showed a markedly lower 

expression of CD44 core protein compared to Ins2WT/WT islets at other time points. This 

was due to the weaker expression of CD44 observed in 2 out of 3 pancreases. 

Nevertheless, a significant difference was observed between Ins2WT/C96Y and Ins2WT/WT 

islets in mice at each age. Interestingly, Ins2WT/C96Y islets demonstrated prominent cell 

surface staining compared to the widespread intracellular staining in Ins2WT/WT islets. 

Hence, Ins2WT/C96Y mice revealed a significant reduction in CD44 expression in the 

pancreatic islets from 4 weeks of age, compared to their corresponding controls. 

 

Altogether, these immunohistochemical studies revealed a dramatic early decline in the 

intra-islet expression of collagen type XVIII, syndecan-1 and CD44 in pancreases of male 

Ins2WT/C96Y mice from 4-5 weeks of age. 
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Figure 4.4: Intra-islet HSPG core protein expression in pancreases of male 

Ins2WT/WT and Ins2WT/C96Y mice at different ages. 

Intra-islet expression of HSPG core protein was assessed in male Ins2WT/WT and 

Ins2WT/C96Y mice at 4, 5, 6 and 9 weeks of age by immunohistochemistry and 

morphometry. Data is presented as the % islet area with positive staining for Col18 (a), 

Sdc1 (b) and CD44 (c). Core proteins for Col18, Sdc1 and CD44 were significantly 

reduced in male Ins2WT/C96Y islets from as early as 4-5 weeks of age. Data represent mean 

± SEM for n=3 pancreases/age group with n=17-28 (Col18), n=16-30 (Sdc1) and n=17-

31 (CD44) islets examined/group. Mann-Whitney test; *P<0.001, **P<0.0001 and ns, 

not significant. 
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4.2.1.4 HS expression in the islets of Ins2WT/WT and Ins2WT/C96Y islets at 6 weeks of 

age 

Since HS chains are attached to HSPG core proteins and we observed a reduction in 

HSPG core proteins in Ins2WT/C96Y islets, we next examined the localisation of HS in the 

islets of Ins2WT/WT and Ins2WT/C96Y mice at 6 weeks of age by immunohistochemistry 

using EV3C3 anti-HS mAb (see Section 2.7.4). The EV3C3 anti-HS mAb stains for N-

sulfation, C5 epimerisation and 2-O sulphation in HS chains (Dennissen et al., 2002, 

Theodoraki et al., 2015). While a strong expression of HS was observed in the islets of 

Ins2WT/WT mice (Figure 4.5(a)), a substantial decline in intra-islet HS was found in 

Ins2WT/C96Y islets at 6 weeks of age (Figure 4.5(b)).  

 

The HS+ve islet area in male Ins2WT/C96Y islets was significantly reduced to 58.4% of 

controls (25.79 ± 3.82% vs 44.13 ± 2.80%) at 6 weeks of age (P<0.05; Figure 4.5(c)).  

Ins2WT/C96Y mice therefore displayed a significant loss of intra-islet HS compared to 

Ins2WT/WT islets during the development of diabetes. 

 

4.2.1.5 Immunostaining of insulin, proinsulin and glucagon in pancreatic islets of 

Ins2WT/WT and Ins2WT/C96Y male mice  

Previous studies have shown that Ins2WT/C96Y islets exhibit a reduced insulin and 

proinsulin content (Wang et al., 1999, Gupta et al., 2010). We therefore investigated the 

distribution of insulin, proinsulin and glucagon in the islets of male Ins2WT/WT and 

Ins2WT/C96Y mice from 4-9 weeks of age by immunohistochemistry (see Section 2.7). The 

GS-9A8 antibody was used to distinguish proinsulin staining from insulin in beta cells. 

This antibody recognises an epitope that spans amino acids B28-30 and two arginine 

residues which link the B-C junction (not present in insulin protein) (Asadi et al., 2015). 

 

Insulin was highly expressed in male Ins2WT/WT islets (Figure 4.6(a)) but showed 

markedly weaker expression and a scattered distribution in the islets of Ins2WT/C96Y mice 

at 6 weeks of age (Figure 4.6(b)). In contrast to insulin (Figure 4.6(a)), proinsulin 

staining was punctate in Ins2WT/WT islets (Figure 4.6(c)) and was essentially absent in 

Ins2WT/C96Y islets (Figure 4.6(d)). The distribution of glucagon staining was restricted to 

cells at the periphery of islets in Ins2WT/WT mice and was more widespread in Ins2WT/C96Y 

islets at 6 weeks of age (Figure 4.6(e, f)). The intensity of insulin, proinsulin and  
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Figure 4.5: Distribution of HS in the pancreatic islets of male Ins2WT/WT and 

Ins2WT/C96Y islets at 6 weeks of age. 

Representative images show the distribution of HS in the islets of Ins2WT/C96Y and 

Ins2WT/WT mice after immunostaining of pancreas sections with EV3C3 anti-HS mAb. 

The islets of Ins2WT/WT mice (a) strongly express intracellular HS whereas diminished HS 

staining was observed in Ins2WT/C96Y islets (b). (c) Immunostaining showed that the 

HS+ve islet area in Ins2WT/C96Y islets (red bars) was significantly reduced to 58.4% of 

controls (blue bars) at 6 weeks of age. Data represent the mean ± SEM for 3 pancreas 

specimens/age group with n=15-23 islets analysed/group. Unpaired t test; *P<0.001, 

Scale bar = 100 μm. 

 

Ins2
WT/C96Y

  Ins2
WT/WT

  

H
S

 +
v
e

 i
s

le
t 

a
re

a
 (

%
)  * 



Chapter 4: Loss of HS and HSPG core proteins in ER-stressed beta cells 

203 

 

 

 

Figure 4.6: Immunolocalisation of insulin, proinsulin and glucagon in the pancreatic 

islets of Ins2WT/WT and Ins2WT/C96Y mice at 6 weeks of age. 

Insulin, proinsulin and glucagon expression were localised in the islets of Ins2WT/WT and 

Ins2WT/C96Y mice by immunohistochemistry. Islets in situ in Ins2WT/WT pancreas showed 

strong staining of insulin (a) but only scattered insulin+ve beta cells in Ins2WT/C96Y islets 

(b). Ins2WT/WT mice showed punctate staining of proinsulin (c) and decreased expression 

in Ins2WT/C96Y islets (d). In general, glucagon+ve alpha cells were found at the islet 

periphery (e, f). Scale bar = 100 µm. 
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glucagon staining in Ins2WT/WT and Ins2WT/C96Y islets was quantified using Image J 

software with colour deconvolution plugin (see Section 2.7.5).  

 

The intensity of insulin staining was significantly reduced to 50.8% of control Ins2WT/WT 

islets (staining intensity= 0.32 ± 0.01 vs 0.63 ± 0.03 A.U.) in Ins2WT/C96Y islets by 4 weeks 

of age (P<0.0001; Figure 4.7(a)). Insulin staining was further reduced in Ins2WT/C96Y 

islets to 34.2%, 37.3% and 38% of Ins2WT/WT islets at 5, 6 and 9 weeks of age respectively 

(Figure 4.7(a)). Additionally, Ins2WT/C96Y islets showed a significantly reduced 

expression of proinsulin to 31.5% of Ins2WT/WT controls at 6 weeks of age (Figure 4.7(b)). 

Therefore, Ins2WT/C96Y islets expressed a significant decline in both insulin and proinsulin 

expression compared to control Ins2WT/WT islets. 

 

Glucagon +ve alpha cells in Ins2WT/C96Y islets initially showed a decrease to 72.2% of 

controls at 5 weeks of age; however the intensity of glucagon staining significantly 

increased 1.3-1.5-fold compared to Ins2WT/WT controls at 6-9 weeks of age (P<0.01; 

Figure 4.7(c)). In contrast, reduced insulin staining in beta cells was observed in the islets 

of Ins2WT/C96Y mice from 4 weeks of age. 

 

4.2.1.6 Immunostaining of HSPG core proteins in female Ins2WT/C96Y islets and 

Ins2WT/WT islets 

As for male heterozygous Akita mice (see Section 4.2.1.3), immunohistochemistry 

analysis was used to localise the HSPG core proteins, collagen type XVIII (Col18), 

syndecan-1 (Sdc1) and CD44 in the pancreatic islets of female Ins2WT/WT and Ins2WT/C96Y 

mice from 4-9 weeks of age. The intra-islet content of HSPG core proteins was quantified 

using Image J software with colour deconvolution plugin (see Section 2.7.5). The 

threshold intensity was determined by the positive staining observed in Ins2WT/WT 

pancreases at 9 weeks of age; this threshold was applied to all samples. 

 

Immunohistochemistry analyses revealed that in female Ins2WT/C96Y islets the HSPG core 

protein Col18 was reduced from as early as 4 weeks of age. The Col18+ve islet area was 

significantly reduced to 61% of controls and 45-52% of corresponding Ins2WT/WT islets at 

4 and 5-9 weeks of age, respectively (Figure 4.8(a)). The Sdc1+ve islet area in 

Ins2WT/C96Y mice was significantly reduced to 14-28% of Ins2WT/WT islets from 4-9 weeks  
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Figure 4.7: Insulin, proinsulin and glucagon expression in the islets of male 

Ins2WT/WT and Ins2WT/C96Y mice at 4-9 weeks of age. 

Insulin (a) and glucagon (c) were localised in Ins2WT/WT and Ins2WT/C96Y pancreas sections 

(4-9 weeks of age) by immunohistochemistry and the intensity of staining was quantified 

using Image J software. (b) Proinsulin staining was analysed in Ins2WT/WT and Ins2WT/C96Y 

mice at 6 weeks of age. Ins2WT/C96Y mutant islets demonstrated a significant reduction in 

the staining intensity for insulin and proinsulin compared to Ins2WT/WT control islets. The 

data represents the mean ± SEM for n=3 pancreases/age group with n=21-36 (insulin), 

n=16-31 (proinsulin) and n=14-25 (glucagon) islets examined/group. Mann-Whitney test; 

*P<0.01, **P<0.001, ***P<0.0001 and ns, not significant. 
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Figure 4.8: Intra-islet HSPG core protein expression in pancreases of female 

Ins2WT/C96Y and Ins2WT/WT mice at 4-9 weeks of age.  

The intra-islet expression of HSPG core proteins was assessed in female Ins2WT/WT and 

Ins2WT/C96Y mice at 4, 5, 6, and 9 weeks of age by immunohistochemistry and 

morphometry. The y-axis shows the % islet area stained for Col18 (a), Sdc1 (b) and CD44 

(c). Core proteins for Col18, Sdc1 and CD44 were significantly reduced in female 

Ins2WT/C96Y islets from as early as 4 weeks of age. The data represent mean ± SEM for 

n=3 pancreases/age group with n=14-35 (Col18), n=21-38 (Sdc1) and n=18-30 (CD44) 

islets analysed/group. Mann-Whitney test; *P<0.001, **P<0.0001 and ns, not significant. 
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of age (P<0.001; Figure 4.8(b)). Similarly, CD44 expression was reduced to 32.3-48.8% 

of corresponding Ins2WT/WT islets in Ins2WT/C96Y islets by 4-5 weeks of age (P<0.001; 

Figure 4.8(c)). The mean CD44+ve islet area in Ins2WT/C96Y mice was 19.5% and 39.5% 

of controls at 6 and 9 weeks of age, respectively (P<0.001).  

 

Similar to male Ins2WT/C96Y mice (see Section 4.2.1.3), female Ins2WT/C96Y mice 

demonstrated a significant reduction in the intra-islet expression of HSPG core proteins 

compared to Ins2WT/WT controls from 4 weeks of age. 

 

4.2.1.7 Localisation of insulin, proinsulin and glucagon in the islets of female 

Ins2WT/WT and Ins2WT/C96Y islets by immunohistochemistry 

The distribution of insulin, proinsulin and glucagon staining in female Ins2WT/WT and 

Ins2WT/C96Y islets was examined by immunohistochemistry. The intensity of staining was 

quantified using Image J software with colour deconvolution plugin (see Section 2.7.5). 

 

The expression of insulin was significantly decreased in Ins2WT/C96Y islets to 48% of 

control Ins2WT/WT islets at 4 weeks of age (P<0.0001; Figure 4.9(a)). Similarly, the 

insulin levels were 62.5%, 40.5% and 58.9% of Ins2WT/WT islets at 5, 6 and 9 weeks of 

age respectively (Figure 4.9(a)). In Ins2WT/C96Y islets, the intensity of proinsulin staining 

was significantly reduced to 32.2% of Ins2WT/WT islets (P<0.0001; Figure 4.9(b)). 

 

In contrast to insulin staining, glucagon expression in Ins2WT/C96Y islets increased 1.1-1.5-

fold compared to Ins2WT/WT controls at 4-5 weeks of age (Figure 4.9(c)). However, by 9 

weeks of age, the intensity of glucagon staining in Ins2WT/C96Y islets was reduced to 66.7% 

of Ins2WT/WT controls (Figure 4.9(c)).  

 

Like male Ins2WT/C96Y islets (see Section 4.2.1.5), female Ins2WT/C96Y islets demonstrated 

a significant reduction in the expression of insulin and proinsulin, compared to Ins2WT/WT 

islets.  

 

In summary, acute ER stress in Ins2WT/C96Y mice correlated with rapid onset of diabetes 

and significant loss of HSPG core proteins, HS, insulin and proinsulin. These findings 

resemble the loss of HS/HSPG core proteins in T2D-prone db/db mice, correlating with  
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Figure 4.9: Staining intensity of insulin, proinsulin and glucagon in female Ins2WT/WT 

and Ins2WT/C96Y islets.  

Insulin (a) and glucagon (c) levels in 4-9 weeks of age female Ins2WT/WT and Ins2WT/C96Y 

pancreatic islets were quantified by immunohistochemistry and morphometry analysis; 

(b) proinsulin staining was analysed in Ins2WT/WT and Ins2WT/C96Y mice at 6 weeks of age. 

The intensity of staining for insulin and proinsulin was significantly reduced in 

Ins2WT/C96Y islets compared to Ins2WT/WT controls. The data represent mean ± SEM for 

n=3 pancreases/age group with n=18-36 (insulin), n=19-28 (proinsulin) and n=14-33 

(glucagon) islets examined/group. Mann-Whitney test; *P<0.05, **P<0.01, ***P<0.0001 

and ns, not significant. 
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chronic ER stress (see Chapter 3). 

 

 

4.2.2 Effect of ER stress on HSPGs/HS in MIN6 beta cells 

4.2.2.1 Intracellular localisation of HS and HSPG core proteins in MIN6 cells 

The intracellular and cell surface expression of HS and the HSPG core proteins collagen 

type XVIII (Col18), syndecan-1 (Sdc1) and CD44 were analysed in freshly harvested 

MIN6 cells by flow cytometry (see Section 2.8). Using the gating strategy described in 

Figure 2.9, the geometric mean fluorescence intensity (GMFI) of cell surface and 

intracellular HSPG core proteins and HS expression was determined.  

 

MIN6 cells demonstrated intense intracellular expression of Col18 core protein (GMFI= 

42145.00 ± 10653.00) which was ~70-fold higher than at the cell surface (GMFI= 592.50 

± 55.35) (Figures 4.10(a) and 4.11(a)). In contrast, the intracellular expression of Sdc1 

(GMFI= 2126.30 ± 585.94) and CD44 (GMFI=1559.80 ± 777.07) was not significantly  

 

different to the corresponding cell surface expression (Sdc1 GMFI=1489.8 ± 502.62 and 

CD44 GMFI= 803.25 ± 195.41) (Figure 4.11(a)). Compared to the weak cell surface 

staining of HS (GMFI= 739.50 ± 243.40), MIN6 cells expressed 15.8-fold higher levels 

intracellularly (GMFI= 11679.00 ± 3160.08; Figures 4.10(b) and 4.11(b)). These data 

revealed that MIN6 cells express strong intracellular levels of Col18 and HS but weak 

cell surface expression. 

 

The expression of heparanase (Hpse), an HS-degrading enzyme, was also examined in 

MIN6 cells. Hpse regulates HS turnover in cells (including beta cells) and contributes to 

the reduced levels of HS in the beta cells of NOD mice during T1D development 

(Ziolkowski et al., 2012, Bernfield et al., 1999). MIN6 cells displayed strong intracellular 

expression of Hpse (GMFI= 6223.00 ± 512.49) and weak cell surface expression (GMFI= 

339.25 ± 18.49; Figures 4.10(c) and 4.11(c)). Hpse was therefore highly expressed in 

MIN6 cells.  
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Figure 4.10: Cell surface and intracellular staining of HSPG core proteins, HS and 

Hpse in MIN6 cells. 

Representative flow cytometry histograms show the cell surface (a, c, e) and intracellular 

(b, d, f) expression of Col18, HS and Hpse in freshly harvested MIN6 cells. The 

background staining/autofluorescence is shown in red histograms and specific staining 

for Col18 (a, b), HS (c, d) and Hpse (e, f) is represented by blue histograms. The data 

show the intensity of fluorescence staining expressed as GMFI. The GMFI for 

intracellular staining of Col18 (b), HS (d) and Hpse (f) was 20-100-fold higher than the 

corresponding cell surface GMFI (a, c, e). HSPG core proteins, HS and Hpse are therefore 

expressed at high levels inside beta cells but at low levels on the cell surface.  
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Figure 4.11: Cell surface and intracellular staining of HSPG core proteins, HS and 

Hpse in MIN6 cells. 

Freshly harvested MIN6 cells were stained for cell surface (white bars) and intracellular 

(black bars) HSPG core proteins (a), HS (b) and Hpse (c) and analysed by flow cytometry. 

HSPG core protein Col18, HS and Hpse were expressed at significantly higher levels 

intracellularly than at the cell surface. The data represent GMFI ± SEM for n=4 

independent experiments. Mann-Whitney test; *P<0.05. 
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Based on the high intracellular expression of HSPG core protein (Col18) and HS, the 

MIN6 beta cell line was shown to have similar properties to primary beta cells 

(Ziolkowski et al., 2012, Choong et al., 2015). 

 

4.2.2.2 Induction of ER stress in MIN6 cells  

ER stress in MIN6 cells was induced using physiological (palmitate, a saturated free fatty 

acid) and pharmacological (thapsigargin and tunicamycin) ER stress agents (see Section 

2.5). Real time RT-PCR was performed to validate the induction of ER stress, using the 

expression of a panel of ER stress-associated genes as markers: BiP (with alternative 

names HSPA5, GRP78), P58 (also known as DNAJC3), CHOP (also called DDIT3) and 

ATF3. For thapsigargin and tunicamycin treatment, the MIN6 cells were cultured with 

25 mM glucose (normal control), 6 mM glucose (treatment control) and 6 mM glucose + 

ER stress inducer (treatment); for palmitate treatment, the cells were treated with 25 mM 

glucose, 6 mM glucose/BSA (diluent for palmitate) and 6 mM glucose + palmitate/BSA. 

The MIN6 cells were harvested after 20-24 hrs of culture with test or control treatment 

(referred to as day 1). RNA was extracted from control and treated MIN6 cells using the 

RNeasy Mini kit to prepare cDNA for TaqMan real-time PCR studies (see Section 2.6). 

 

MIN6 cells treated with thapsigargin showed a 2.1-fold, 1.3-fold, 3.8-fold and 10.9-fold 

increase in the mRNA expression of BiP, P58, CHOP and ATF3 respectively, compared 

to control MIN6 cells (6 mM glucose; Figure 4.12(a)). There was a significant increase 

in the expression of BiP (P<0.05), CHOP (P<0.001) and ATF3 (P<0.001) following 

thapsigargin treatment, confirming the induction of ER stress in the MIN6 cells. 

 

For tunicamycin-treated MIN6 cells, comparative CT analyses revealed a 2.7-fold and 

3.2-fold increase in the adaptive UPR genes BiP and P58 respectively, compared to 

controls. Furthermore, a significant 3.8-fold and 3.4-fold increase was also observed in 

the expression of the pro-apoptotic genes CHOP and ATF3, respectively, compared to 

control MIN6 cells (6 mM glucose; P<0.001; Figure 4.12(b)). 

 

MIN6 cells treated with palmitate/BSA showed a 1.2-fold, 1.1-fold, 1.8-fold and 4.0-fold 

increase in the ER stress associated genes BiP, P58, CHOP and ATF3, respectively, 

compared to control MIN6 cells (6 mM glucose/BSA; Figure 4.13). The increase in the  
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Figure 4.12: Induction of ER stress in MIN6 cells. 

MIN6 cells were cultured with 25 mM glucose, 6 mM glucose and (a) 50 nM thapsigargin 

or (b) 2 µM tunicamycin for 20-24 hours. RNA was extracted and cDNA was prepared 

for TaqMan real-time PCR. Transcript levels for BiP, P58, CHOP and ATF3 were 

quantified as a fold change compared to 6 mM control mRNA levels which were assigned 

a value of 1. ER stress-related genes were upregulated in thapsigargin and tunicamycin 

treated MIN6 cells, relative to control cells (6 mM glucose). The data represent the mean 

± SEM for n= 5 independent experiments. One-way ANOVA with Fischer’s unprotected 

LSD test; *P<0.05, **P<0.01, ***P<0.001. 
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Figure 4.13: Induction of ER stress in MIN6 cells by treatment with palmitate.  

MIN6 cells were cultured with 25 mM glucose medium, 6 mM glucose/BSA medium and 

0.04 mM palmitate/BSA for 20-24 hrs. The cells were immediately frozen in liquid 

nitrogen for subsequent RNA extraction, cDNA preparation and TaqMan real-time PCR. 

Test transcript levels were quantified as a fold change compared to 6 mM control mRNA 

levels which were assigned a value of 1. CHOP and ATF3 mRNA levels were 

significantly elevated in ER stressed MIN6 cells, compared to controls. The data represent 

the mean ± SEM for n= 4 independent experiments. One-way ANOVA with Fischer’s 

unprotected LSD test; *P<0.001. 
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mRNA expression for the pro-apoptotic ER stress-related genes ATF3 (P<0.001) and 

CHOP (P<0.001) were statistically significant when compared to control MIN6 cells (6 

mM glucose/BSA).  

 

These data confirm the induction of ER stress in MIN6 cells following acute in vitro 

treatment with pharmacological and physiological ER stress agents.  Moreover, these 

studies showed that MIN6 cells preferentially upregulated the expression of pro-apoptotic 

genes (ATF3 and CHOP) compared to the adaptive UPR genes (BiP and P58) in response 

to ER stress. 

 

4.2.2.3 Effect of pharmacologically-induced ER stress on HSPG core proteins, Hpse 

and HS in MIN6 cells  

Having confirmed the acute induction of ER stress in MIN6 cells treated with thapsigargin 

and tunicamycin (see Section 4.2.2.2), MIN6 cells were cultured for 1-5 days in 6 mM 

glucose, 6 mM glucose + 50 nM thapsigargin and 6 mM glucose + 2 µM tunicamycin 

(see Section 2.5.2). The control and treated MIN6 cells were stained after 1, 2, 3, 4 and 5 

days of culture for analysis of intracellular HSPG core proteins, Hpse and HS and 

analysed by flow cytometry (see Section 2.8). 

 

4.2.2.3.1 Thapsigargin treatment of MIN6 cells 

(a) HSPG core proteins 

After 1 day of culture of MIN6 cells with thapsigargin, intracellular Col18 was 

significantly reduced to 72.2% (P<0.01) of controls cells (Figure 4.14(a)); in contrast, 

the intracellular expression of CD44 and Sdc1 resembled control cells (6 mM glucose; 

Figure 4.14(a)). Although the effects of thapsigargin treatment were not statistically 

significant on day 2, the reduction in intracellular Col18 persisted and there was a 

moderate decrease in intracellular Sdc1 (Figure 4.14(b)). By day 3, there was a 

significant decrease in Col18 and Sdc1 to 70.9% (P<0.01) and 57.5% (P<0.05), 

respectively, of control cells (Figure 4.14(c)), with a further decline to 50.7% (P<0.001) 

and 47.8% (P<0.05), respectively, by day 4 (Figure 4.14(d)). After 5 days of culture, no 

significant changes were observed in the expression of HSPG core proteins in ER stressed 

MIN6 cells compared to control 6 mM glucose MIN6 cells (Figure 4.14(e)). Interestingly, 

no significant change was observed in CD44 expression following thapsigargin treatment  
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Figure 4.14: Intracellular expression of HSPG core proteins in ER stressed MIN6 

cells. 

MIN6 cells were cultured with 6 mM glucose medium (control), 50 nM thapsigargin or 2 

µM tunicamycin for 1-5 days and analysed for intracellular HSPG core proteins Col18, 

Sdc1 and CD44 by flow cytometry. The fluorescence staining is represented as GMFI. 

The data show mean ± SEM for n=4-11 experiments. One-way ANOVA with Fischer’s 

unprotected LSD test; *P<0.05, **P<0.01, **P<0.001. C, control; Tg, thapsigargin; Tm, 

tunicamycin. 
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for 1-5 days (Figure 4.14(a-e)). Thapsigargin-mediated induction of ER stress in MIN6 

cells resulted in a dramatic loss of intracellular Sdc1 core proteins and a moderate decline 

in intracellular Col18 core protein. 

 

(b) HS 

Thapsigargin-treated MIN6 cells showed a significant loss of intracellular HS to 79.8% 

(P<0.05) and 61.0% (P<0.01) of control cells at day 3 (Figure 4.15(c)) and day 4 (Figure  

4.15(d)), respectively. No significant changes in HS levels were observed following 

thapsigargin treatment for 1, 2 or 5 days (Figure 4.15(a, b, e)). However, control MIN6 

cells showed optimal intracellular HS on day 3 (GMFI= 17488.00 ± 2452.25), compared 

to day 4 (GMFI=13194.38 ± 2719.38) and day 5 (GMFI= 7283.50 ± 2391.27). The loss 

of intracellular HS observed in thapsigargin-treated MIN6 cells at day 3 and 4 parallels 

the loss of Col18 and Sdc1 HSPG core proteins. 

 

(c) Heparanase (Hpse) 

Intracellular Hpse levels were unchanged after treatment of MIN6 cells with thapsigargin 

for 1 day (Figure 4.16(a)). Thapsigargin treatment induced a significant decline in Hpse 

expression to 60% and 42.2% of controls (6 mM glucose) at day 2 (P<0.05; Figure 

4.16(b)) and day 3 (P<0.001; Figure 4.16(c)), respectively. Intracellular Hpse decreased 

further to 35.8% (P<0.001) and 38.3% (P<0.01) of controls by day 4 (Figure 4.16(d)) 

and day 5, respectively (Figure 4.16(e)). Overall, intracellular Hpse was significantly 

reduced in MIN6 cells from days 2-5 after ER stress induction in MIN6 cells by treatment 

with thapsigargin. 

 

4.2.2.3.2 Tunicamycin treatment of MIN6 cells 

(a) HSPG core proteins 

Tunicamycin treatment of MIN6 cells for 3 days resulted in a significant decrease of 

intracellular Sdc1 to 52% of control cells (6 mM glucose; P<0.05; Figure 4.14(c)). 

Although, a 1.3-fold increase in CD44 was also found, this change was not statistically 

significant (Figure 4.14(c)). After treatment for 4 days, MIN6 cells showed a significant 

decrease in intracellular Col18 and Sdc1 to 71.8% (P<0.01) and 34.1% (P<0.01) of 

controls (6 mM glucose), respectively (Figure 4.14(d)). No significant changes in HSPG 

core proteins were observed after tunicamycin treatment of MIN6 cells for 5 days (Figure 
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Figure 4.15: Intracellular levels of HS in ER stressed MIN6 cells. 

MIN6 cells were cultured with 6 mM glucose medium (controls), 50 nM thapsigargin or 

2 µM tunicamycin for 1-5 days and analysed for intracellular HS by flow cytometry. The 

fluorescence staining is represented as GMFI. The data show mean ± SEM for n=4-11 

experiments. One-way ANOVA with Fischer’s unprotected LSD test; *P<0.05, **P<0.01. 
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Figure 4.16: Intracellular levels of Hpse in ER stressed MIN6 cells. 

MIN6 cells were cultured for 1-5 days with 6 mM glucose medium, 50 nM thapsigargin 

or 2 µM tunicamycin and intracellular Hpse was assessed by flow cytometry. The 

fluorescence staining was expressed as GMFI. The data represent mean ± SEM for n=4-

11 experiments. One-way ANOVA with Fischer’s unprotected LSD test; ***P<0.001. C, 

control; Tg, thapsigargin; Tm, tunicamycin. 
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4.14(e)). Overall, tunicamycin treatment of MIN6 cells for 3-4 days induced a significant 

loss of Sdc1 and Col18 core proteins compared to corresponding controls, with Sdc1 

demonstrating more pronounced depletion, particularly on day 4.   

 

(b) HS 

Culture of MIN6 cells with tunicamycin for 1-5 days resulted in a transient decline in 

intracellular HS to 86.4% of controls by day 4 but no statistically significant differences 

were observed (Figure 4.15). 

 

(c) Hpse 

There was a significant decline in intracellular Hpse levels to 61% of controls after 

treatment of MIN6 cells for 2 days with tunicamycin (P<0.0001; Figure 4.16(b)). The 

levels were further reduced to 33.6%, 21.6% and 18.4% of control cells (6 mM glucose) 

by day 3, 4 and 5, respectively (P<0.001; Figure 4.16(c-e)). The expression of 

intracellular Hpse in MIN6 cells was significantly reduced by tunicamycin treatment for 

2-5 days. 

 

4.2.2.3.3 Summary 

In summary, both thapsigargin- and tunicamycin-induced ER stress in MIN6 cells led to 

a significant loss of intracellular core proteins for Col18 and Sdc1 as well as the HS-

degrading endoglycosidase, heparanase. These effects were prominent after treatment for 

3-4 days. In contrast, only thapsigargin treated MIN6 cells demonstrated a significant loss 

of intracellular HS (day 3-4). However, since control MIN6 cells demonstrated signs of 

declining intracellular HS by day 4, the optimal duration of treatment with 

pharmacological ER stress-inducing reagents was identified as day 3. In contrast, when 

MIN6 beta cells were treated with the physiological ER stress inducer, palmitate for 3 

days, intracellular HSPG core proteins and HS expression remained unchanged (data not 

shown). Overall, these findings clearly demonstrated that the pharmacological induction 

of ER stress in MIN6 beta cells decreases the intracellular expression of HPSG core 

proteins, Hpse and HS. 
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4.2.2.4 ER stress effects on beta cell viability 

In parallel with studies of HSPG core proteins, HS and Hpse, MIN6 cells were cultured 

with or without pharmacological ER stress inducers (thapsigargin (50 nM) and 

tunicamycin (2 µM)), for 1-5 days. At daily intervals, the cells were harvested, stained 

with 7AAD and analysed by flow cytometry to determine the % of dead/damaged cells 

(see Section 2.5.2; Figure 2.2). These analyses were done on samples from the same 

MIN6 cultures used to examine intracellular HSPG core proteins, HS and Hpse. 

 

4.2.2.4.1 Treatment of MIN6 cells with thapsigargin 

Compared to control MIN6 cells, the % dead/damaged (7AAD+ve) thapsigargin-treated 

MIN6 cells was significantly increased 2.1-fold (P<0.001) and 1.5-fold (P<0.001) at day 

2 and day 3, respectively (Figure 4.17). Thereafter, no further increase in the 7AAD+ve 

thapsigargin-treated population was observed and there was an apparent decline in cell 

death on days 4 and 5. It is possible that this outcome was due to the disintegration of the 

stressed cells during the staining and washing steps. 

 

4.2.2.4.2 Tunicamycin-induced ER stress in MIN6 cells 

The % of 7AAD+ve dying/damaged tunicamycin-treated MIN6 cells increased 

significantly on day 2 (1.7-fold; P<0.01), day 3 (2.2-fold; P<0.001), day 4 (1.6-fold; 

P<0.001) and day 5 (1.8-fold; P<0.001), compared to corresponding controls (Figure 

4.17). In contrast to thapsigargin-induced ER stress, tunicamycin treatment resulted in a 

progressive increase in beta cell death over the 5-day culture period. 

 

4.2.2.4.3 Overview of ER stress induction in MIN6 cells 

In summary, ER stress-induced toxicity in MIN6 cells was pronounced by day 2 for 

thapsigargin and by day 3 for tunicamycin. Furthermore, ER stress-induced cell death 

continued to increase only in tunicamycin-treated cells up to day 5. These findings 

suggest that thapsigargin treatment leads to a more acute form of ER stress in MIN6 beta 

cells than tunicamycin, a finding which may be related to the more critical and earlier 

requirement for calcium ions during protein folding and maturation in the ER (Araki and 

Nagata, 2011, Hebert and Molinari, 2007). 
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Figure 4.17: Viability of ER stressed MIN6 beta cells.  

MIN6 beta cells were cultured in 6 mM glucose, 50 nM thapsigargin or 2 µM tunicamycin 

for (a) 1, (b) 2, (c) 3, (d) 4 or (e) 5 days. At daily intervals, the cells were stained with 

7AAD to determine the % 7AAD+ve cells in the total population by flow cytometry. A 

significant increase in cell damage/death was observed by day 2 (b) and day 3 (c). The 

data represents the mean GMFI ± SEM for n=4 experiments for day 1, 2 and 5; n=11 

experiments for day 3 and n=8 experiments for day 4 for both thapsigargin and 

tunicamycin. One-way ANOVA with Fishers unprotected LSD test; *P<0.05, **P<0.01, 

***P<0.001 and ns, not significant. C, control; Tg, thapsigargin; Tm, tunicamycin. 
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Despite the early ~ 2-fold increase in beta cell damage/death by day 2 of thapsigargin 

treatment, no significant reduction in HSPG core proteins or HS was observed. 

Furthermore, compared to day 2, the % cell death/damage on day 3 was lower (a 1.5-fold 

increase over corresponding controls), a finding that correlated with a statistically 

significant decrease in intracellular Col18, Sdc1, HS and Hpse to ~70%, ~60%, ~80% 

and ~40% of controls, respectively. In addition, while there was a significant ~2-fold 

increase MIN6 cell damage/death by day 3 of tunicamycin treatment, no significant 

decline in the intensity of intracellular staining for Col18, CD44 or HS was observed, 

despite a significant 50% decrease in intracellular Sdc1 staining. 

 

Taken together, ER stress-induced modulation of the intensity of staining for intracellular 

HSPG core proteins, HS and Hpse did not appear to be a secondary effect of early 

damage/death of MIN6 cells in the cultures. On this basis, we attribute the changes in 

these intracellular components to the experimental induction of ER stress by thapsigargin 

and tunicamycin. 

 

 

4.2.3 Thapsigargin treatment of isolated BALB/c islets 

To ascertain the relevance of ER stress effects observed in MIN6 cells for primary beta 

cells, isolated BALB/c islets were treated with 5 µM thapsigargin in culture for 3 days 

(see Section 2.3.1). At the end of the culture period, the islets were dispersed into single 

cells (see Section 2.3.2) and intracellular HSPG core proteins, HS and Hpse were stained 

and analysed by flow cytometry. A significant reduction in intracellular Sdc1 and CD44 

core proteins to ~60-65% of controls (P<0.05) was observed (Figure 4.18). In addition, 

intracellular Col18, HS and Hpse was substantially decreased to ~70%, 80% and 80% of 

controls, although statistical significance in these changes was not demonstrated. 

 

Similar to ER stress-related effects in MIN6 beta cells (see Section 4.2.2), the induction 

of ER stress in isolated islets/beta cells, in the absence of insulin resistance (unlike db/db 

beta cells (see Chapter 3)) correlated with a significant loss of HSPG core proteins and a 

marked reduction in intracellular HS and Hpse. The contribution of ER stress-induction 

and HS loss in vivo on beta cell viability was evaluated in db/db beta cells in Chapter 5 

(Section 5.2.2).  
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Figure 4.18: Expression of HSPG core proteins, HS and Hpse in thapsigargin treated 

islets. 

The islets were isolated from BALB/c mice and cultured with 5 µM thapsigargin for 3 

days. The islets were dispersed to single cells and the intracellular staining of HSPG core 

proteins, HS and Hpse were analysed by flow cytometry. Thapsigargin-treated beta cells 

(black bars) showed a significant decrease in intracellular CD44 and Sdc1 core proteins, 

compared to controls (open bars; (a)). The data represents the GMFI ± SEM for n=5 

experiments/group. Unpaired t test; *P<0.05. 
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4.3 Discussion 

In this chapter, three additional models were used to study the effects of endoplasmic 

reticulum (ER) stress on heparan sulfate proteoglycan (HSPG) core proteins and heparan 

sulfate (HS) in beta cells. The first model, heterozygous Akita (Ins2WT/C96Y) mice, exhibits 

acute endogenous ER stress-induced loss of beta cell function and subsequent diabetes. 

In the second and third models, ER stress was experimentally induced in MIN6 beta cells 

and isolated islets (primary beta cells).  

 

(i) Akita mouse model of ER stress-induced diabetes 

Our studies of heterozygous Akita Ins2WT/C96Y mice showed overt hyperglycaemia by as 

early as 4 weeks of age (Figure 4.1). This data is consistent with previous reports of loss 

of beta cell function, reduction of beta cell mass and overt hyperglycaemia by 4 weeks of 

age (Katsuda et al., 2013, Lei et al., 2010).  Additionally, we found that male Ins2WT/C96Y 

mice developed more severe hyperglycaemia than female Ins2WT/C96Y mice (Figure 4.1). 

This finding confirms previous reports of higher blood glucose levels in both male 

homozygous Ins2C96Y/C96Y and heterozygous Ins2WT/C96Y mice than in corresponding 

females (Lei et al., 2010, Wang et al., 1999). 

 

Mice have two non-allelic insulin genes, Ins1 and Ins2, with the Ins2 gene producing the 

majority of circulating insulin. Akita mice have a C96Y mutation in the Ins2 gene 

resulting in acute onset of diabetes. The single homozygous mutant Ins1-/- and Ins2-/- 

mouse strains do not develop diabetes and have normal plasma insulin levels (Oyadomari 

et al., 2002b, Leroux et al., 2001). Despite the presence of 3 normal insulin alleles (two 

wildtype Ins1 alleles and one wildtype Ins2 allele), heterozygous Ins2WT/C96Y mice exhibit 

ER stress-induced progressive loss of beta cell mass and eventually develop diabetes 

(Wang et al., 1999, Leroux et al., 2001, Oyadomari et al., 2002b, Eizirik et al., 2008). The 

C96Y mutation in the Ins2 gene in these mice prevents the formation of a disulfide bond 

between the A and B chain resulting in the formation of mutant proinsulin protein in the 

ER (Yoshioka et al., 1997, Wang et al., 1999). The misfolded proinsulin accumulates in 

the ER and forms a complex with the ER chaperone BiP, inducing ER stress and 

subsequently beta cell apoptosis (Oyadomari et al., 2002b, Wang et al., 1999).  
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Electron microscopy of heterozygous Akita beta cells has revealed enlargement of ER 

like organelles in islet beta cells, suggesting the accumulation of mutant proinsulin in the 

ER (Izumi et al., 2003). The mutant proinsulin is degraded intracellularly and only 

properly folded proinsulin exits the ER and enters the secretory pathways (Izumi et al., 

2003, Zuber et al., 2004). The initial decline in insulin secretion is due to the engagement 

of misfolded proinsulin with bystander proinsulin, a process which impairs the egress of 

wildtype proinsulin from the ER and thus blocks wildtype proinsulin production in the 

Ins2WT/C96Y beta cells (Liu M et al 2007). Initially, this accumulation of mutant protein 

activates the adaptive UPR to maintain homeostasis in the ER, as shown by increased 

expression of the ER resident chaperones, BiP and protein disulfide isomerase (Izumi et 

al., 2003, Oyadomari et al., 2002b). Interestingly, overexpression of BiP (via liberation 

of WT proinsulin from high molecular weight complexes) assisted the selective 

degradation of mutant proinsulin but not wildtype proinsulin in Akita mice, permitting 

the wildtype proinsulin to be exported from the ER for cleavage of native insulin in the 

secretory granules (Cunningham et al., 2017).  

 

When ER stress is prolonged in the beta cells, the UPR shifts from “survival” mode to 

“apoptosis”. Conventionally, the latter is characterised by the expression of CHOP 

protein (Pirot et al., 2007, Ma et al., 2002, Scheuner and Kaufman, 2008, Chan et al., 

2015). The transcription factor CHOP induces the activation of the pro-apoptotic Bcl2 

family member BIM (Puthalakath et al., 2007, Miani et al., 2013) and also plays a central 

role in nitric oxide-induced apoptosis in beta cells (Oyadomari et al., 2001). In addition, 

mutant proinsulin can also act as a “proteotoxin”, exhausting the adaptive UPR and 

triggering multiple pro-apoptotic UPR pathways (Ron, 2002a, Liu et al., 2010, Liu et al., 

2007) that result in beta cell death and diabetes (Oyadomari et al., 2002b). In summary, 

Ins2WT/C96Y beta cells are characterised by an expanded ER compartment, mutant 

proinsulin polypeptides associated with BiP, chronic ER stress and diminished insulin 

secretion culminating in decreased insulin levels in the blood (Yoshioka et al., 1997, 

Wang et al., 1999, Zuber et al., 2004, Izumi et al., 2003). 

 

Consistent with previous findings (Oyadomari et al., 2002b, Chen et al., 2011, Shirakawa 

et al., 2013, Yamane et al., 2011), we observed a dramatic increase in mRNA levels of 

ER stress-associated genes in the islets of male Ins2WT/C96Y mice (Figure 4.2). Moreover, 
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there was a more striking upregulation in the expression of adaptive UPR genes, 

compared to pro-apoptotic genes.  The massive ~286-383-fold increase that we observed 

in the transcripts for adaptive UPR genes encoding ER chaperone proteins could 

potentially lead to increased folding activity (e.g., mutant proinsulin protein) and help 

limit protein aggregation in the ER of the beta cells (Eizirik et al., 2008). However, failure 

of the adaptive response to compensate for ER stress would be expected to activate the 

expression of CHOP and ATF3, resulting in beta cell apoptosis. Consistently, our real-

time RT-PCR analyses showed a ~6-33-fold increase in pro-apoptotic ER stress-related 

genes supporting other studies showing that hyperglycaemia in both heterozygous 

Ins2WT/C96Y and homozygous Ins2C96Y/C96Y Akita mice was accompanied by the induction 

of CHOP transcripts and beta cell apoptosis (Chen et al., 2011, Oyadomari et al., 2002a). 

The increased expression of adaptive UPR genes observed in our study represents a 

compensatory response by beta cells to overcome ER stress (Chan et al., 2013).  

 

The Akita mouse strain is an established model of ER stress-mediated diabetes 

(Oyadomari et al., 2002b, Chen et al., 2011, Yoshioka et al., 1997, Ron, 2002b) and was 

therefore used in this study to validate whether excessive ER stress in beta cells results in 

loss of intracellular HS and HSPG core proteins, as observed in the ER stressed islets of 

db/db mice. Normally to compensate for ER stress, cells increase their protein folding 

activity, prevent protein aggregation, attenuate translation, and degrade misfolded 

proteins via the ER associated degradation (ERAD) pathway (see Section 1.9) (Araki et 

al., 2003, Eizirik et al., 2008). We therefore examined the expression of three HSPG core 

proteins, i.e., collagen type XVIII, syndecan-1 and CD44 in the pancreatic islets of 

Ins2WT/WT and Ins2WT/C96Y mice from 4-9 weeks of age. Choong et al. (2015) previously 

reported that these HSPG core proteins are highly expressed in the beta cells of normal 

islets. Similarly, our study demonstrated strong expression of collagen type XVIII, 

syndecan-1 and CD44 in the islets of Ins2WT/WT mice (Figures 4.4 and 4.8). In contrast, 

a dramatic loss of HPSG core proteins was revealed in the islets of very young Ins2WT/C96Y 

mice at 4 weeks of age. Immunohistochemistry analyses of male and female Ins2WT/C96Y 

islets showed a rapid loss of intra-islet Sdc1 and CD44 and a slower decline in intra-islet 

Col18 (Figures 4.4 and 4.8). Interestingly, the depletion of HSPG core proteins was more 

pronounced in male Akita mice than females, correlating with the more severe 

hyperglycaemia in males (Figure 4.1). Furthermore, CD44 was expressed at the cell 
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surface in Ins2WT/C96Y beta cells but largely intracellularly in control Ins2WT/WT beta cells. 

This finding could reflect a slow turnover of cell surface CD44 in Akita Ins2WT/C96Y beta 

cells or preferential export to the cell surface when the supply of CD44 protein is limiting.  

 

In general, CD44 core protein is a ubiquitously expressed cell surface protein which plays 

an important role in cell aggregation, migration, activation and tumor metastasis. CD44 

can also regulate hyaluronic metabolism as well as the activation of lymphocytes and 

subsequent release of cytokines (Lesley et al., 2000, Senbanjo and Chellaiah, 2017). In 

contrast to our data, a recent report revealed that CD44 (all isoforms of CD44 (panCD44) 

and CD44v) expression as detected by immunohistochemistry, was most prominently 

expressed at the cell surface of beta cells and was higher in diabetic mouse (db/db, ob/ob 

and Akita mice) strains compared to corresponding controls at 8-16 weeks of age 

(Kobayashi et al., 2018). In our studies, CD44 expression was highly expressed 

intracellularly in the beta cells of wildtype mice (Akita and db mice) whereas weaker and 

more prominent cell surface expression of CD44 was observed in the diabetic Ins2WT/C96Y 

and db/db islets. The discrepancy between the studies could be due to differences in 

antigen retrieval procedures. In fact, Kobayashi et al. (2018) did not describe an antigen 

retrieval step in their immunostaining methodology, suggesting that the immunostaining 

was done in the absence of antigen retrieval. Nevertheless, our finding that CD44 is 

preferentially localised at the cell surface in Ins2WT/C96Y islets does not argue against the 

conclusion drawn by Kobayashi et al. (2018) that cell surface CD44 can inhibit L-amino 

acid uptake into beta cells, thereby reducing insulin biosynthesis. This pathway could 

therefore contribute to ER stress relief in Akita beta cells. 

 

We have found that ER stress-induced diabetes in non-obese Akita Ins2WT/C96Y mice 

correlated with a dramatic and early decline in intra-islet (beta cell) HSPG core proteins. 

Similarly, ER stress in the beta cells of obese db/db mice during T2D development 

correlated with a progressive reduction in both islet HSPG core proteins and HS (see 

Chapter 3). Since HS chains are assembled directly onto HSPG core proteins (see Section 

1.13), the intra-islet expression of HS was analysed in Ins2WT/C96Y mice using EV3C3 

phage display anti-HS Ab. This antibody detects N-sulfation, C5 epimerisation and 2-O 

sulfation in HS (Rops et al., 2008, Kurup et al., 2007, Dennissen et al., 2002) but not 6-

O sulfation recognised by 10E4 anti-HS mAb. Due to the limited supply of the antibody, 
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only pancreas samples from male Ins2WT/WT and Ins2WT/C96Y donors at 6 weeks of age 

were examined. A striking finding was that the expression of intra-islet (beta cell) HS in 

Ins2WT/C96Y mice was reduced to 58.4% of corresponding age-matched controls (Figure 

4.5(c)). Similar to HSPG core proteins, beta cell HS was therefore also significantly 

reduced in ER-stressed beta cells of Akita Ins2WT/C96Y mice, resembling db/db beta cells 

during T2D progression. Interestingly, we also observed strong HS staining in the 

periphery of both Ins2WT/C96Y and Ins2WT/C96Y islets i.e., in alpha cells. However, unlike 

beta cells that contain HS composed of highly sulfated and less sulfated regions, alpha 

cells contain only less-sulfated HS (Theodoraki et al., 2015) and are therefore more 

intensely stained with EV3C3 anti-HS Ab. Our data therefore demonstrate a selective loss 

of beta cell HS in the islets of Ins2WT/C96Y mice during the development of ER stress-

induced diabetes. 

 

Like previous studies (Shirakawa et al., 2013, Yamane et al., 2011, Nozaki et al., 2004, 

Gupta et al., 2010, Wang et al., 1999, Chen et al., 2017) and in contrast to Ins2WT/WT islets, 

we also found a significant decline in insulin staining of Ins2WT/C96Y islets to 34-63% of 

controls (Figures 4.7(a) and 4.9(a)). Furthermore, our immunohistochemical staining 

revealed punctate staining for proinsulin, suggesting the localisation of non-processed 

proinsulin in immature secretory granules in the trans-Golgi network/ER (Asadi et al., 

2015). The proinsulin levels were significantly reduced to ~31-32% of controls in the 

islets of diabetic Ins2WT/C96Y mice at 6 weeks of age (Figures 4.7(b) and 4.9(b)), which 

is in line with previous studies (Kobayashi et al., 2013, Wang et al., 1999, Gupta et al., 

2010). In contrast, we found evidence for increased glucagon staining in heterozygous 

Ins2WT/C96Y islets, compared to wt islets (Figures 4.7(c) and 4.9(c)). This data is 

consistent with previous findings where the circulating glucagon levels were increased at 

onset of diabetes in Akita mice (Barbetti et al., 2016). This increase in glucagon 

expression may elevate the rate of gluconeogenesis and glycogenolysis and contribute to 

hyperglycaemia (Unger, 1971, Barbetti et al., 2016). The action of insulin and glucagon 

provide exquisite control of glucose metabolism and any small change in the 

insulin/glucagon ratio can influence glycaemic control (Quesada et al., 2008, Jiang and 

Zhang, 2003). A low insulin/glucagon ratio increases the breakdown of hepatic glucose 

and promotes the release of free fatty acids (Barbetti et al., 2016). Increased circulating 

FFAs and FFA uptake by beta cells could further exacerbate ER stress in the beta cells 
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(Olefsky and Glass, 2010, McNelis and Olefsky, 2014). Our study confirmed a loss of 

insulin and proinsulin in the pancreatic islets of Akita Ins2WT/C96Y mice which exhibit ER 

stress-induced diabetes.   

 

The reported decline in beta cell mass in Akita Ins2WT/C96Y mice is attributed to ER stress-

induced beta cell death (Oyadomari et al., 2002a, Yamane et al., 2011, Lei et al., 2010, 

Izumi et al., 2003, Oyadomari et al., 2002b). In general, caspase 12, transcription factor 

CHOP and JNK activation are the critical effectors of ER stress-induced apoptosis in beta 

cells (Nakagawa et al., 2000, Oyadomari et al., 2002a, Yoshida, 2007, Ariyasu et al., 2017, 

Song et al., 2008, Eizirik et al., 2008, Laybutt et al., 2007). ER stress-associated activation 

of the transcription factor CHOP has been reported to contribute to beta cell apoptosis 

and diabetes in Akita mice (Oyadomari et al., 2002b, Nakagawa et al., 2000). Northern 

blotting and PCR analyses demonstrated that the islets of Ins2WT/C96Y mice display high 

levels of the pro-apoptotic marker CHOP (Oyadomari et al., 2002b, Winnay et al., 2014). 

Consistent with this property, the development of diabetes in Ins2WT/C96Y Chop-/- mice 

was delayed by 8-10 weeks (Oyadomari et al., 2002b). In vitro studies have shown that 

the ER of CHOP-/- cells is a hypo-oxidizing environment and that CHOP-/- cells are 

protected from ER stress-induced death (Marciniak et al., 2004). Beta cell protection in 

Ins2WT/C96Y CHOP-/- mice could also be attributed to increased resistance to nitric oxide-

induced apoptosis (Wu and Kaufman, 2006). It is noteworthy, however that Ins2C96Y/C96Y 

CHOP-/- mice do not show any protection from diabetes (Oyadomari et al., 2002b), 

indicating that one or more CHOP-independent pathways exist for ER stress-induced beta 

cell death. Other alternative apoptosis pathways include the activation of JNK (Urano et 

al., 2000) and caspase-12 (Nakagawa et al., 2000). 

 

We propose that the loss of HSPGs/HS in ER-stressed Ins2WT/C96Y beta cells represents a 

novel alternative mechanism for inducing beta cell death. Islet HS has been reported to 

play a critical role in postnatal islet maturation, growth and morphogenesis as well as 

insulin secretion (Takahashi et al., 2009). In fact, Takahashi et al. (2012) found that 3-O 

sulfate group of HS was necessary for maintaining normal glucose-stimulated insulin 

secretion by beta cells (Takahashi et al., 2012). Significantly, highly sulfated HS but not 

under-sulfated HS was found to preserve the survival of mouse beta cells by protecting 

them from oxidative damage (Ziolkowski et al., 2012). In support, Theodoraki et al. (2015) 
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provided evidence that desulfation of HS in rat INS1 beta cells increased their 

susceptibility to hydrogen peroxide-induced damage. Hence there is convincing evidence 

that intracellular HS plays a critical role in beta cell survival. We propose that the loss of 

HSPG core proteins and HS observed in Ins2WT/C96Y islets due to ER stress would render 

the beta cells highly susceptible to oxidative damage and subsequent death. Moreover, 

PCR analyses have revealed high levels of oxidative stress-responsive genes (Nuclear 

factor erythroid 2-related factor 1 (Nrf1), nuclear factor erythroid 2-related factor 1 

(Nrf2), catalase, superoxide dismutase 1 (SOD1), superoxide dismutase 2 (SOD2), heme 

oxygenase 1 (HMOX1)) in the islets of Ins2WT/C96Y mice compared to Ins2WT/WT islets 

from donors at 20 weeks of age (Winnay et al., 2014). The increased expression of 

antioxidant markers in Ins2WT/C96Y islets parallels our observed loss of HSPGs/HS in 

Ins2WT/C96Y beta cells; importantly, the induced antioxidant response offers insufficient 

protection against the development of diabetes. Taken together, our findings provide 

insight into a novel mechanism where the loss of HSPGs/HS in beta cells contributes to 

overwhelming oxidative stress, beta cell death and diabetes in Ins2WT/C96Y mice. 

 

(ii) Experimental induction of ER stress in MIN6 cells 

The MIN6 cell line (derived from a mouse insulinoma) is widely used for in vitro studies 

of beta cells (Miyazaki et al., 1990). MIN6 beta cells exhibit glucose-induced insulin 

secretion similar to primary beta cells (Ishihara et al., 1993), and have therefore been used 

to study pathways regulating insulin production and secretion. Syndecan-4 in MIN6 cells 

was recently reported to play a role in the insulin secretory response (Takahashi et al., 

2017) but other HSPG core proteins expression in MIN6 cells has not previously been 

reported. Our flow cytometry analyses of MIN6 beta cells demonstrated high expression 

of intracellular Col18 core protein and HS but low cell surface expression (Figure 4.10). 

While our findings confirm the previous report by Takahashi et al. (2012) of HS inside 

MIN6 cells, we identify Col18 and Sdc1 as major HSPG core proteins responsible for the 

localisation of HS in MIN6 cells. Furthermore, our findings are consistent with the 

intracellular expression of HS and HSPG core proteins in primary beta cells, previously 

observed by flow cytometry analyses (Ziolkowski et al., 2012, Choong et al., 2015) and 

western blotting (Takahashi et al., 2012). Additionally, we found that heparanase, an 

endoglycosidase that cleaves HS chains is highly expressed inside MIN6 cells (Figure 

4.10(c)), like primary mouse beta cells (Figure 4.18). It is likely that beta cell heparanase 
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functions in regulating HS turnover, a homeostatic process required to maintain cellular 

HS, as reported for other cell types (Bernfield et al., 1999). Our demonstration of 

intracellular HSPG core proteins, HS and heparanase in MIN6 beta cells established this 

cell line as an ideal source of surrogate beta cells for directly probing the relationship 

between ER stress and intracellular HSPG core proteins/HS. 

 

Initially, using TaqMan real-time RT-PCR, we confirmed the induction of ER stress-

related gene expression in MIN6 cells treated with pharmacological (thapsigargin and 

tunicamycin) and physiological (palmitate) agents (Figures 4.11, 4.12 and 4.13). These 

data were in agreement with other reports where RT-PCR, Northern blotting and Western 

blotting showed increased expression of UPR genes and proteins (e.g., ATF4, BiP, P58, 

CHOP and ATF6) in MIN6 cells treated with thapsigargin (1 µM; 2-20 nM), tunicamycin 

(1-10 µg/ml; 10-100 ng/ml) and palmitate (0.4-0.5 mmol/L) for 4-48 hours (Zhou et al., 

1998, Srinivasan et al., 2005, Laybutt et al., 2007, Sharma et al., 2015, Ueda et al., 2005, 

Hong et al., 2018, Puyal et al., 2013).  We observed that unlike Ins2WT/C96Y (heterozygous 

Akita) islets and tunicamycin-treated MIN6 cells where the expression of both early and 

late ER stress-related genes were upregulated (Figures 4.2 and 4.12(b)), thapsigargin-

treated MIN6 cells demonstrated a striking and selective upregulation of pro-apoptotic 

markers (CHOP and ATF3; Figure 4.12(a)), indicating that apoptosis/cell death 

pathways were acutely activated. These disparities could be due to differences in the 

range of proteins impacted by ER stress and/or specific inhibition in vitro of different 

fundamental elements or processes required for protein maturation e.g., calcium ion levels 

in the ER lumen (Oslowski and Urano, 2011, Urra et al., 2013). 

 

Our in vitro studies of MIN6 cells revealed a significant decrease in intracellular HSPG 

core proteins (collagen type XVIII, syndecan-1), HS and Hpse after culture with 

thapsigargin for 3 days. Similarly, tunicamycin treatment of MIN6 cells resulted in a 

significant decline in syndecan-1 and Hpse by day 3. In contrast to thapsigargin treatment, 

the loss of intracellular HS was not observed with tunicamycin treatment of MIN6 cells. 

This could be due to the presence of other HSPG core proteins available for HS synthesis 

in the beta cells, such as intracellular Col18 which remained unchanged over the time 

course. A significant loss of intracellular Hpse was observed in ER stressed MIN6 cells 

after 2 days of culture indicating that Hpse is highly sensitive to ER stress and therefore 
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would be unlikely to contribute to diminishing intracellular HS levels in ER-stressed 

MIN6 cells.  

 

Previously, ER stress in MIN6 cells has been reported to impact beta cell function and 

survival (Srinivasan et al., 2005, Furukawa et al., 1999, Chen et al., 2013). Srinivasan et 

al. (2005) demonstrated that thapsigargin- or tunicamycin-induced ER stress in MIN6 

cells inhibits the phosphorylation of Akt and glucogen synthase kinase 3 beta (GSK3β) 

and impairs insulin receptor signalling. Furthermore, long term exposure of MIN6 cells 

to FFAs (such as palmitate) reduced the synthesis and post-translational modification of 

proinsulin and prohormone convertases 2/3 (Furukawa et al., 1999). Increased expression 

of the autophagy activation marker LC3-11 has also been observed in ER stressed MIN6 

cells (Chen et al., 2013). 

 

Our study demonstrated that thapsigargin was more effective in depleting intracellular 

Col18 and HS in MIN6 cells than tunicamycin treatment. This difference could be due to 

the different mechanisms by which these agents induce ER stress. Thapsigargin blocks 

calcium ion uptake by the ER which severely reduces the calcium-dependent protein-

folding activity of ER chaperones and causes the accumulation of misfolded proteins and 

ER stress (Zhang and Kaufman, 2008b, Yoshida, 2007, Oslowski and Urano, 2011, 

Laybutt et al., 2007, Treiman et al., 1998). Thapsigargin is therefore likely to have a more 

severe impact on protein synthesis compared to tunicamycin which blocks N-linked 

glycosylation in the ER (Araki et al., 2003, Zhou et al., 1998, Ariyasu et al., 2017). Our 

data clearly showed that acute ER stress directly reduced intracellular HSPG core proteins 

in MIN6 cells, resulting in the reduced intracellular localisation of HS, presumably due 

to impaired HS synthesis. It should be noted that ultimately the intracellular levels of HS 

during acute ER stress induction will reflect the net effects of the turnover of HSPG core 

proteins by proteases, a homeostatic process which may vary for different HSPGs. It is 

noteworthy that a higher proportion of intracellular Col18 core protein was preserved 

relative to other HSPG core proteins in ER stressed MIN6 cells (Figure 4.14). Such 

differential effects could therefore mask the contribution of diminished Sdc1 core protein 

levels to the intracellular pool of HS. In any case our study has ruled out a pivotal role for 

heparanase in reducing intracellular HS during ER stress, with the intracellular levels of 
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Hpse being significantly lowered to ~20-40% of controls (Figure 4.16) in both 

thapsigargin- and tunicamycin-treated MIN6 cells. 

 

When ER stress is prolonged, apoptotic pathways are activated via the induced 

transcription of CHOP and/or by the activation of JNK and caspase-12 (see Section 1.9). 

Thapsigargin and tunicamycin induce ER stress in MIN6 cells, in a dose and time-

dependent manner, resulting in CHOP-mediated growth arrest and cell death (Zhou et al., 

1998, Srinivasan et al., 2005, Oyadomari et al., 2001). Consistent with previous studies 

(Zhou et al., 1998, Srinivasan et al., 2005, Laybutt et al., 2007), our PCR data confirmed 

an increase in the expression of CHOP and ATF3 with thapsigargin, tunicamycin and 

palmitate treatment of MIN6 cells (Figures 4.12 and 4.13). The activation of CHOP as 

well as other pro-apoptotic pathways lead to the activation of caspase 3, indicating that 

ER stress signals are transmitted to mitochondria (Oyadomari and Mori, 2004). The 

mechanism by which CHOP stimulates cell death/apoptosis includes downregulation of 

the anti-apoptotic protein Bcl-2 (Eizirik et al., 2008, Fonseca et al., 2011), increased 

generation of cellular reactive oxygen species including the upregulation of ER 

oxidoreductase 1, and the upregulation of pro-apoptotic genes (Puthalakath et al., 2007, 

Miani et al., 2013). Our study showed a significant increase in % dead/damaged MIN6 

cells (Figure 4.19) following acute exposure to ER stress-inducing agents. 

 

In summary, our study of ER-stressed MIN6 cells revealed a loss of intracellular 

HSPGs/HS, expression of pro-apoptotic CHOP and ATF3 transcripts and increased beta 

cell death. Intracellular HS has been reported to protect the beta cells from reactive 

oxygen species; furthermore HS depletion resulted in beta cell death in vitro and 

correlated with the development of T1D in NOD mice (Ziolkowski et al., 2012). However, 

the significant loss of HS did not temporally correlate with an increase in 7AAD+ve 

MIN6 cells. This finding suggests that thapsigargin and tunicamycin treatment of MIN6 

cells rapidly and directly activate the apoptotic pathways (as shown by the preferential 

upregulation of the pro-apoptotic UPR genes CHOP and ATF3 after ~24 hrs of culture), 

possibly by-passing the adaptive UPR. In support of this notion, Zhou et al. (1998) 

demonstrated that the depletion of intracellular Ca2+ stores due to thapsigargin-treatment 

of MIN6 cells is sufficient to trigger apoptosis. The activation of CHOP in ER-stressed 

MIN6 cells would be expected to upregulate the production of reactive oxygen species 
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(ROS) and reactive nitrogen species (Wang and Wang, 2017, Malhotra and Kaufman, 

2007, Hsieh et al., 2007) which together with reduced intracellular HS, would increase 

the vulnerability of the cells to oxidative damage and subsequent death. Alternatively, it 

is possible that the acute in vitro treatment of MIN6 cells with thapsigargin and 

tunicamycin causes beta cell death in a HS-independent manner due to the rapid 

expression of pro-apoptotic genes. Importantly, most in vitro experiments are performed 

with potent triggers of experimental stress which induce a rapid response; in contrast, beta 

cells in vivo are more likely to encounter chronic exposure to an increasing level of ER 

stress during T2D development. For this reason, in vitro studies of ER stress should be 

interpreted and extrapolated with caution.   

 

(iii) ER stress induction in isolated islets 

Isolated normal BALB/c islets cultured with thapsigargin (5 µM) for 3 days, dispersed 

into single cells and analysed by flow cytometry (see Section 2.8), showed a significant 

loss of HSPG core proteins (Sdc1 and CD44) and a trend for the reduction of HS and 

Hpse in the beta cells (Figure 4.18). Other groups have demonstrated that C57BL/6 

mouse islets cultured for 24 hrs with thapsigargin (2-20 nM or 1-5 µM) or tunicamycin 

(10-100 ng/ml or 2.5-10 µg/ml) increased the expression of the ER stress-associated 

genes BiP, CHOP and caspase-3, compared to controls (Sharma et al., 2015, Wali et al., 

2014, Lipson et al., 2006). Furthermore, increased beta cell death was observed when the 

islets were cultured for 4-5 days with thapsigargin (5 µM) or tunicamycin (10 µg/ml) 

(Wali et al., 2014). These studies suggest that the induction of ER stress and the loss of 

HSPGs/HS in primary beta cells, could potentially lead to beta cell death.  However, 

BALB/c islets may need to be treated with thapsigargin for a longer period of time (i.e., 

4-5 days instead of 3 days) to observe a correlation between loss of HS/the HSPGs and 

ER stress-induced death. Nevertheless, our studies of ER-stress in isolated islets and the 

observed loss of intracellular HSPG core proteins, HS and Hpse parallel our observations 

in ER-stressed MIN6 cells (see Sections 4.2.2 and 4.2.3). Sharma et al. (2015) reported 

that treatment of C57BL/6J islets with low dose of thapsigargin or tunicamycin treatment 

increased the number of beta cells in a glucose-dependent manner; in contrast, high dose 

thapsigargin did not affect beta cell proliferation. Treatment of mouse C57BL/6J islets 

with cytokines (IL-1β, IL-23 or IL-24), tunicamycin or thapsigargin reduced GSIS and 

GLP-1 associated GSIS in the presence of ER stress and oxidative stress in beta cells 
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(Hasnain et al., 2014). Together, these studies suggest that ER-stressed islet beta cells 

could reduce islet/beta cell function. 

 

In summary: 

• Endogenously driven ER stress in Akita Ins2WT/WT islet beta cells was characterised 

by a significant reduction in islet HSPG core proteins and HS.  

• The experimental induction of ER stress in MIN6 cells and primary beta cells in vitro 

also reduced the intracellular expression of HSPG core proteins/HS and increased 

beta cell death.  

• These studies establish a plausible relationship between the depletion of islet HSPG 

core proteins/HS and ER stress in beta cells during T2D development in db/db mice 

(Chapter 3).  

• Studies of alleviating ER stress and of HS replacement for rescuing db/db beta cells 

and preserving their viability are explored in Chapter 5. 
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5.1 Introduction 

The findings presented in Chapter 3 and 4 provide evidence that intracellular levels of 

HSPG core proteins (collagen type XVIII, syndecan-1 and CD44) and HS decrease 

dramatically in ER-stressed beta cells. These outcomes were demonstrated in T2D-prone 

db/db, in heterozygous Akita Ins2WT/C96Y islets subjected to physiological ER stress in 

vivo, as well as in MIN6 beta cells and primary isolated islets with ER stress-induced 

experimentally in vitro. Normally, nascent proteins undergo folding during their 

maturation in the ER with the help of ER chaperones (see Section 1.9). The accumulation 

of unfolded/misfolded proteins in the ER activates the ER stress cascade possibly via 

multiple signals, inducing increased demand for energy, elevated free fatty acids, 

disrupted calcium ion homeostasis, glucotoxicity and oxidative stress (see Sections 1.9 

and 1.11). ER stress-induced by these metabolic disturbances results in reduced protein 

synthesis, increased expression of ER chaperones, activation of the unfolded protein 

response (UPR) and if ER stress is prolonged, apoptosis (Oslowski and Urano, 2011, 

Eizirik et al., 2008, Yoshida, 2007).  

 

ER stress in beta cells in situ has been shown previously to contribute to insulin 

insensitivity or insulin resistance in adipose tissue, liver and skeletal muscle, glucose 

intolerance and subsequently T2D (Salvado et al., 2015, Kars et al., 2010, Ozcan et al., 

2004, Özcan et al., 2006). Our studies of the experimental induction of ER stress in MIN6 

beta cells in vitro demonstrated a loss of intracellular HSPG core proteins, HS and 

heparanase as well as increased beta cell death/damage (see Section 4.2.2). However, 

increased cell death/damage was sometimes observed before a significant decline in 

HSPG core proteins/HS (see Sections 4.2.2.3 and 4.2.2.4, Figures 4.14(b), 4.15(b) and 

4.17(b)), a phenomenon which could be related to the use of an immortalised cell line and 

the pharmacological (unphysiological) induction of ER stress using thapsigargin and 

tunicamycin. To circumvent these concerns, in this chapter we set out to examine whether 

(i) experimentally relieving ER stress in db/db mice and (ii) replacing HS in db/db beta 

cells using HS mimetics restores or preserves intra-islet HS and beta cell survival, 

respectively.   

 

With the first strategy, ER stress in db/db mice was alleviated using a chemical chaperone 

tauroursodeoxycholic acid (TUDCA) and the downstream effects on glycaemic control 
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and intra-islet HSPG core proteins and HS were analysed. Chemical chaperones belong 

to a group of low molecular weight compounds which stabilises protein conformation, 

improves protein folding capacity in the ER and facilitates trafficking of mutant proteins 

to the proteasome for disposal. These activities reduce protein aggregation in the ER and 

ER stress (Özcan et al., 2006, Welch and Brown, 1996, Sauer et al., 2008). The chemical 

4-phenly butyric acid (PBA) also has chaperone activity and interacts with misfolded 

proteins via hydrophobic domains to prevent protein aggregation in the ER (Xiao et al., 

2011, Mimori et al., 2012). Trimethylamine-N-oxide dehydrate (TMAO) is a natural 

chemical chaperone which prevents protein aggregation by binding to hydrophobic 

peptides to stabilise and improve protein folding (Shepshelovich et al., 2005). Similarly, 

endogenous bile salts and their derivatives such as ursodeoxycholic acid (UDCA), similar 

to TUDCA, can modulate ER function (Özcan et al., 2006, Vang et al., 2014). 

 

TUDCA is the taurine conjugate of UDCA and is a secondary bile acid produced by 

intestinal bacteria (Vang et al., 2014). UDCA is a US Food and Drug Administration 

(FDA)-approved drug for the treatment of cholestatic liver disease because of its ability 

to protect hepatocytes from hydrophilic bile acids (Amaral et al., 2009, Lebensztejn, 2000, 

Xie et al., 2002). TUDCA has been reported to serve as an anti-apoptotic agent for 

neurogenerative diseases such as amyotrophic lateral sclerosis, Alzheimer's disease, 

Parkinson's disease and Huntington's disease (Vang et al., 2014, Elia et al., 2016, Castro-

Caldas et al., 2012, Nunes et al., 2012, Amaral et al., 2009). Furthermore, TUDCA has 

been reported to play an important protective role in atherosclerosis, diabetes and renal 

disease (Vang et al., 2014). For example, PBA and TUDCA treatment restored glucose 

homeostasis, improved insulin sensitivity and decreased fatty liver disease in ob/ob mice 

(Özcan et al., 2006). TUDCA inhibits the production of free oxygen radicals, reduces ER 

stress and inhibits caspase activation in tissues such as liver, hypothalamus, brain and 

pancreatic beta cells in both db/db and ob/ob mice as well as in Huh7 cells (a human liver-

derived cell line) (Özcan et al., 2006, Xie et al., 2002, Amin et al., 2012, Ozcan et al., 

2009). From a mechanistic standpoint, PERK and IRE1α phosphorylation levels were 

lowered in the liver of ob/ob mice indicating reduced ER stress (Özcan et al., 2006). 

Furthermore, both liver and adipose tissue showed reduced activation of JNK and 

phosphorylation of IRS-1, suggesting improved insulin sensitivity (Özcan et al., 2006). 

Moreover, TUDCA treatment of female NOD mice preserved serum insulin levels and 
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islet insulin and also reduced islet inflammation (insulitis) compared to controls (Engin 

et al., 2013). However, obese insulin-resistant humans on TUDCA therapy showed 

increased hepatic and muscle insulin action, despite lack of amelioration in ER stress 

(Kars et al., 2010). This restoration of insulin action could have been due to improved 

insulin signalling caused by the inhibition of protein tyrosine phosphatase 1B (PTP1B; a 

negative regulator of insulin signalling) as observed in the muscles of TUDCA treated 

ob/ob mice (Panzhinskiy et al., 2013). Considering these findings, we assessed whether 

the administration of TUDCA to T2D-prone db/db mice could restore intra-islet 

expression of HSPG core proteins and HS by relieving ER stress in beta cells.  

 

Our second strategy was to utilise the HS mimetics heparin (in vitro) and PI-88 (in vitro 

and in vivo) to replace the lost HS in db/db beta cells and thereby preserve beta cell 

survival (and hence function). HS is a glycosaminoglycan directly synthesised onto 

HSPG core proteins to form HSPGs; in the absence of HSPG core proteins, HS assembly 

cannot occur (see Section 1.13). Recently, high levels of HS were found to be localised 

inside islet beta cells and to play a critical role in post-natal islet growth and significantly, 

in beta cell survival (Takahashi et al., 2009, Ziolkowski et al., 2012). In Chapter 3, we 

demonstrated a significant loss of HSPG core proteins and HS in the beta cells of db/db 

mice correlating with T2D development (see Sections 3.2.4, 3.2.5 and 3.2.10). Since 

physiological replacement of HS by de novo synthesis is unfeasible in the absence of 

HSPG core proteins, we investigated whether replacing beta cell HS can preserve the 

viability of db/db beta cells in vitro and protect beta cell survival in db/db mice (i.e., in 

vivo), potentially ameliorating glycaemic control.   

 

Heparin is a highly sulfated analogue of HS and is structurally related to HS (Liu and 

Pedersen, 2007). Heparin contains ~2.7 sulfate groups per disaccharide with molecular 

weight of ~15 kDa whereas HS consists of ≥ 1 sulfate group per disaccharide and weighs 

~30 kDa (Shriver et al., 2012). Clinically, heparin is widely used as an anti-coagulant and 

anti-thrombotic drug. Heparin also binds to the catalytic site of heparanase (Hpse), 

inhibiting the degradation of HS i.e., heparin is a heparanase inhibitor (Vreys and David, 

2007, Levy-Adam et al., 2010). Previous studies have shown that heparin administration 

improves the survival of cancer patients (Klerk et al., 2005, Rickles, 2006, McKenzie, 

2007) and inhibits Hpse-dependent metastasis, invasion and angiogenesis in animal 
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models (Vlodavsky and Goldshmidt, 2001, Parish et al., 1987, Vlodavsky and Friedmann, 

2001). However, heparin exhibits anti-coagulant activity which restricts its usage in vivo. 

For this reason, chemically modified heparins and sulfated oligosaccharides have been 

developed as alternative Hpse inhibitors (Parish, 2006). For example, glycol-split N-

acetyl heparin lacks anti-coagulant activity and acts as a non-cleavable substrate for Hpse, 

dramatically inhibiting the catalytic activity of this enzyme (Rivara et al., 2016).  

 

The sulfated phosphomannopentaose PI-88 (Muparfostat) is another non-cleavable 

inhibitor of Hpse which exhibits a low level of anti-coagulant activity (Ziolkowski et al., 

2012, Parish et al., 2013, Parish et al., 1999, Simeonovic et al., 2013). PI-88 is a potent 

inhibitor of tumour growth (Parish et al., 1999) and has undergone clinical trials as an 

anti-cancer drug (Gautam et al., 2007, Liu et al., 2014). Additionally, PI-88 binds to the 

HS binding domains of vascular endothelial growth factor-2 (VEGF-2), fibroblast growth 

factor (FGF)-1 and 2, thereby reducing their functional activity and inhibiting tumour 

angiogenesis (Ferro et al., 2007, Kudchadkar et al., 2008). PI-88 has been shown to inhibit 

the primary growth of rat mammary adenocarcinoma and metastasis to the draining 

popliteal lymph node and to reduce the vascularity of tumours in animal models (Parish 

et al., 1999). Significantly, PI-88 acts as a potent HS replacer in beta cells in vitro 

(Ziolkowski et al., 2012, Simeonovic et al., 2013, Parish et al., 2013).  

 

Ziolkowski et al. (2012) demonstrated a significant increase in the survival of isolated 

mouse beta cells following co-culture with HS mimetics (heparin or PI-88), identifying 

HS as a critical requirement for preserving beta cell viability. In addition, HS replacement 

with HS mimetics protected beta cells from ROS-induced cell death. Using FITC-labelled 

heparin and confocal microscopy, beta cell protection correlated with substantial uptake 

of FITC-conjugated heparin by the beta cells. Additionally, T1D onset was prevented in 

50% of T1D-susceptible NOD mice and beta cell HS was preserved by in vivo treatment 

with the Hpse inhibitor/HS mimetic PI-88 (Ziolkowski et al., 2012, Simeonovic et al., 

2013). Based on these findings, we set out to test whether (i) culture of T2D-prone db/db 

beta cells with heparin or PI-88 improves beta cell viability in vitro, and (ii) 

administration of PI-88 to young db/db mice (in vivo) preserves beta cell HS, improves 

beta cell viability and prolongs beta cell function.  
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Overall, in this chapter we evaluated two separate approaches for preserving and/or 

improving the HS content of beta cells: (i) TUDCA treatment to relieve ER stress and 

preserve HSPGs/HS in beta cells and (ii) HS replacement in beta cells using heparin or 

PI-88. For the first approach, 4 week old male db/db mice were treated with TUDCA (150 

mg/kg/day) or saline intraperitoneally for 28 days to ascertain whether ER stress-relief 

improved intra-islet HSPG/HS expression. For the second approach, in vitro studies 

tested whether wt and db/db beta cells cultured with heparin or PI-88 demonstrated 

significantly increased viability. Finally, 3.5 week old db/db mice treated with the HS 

mimetic PI-88 (10 mg/kg/day) examined whether HS replacement delayed the 

progression of T2D. 
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5.2 Results 

5.2.1 TUDCA treatment improves HSPG/HS expression in db/db beta cells 

5.2.1.1 Non-fasting blood glucose levels and body weight of TUDCA-treated male 

db/db mice 

4 week-old male db/db mice (normoglycaemic; bg<10 mmol/L) were treated with 

tauroursodeoxycholic acid (TUDCA; 150 mg/kg/day) or saline intraperitoneally for 28 

days (see Section 2.11.2). The body weight and non-fasting blood glucose levels of the 

mice were determined three times/week, routinely at 9am - 10am. The TUDCA/saline 

dosage was adjusted, based on their body weight (see Sections 2.2.1 and 2.11.2).  

 

The non-fasting blood glucose levels of db/db mice in the saline and TUDCA groups 

were similar at 4 weeks of age (Figure 5.1(a)). TUDCA-treated male db/db mice showed 

a significant reduction in the blood glucose levels to 83.1% (17.24 ± 1.14 mmol/L vs 

20.74 ± 0.90 mmol/L) and 78.1% (20.06 ± 1.32 mmol/L vs 25.69 ± 0.49 mmol/L) of 

corresponding saline-treated controls at 6-7 weeks and 7-8 weeks of age, respectively 

(Figure 5.1(a)). A significant reduction was also observed in the body weight of TUDCA-

treated males, compared to saline controls after 4 weeks of age (P<0.01 and P<0.001; 

Figure 5.1(b)). These data indicate that TUDCA treatment of db/db mice decrease blood 

glucose levels, reduced body weight and delayed the progression of T2D.  

 

5.2.1.2 HbA1c levels in TUDCA-treated male db/db mice 

Upon termination of treatment (day 28), glycated haemoglobin (HbA1c) levels were 

analysed in both saline and TUDCA-treated db/db mice, using a HemoCue HbA1c 

Analyzer (see Section 2.2.3). HbA1c is an integrated index of glycaemia during the 

previous three months (see Section 1.4.1). TUDCA treatment of male mice resulted in a 

significant decline in HbA1c levels to 81.6% of controls (5.24 ± 0.23% vs 6.42 ± 0.22%; 

Figure 5.2). Thus, TUDCA treatment of db/db male mice significantly improved the 

control of glycaemia (P<0.01), as determined by the independent measurements of 

HbA1c and weekly non-fasting blood glucose levels (see Section 5.2.1.1). 
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Figure 5.1: Non-fasting blood glucose levels and body weight of TUDCA-treated 

male db/db mice. 

Male db/db mice were treated from 4 weeks of age with normal saline (black symbols) or 

TUDCA (150 mg/kg/day; blue symbols) i.p. for 28 days. The non-fasting blood glucose 

levels and body weight were monitored 3x/week. Compared to saline controls, TUDCA-

treated mice showed a significant reduction in non-fasting blood glucose levels from 6-7 

weeks of age (a) and a significant reduction in body weight (b). Data represent the mean 

of all measurements over 1 week intervals in each group ± SEM with n= 12-14 

mice/group.  Non-parametric Mann-Whitney test; *P<0.05, **P<0.01 and ***P<0.001.  
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Figure 5.2: HbA1c levels in TUDCA or saline-treated male db/db mice. 

4 week old male db/db mice were treated with saline (black symbols) or TUDCA (150 

mg/kg/day; blue symbols) i.p. for 28 days. After termination of treatment, HbA1c levels 

were examined using a HemoCue HbA1c Analyzer. TUDCA-treated db/db males showed 

significantly lower HbA1c levels compared to controls. Data represent mean ± SEM for 

n= 12-13 mice/group.  Unpaired t test; *P<0.01. 
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5.2.1.3 Expression of ER stress markers in the islets harvested from TUDCA-treated 

db/db males 

Islets were isolated from 8 week old db/db mice that had been treated for 28 days with 

saline or TUDCA (see Section 2.3). Kidney tissue was harvested for use as a control to 

compare the CT values between saline and PI-88 treated islets. The samples of islets and 

wt kidney were snap-frozen for subsequent RNA extraction and the preparation of cDNA 

(see Section 2.6). cDNA samples were examined for the ER stress markers: BiP (also 

known HSPA5, GRP78), P58 (also known DNAJC3), CHOP (also known as DDIT3, 

GADD153) and ATF3 by TaqMan real-time PCR. The gene of interest was normalised 

to a control gene (GAPDH) and mRNA levels in saline and TUDCA treated islets were 

quantified as a fold-change over the wt kidney sample (see Section 2.6). 

 

Comparative CT analyses revealed a 3.5-fold (P<0.01) and 3.1-fold (P<0.01) significant 

increase in the expression of the ER stress-associated adaptive UPR genes BiP and P58, 

respectively, in the islets of TUDCA-treated mice compared to saline controls (Figure 

5.3). In addition, islets from TUDCA-treated mice showed a 2.3-fold (P<0.01) and 2.6- 

fold (P<0.01) significant increase in the expression of the ER stress-associated pro-

apoptotic UPR genes, CHOP and ATF3, respectively, compared to the saline controls 

(Figure 5.3). Overall, TUDCA treatment of male db/db mice significantly upregulated 

the expression of adaptive and pro-apoptotic UPR markers compared to corresponding 

controls. These findings suggest that TUDCA elevated the UPR to further enhance beta 

cell compensation, maintain beta cell function and thus improve glycaemia. 

 

5.2.1.4 Insulin immunostaining in the pancreases of db/db mice treated with TUDCA 

TUDCA treatment of db/db mice upregulated the expression of a broad range of early 

and late genes associated with the UPR and significantly reduced blood glucose levels. 

In view of the known relationship between ER stress in db/db beta cells and the 

accumulation of misfolded insulin protein, we investigated whether TUDCA-mediated 

alleviation of ER stress elevated the expression of insulin in db/db islets in situ. 

 

Representative images show an augmented distribution of insulin staining in the islets of 

TUDCA-treated db/db mice (Figure 5.4(b)) compared to saline-treated islets (Figure 

5.4(a)). The intra-islet insulin content was quantified using Image J software with colour 
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Figure 5.3: Expression of ER stress markers in the islets of TUDCA-treated db/db 

mice. 

Islets were isolated from db/db males that had been treated for 28 days with TUDCA (150 

mg/kg/day i.p.) or saline (controls). TaqMan real-time PCR showed significantly 

increased expression of transcripts for ER stress-associated genes in the islets from 

TUDCA-treated male db/db mice (blue bars) compared to saline controls (black bars). 

Fold-change refers to mRNA expression relative to gene expression in wt kidney (red 

dotted line) which is assigned a value of 1. Data represent mean ± SEM with n= 3-4 

mice/group (100-140 islets/donor). Mann-Whitney test; *P<0.01. 
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Figure 5.4: Expression of insulin in the islets of TUDCA-treated male db/db mice.  

4 week old male db/db mice were treated with saline (black bar) or TUDCA (150 

mg/kg/day; blue bar) i.p. for 28 days. After termination of treatment, the pancreas was 

harvested and insulin expression was localised in the islets by immunohistochemistry. 

Representative images show intense staining of insulin in TUDCA-treated db/db islets (b) 

and weak staining of insulin in saline controls (a). Scale bar = 100 µm. (c) Compared to 

saline controls, TUDCA-treated db/db islets showed a significant increase in the 

insulin+ve islet area of pancreatic islets. The data represent mean ± SEM for n= 8-9 

pancreases/group with n= 92-105 islets analysed/group. Non-parametric Mann-Whitney 

test; *P<0.0001. 
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deconvolution plugin (see Section 2.7.5). The threshold intensity of staining was 

established using positive staining in saline control pancreas sections; this threshold was 

applied to all samples to calculate the % positive islet area. 

 

The insulin+ve islet area showed a significant 1.5-fold increase in TUDCA-treated db/db 

mice compared to saline controls (41.91 ± 2.19% vs 27.66 ± 1.91%; P=0.0001; Figure 

5.4(c)). Based on these data, TUDCA treatment led to elevated insulin expression in the 

pancreatic islets of db/db mice, correlating with a significant decline in blood glucose 

levels, albeit without re-establishing normoglycaemia. These findings provide further 

support for the effectiveness of TUDCA to relieve ER stress in beta cells and restore 

protein synthesis and/or maturation. 

 

5.2.1.5 HSPG core protein expression in the islets of TUDCA-treated male db/db 

mice 

Our studies confirmed that TUDCA treatment of db/db mice reduced blood glucose levels, 

lowered HbA1c levels and significantly increased the expression of both insulin protein 

and UPR markers in the treated db/db islets. We next assessed whether ER stress relief 

influenced the intra-islet expression of HSPG core proteins i.e., collagen type XVIII 

(Col18), syndecan-1 (Sdc1) and CD44 as determined by immunohistochemistry (see 

Section 2.7).  

 

Representative images in Figure 5.5 show a vast increase in the expression of Col18 core 

protein in the islets of TUDCA-treated mice (Figure 5.5(b)), compared to saline-treated 

control islets (Figure 5.5(a)). TUDCA treatment also improved islet Sdc1 expression 

(Figure 5.5(c, d)). However, little change in CD44 staining within the islets was observed 

(Figure 5.5(e, f)). 

 

The intra-islet content of HSPG core proteins was quantified using Image J software with 

colour deconvolution plugin (see Section 2.7.5). The threshold intensity of staining was 

set to the positive staining in saline control pancreas sections; this threshold was applied 

to all samples to calculate the % positive islet area. 
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Figure 5.5: Distribution of HSPG core proteins in the pancreatic islets of db/db 

males. 

Representative images show the immunohistochemical localisation of Col18 (a, b), Sdc1 

(c, d) and CD44 (e, f) in the islets of db/db mice treated with TUDCA ((b, d, f); 150 

mg/kg/day i.p.) or saline (a, c, e). Positive staining in the islets (a, c, e and f) are identified 

by black arrowheads. TUDCA treatment substantially increased intra-islet Col18 (b) and 

Sdc1 (d), compared to saline-treated controls (a, c). Scale bar = 100 µm. 
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The Col18+ve islet area was significantly increased by 1.7-fold in the islets of TUDCA-

treated db/db mice, compared to controls (23.79 ± 2.12% vs 13.65 ± 1.17%; P<0.001; 

Figure 5.6(a)). Similarly, the Sdc1+ve islet area in TUDCA-treated pancreases increased 

2.8-fold compared to saline islets, but this increase did not achieve statistical significance 

(6.73 ± 1.47% vs 2.38 ± 0.25%; Figure 5.6(b)). In contrast, TUDCA treatment did not 

alter the CD44+ve islet area in db/db islets (12.75 ± 1.71% vs 12.33 ± 0.98%; Figure 

5.6(c)). In summary, the pancreatic islets of TUDCA-treated males revealed a striking 

increase in intra-islet HSPG core proteins, compared to controls. This improvement 

correlated with alleviated ER stress and improved glycaemic control in db/db mice. 

 

5.2.1.6 Immunohistochemical staining of intra-islet HS in TUDCA-treated db/db 

mice 

We observed recovery of intra-islet HSPG core proteins in the pancreatic islets of db/db 

mice treated with TUDCA compared to saline controls (see Section 5.2.1.5). HS is 

directly synthesised onto HSPG core proteins and is critical for the survival of beta cells 

(see Sections 1.13 and 1.15). We hypothesised that the observed improvement in the 

expression of islet HSPG core proteins could contribute to augmented synthesis of HS in 

beta cells, enhanced beta cell survival and hence lower blood glucose levels (see Section 

5.2.1.1). We therefore examined the levels of intra-islet HS in the islets of db/db mice by 

immunohistochemistry (see Section 2.7). A striking increase in the HS staining of islets 

in TUDCA-treated db/db pancreases was observed (Figure 5.7(b)), compared to saline-

treated islets (Figure 5.7(a)). 

 

The intra-islet HS content was quantified using Image J software with colour 

deconvolution plugin (see Section 2.7.5). The threshold intensity of staining was set using 

the positive staining observed in saline control pancreases; this threshold was adopted for 

all samples to calculate the % positive islet area.  

 

Treatment of male db/db mice with TUDCA resulted in a substantial 1.6-fold increase in 

the HS+ve islet area, compared to saline controls (24.22 ± 3.95% vs 14.80 ± 1.72%; 

Figure 5.7(c)). Although there was a trend for beta cell HS to be enhanced after TUDCA 

treatment, statistical significance was not established due to variation between islets in 

the different donors. Nevertheless, the striking improvement in beta cell HS correlated 
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Figure 5.6: HSPG core protein expression in the islets of TUDCA-treated male 

db/db mice.  

4 week old male db/db mice were treated with saline (black bars) or TUDCA (150 

mg/kg/day; blue bars) i.p. for 28 days. The HSPG core proteins, collagen type XVIII 

(Col18), syndecan-1 (Sdc1) and CD44 were localised in the pancreatic islets of the db/db 

pancreases by immunohistochemistry. Col18 (a) and Sdc1 (b) expression in the TUDCA-

treated db/db islets were increased compared to corresponding controls at 8 weeks of age 

but no change was observed in CD44 expression (c). The data represent mean ± SEM for 

n= 8-9 pancreases/group with n= 86-88 (Col18), n=92-105 (Sdc1) and n= 92-105 (CD44) 

islets examined/group. Mann-Whitney test; *P<0.001 and ns, not significant. 
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Figure 5.7: Distribution of HS in the islets of TUDCA-treated male db/db mice.  

4 week old male db/db mice were treated with saline (black bar) or TUDCA (150 

mg/kg/day; blue bar) i.p. for 28 days. The pancreases were harvested and intra-islet HS 

expression was localised by immunohistochemistry. Representative images show strong 

staining for intra-islet HS in TUDCA-treated male db/db mice (b); in contrast, only weak 

staining for HS was observed in the islets of saline-treated db/db mice (a). Scale bar = 

100 µm. (c) The HS+ve islet area in TUDCA-treated db/db islets was increased compared 

to controls. The data represent mean ± SEM for n= 4 pancreases/group with n= 38-44 

islets examined/group. Mann-Whitney test; ns, not significant. 
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with the significant increase in the expression of HSPG core proteins (see Section 5.2.1.5), 

resulting from the alleviation of ER stress in the db/db beta cells. The TUDCA-mediated 

modulation of these important beta cell components correlated with a significant 

improvement in glycaemic control (see Sections 5.2.1.1 and 5.2.1.2) and are consistent 

with a critical role for HS in beta cell survival (see Section 1.15). 

 

Taken together, the long term administration of TUDCA to db/db mice confirmed an 

enhanced unfolded protein response which restored the maturation of insulin protein in 

beta cells and significantly improved non-fasting blood glucose levels. Of further 

significance, beta cell HSPG core proteins and HS were replenished at least in part, 

correlating with improved glycaemic control and mitigated T2D progression. 

 

5.2.2 HS replacement using heparin improves beta cell viability in db/db beta 

cells 

5.2.2.1 Intracellular expression of HSPG core proteins and HS in primary db/db 

beta cells 

Normal or wildtype mouse islets in situ express high levels of intracellular HSPG core 

proteins and HS (Choong et al., 2015; see Sections 3.2.4, 3.2.5 and 3.2.10). However, 

during the isolation of islets and beta cells, intra-islet HS is selectively lost, due at least 

in part, to oxidative damage (Choong et al., 2015). Our earlier immunohistochemical 

studies identified the loss of both HSPG core proteins and HS in db/db islets in situ during 

T2D development (see Sections 3.2.4, 3.2.5 and 3.2.10). We therefore initially set out to 

confirm the altered distribution of HSPGs/HS in isolated db/db beta cells using flow 

cytometry.  

 

(a) Male db/db and wt beta cells 

Male wildtype (wt) and db/db islets were isolated from 5-9 week-old mice and dispersed 

into single cells (see Section 2.3). The freshly isolated beta cells were analysed for 

intracellular and cell surface HSPG core proteins (Collagen type XVIII (Col18), 

syndecan-1 (Sdc1) and CD44) and HS before and after culture for 2 days by flow 

cytometry (see Section 2.8). In parallel, the cell surface and intracellular expression of 

Hpse was examined on day 0 and day 2 (see Section 2.8). 
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Freshly isolated wt male beta cells demonstrated more pronounced intracellular 

expression of HSPG core protein, HS and Hpse (Figure 5.8(a-c)), than on the cell surface 

(Figure 5.8(d-f)). For the HSPG core proteins Col18, Sdc1 and CD44, the intensity of 

intracellular staining was 34-fold (GMFI= 3848.00 ± 575.13 vs GMFI= 112.37 ± 20.37), 

3.8-fold (GMFI= 354.43 ± 89.97 vs GMFI= 93.70 ± 27.89) and 3.2-fold (GMFI= 326.17 

± 34.50 vs GMFI= 103.13 ± 7.37) higher than at the cell surface, respectively. Compared 

to the diminished cell surface expression of HS (GMFI= 124.47 ± 26.83) and Hpse 

(GMFI= 130.67 ± 10.39), wt beta cells showed an 8-fold and 12.6-fold higher expression 

of intracellular HS (GMFI= 1000.43 ± 129.19) and Hpse (GMFI= 1649.6 ± 180.16), 

respectively (Figure 5.8). These findings are consistent with previous studies of isolated 

normal beta cells (Ziolkowski et al., 2012, Choong et al., 2015). 

 

In freshly isolated male db/db beta cells, the intracellular staining for the HSPG core 

protein Col18, Sdc1 and CD44 was 46% (GMFI= 1780.43 ± 148.67 vs GMFI= 3848.00 

± 575.13; P<0.01), 40% (GMFI= 131.11 ± 15.16 vs GMFI= 354.43 ± 89.97; P<0.05) and 

108% (GMFI= 352.50 ± 29.89 vs GMFI= 326.17 ± 34.50) of wt beta cells, respectively 

(Figure 5.8(a)). These findings confirm the loss of Col18 and Sdc1 core proteins in db/db 

islets in situ, as determined by immunohistochemistry (see Section 3.2.4). In parallel, 

intracellular HS and Hpse were reduced to 82% (GMFI= 818.14 ± 95.81 vs GMFI= 

1000.43 ± 129.19) and 47% (GMFI= 775.29 ± 66.17 vs GMFI= 1649.6 ± 180.16; P<0.001) 

of wt beta cells (Figure 5.8(b, c)). The similarity in intracellular HS in wt and db/db beta 

cells is likely to be attributed, at least partly, to the decline in beta cell HS that 

accompanies the enzymatic digestion procedures require to isolate islets and beta cells for 

both donor strains (Choong et al., 2015, Ziolkowski et al., 2012). Interestingly, the 

significant loss of Hpse in db/db beta cells is consistent with our observed decline in Hpse 

in ER-stressed MIN6 cells (see Sections 4.2.2.3.1 and 4.2.2.3.2). Like wt beta cells, cell 

surface expression of the HSPG core proteins, HS and Hpse in db/db beta cells remained 

substantially lower than corresponding intracellular levels (Figure 5.8(d-f)), with the 

exception of Sdc1 where the levels at both sites were similar (Figure 5.8(a, d)). 

 

In general, after culture for 2 days, wt beta cells maintained higher intracellular staining 

(Figure 5.9(a-c)) than cell surface staining (Figure 5.9(d-f)) for HSPG core proteins 

(Col18, 38.6-fold; Sdc1, 3.3-fold; CD44, 1.8-fold), HS (8.0-fold) and Hpse (4.5-fold). 
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Figure 5.8: Intracellular and cell surface staining of HSPG core proteins, HS and 

Hpse in freshly isolated male wt and db/db beta cells. 

Freshly isolated beta cells (day 0) were stained for (a-c) intracellular and (d-f) cell surface 

HSPG core proteins (Col18, CD44 and Sdc1), HS and Hpse and analysed by flow 

cytometry. Wt (black bars) and db/db (blue bars) beta cells showed strong intracellular 

expression for HSPG core proteins (a), HS (b) and Hpse (c) and corresponding weak cell 

surface expression (d-f). Intracellular Col18 (a), Sdc1 (a) and Hpse (c) were significantly 

reduced in db/db beta cells, compared to controls. The data represent mean GMFI ± SEM 

for n= 3-7 experiments/group; n= 2-4 donors/experiment. Non-parametric Mann-Whitney 

test; *P<0.05 and **P<0.01. 
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Figure 5.9: Intracellular and cell surface expression of HSPG core proteins, HS and 

Hpse in male wt and db/db beta cells at day 2. 

Isolated beta cells were cultured for 2 days and stained for (a-c) intracellular and (d-f) cell 

surface HSPG core proteins (Col18, CD44 and Sdc1), HS and Hpse for flow cytometry 

analysis. Wt (black bars) and db/db (blue bars) beta cells showed strong intracellular 

expression for HSPG core proteins (a), HS (b) and Hpse (c) but weak cell surface 

expression (d-f). Intracellular Col18 (a), Sdc1 (a), HS (b) and Hpse (c) were significantly 

reduced in db/db beta cells compared to corresponding controls. The data represent the 

mean GMFI ± SEM for n= 3-7 experiments/group; n= 2-4 donors/experiment. Non-

parametric Mann-Whitney test; *P<0.05, **P<0.01 and ***P<0.0001. 
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Interestingly, db/db beta cells cultured for 2 days demonstrated essentially the same level 

of diminished intracellular Col18 (46.3%; P<0.01), Sdc1 (36.9%; P<0.05) and Hpse 

(46.9%; P<0.01) relative to corresponding controls, as observed on day 0 (Figure 5.9(a)). 

A striking finding was that intracellular HS was significantly reduced to 37.5% of wt 

controls (P<0.05) on day 2 (Figure 5.9(b)); in contrast, the intracellular HS levels of 

db/db and wt beta cells were comparable on day 0 (Figure 5.8(b)). These findings 

indicate that intracellular levels of HSPG core proteins and Hpse in db/db and wt beta 

cells remain stable in vitro. In contrast, intracellular HS rapidly decrease in db/db beta 

cells in vitro, indicating a heightened susceptibility to damage, compared to intracellular 

proteins (HSPGs, Hpse). 

 

(b) Female db/db and wt beta cells 

In the case of freshly isolated female wt and db/db beta cells (day 0), no significant 

differences were found in the expression of intracellular HSPGs, HS and Hpse, with the 

exception of CD44 which increased to 1.3-fold in db/db beta cells (GMFI= 384.40 ± 20.79 

vs GMFI= 288.60 ± 19.60; P<0.05) (Figure 5.10(a)). Although intracellular Col18, Sdc1 

and Hpse was substantially reduced to 43%, 52% and 54% of corresponding wt controls, 

respectively, these changes were not statistically significant (Figure 5.10). Overall, a 

general trend was observed for lower intracellular HSPG core proteins and Hpse in db/db 

beta cells on day 0. These findings resemble the properties of male db/db beta cells 

(Figure 5.8) and the decline in intra-islet Col18 and Sdc1 observed in female db/db islets 

in situ during T2D progression (see Section 3.2.10). Like male db/db beta cells (Figure 

5.8), no significant differences were observed in the intensity of staining for cell surface 

HSPG core proteins, HS or Hpse between female wt and db/db beta cells (Figure 5.10(d-

f)). Generally, HSPGs, HS and Hpse were more highly expressed intracellularly than on 

the cell surface, with the exception of Sdc1 and CD44 in db/db beta cells, where the 

intensity of staining was similar (Figure 5.10). 

 

Like cultured male db/db beta cells, intracellular HS in female db/db beta cells cultured 

for 2 days demonstrated a significant decline to 45% of corresponding wt beta cells 

(GMFI= 566.00 ± 131.68 vs GMFI= 1249.80 ± 285.24; P<0.05; Figure 5.11(b)). This 

finding was in contrast to the similar intracellular HS staining observed for wt and db/db 

female beta cells on day 0 (Figure 5.10(b)). On day 2, the intracellular levels of Col18,  
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Figure 5.10: Intracellular and cell surface expression of HSPG core proteins, HS 

and Hpse in female wt and db/db beta cells on day 0. 

Freshly isolated beta cells were prepared from female donors (5-9 weeks of age) stained 

for (a-c) intracellular and (d-f) cell surface HSPG core proteins (Col18, CD44 and Sdc1), 

HS and Hpse and analysed by flow cytometry. Wt (black bars) and db/db (blue bars) beta 

cells showed stronger intracellular staining for HSPG core proteins (a), HS (b) and Hpse 

(c) than at the cell surface (d-f). The data represent the mean GMFI ± SEM for n= 3-6 

experiments/groups; n= 2-4 donors/experiment. Non-parametric Mann-Whitney test; 

*P<0.05. 
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Figure 5.11: Intracellular and cell surface expression of HSPG core proteins, HS 

and Hpse in female wt and db/db beta cells at day 2. 

Freshly isolated beta cells were cultured for 2 days, stained for (a-c) intracellular and (d-

f) cell surface HSPG core proteins (Col18, CD44 and Sdc1), HS and Hpse and analysed 

by flow cytometry. In general, beta cells showed stronger intracellular expression of 

HSPG core proteins (a), HS (b) and Hpse (c) than at the cell surface expression (d-f). The 

data represent the mean GMFI ± SEM for n= 3-6 experiments/group with n= 2-4 

donors/experiment. Non-parametric Mann-Whitney test; *P<0.05. 
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Sdc1 and Hpse were substantially reduced to 24.9%, 42.7% and 40.6% of corresponding 

wt controls (Figure 5.11(a, c)), in general agreement with the marked changes observed 

on day 0 (Figure 5.10(a, c)). Overall, these findings are consistent with the modulation 

in staining intensity observed in male db/db beta cells (Figures 5.8 and 5.9). 

 

In summary, freshly isolated db/db beta cells were characterised by a marked loss of 

intracellular Col18 and Sdc1 core proteins and Hpse, compared to wt beta cells. In 

contrast, intracellular HS underwent a significant and rapid decline during culture. 

Previous in vitro studies reported by the Simeonovic lab have demonstrated that depletion 

of intracellular HS in beta cells correlates with loss of viability (Ziolkowski et al., 2012). 

 

 

5.2.2.2 HS replacement increases the viability of db/db beta cells 

Previous studies in the Simeonovic lab revealed that during the isolation of mouse islets 

in vitro, HS is largely lost from beta cells but the expression of HSPG core proteins is 

retained (Choong et al., 2015). Following subsequent dispersion of the islets, harvest and 

culture of the isolated beta cells, HS depletion was found to correlate with beta cell 

damage or death. Significantly, the replacement of the lost HS using HS mimetics 

preserved beta cell survival, clearly establishing intracellular HS as a critical requirement 

for beta cell health (Ziolkowski et al., 2012). Furthermore, these ground-breaking studies 

identified certain HS mimetics/analogues (e.g., heparin, PI-88) as “HS replacers” for beta 

cells. In this chapter, we confirmed the intracellular localisation for HSPG core proteins 

and HS in wt and db/db beta cells and detected a reduced expression of HS and HSPG 

core proteins in the db/db beta cells (see Section 5.2.2.1). We therefore investigated 

whether replacing the lost HS in db/db beta cells in vitro rescued them from dying and 

thus, significantly improved their viability.  

 

(a) Male db/db and wt beta cells 

Male db/db mice were categorised into three groups based on their non-fasting blood 

glucose (bg) levels i.e., mice with bg<10 mmol/L (normoglycaemic), mice with bg=10-

15 mmol/L (mildly hyperglycaemic) and mice with bg>15 mmol/L (severely 

hyperglycaemic). Male wildtype and db/db islets were isolated and dispersed into single 

cells using Accutase (see Section 2.3). The Simeonovic lab previously reported that ~90% 
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of dispersed islet cells are ~90% insulin-positive, i.e., beta cells. Hereafter we refer to this 

population as beta cells (Ziolkowski et al., 2012). The viability of freshly isolated beta 

cells was analysed by flow cytometry using the fluorescent dyes Calcein-AM (Cal) and 

propidium iodide (PI) (see Section 2.9.1). Beta cell sub-populations were identified as 

Cal+PI- (viable), Cal+PI+ (damaged) and Cal-PI+ (dead) (see Section 2.9.3). In parallel, 

beta cells were cultured with and without heparin (HS analogue; 50 µg/ml) for 2 days at 

which time cell viability was assessed by flow cytometry. Representative flow cytometry 

dot plots show the viability of beta cells in the presence or absence of heparin for both wt 

and db/db beta cells (Figure 5.12). 

 

Freshly isolated male wt beta cells consisted of 41.5% viable Cal+PI- cells, 28.4% 

damaged Cal+PI+ and 22.0% Cal-PI+ dead cells (Figure 5.13(a)). However, following 

culture for 2 days (Day 2), the damaged Cal+PI+ population increased to 2-fold, Cal-PI+ 

dead cells were reduced to ~67% and the Cal+PI- viable population was decreased by 

~50%, compared to day 0 (Figure 5.13(a)). These data confirm the previous report that 

the viability of isolated normal beta cells deteriorates during short-term culture 

(Ziolkowski et al., 2012). In contrast, wt beta cells cultured with heparin for 2 days 

showed a significant reduction in Cal+PI+ damaged beta cells (P<0.0001) and dead cells 

(P<0.0001) to 19.6% and 10.5% of corresponding controls, respectively (Figure 5.13(a)). 

These data are consistent with a previous report of the rescue of BALB/c beta cells by HS 

replacement using heparin or PI-88 (Ziolkowski et al., 2012). 

 

Isolated beta cells from db/db donors showed that ~50-60% of the cells were Cal+PI- on 

day 0 with ~17-20% Cal+PI+ damaged and ~7-14% Cal-PI+ dead cells (Figure 5.13(b-d)). 

Moreover, db/db beta cell survival decreased to ~39-43% during culture for 2 days 

(Figure 5.13(b-d)). 

 

Like wt beta cells, the viability of beta cells (i.e., Cal+PI-) isolated from male 

normoglycaemic db/db mice (bg<10 mmol/L) significantly increased 2.8-fold (P<0.001) 

following culture with heparin (Figure 5.13(b); P<0.0001). In addition, the population of 

damaged beta cells (Cal+PI+) and dead cells (Cal-PI+) were significantly reduced to 23.1% 

(P<0.001) and 27.7% of untreated controls, respectively (Figure 5.13(b); P<0.0001). 

Importantly, for beta cells from mildly hyperglycaemic db/db donors (bg=10-15 mmol/L)  



Chapter 5: Preservation and replacement of beta cell HS 

269 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12: HS replacement protects db/db beta cells from dying in culture. 

Wildtype and db/db female islets were isolated and dispersed into single cells. The cell 

viability of the beta cells was analysed by flow cytometry using the fluorescent dyes 

Calcein and PI. The beta cells were cultured with or without heparin (50 µg/ml) for 2 days 

and cell viability was analysed by flow cytometry. Representative flow cytometry dot 

plots show the viability (Cal+PI-; upper left quadrant) of wildtype (a) and db/db (b) beta 

cells at day 0 and after culture without (c, d) or with (e, f) heparin for 2 days. Cal+PI+ 

(upper right quadrant) identifies damaged cells; Cal-PI+ (lower right quadrant), dead cells; 

Cal-PI- (lower left quadrant), cell debris. Each quadrant shows data as a % of the total cell 

population.  
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Figure 5.13: Protection of male beta cells from dying in culture by HS replacement. 

Islets were isolated and dispersed into single cells. The viability of male (a) wildtype and 

(b-d) db/db beta cells was analysed by flow cytometry using the fluorescent dyes calcein 

and PI. The beta cells were cultured with (red bars) and without (black bars) heparin (50 

µg/ml) for 2 days and cell viability was analysed by flow cytometry. Beta cells were 

identified as viable (Cal+PI-), damaged (Cal+PI+) or dead (Cal-PI+). Wildtype (a) and 

db/db beta cells (b-d) treated with heparin (red bars) showed increased cell viability at 

day 2 compared to corresponding controls (black bars). Data represent mean ± SEM for 

n= 3-9 experiments/group; n= 2-3 mice/experiment. ANOVA with Fisher’s unprotected 

LSD post-test; *P<0.05, **P<0.01 and ***P<0.0001. 
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treatment with heparin significantly increased the live cell (Cal-PI-) population by 1.9- 

fold (P<0.05); Cal+PI+ damaged cells and Cal-PI+ dead cells declined to 53.9% (P<0.05) 

and 51.5% (P<0.05) (Figure 5.13(c)). Surprisingly, db/db beta cells from hyperglycaemic 

donors (bg>15 mmol/L) also showed a 1.9-fold increase in live beta cells (P<0.05), 

compared to untreated control beta cells but the damaged cell population demonstrated 

no significant reduction (33.2% vs 45.2% for untreated controls; Figure 5.13(d)).   

 

These findings clearly reveal that co-culture of db/db beta cells with heparin significantly 

ameliorates beta cell survival. These data reveal the capacity for HS replacement to rescue 

damaged db/db beta cells and restore a “viable” phenotype, even in the presence of 

established T2D. However, whereas the maximum survival of heparin-treated 

“hyperglycaemic” (bg>15 mmol/L) db/db beta cells reached 41.2% of total cells (vs 22.5% 

in untreated controls), 64.7% of heparin-treated “normoglycaemic” db/db beta cells were 

viable by day 2 (vs 23.2% in corresponding untreated control cells). Thus, conversion to 

a “survival phenotype” due to HS replacement, can be achieved, albeit less efficiently, in 

beta cells with increased pre-existing metabolic dysfunction e.g., ER stress.  

 

(b) Female db/db and wt beta cells  

As shown for male beta cells (Figure 5.13), freshly isolated female db/db beta cells (day 

0) showed an increased proportion of viable cells (~56-63% Cal+PI-) compared to wt 

female controls (~42% Cal+PI-) (Figure 5.14). Moreover, wt and db/db beta cell survival 

decreased to ~50% and ~30-65% respectively during culture for 2 days (Figure 5.14). 

Furthermore, culture of wt female beta cells with heparin significantly increased the 

Cal+PI- viable population by 3.3-fold (P<0.0001) and significantly decreased the Cal+PI+ 

damaged and Cal-PI+ dead cell populations to 20.9% (P<0.0001) and 12.5% (P<.0.0001) 

of untreated controls (Figure 5.14(a)). Db/db female “normoglycaemic” and “mildly 

hyperglycaemic” beta cells cultured with heparin also showed a significant 2.4-fold and 

2.1-fold increase, respectively, in Cal+PI- live beta cells (Figure 5.14(b, c)). In parallel, 

Cal+PI+ damaged cells were decreased to 43.6% (P<0.01) in “normoglycaemic” beta cells 

and 80.4% (P<0.05) in “mildly hyperglycaemic” beta cells (Figure 5.14(b, c)). However, 

in contrast to “hyperglycaemic” male db/db beta cells (Figure 5.13(d)), no significant 

changes were observed in db/db beta cells from “hyperglycaemic” female donors (Figure 

5.14(d)). Thus, HS replacement was effective in enhancing the survival of  
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Figure 5.14: Rescue of female db/db beta cells in vitro by HS replacement. 

Islets were isolated and dispersed into single cells. The viability of female (a) wildtype 

and (b-d) db/db beta cells was analysed by flow cytometry using the fluorescent dyes 

Calcein and PI. The female beta cells were cultured with (red bars) and without (black 

bars) heparin (50 µg/ml) for 2 days and cell viability was analysed by flow cytometry. 

Beta cells were identified as viable (Cal+PI-), damaged (Cal+PI+) or dead (Cal-PI+). 

Wildtype beta cells (a), normoglycaemic (b) and mildly hyperglycaemic (c) db/db beta 

cells treated with heparin (red bars) showed increased cell viability at day 2 compared to 

controls (black bars) but no significant change in the viability of beta cells from severely 

hyperglycaemic mice were found (d). Data represent mean ± SEM for n= 3-12 

experiments/group; n= 2-4 mice/experiment. ANOVA with Fisher’s unprotected LSD 

post-test; *P<0.05, **P<0.01 and ***P<0.0001. 
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“normoglycaemic” and “mildly hyperglycaemic” female db/db beta cells to 52.3% (vs 

21.8% in untreated controls) and 35.3% (vs 17.2% in controls), respectively. Together, 

the in vitro studies of db/db beta cells confirm a critical role for HS in the survival of 

normal wt beta cells as well as for rescuing the viability of T2D beta cells. 

 

5.2.2.3 HS replacement protects beta cells from oxidative damage 

Ziolkowski et al. (2012) reported that HS replacement in isolated mouse beta cells not 

only enhanced beta cells survival in culture, but also protected the beta cells from 

oxidative damage. These findings suggested that in situ HS in beta cells may function as 

a non-enzymatic antioxidant or quencher of reactive oxygen species (ROS). To ascertain 

whether this mechanism could contribute to the rescue of db/db beta cells in vitro, wt and 

db/db beta cells were acutely exposed to hydrogen peroxide (H2O2) after culture for 2 

days with or without heparin (50 µg/ml). Unlike previous experiments (see Section 

5.2.2.2), beta cell damage/death was evaluated by flow cytometry using uptake of the 

non-permeant fluorescent dye Sytox Green, an intracellular esterase-independent 

indicator of cell viability (Sytox green -ve) and cell damage/death (Sytox green +ve) 

(Ziolkowski et al., 2012).  

 

(a) Male db/db and wt beta cells 

Representative flow cytometry dot plots show that both wt beta cells and db/db beta cells 

on day 0, demonstrate markedly increased cell death after H2O2 treatment (Figure 5.15). 

Significantly, treatment with the HS replacer, heparin, substantially reduced wt (Figure 

5.15(c, d, i, j)) and db/db (Figure 5.15(e, f, k, l)) beta cell death in the absence (Figure 

5.15(c-f)) and presence (Figure 5.15(i-l)) of hydrogen peroxide exposure on day 2. 

 

When db/db beta cells were analysed for protection against H2O2-induced damage and 

categorised by the glycaemic status of the donor mice, beta cells freshly isolated from 

normoglycaemic (bg<10 mmol/L; Figure 5.16(b)), mildly hyperglycaemic (bg=10-15 

mmol/L; Figure 5.16(c)) and severely hyperglycaemic (bg>15 mmol/L; Figure 5.16(d)) 

db/db male mice demonstrated a significant 2.9-fold (P<0.01), 4.8-fold (P<0.001) and 

6.4-fold (P<0.05) increase in H2O2-induced cell death. Moreover, “normoglycaemic” 

db/db beta cells (Figure 5.16(b)) resembled wt beta cells on day 0 (Figure 5.16(a)), the 

latter showing a 2.7-fold increase in Sytox green +ve cell damage/death following H2O2-  
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Figure 5.15: HS replacement renders male wt and db/db beta cells resistant to 

hydrogen peroxide (H2O2) induced beta cell damage. 

Wildtype and db/db male islets were isolated and dispersed into single cells. The viability 

of the beta cells was analysed by Sytox Green uptake and flow cytometry on day 0. The 

beta cells were cultured with or without heparin (50 µg/ml) and cell viability was analysed 

on day 2. Representative flow cytometry dot plots of Sytox Green uptake (boxed regions) 

show that H2O2 treatment of freshly isolated wt (g) and db/db (h) beta cells increased beta 

cell damage/death. Culture with heparin for 2 days protected wt (c, d, i, j) and db/db (e, f, 

k, l) from culture-induced (c, d, e, f) and H2O2-induced (i, j, k, l) beta cell death.  
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Figure 5.16: HS replacement protects male wt and db/db beta cells from ROS-

induced death in vitro. 

Male wildtype and db/db beta cells were analysed for viability and hydrogen peroxide 

(H2O2; ROS)-induced cell damage/death by flow cytometry using Sytox Green uptake on 

day 0. In addition, cells were cultured with (red bars) or without (black bars) heparin (50 

µg/ml) for 2 days and analysed by flow cytometry. Freshly isolated wt (a), 

normoglycaemic (bg<10 mmol/L) db/db (b), mildly hyperglycaemic (bg=10-15 mmol/L) 

db/db (c) and severely hyperglycaemic (bg>15 mmol/L) db/db (d) beta cells on day 0 

showed increased beta cell damage/death, respectively, after acute exposure to hydrogen 

peroxide. Culture of wt (a) and db/db beta cells (b-d) with heparin resulted in a significant 

reduction in beta cell damage/death due to hydrogen peroxide treatment. Data represent 

mean ± SEM for n= 3-11 experiments; n= 2-4 mice/experiment. ANOVA with Fisher’s 

unprotected LSD post-test; *P<0.05, **P<0.01 and ***P<0.001. 
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treatment (P<0.05). These findings suggest that ER stress (see Section 1.9) renders 

hyperglycaemic db/db beta cells more sensitive to oxidative damage due to exogenous 

hydrogen peroxide. 

 

As demonstrated in Section 5.2.2.2 using Calcein/PI staining, culture of wt (Figure 

5.16(a)) and normoglycaemic db/db (Figure 5.16(b)) beta cells with heparin significantly 

decreased beta cell damage/death to 21.1% (P<0.001) and 23.4% (P<0.01) of untreated 

controls, i.e., increased beta cell survival. Furthermore, these heparin-rescued wt and 

db/db beta cells were resistant to H2O2-induced damage, demonstrating only ~8% (Figure 

5.16(a); P<0.001) and ~12-30% (Figure 5.16(b-d); P<0.05) Sytox green +ve cell 

damage/death, respectively, compared to 54% and 39-48%, respectively, in H2O2-treated 

control beta cells. These findings are in striking contrast to the dramatic sensitivity of 

freshly isolated beta cells to H2O2-induced death (Day 0, Figure 5.16(a-d)). Although 

heparin treatment was previously shown to significantly improve the survival of “mildly” 

and “severely” hyperglycaemic db/db beta cells (see Section 5.2.2.2), only a trend for 

improved viability was observed using Sytox green uptake (Day 2, Figure 5.16(c, d)). 

However, a significant reduction in H2O2-mediated beta cell death to 59.9% (Day 2; 

Figure 5.16(c); P<0.05) and 44.3% (Day 2, Figure 5.16(d); P<0.05) of controls was 

observed after culture with heparin, confirming a robust capacity for HS replacement to 

improve db/db beta cell viability, even when subjected to acute oxidative stress. 

 

(b) Female db/db and wt beta cells 

Female wt and db/db beta cells treated with hydrogen peroxide immediately after their 

isolation showed a significant 2.9-fold (Day 0; Figure 5.17(a); P<0.001) and 4.4-6.7 fold 

(Day 0; Figure 5.17(b-d)) increase in cell damage/death, compared to controls. These 

findings are similar to the data obtained for male db/db beta cells (Section 5.2.2.3(a)). 

Likewise, after culture with the HS replacer, heparin, beta cell death was reduced to 10.7% 

(Day 2; Figure 5.17(a); P<0.001) and 55.6%-65.7% (Day 2; Figure 5.17(b-d)) of 

controls in wt and db/db beta cells, with a statistically significant decrease observed in 

hyperglycaemic (P<0.01) db/db beta cells, a finding not previously observed when 

viability was assessed using Cal+PI- staining (Figure 5.14(d)). Also like male beta cells, 

female wt and db/db beta cells cultured with heparin for 2 days were resistant to H2O2-

induced death with beta cell death significantly reduced to 14.5% (Day 2; Figure 5.17(a))  
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Figure 5.17: HS replacement protects female db/db beta cells from ROS-induced 

death in vitro. 

Female wildtype and db/db beta cells were analysed for viability and hydrogen peroxide 

(H2O2; ROS)-induced cell damage/death by flow cytometry using Sytox Green uptake at 

day 0. In addition, cells were cultured with (red bars) or without (black bars) heparin (50 

µg/ml) for 2 days and analysed by flow cytometry. A significant increase in the 

damage/death of freshly isolated wt (a), normoglycaemic db/db (b), mildly 

hyperglycaemic db/db (c) and severely hyperglycaemic db/db (d) beta cells was observed 

on day 0, after acute exposure to hydrogen peroxide. Culture with heparin for 2 days 

significantly reduced cell death due to acute exposure of wt and db/db beta cells to 

hydrogen peroxide. Data represent mean ± SEM for n= 3-11 experiments/group; n= 2-4 

mice/experiment. ANOVA with Fisher’s unprotected LSD post-test; *P<0.05, **P<0.01 

and ***P<0.001. 
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and 4.7%-48.7% (Day 2; Figure 5.17(b-d)) of controls. 

 

In summary, HS replacement using heparin protected wt and db/db beta cells from culture 

and exogenous ROS-induced beta cell death. These findings raise the possibility that 

culture-induced beta cell death could be mediated by ROS generated in endogenously in 

beta cells during culture. Despite pre-existing ER stress and most likely oxidative stress 

(Hasnain et al., 2014, Chan et al., 2013) in “hyperglycaemic” db/db beta cells, HS 

replacement protected the beta cells from hydrogen peroxide-induced death, albeit to a 

less pronounced extent than in wt beta cells.   

 

 

5.2.3 PI-88 treatment of db/db mice  

Our in vitro studies demonstrated that HS replacement in db/db beta cells, using heparin, 

protects them from both culture-induced and ROS-mediated damage/death. Since heparin 

is an anti-coagulant and cannot be administered long-term in mice due to the likelihood 

of fatal haemorrhage, we tested the efficacy of another HS replacer with minimal anti-

coagulant activity, to rescue db/db beta cells in vivo and impede the development of 

hyperglycaemia. PI-88 has previously been reported to act as a potent HS replacer in beta 

cells isolated from normal euglycaemic BALB/c mice (Ziolkowski et al., 2012). 

Furthermore, treatment of adult NOD/Lt female mice with PI-88 prevented the onset of 

T1D in 50% of diabetes-prone mice, by acting as both a HS replacer and heparanase 

inhibitor (Ziolkowski et al., 2012).  

 

We therefore treated female and male db/db mice (from 3.5 weeks of age) with PI-88 (10 

mg/kg/day, i.p.) or saline (as diluent controls) for 35 days. The mice were weighed and 

non-fasting blood glucose was measured three times (a.m.) per week and the volume of 

PI-88 was adjusted, based on body weight (see Sections 2.2.1 and 2.11.1). After 

termination of treatment, HbA1c levels were measured (see Section 2.2.3), blood samples 

were collected for free fatty acid analysis (see Section 2.2.5) and ipGTTs were performed 

(see Section 2.2.2). In addition, the pancreases were collected for histology and/or 

immunohistochemical analysis of HS and insulin (see Section 2.7). 
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5.2.3.1 Blood glucose levels, body weight and HbA1c levels of PI-88-treated db/db 

mice 

Female db/db mice treated with PI-88 showed a trend towards lower non-fasting blood 

glucose levels from 6-7 weeks of age, compared to age-matched saline controls but no 

statistically significant difference was established (Figure 5.18(a)). Similarly, male db/db 

mice showed no improvement in glycaemic control, based on non-fasting blood glucose 

levels (Figure 5.18(b)). No significant differences in body weight were observed between 

PI-88 and saline-treated db/db mice (Figure 5.18(c, d)). HbA1c levels measured at 

termination of treatment also showed no significant differences between control and PI-

88 treated female (5.97 ± 0.26% vs 5.70 ± 0.26%) and male (6.24 ± 0.21% vs 5.99 ± 

0.22%) db/db mice; however a trend for lower HbA1c levels was consistent for both 

females and males (Figure 5.18(e, f)). Overall, non-fasting blood glucose levels and 

HbA1c levels showed no improvement in PI-88-treated db/db mice.  

 

Intraperitoneal glucose tolerance tests (ipGTTs) were performed on saline and PI-88 

treated db/db mice (Figure 5.19). The mice were fasted for 6 hrs before receiving an 

intraperitoneal injection of glucose (0.5 g/kg). Blood glucose levels were measured at 0, 

15, 30, 60, 90 and 120 mins (see Section 2.2.2). In addition, the area under the curve 

(AUC) was determined for the blood glucose profile. After 6 hrs of fasting, the blood 

glucose levels of saline-treated and PI-88 treated female db/db mice were 15.8 ± 3.0 

mmol/L and 21.5 ± 2.9 mmol/L (Figure 5.19(a)); the fasting blood glucose levels of PI-

88 treated and control db/db males were similar at time 0. No significant changes in blood 

glucose levels were subsequently observed over the 2 hour test period between saline or 

PI-88 treated female or male db/db mice. Hence, no significant differences were found in 

the AUC for saline and PI-88 treated female or male db/db mice (Figure 5.19(c, d)). 

These data revealed that PI-88 treatment for 35 days failed to improve glycaemic control 

in both female and male db/db mice. 
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Figure 5.18: PI-88 and saline treatment of db/db mice. 

Female (a, c, e) and male (b, d, f) db/db mice were treated with PI-88 (10 mg/kg/day; blue 

symbols) or saline (diluent controls; black symbols) i.p. from 3.5 weeks of age for 35 

days. Non-fasting blood glucose levels (a, b) and body weight (c, d) were monitored 

3x/week. Upon termination of treatment (1 day post-final dose), HbA1c levels were 

analysed using a HemoCue HbA1c Analyzer. The non-fasting blood glucose levels (a, b), 

body weight (c, d) and HbA1c levels (e, f) were similar for PI-88 treated and control 

groups within each gender. Data represent mean ± SEM for n= 8-11 mice/age group 

(females) or n= 14-15 mice/group (males). Non-parametric Mann-Whitney test was used 

for comparisons between groups for non-fasting blood glucose and body weight; 

Unpaired t-test was used for HbA1c; ns, not significant.  
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Figure 5.19: Intraperitoneal glucose tolerance test (ipGTT) in PI-88 treated and 

saline-treated db/db mice. 

An ipGTT was performed after a 6 hour fast at 1 day after terminating treatment of female 

(a, c) and male (b, d) db/db mice with PI-88 (blue symbols) or saline (black symbols) for 

35 days. (a, b) Fasting blood glucose levels were measured at time 0, 15, 30, 60, 90 and 

120 mins. (c, d) Bar graphs show area under the curve (AUC) for blood glucose profiles. 

Data show mean ± SEM of 4-6 females/group and n= 9 males/group. Non-parametric 

Mann-Whitney test; ns, not significant.  
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5.2.3.2 Islet HS and insulin levels in the pancreases of PI-88 treated db/db mice 

Intra-islet HS and insulin in the pancreases of PI-88 treated and control female db/db mice 

were localised by immunohistochemistry and quantified using Image J software with 

colour deconvolution plugin (see Section 2.7.5). The threshold intensity of staining was 

established using positive staining in pancreas sections from saline-treated mice; this 

threshold intensity was applied to all samples to calculate the % islet area stained. 

 

PI-88 treatment of female db/db mice resulted in no significant increase in the HS+ve 

islet area (Figure 5.20(a)) as determined by immunohistochemical staining using HS3A8 

anti-HS Ab, a phage display antibody that recognises highly sulfated HS domains (6-O 

and 2-O sulfation of iduronic acid) (Dennissen et al., 2002, Alhasan et al., 2014). In 

addition, there was a significant reduction in the insulin+ve islet area in pancreases 

harvested from PI-88 treated mice to 74.9% of saline controls (P=0.0014; Figure 5.20(b)). 

These data revealed that PI-88 treatment failed to improve the intra-islet expression of 

HS and insulin in db/db mice, compared to saline controls. 

 

In situ, lipoprotein lipase is found bound to HS on the surface of endothelial cells (Wang 

et al., 2013b, Freeman et al., 2005, Parthasarathy et al., 1994). In vitro, PI-88 has been 

reported to displace and thereby inhibit lipoprotein lipase binding to the HS analogue, 

heparin (Freeman et al., 2005). In view of these properties, we investigated whether PI-

88 treatment of db/db mice elevated the levels of circulating free fatty acids (FFAs), 

potentially via the release of free lipoprotein lipase into the circulation. If so, we reasoned 

that a potential downstream effect may be exacerbation of ER stress and dysfunction in 

the db/db beta cells. 

 

The levels of non-esterified FFAs were therefore measured in the plasma of female and 

male db/db mice treated for 35 days with PI-88 or saline (see Section 2.2.5). PI-88 treated 

female and male db/db mice showed a 1.2-fold increase (0.88 ± 0.12 mM vs 0.74 ± 0.15 

mM; Figure 5.21(a)) and 1.1-fold increase (1.17 ± 0.14 mM vs 1.04 ± 0.19 mM; Figure 

5.21(b)) in plasma FFAs, compared to controls; however, these differences were not 

statistically significant. These findings indicated that the failure of PI-88 treated db/db 

mice to show improved glycaemic control was unlikely to be due to secondary effects on 

circulating free fatty acids. 
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Figure 5.20: HS and insulin expression in the islets of PI-88 treated female db/db 

mice.  

Pancreases were harvested from female db/db mice treated with PI-88 (10 mg/kg/day; 

blue bars) or saline (controls; black bars) i.p. on day 36 (1 day after the final dose). HS 

and insulin were localised in the islets by immunohistochemistry. The HS+ve islet area 

(a) and insulin+ve islet area (b) were determined using morphometry and Image J 

software. The data represent mean ± SEM for n= 4-11 pancreases/group with n= 52-55 

(HS) and n= 90-151 (insulin) islets examined/group. Mann-Whitney test; ns, not 

significant.  
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Figure 5.21: Circulating free fatty acids (FFAs) in the plasma of PI-88 and saline-

treated db/db mice.  

Blood samples (10 µl) were taken from (a) female and (b) male db/db mice treated for 35 

days with 10 mg/kg/day PI-88 (blue symbols) i.p. or saline i.p. (black symbols). Although 

a trend for increased FFAs was observed on day 35 in PI-88 treated mice, no statistically 

significant difference was found (a, b). The data represent mean ± SEM for n= 5 

mice/group. Unpaired t test; ns, not significant.  
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In summary, treatment of db/db mice with the HS replacer, PI-88, failed to significantly 

improve glycaemic control in db/db mice, based on non-fasting blood glucose levels, 

HbA1c levels and glucose tolerance. Surprisingly, intra-islet HS was not enhanced due to 

HS replacement in vivo. Furthermore, the insulin+ve islet area was significantly reduced, 

a finding that could potentially be related to the increased circulating esterified free fatty 

acids (Boden, 2005, Nolan et al., 2006, Cen et al., 2016). Further investigations would be 

required to clarify the contribution of free fatty acids to the sustained hyperglycaemia in 

PI-88 treated db/db mice. 

 

5.2.3.3 HS replacement using PI-88 in db/db beta cells in vitro  

In contrast to the report by Ziolkowski et al. (2012) that PI-88 treatment prevents the 

development of Type 1 diabetes (T1D) and preserves islet HS in NOD/Lt mice, our in 

vivo data showed no improvement in islet HS nor in the progression of T2D in db/db mice. 

To address this apparent discrepancy, we directly compared the capacity for heparin (see 

Section 5.2.2) and PI-88 to protect db/db beta cells from dying in culture. Male wildtype 

and db/db beta cells were cultured with and without heparin (50 µg/ml) or PI-88 (50 

µg/ml), as heparan sulfate (HS) replacers (Ziolkowski et al., 2012), for 2 days and cell 

viability was analysed by flow cytometry (see Sections 2.9). 

 

As previously demonstrated (see Section 5.2.2.2), the survival (Cal+PI- staining) of wt 

beta cells was significantly increased 2.4-fold (P<0.001) after culture with heparin 

(Figure 5.22(a)). Similarly, PI-88 treated wt beta cells showed a significant 2.9-fold 

increase in Cal+PI- live cells, while Cal-PI+ dead and Cal+PI+ damaged beta cells were 

reduced to 23.2% and 10.3% of controls respectively, resembling heparin-treated wt beta 

cells (Figure 5.22(a)). Consistent with our previous experiments (see Section 5.2.2.2), 

culture of db/db beta cells with heparin significantly increased their viability by 1.8-fold 

(Cal+PI- population; P<0.001) and Cal+PI+ damaged cells were significantly decreased to 

45.3% of controls (P<0.001; Figure 5.22(b)). Surprisingly, while PI-88 was highly 

effective in protecting wt beta cells, db/db beta cells were not rescued from dying; no 

significant differences were observed between PI-88 treated and control live, damaged or 

dead beta cells (Figure 5.22(b)). 
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Figure 5.22: Rescue of beta cells in vitro using PI-88 as a HS replacer. 

The viability of beta cells from (a) wildtype males and (b) db/db male mice (bg<15 

mmol/L) was analysed by flow cytometry on day 0 and day 2 using the fluorescent dyes 

calcein and PI. The beta cells were cultured without HS replacer (black bars) or with 

heparin (red bars) or PI-88 (purple bars) at 50 µg/ml for 2 days and cell viability was 

analysed by flow cytometry. Heparin-treatment significantly increased the survival 

(Cal+PI-) of (a) wildtype and (b) db/db beta cells, compared to untreated controls (day 2). 

In contrast culture with PI-88 significantly improved the survival of wt beta cells (a) but 

not db/db beta cells (b). Data shows mean ± SEM; n= 3 experiments/group with n= 2-3 

mice/experiment. General ANOVA with Fisher’s unprotected LSD post-test; *P<0.001 

and **P<0.0001. 
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The rescue of wt beta cells by co-culture with PI-88 (Figure 5.22(a)) was also 

accompanied by a striking resistance to cell death induced by treatment with exogenous 

hydrogen peroxide (Figure 5.23), as also demonstrated for co-culture with heparin (see 

Section 5.2.2.3; Figures 5.16 and 5.17). When tested in parallel with heparin, PI-88 

treatment of wt beta cells in the absence and presence of H2O2 showed a significant 

reduction in Sytox green+ve beta cell damage/death down to 22.5% (P<0.001) and 24.3% 

(P<0.001) of corresponding controls, respectively (Figure 5.23). In the context of wt beta 

cells, HS replacement by PI-88, like heparin, protected against both culture-induced and 

ROS-induced damage/death of beta cells.  

 

In summary, HS replacement with heparin and PI-88 preserves the viability of wt beta 

cells in culture and protects the beta cells from oxidative damage. Significantly, db/db 

beta cells treated with heparin showed improved viability and reduced beta cell death 

when exposed to acute hydrogen peroxide treatment. In contrast, the viability of db/db 

beta cells in culture was not improved by treatment with PI-88. These findings correlate 

with our in vivo studies where PI-88 treatment failed to improve the dysregulated 

glycaemia of db/db mice. 

 

To further examine whether PI-88 enters db/db beta cells, beta cells were isolated from 

wildtype and db/db (normoglycaemic) mice. The beta cells were cultured with FITC-

labelled heparin (50 µg/ml) or FITC-labelled PI-88 (50 µg/ml) for 2 days. FITC-uptake 

by the beta cells was examined by confocal microscopy. In parallel, flow cytometry was 

used to monitor FITC-heparin+ve staining and uptake of 7AAD (indicating cell damage) 

(see Section 2.9.4). Confocal microscopy of wt beta cells showed localisation of FITC-  

heparin and FITC-PI-88 staining predominantly in the cytoplasm (Figure 5.24(a, g)), 

confirming uptake by the beta cells. Flow cytometry analysis demonstrated that ~89% of 

beta cells were FITC-heparin+ve or FITC-PI-88+ve (Figure 5.24(b, h)), confirming 

previous studies of FITC-heparin mouse and human beta cells (Ziolkowski et al., 2012, 

Simeonovic et al., 2018). Similarly, we observed the intracellular uptake of both FITC-

labelled heparin and FITC-labelled PI-88 in db/db beta cells and localisation in the 

cytoplasm (Figure 5.24(d, j)). In contrast to wt beta cells, FITC-heparin+ve beta cells 

and FITC-PI-88+ve beta cells showed that only ~43-46% of beta cells were FITC+ve, 

suggesting reduced uptake of heparin and PI-88 by the db/db beta cells (Figure 5.24(e,  
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Figure 5.23: HS replacement by PI-88 protects wt beta cells from ROS-induced cell 

death in vitro. 

Beta cells isolated from male wt donor mice were treated without (controls) or with 30% 

hydrogen peroxide (H2O2) on day 0 and after culture for 2 days with (red bars)/without 

(black bars) heparin or PI-88 (purple bars) at 50 µg/ml. Cell viability and ROS-induced 

cell death was examined on day 0 and day 2 by Sytox green uptake and flow cytometry. 

Both heparin and PI-88 treatment of wt beta cells showed protection from cell 

death/damage induced by H
2
O

2
 treatment. Data shows mean ± SEM; n= 3 

experiments/group; n= 2-3 mice/experiment. General ANOVA with Fisher’s unprotected 

LSD post-test; *P<0.001 and **P<0.0001. 
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Figure 5.24: Uptake of FITC-heparin and FITC-PI-88 by wildtype and db/db beta 

cells. 

Wildtype and db/db beta cells were cultured for 2 days with FITC-heparin (a-f) or FITC-

PI-88 (g-l). FITC-uptake was analysed by confocal microscopy (a, d, g, j) and flow 

cytometry analysis (b, e, h, k). Beta cell viability was assessed using 7AAD staining and 

flow cytometry (c, f, i, l). Wildtype and db/db beta cells showed substantial uptake of 

FITC-labelled heparin and FITC-labelled PI-88 by confocal microscopy (a, d, g, j). 

However, FITC-PI-88 was less effective in protecting db/db beta cells than FITC-heparin 

(f). n= 1 experiment and n= 2 mice/group.  
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k)). Significantly, wt beta cells showed that ~80-90% were FITC-heparin+ve (Q1 + Q2 

in Figure 5.24(c)) or FITC-PI-88+ve (Q1 + Q2 in Figure 5.24(i) and ~75-78% were 

7AAD-ve i.e., viable (Q1, Figure 5.24(c, i)). While db/db beta cells showed that ~40-46% 

were FITC-heparin+ve (Q1+Q2 in Figure 5.24(f)) or FITC-PI-88+ve (Q1 + Q2 in Figure 

5.24(l)), FITC-heparin treated beta cells demonstrated ~9% beta cell damage (Q2, Figure 

5.24(f)), indicating that damage was ~2-fold higher in FITC PI-88-treated db/db beta cells 

(Q2, ~19% FITC+ve 7AAD+ve; Figure 5.24(l)). These data suggest that whereas HS 

replacement using heparin improves the survival of both wt and db/db beta cells, PI-88 is 

substantially less effective than heparin in providing protection for db/db beta cells. This 

striking difference in the capacity of HS replacers to protect db/db beta cells warrants 

further investigation. 
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5.3 Discussion 

This chapter revealed that treatment of db/db mice with the chemical chaperone TUDCA 

improved blood glucose levels and HbA1c levels and these metabolic outcomes 

correlated with improved intracellular levels of HSPG core proteins and HS in islet beta 

cells. Secondly, primary beta cells of both wildtype and db/db mice showed strong 

intracellular expression of HSPG core proteins and HS; however, HS but not HSPG core 

proteins was lost during islet isolation. Thirdly, replacing this lost HS using heparin in 

vitro improved beta cell survival and protected the beta cells from hydrogen peroxide-

induced oxidative damage. Finally, treatment of db/db mice with the dual activity HS 

replacer/Hpse inhibitor PI-88 did not improve the progression of T2D in db/db mice, a 

finding that correlated with impaired protection by PI-88 as a HS replacer in db/db beta 

cells in vitro. 

 

(i) TUDCA treatment of db/db mice 

Based on these outcomes, this Chapter (Chapter 5) evaluated whether treatment with the 

chemical chaperone TUDCA, previously reported to ameliorate glycaemic control in obese 

ob/ob mice (Özcan et al., 2006), also enhanced intra-islet HSPG/HS levels. We demonstrated 

improved glycaemic control in db/db mice with significantly reduced non-fasting blood 

glucose levels and HbA1c levels following in vivo treatment with the chemical chaperone 

TUDCA (Figures 5.1 and 5.2). These data are consistent with a previous study where 7-8 

week old ob/ob mice treated with TUDCA (500 mg/kg/day; intraperitoneally) exhibited 

reduced blood glucose levels after one 1 week of treatment and the maintenance of 

normoglycaemia (Özcan et al., 2006). Additionally, our finding that male db/db mice treated 

with TUDCA showed a slight but statistically significant reduction in body weight compared 

to controls (Figure 5.1(b)) could be due to TUDCA’s ability to improve insulin sensitivity, 

glucose tolerance and insulin clearance, as previously reported for ob/ob, db/db and HFD-

mice (Ozcan et al., 2004, Özcan et al., 2006, Ozcan et al., 2009, Amin et al., 2012, Guo et al., 

2015, Vettorazzi et al., 2017). Other studies have demonstrated that the body weight of 

TUDCA-treated ob/ob mice remain unchanged, despite reduced ER stress in host islet beta 

cells (Yang et al., 2010). We found that TUDCA treatment resulted in a loss of body weight 

in db/db males but not females, despite demonstrating ER stress relief in both male and female 

beta cells. This finding suggests that the impact of TUDCA on body weight could be due to 

sex-related effects on insulin-sensitive tissues. 
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ER stress in beta cells is an important mechanism that contributes to the progressive 

decline in beta cell function and beta cell mass in T2D (Laybutt et al., 2007, Cnop et al., 

2012, Eizirik et al., 2008) as well as insulin resistance and obesity (Uppala et al., 2017, 

Chan et al., 2013, Engin and Hotamisligil, 2010, Özcan et al., 2006). The ER plays a 

critical role not only in protein maturation but also in the maintenance of intracellular 

calcium ion homeostasis; the storage, release and uptake of calcium ions in the cytoplasm 

are regulated in part by certain ER proteins (BiP, calcireticulin) (see Section 1.9).  A range 

of factors e.g., lack of protein folding chaperones, depletion of calcium from the ER, 

inhibition of protein glycosylation and protein mutations, can induce an imbalance in 

ER/cytoplasmic calcium ion levels, thereby promoting ER stress and potentially 

apoptosis (see Section 1.9). TUDCA is a hydrophilic bile acid derivative, like PBA, which 

stabilises protein conformation by enhancing protein folding. In liver cells, downstream 

effects of TUDCA include blockade of calcium ion-mediated apoptosis (via reduction of 

calpain and decrease in calcium release from the ER) and inhibition of caspase-12 

activation, with both pathways resulting in cell survival and protection (Xie et al., 2002).  

 

In Chapter 3, our studies revealed an increase in the expression of ER-stress associated 

UPR genes in db/db islets compared to wt controls corroborating previous studies 

(Laybutt et al., 2007, Chan et al., 2013); furthermore this gene expression profile 

correlated with a rapid decline in islet HSPGs and HS, as demonstrated by 

immunohistochemistry. We therefore evaluated the expression of HSPG core proteins 

and HS in the islets of TUDCA-treated male db/db mice. TUDCA treatment of db/db 

mice demonstrated a significant increase in islet Col18 core proteins and a substantial 

increase in islet Sdc1 core protein compared to controls; however CD44 core protein 

expression remained unchanged (Figure 5.6). Although, a marked increase in intra-islet 

HS expression was also observed with TUDCA treatment, this increase did not achieve 

statistical significance (Figure 5.7). Moreover, our data showed significantly increased 

insulin levels in the islets of TUDCA-treated db/db mice compared to saline controls 

(Figure 5.4), resembling previous studies of TUDCA-mediated improvement in the 

insulin content of T1D and T2D rodent islets (Özcan et al., 2006, Engin et al., 2013, 

Ozcan et al., 2009). We observed that increased expression of HSPG core proteins/HS 

and insulin in db/db beta cells correlated with upregulated expression of UPR genes in 

db/db islets from TUDCA-treated mice, compared to saline controls (Figure 5.3). We 



Chapter 5: Preservation and replacement of beta cell HS 

294 

proposed that the enhanced UPR prolonged the ability of db/db beta cells to compensate 

for ER stress. As a result, beta cell HSPGs/HS and hence viability were better preserved 

and glycaemic control in the db/db mice was ameliorated.  

 

Surprisingly, an increase in deleterious ER stress-associated markers (CHOP and ATF3) 

was also observed in the islets of db/db mice treated with TUDCA, compared to controls. 

c-Jun N-terminal kinase (JNK) has been reported to play an apoptotic role in beta cells 

and to cause beta cell dysfunction (Bonny et al., 2001, Nikulina et al., 2003). Recent 

studies have suggested that JNK plays a crucial role in transitioning from adaptive to 

apoptotic UPR during ER stress (Chan et al., 2015). During prolonged ER stress, the UPR 

sensor IRE1 interacts with TRAF2 to phosphorylate JNK, resulting in JNK activation (see 

Figure 1.13). Activated JNK phosphorylates its downstream target c-Jun (Brozzi et al., 

2014, Brozzi et al., 2015) which activates pro-apoptotic pathways including, death protein 

5 (DP5), activator protein 1 (AP-1) and CHOP. These pathways result in beta cell death 

(Cunha et al., 2012, Gurzov et al., 2009, Pirot et al., 2007).  

 

TUDCA has been shown to reduce JNK- and c-Jun- induced beta cell death in the human 

beta cell line (EndoC-βH1) (Brozzi et al., 2015). However, IRE1-independent (i.e., ER 

stress-independent) JNK activation by cytokines can contribute to beta cell apoptosis 

(Bonny et al., 2001, Brozzi et al., 2014, Chan et al., 2011, Marroqui et al., 2014). Similarly, 

JNK can be activated via additional pathways, including free fatty acids (lipotoxicity) and 

oxidative stress (Ozcan et al., 2004, Solinas et al., 2006, Özcan et al., 2006). Thus, it is 

possible that the increased CHOP levels that we observed with TUDCA treatment of 

db/db mice are due to ER stress-independent JNK activation. To address this notion, 

future studies could examine phosphorylated JNK and c-Jun expression in parallel with 

HSPG core proteins by western blotting of islets from db/db mice treated with and without 

TUDCA. We also found that TUDCA treatment of db/db mice induced a 3.5-fold increase 

in adaptive UPR markers compared to a ~ 2.5-fold increase in terminal UPR gene 

expression. Increased CHOP expression has been observed in other models (zucker fatty 

rats, HFD mice) of beta cell adaptation, indicating that CHOP expression alone is a poor 

marker of maladaptive UPR (Chan et al., 2013, Herbert and Laybutt, 2016). The relative 

change in the expression of adaptive versus pro-apoptotic UPR genes may therefore be 
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more informative. In our study the preferential increase in the adaptive UPR was 

protective and outweighed the deleterious effects of pro-apoptotic gene expression, 

resulting in improved blood glucose levels in TUDCA-treated db/db mice. 

 

Chan et al. (2013) reported that an increase in the intra-islet expression of UPR adaptive 

genes in ob/ob mice at 16 weeks of age, compared to 6 weeks of age was pivotal for 

maintaining beta cell compensation. In contrast, db/db islets at 16 weeks demonstrated 

reduced expression of adaptive genes, compared to islets at 6 weeks, and beta cell failure. 

These studies indicated that an increased adaptive UPR gene signature correlates with 

improved beta cell survival. Our studies extend this interpretation by showing that 

TUDCA-mediated enhancement of the adaptive UPR in db/db mice significantly 

improved beta cell HSPG content and increased intracellular beta cell HS, a property 

which has previously been found to maintain beta cell survival. We propose that UPR-

protected synthesis of HSPG core proteins in the ER, is permissive for the 

assembly/synthesis of HS which in turn is essential for beta cell survival (Ziolkowski et 

al., 2012, Simeonovic et al., 2018), and hence function. Future studies of HS/HSPG core 

proteins in ob/ob islets could provide further support for this UPR-HSPG/HS pathway for 

beta cell viability/compensation. 

 

In support of in vivo studies, isolated db/db islets (from 12-14 week donors) which had 

been cultured with the chemical chaperone PBA (2.5 mmol/L) for 24 hrs showed elevated 

expression of UPR adaptive genes (BiP, Grp94, Edem1, Fkbp11) and partial restoration 

of beta cell gene expression and insulin secretion (Chan et al., 2013). PBA treatment of 

INS-1 cells and male wistar rat islets with palmitate-induced ER stress and cytokine-

induced ER stressed respectively showed diminished expression of ER stress genes 

(PERK, ATF4 and CHOP) (Åkerfeldt et al., 2008). Similarly thapsigargin-induced ER 

stress in porcine islets was alleviated by culture with TUDCA (Lee et al., 2010b). Further 

insight into the pathways involved have been revealed using in vitro studies of HepG2 

cells. The activation of UPR markers in TUDCA-treated HepG2 cells correlated with a 

reduction in aggregated misfolded proteins (Uppala et al., 2017). These findings suggest 

that provision of a chemical chaperone to ER-stressed cells relieves the misfolded protein 

burden and prolongs the UPR to preserve ER function. Dysregulated UPR gene 
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expression (ATF6 and XBP1s) in beta cells has been identified in mouse models of T1D 

(NOD, RIP-LCMV-GP mice) mice and in T1D humans (Engin et al., 2013, Todd et al., 

2008, Tersey et al., 2012, Eizirik et al., 2013, Eizirik et al., 2009, Eizirik et al., 2008, 

Marhfour et al., 2012, Hartman et al., 2004, Brozzi and Eizirik, 2016). Furthermore, 

TUDCA treatment of pre-diabetic NOD and RIP-LCMV-GP mice improved UPR 

markers expression in beta cell viability, reduced intra-islet leukocyte invasion and beta 

cell death, and thus decreased the incidence of T1D (Engin et al., 2013). These reports 

highlight that the impact of ER stress on beta cell dysfunction is relevant for both T2D 

and T1D. 

 

TUDCA has been previously reported to ameliorate insulin resistance and insulin 

clearance by reducing ER stress (Vettorazzi et al., 2017, Özcan et al., 2006, Vettorazzi et 

al., 2016). Treatment of ob/ob mice with PBA or TUDCA revealed a decline in the 

expression of ER stress-associated genes, decreased levels of PERK and IRE1 

phosphorylation in liver and adipose tissue, reduced insulin resistance and improved 

insulin sensitivity (Özcan et al., 2006). Likewise, TUDCA treatment of C57BL/6 mice 

fed a high fat diet (HFD) resulted in increased insulin clearance, even when treatment 

was restricted to 15 days (Vettorazzi et al., 2017). In addition, PBA or TUDCA treatment 

of mouse islets showed a reduction in ER stress (via decreasing levels of eIF2α, IRE1 and 

ATF6) and regulation of beta cell proliferation (Sharma et al., 2015). Nevertheless, 

chemical chaperones may also mediate beneficial metabolic effects independently of 

direct effects on ER stress. In vitro treatment of adipocytes and astrocytes with PBA or 

TUDCA, led to activation of peroxisome-proliferator activated receptor (PPAR) gamma 

(Nguyen et al., 2012) and alpha (Liu et al., 2002), respectively. In addition, Kars et al. 

(2010) reported that the administration of TUDCA in vivo improved insulin sensitivity in 

skeletal muscle and liver of obese and insulin-resistant patients by reducing JNK 

activation and serine phosphorylation of insulin receptor substrate 1 (IRS-1) without 

reducing ER stress in muscle or adipose tissue. These findings suggest that unlike beta 

cells, the anti-diabetogenic effect of TUDCA in some tissues can occur independently of 

ER stress inhibition (Salvado et al., 2015, Park and Ozcan, 2013).  

 

Collectively, our studies demonstrated an increased expression of UPR genes in the islets 

of TUDCA-treated db/db mice, which correlated with improved glycaemia and the 
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striking recovery of intra-islet HSPGs, HS and insulin. These observations provide strong 

evidence that ER stress in db/db mice contributes to the loss of HSPG core proteins and 

impairs HS synthesis in beta cells. On this basis, HS replacement could represent an 

alternative approach to improving beta cell viability and function in T2D. 

 

(ii) HS loss and HS replacement in db/db beta cells in vitro 

Our flow cytometry data showed intracellular expression of HSPG core proteins 

(especially collagen type XVIII) and HS in primary beta cells isolated from both wildtype 

(wt) and db/db islets but weak staining on the cell surface (Figures 5.8, 5.9, 5.10 and 

5.11). These data confirm the intracellular localisation of HSPG core proteins and HS in 

beta cells of wt and db/db islets, as identified in situ by our immunohistochemical studies 

(see Sections 3.2.4 and 3.2.10), as well as in MIN6 cells in vitro (see Section 4.2.2). The 

isolation of islets from pancreas tissue destroys the islet vasculature and innervation and 

alters the islet architecture and composition (Stendahl et al., 2009, Irving-Rodgers et al., 

2014, Choong et al., 2015, Wang and Rosenberg, 1999). In particular, isolated islets lack 

their peri-islet basement membrane (Irving-Rodgers et al., 2008) and show significant 

loss of intra-islet (beta cell) HS (Ziolkowski et al., 2012, Choong et al., 2015, Simeonovic 

et al., 2018). Irving-Rodgers et al. (2008) demonstrated that the mouse peri-islet basement 

membrane contains not only collagen type IV, laminin and nidogen but also the heparan 

sulfate proteoglycan core protein, perlecan. Furthermore, these authors reported that 

following islet isolation, the peri-islet basement membrane is completely lost, including 

the HSPG core protein perlecan (Irving-Rodgers et al., 2014). In contrast to perlecan, 

Choong et al. (2015) reported that HSPG core proteins inside islet beta cells are preserved 

during islet isolation but there was selective depletion of HS. Our finding that Col18 and 

Sdc1 core proteins were expressed at substantially lower levels in isolated db/db islets, 

compared to isolated wt islets (Figures 5.8, 5.9, 5.10 and 5.11) is therefore attributed to 

ER stress-induced loss of these HSPGs in native db/db islets in situ (Figures 3.6, 3.8, 

3.10 and 3.21; see Sections 3.2.4 and 3.2.10). Thus, the dramatic loss of HS from db/db 

beta cells in vitro is related to a combination of ER stress-induced reduction in 

intracellular HSPG core proteins (and hence HS), in the native donor db/db islets in situ, 

oxidative damage during the enzymatic digestion of pancreas tissue for islet harvest in 

vitro, and ER stress-related oxidative stress in db/db beta cells during culture. Consistent 

with this interpretation, Ziolkowski et al. (2012) demonstrated that in vitro, HS-depleted 
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BALB/c beta cells were highly susceptible to death-induced by exogenously delivered 

reactive oxygen species (ROS). Of utmost significance, the beta cells were protected from 

oxidative damage by HS replacement using HS mimetics/analogues. 

 

Our flow cytometry studies provided evidence against a role for heparanase (Hpse) in the 

attrition of HS from db/db beta cells in situ. Like MIN6 cells (see Section 4.2.2.1), wt 

beta cells showed strong intracellular expression but weak cell surface expression of Hpse 

(Figures 5.8(c), 5.9(c), 5.10(c) and 5.11(c)). This finding is in agreement with the 

intracellular expression of Hpse in freshly isolated mouse islets (Ziolkowski et al., 2012). 

Beta cell Hpse is likely to function normally in the turnover of intracellular HS (Bernfield 

et al., 1999). Indeed HS and Hpse co-localise in endosomes and lysosomes of other cell 

types during HS degradation, supporting a role for Hpse in HS homeostasis (Fux et al., 

2009, Gingis-Velitski et al., 2004, Yanagishita and Hascall, 1992). In contrast to wt beta 

cells in our study, db/db beta cells demonstrated a significant reduction in intracellular 

Hpse (Figures 5.8(c), 5.9(c), 5.10(c) and 5.11(c)). We propose that the downregulation 

in Hpse expression is ER stress-induced and represents a consequence of the UPR-

mediated decline in “general” protein translation to reduce the accumulation of misfolded 

proteins in the ER (see Sections 1.9, 3.2.3 and 3.2.9). Our findings therefore strongly 

indicate that the loss of HS in the beta cells of db/db mice is unlikely to be due to Hpse-

mediated degradation of intracellular HS. 

 

We reasoned that the loss of intracellular HS in db/db beta cells in situ (see Section 3.2.5) 

compared to wildtype beta cells, would impair beta cell survival (Ziolkowski et al., 2012) 

and contribute to beta cell failure during the progression of T2D. We therefore tested 

whether replacing the lost HS could protect db/db beta cells from dying in culture. Co-

culture with the HS replacer heparin (a highly sulfated HS analogue) significantly 

improved the survival of wildtype and db/db beta cells, including beta cells from 

hyperglycaemic db/db males (Figures 5.13 and 5.14). However, heparin treatment was 

less effective in rescuing hyperglycaemic db/db beta cells (Figures 5.13 and 5.14), 

particularly from female donors (Figure 5.14). This less pronounced effect could be due 

to an increase in the expression of antioxidant-encoding genes, as previously shown in 

db/db islets for protection against oxidative stress (Hasnain et al., 2014). Such a response 

would be consistent with extensive depletion of beta cell HS, a constitutive non-
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enzymatic quencher of ROS (Ziolkowski et al., 2012). Alternatively, failure of the UPR 

to compensate for prolonged ER stress in hyperglycaemic db/db beta cells could reduce 

the synthesis and availability of heparin-binding protein(s) required for heparin uptake or 

intracellular transport (Simon Davis and Parish, 2013). Nevertheless, overall, these data 

provide convincing evidence that HS replacement using heparin preserves the viability of 

both wt and db/db beta cells in vitro. Furthermore, dual staining of heparin-treated beta 

cells with calcein and PI offered the advantage of identifying a shift in phenotype from 

damaged (Cal+PI+) cells to viable (Cal+PI-) cells, which would have been masked if only 

one stain had been used. 

 

In agreement with the report by Ziolkowski et al. (2012), our flow cytometry analyses of 

heparin-treated wt and db/db beta cells demonstrated a general resistance to both culture-

induced and ROS-induced beta cell death (Figures 5.16 and 5.17). In contrast to the 

H2O2-induced rapid rise in Sytox green +ve beta cell damage/death on day 0, control wt 

and db/db beta cells cultured for 2 days in the absence of heparin showed a minimal or 

less pronounced increase in damage/death in response to acute response to hydrogen 

peroxide. In the future, RT-PCR studies could investigate whether the loss of beta cell 

HS during islet/beta cell isolation and/or due to ER stress in donor islets in situ, results in 

induced or enhanced expression of antioxidant enzymes; conversely, such studies could 

also test whether HS replacement mitigates the induction of the antioxidant gene 

expression profile. Nevertheless, the death of wt beta cells in vitro is attributed to the 

excessive production of free radicals (particularly during islet/beta cell isolation) 

(Ziolkowski et al., 2012, Choong et al., 2015) which depolymerises intracellular HS 

(Raats et al., 1997, Ziolkowski et al., 2012). In the case of db/db beta cells, a pre-existing 

state of HS depletion due to ER stress in the donor islets in situ could exacerbate oxidative 

stress during beta cell isolation and culture. Extrapolating from these in vitro studies, the 

loss of beta cell HS in the islets of young db/db mice (see Section 3.2.13) would lead to 

increased oxidative stress, beta cell dysfunction and T2D development. Indeed our data 

are consistent with the notion that intracellular HS in normal beta cells represents a non-

enzymatic mechanism for quenching or detoxifying endogenous ROS (Ziolkowski et al., 

2012) normally generated via the formation of disulfide bonds during insulin biosynthesis 

in the ER and during oxidative phosphorylation (see Section 1.11). Thus, normal levels 
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of beta cell HS would compensate for the unusually low level of antioxidant enzymes 

(Tiedge et al., 1997). 

 

Our studies therefore highlight intracellular HS as a previously unrecognised critical link 

between ER stress and oxidative stress in T2D beta cells i.e., ER stress dramatically 

reduces the synthesis of HSPG core proteins and hence HS synthesis, which in turn 

heightens the susceptibility of the beta cells to oxidative stress. Thus, in this context of 

pre-existing ER stress, oxidative stress and HS loss in beta cells in db/db mice, our data 

clearly reveal HS replacement as a potential intervention therapy for rescuing beta cell 

survival, prolonging beta cell compensation and alleviating oxidative stress. 

 

Beta cells are highly metabolically active and therefore must rely on robust antioxidant 

mechanisms to neutralise the ROS produced during normal metabolism (Eizirik et al., 

1994, Welsh et al., 1995). Since beta cells normally express low levels of anti-oxidant 

enzymes, compared to other tissues (Lenzen et al., 1996, Tiedge et al., 1997), one 

protective mechanism involves the induced expression of ROS scavenging enzymes, e.g., 

SOD2, Gpx5 (Simeonovic et al., 2018, Hasnain et al., 2014).  However, the need for de 

novo or upregulated expression fails to provide beta cells with immediate protection from 

oxidative stress. We propose that intracellular HS acts as a constitutive non-enzymatic 

quenching agent for ROS by forming complexes with Mn2+ in the beta cells. Mn2+ is 

found at very high levels in pancreatic islets (Rorsman et al., 1982, Kodama et al., 1991) 

and in vitro, the formation of HS (heparin)-Mn2+complexes is dependent on the sulfation 

of heparin disaccharides. Preliminary studies in the Simeonovic lab have demonstrated 

that co-culture of mouse beta cells with MnSO4 and heparin substantially reduced the 

concentration of heparin (a HS replacer) required to improve the survival of beta cells in 

vitro and to protect them against acute hydrogen peroxide treatment; in contrast, culture 

with MnSO4 alone did not provide protection. These studies suggest that HS-Mn2+ 

complexes may represent a highly novel and constitutive ROS quenching agent in beta 

cells. 

 

 (iii) PI-88 treatment of db/db mice 

 Heparin exhibits anti-coagulant activity which restricts its usage in vivo and therefore, 

chemically modified heparins and sulfated oligosaccharides have been developed as 
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alternative HS mimetics (Parish, 2006). The sulfated phosphomannopentaose PI-88 

(Muparfostat) is a non-cleavable potent inhibitor of Hpse which exhibits a low level of 

anti-coagulant activity and acts as a HS replacer in beta cells in vitro (Ziolkowski et al., 

2012, Parish et al., 2013, Parish et al., 1999, Simeonovic et al., 2013). Previously, 

Ziolkowski et al. (2012) demonstrated that a long term treatment (180 days) of adult 

female NOD mice with PI-88 (10 mg/kg/day, i.p.) significantly increased the percentage 

of intact islets, decreased the proportion of islets with destructive insulitis, preserved 

intra-islet HS and reduced the incidence of T1D by ~50%. Therefore, we sought to 

determine whether PI-88 could function as a HS replacer in db/db mice. Treatment of 

young 3.5 week db/db mice with PI-88 (10 mg/kg/day, i.p.) for 35 days, however, did not 

improve the non-fasting blood glucose levels (i.e., glycaemic control; Figure 5.18(a, b)), 

body weight (Figure 5.18(c, d)), HbA1c levels (Figure 5.18(e, f)), glucose tolerance 

(Figure 5.19) or the insulin+ve islet area (Figure 5.20(b)). In addition, no replenishment 

of endogenous HS in islet beta cells was observed (Figure 5.20(a)). The discrepancy in 

the effectiveness of PI-88 to prevent T1D in NOD mice but not to ameliorate T2D in 

db/db mice could be related to the more rapid onset of the decline in beta cell HS in db/db 

islets and to the shorter duration of PI-88 treatment. In addition, the therapeutic benefit in 

NOD mice could be due to PI-88 acting as a Hpse inhibitor, preventing leukocyte 

migration and the degradation of HS in the peri-islet BM and in the beta cells (Ziolkowski 

et al., 2012, Simeonovic et al., 2013). 

 

To further understand the failure of PI-88 to rescue db/db mice from T2D progression, 

we evaluated PI-88 as a HS replacer in isolated wt and db/db beta cells in vitro. Treatment 

with heparin or PI-88 preserved the viability of wt beta cells in culture (Figure 5.22) and 

protected the beta cells from oxidative damage (Figure 5.23), confirming the previous 

report by Ziolkowski et al. (2012). Similarly, the db/db beta cells treated with heparin 

showed a significant improvement in viability (Figure 5.22), consistent with our previous 

HS replacement studies (see Section 5.2.2.2). In contrast to wt beta cells, however, PI-88 

failed to protect db/db beta cells from dying in culture (Figure 5.22). Confocal 

microscopy of wt and db/db beta cells cultured with FITC-labelled Pi-88 or FITC-labelled 

heparin demonstrated uptake into the cytoplasm of the beta cells (Figure 5.24(a, d, g, j)). 

This finding dismissed the possible explanation that PI-88 failed to be taken up by the 

db/db beta cells. Flow cytometry analysis performed in parallel, revealed that excellent 
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viability was observed for wt and db/db beta cells cultured with FITC-heparin (FITC+ve 

7AAD+ve damage, 5-9%; Figure 5.24(c, f)). However, beta cell damage was 2-fold 

higher in db/db beta cells cultured with FITC-PI-88 (~19%) compared to treatment with 

FITC heparin (~9%; Figure 5.24(f, l)), despite comparable uptake of FITC-heparin and 

FITC-PI-88 by the db/db beta cells (~43%-47% of cells were FITC+ve; Figure 5.24(e, 

k)). These findings suggest that the ability of db/db beta cells to use PI-88 as a HS replacer 

is defective. Nevertheless, wt beta cells incorporated ~2-fold higher levels of FITC-

heparin and FITC-PI-88 than db/db beta cells (Figure 5.24(b, e, h, k)). Simon-Davis and 

Parish (2013) reported that there exist 235 HS-binding proteins in the mouse genome, 

with 66% of the proteins having potential to bind to HS intracellularly. It is possible, 

therefore, that ER stress in db/db beta cells compromises the availability of HS-binding 

proteins essential for cell surface binding/uptake and intracellular transport of PI-88. 

However, since heparin functions as a superior HS replacer to PI-88 in db/db beta cells, 

we propose that ER stress related effects on intracellular PI-88 have little impact on 

intracellular heparin, i.e., following uptake. Together these findings suggest that the 

failure of PI-88 treatment to ameliorate glycaemia in db/db mice is due to a defect in the 

uptake and intracellular distribution of PI-88 to appropriate sites of endogenous ROS 

production. Future confocal microscopy studies of live beta cells could investigate 

whether FITC-heparin and ROS identified by a fluorescent dye e.g., DCF or HYDROP 

co-localise better than FITC-PI-88 and ROS. 

 

PI-88 also has the capacity to displace lipoprotein lipase from the endothelial cell surface 

where this enzyme is normally bound to the HSPG syndecan-1 (Wang et al., 2013b, 

Freeman et al., 2005). The displacement of lipoprotein lipase leads to the breakdown of 

lipids to free fatty acids (FFAs) (Wang and Eckel, 2009, Olivecrona, 2016). In such 

context of obesity and metabolic syndrome, elevated FFA levels in turn could contribute 

to insulin resistance, particularly in the adipose tissue and skeletal muscle, thereby 

exacerbating hyperglycaemia during T2D progression (see Section 1.8). Our study 

revealed only a slight increase (1.1-1.2-fold) in the circulating levels of FFAs in PI-88 

treated db/db mice (Figure 5.21). This finding suggests that the failure of PI-88 to 

improve glycaemia in db/db mice was unlikely to be due to increased lipoprotein lipase 

activity.  
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Collectively, our data demonstrated an improved glycaemic control in db/db mice after 

administration of TUDCA for 28 days, correlating with improved intra-islet expression 

of HSPGs, HS and insulin.  Our in vitro studies using HS analogue heparin rescued db/db 

beta cell viability and protected against acute oxidative damage. Since heparin is an anti-

coagulant with undesired health risks in vivo, we tested whether another HS mimetic with 

minimal anti-coagulant activity PI-88, could improve glycaemia in db/db mice by 

preserving the viability of db/db beta cells by HS replacement. The failure of PI-88 to 

rescue db/db mice from T2D progression was most likely due to ER stress-induced effects 

on the uptake and intracellular transfer of PI-88 in db/db beta cells. RT-PCR analyses of 

the expression of HS-binding proteins in db/db beta cells are therefore warranted. These 

studies highlight the need to develop a synthetic heparin-like HS replacer that lacks anti-

coagulant activity, for ameliorating beta cell compensation and glycaemia in db/db mice. 

 

In summary: 

• TUDCA treatment of db/db mice showed improved blood glucose levels and 

HbA1c levels correlating with improvement in beta cell HSPG core proteins and 

HS. 

• HSPG core proteins and HS are highly expressed intracellularly in the primary 

beta cells of wt and db/db mice.  

• HS is lost during islet isolation and HS replacement using heparin improves the 

survival of beta cells by protecting them from acute oxidative damage. 

• In vivo treatment of db/db mice with a dual activity HS replacer/Hpse inhibitor 

PI-88 failed to improve the glycaemic control in db/db mice and could be due to 

ER stress-induced effects on the uptake and transfer of PI-88 in the db/db beta 

cells.
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6.1 Introduction 

Type 2 diabetes (T2D) is “metabolic syndrome” disease in which chronic low-grade 

inflammation is associated with insulin resistance and defects in insulin secretion (Xu et 

al., 2003, Talukdar et al., 2012, Sell et al., 2012, Rocha et al., 2008, McArdle et al., 2013, 

Odegaard et al., 2007, Kintscher et al., 2008, Kahn et al., 2006, Hotamisligil et al., 1993). 

The first evidence of T2D-associated inflammation was reported by Hotamisligil et al. 

(1993). This group demonstrated increased tumour necrosis factor-alpha (TNF-α) mRNA 

levels in the adipose tissue (AT) of animal models of obesity and diabetes (ob/ob, db/db, 

zucker (fa/fa) rats, Tubby (tub/tub)) (Hotamisligil et al., 1993) as well as in the adipose 

tissue and liver of obese humans (Hotamisligil et al., 1995). To investigate the role of 

TNF-α, Zucker rats (7-9 week old) were injected with recombinant TNF-α receptor-

immunoglobulin G chimeric protein (200 µg/rat) intravenously for 3 days. The 

neutralization of TNF-α improved glucose uptake in peripheral tissues (muscle and 

adipose tissues) in response to insulin, suggesting a role of TNF-α in insulin resistance. 

This evidence was pivotal in identifying a role for inflammation in obesity-induced 

insulin resistance (see Section 1.5). Subsequently, other investigations revealed that 

interleukin (IL)-1β, IL-22 and interferon-gamma (IFN-γ) could also modulate insulin 

signaling in vitro and in vivo (Sauter et al., 2008, Shaul et al., 2010, Donath and Shoelson, 

2011, Hasnain et al., 2014). For example, treatment of isolated islets from male Lewis 

rats with proinflammatory cytokines (TNF-α, IFN-γ and IL-1β) and IL-1 receptor 

antagonist (IL-1RA) protected the islets from beta cell apoptosis, improved GSIS and 

increased the insulin content (Schwarznau et al., 2009); in addition, IL-1RA treatment of 

C57BL/6J mice on high fat diet (HFD) and GK rats resulted in improved glucose 

tolerance and insulin secretion (Sauter et al., 2008, Ehses et al., 2009). The administration 

of IL-22 to HFD-fed C57BL/6 mice was found to modulate oxidative stress, ER stress 

and inflammation and restore glucose homeostasis. Furthermore, the neutralisation of IL-

23 and IL-24 partially reduced ER stress in beta cells from HFD-C57BL/6 mice and 

improved glucose tolerance (Hasnain et al., 2014). These studies have indicated that 

cytokines play a critical role in beta cell survival and function in the obese state.  

 

Markers of obesity-associated inflammation in T2D animal models and in T2D humans, 

have included increased circulating levels of C-reactive protein, pro-inflammatory 

cytokines and chemokines (IL-6, IL-1β, TNF-α and IL-18) as well as increased 
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populations of immune cells (e.g., macrophages and neutrophils) in the circulation (Kolb 

and Mandrup-Poulsen, 2005, Donath and Shoelson, 2011, Kammoun et al., 2018, 

McFarlin et al., 2012), adipose tissue (Kolb and Mandrup-Poulsen, 2005, Donath and 

Shoelson, 2011, Ehses et al., 2009, Olefsky and Glass, 2010, McNelis and Olefsky, 2014, 

McFarlin et al., 2012) and islets (Ehses et al., 2007, Hasnain et al., 2014, Ehses et al., 

2009, Donath and Shoelson, 2011, Maedler et al., 2004). Furthermore, treatment of T2D 

patients with anti-inflammatory drugs, such as salicylates and aspirin, has been found to 

improve insulin sensitivity, enhance glucose metabolism and improve glycaemia, as 

measured by HbA1c levels, hyperinsulinaemic-euglycaemic clamps, OGTT and insulin 

radioimmunoassays (Hundal et al., 2002, Rumore and Kim, 2010, Fleischman et al., 2008, 

Goldfine et al., 2008, Goldfine et al., 2013). In T2D mice, elevated levels of macrophages 

in the adipose (Zheng et al., 2016, Xu et al., 2003, Weisberg et al., 2003, Nagareddy et 

al., 2014, Shaul et al., 2010, Sartipy and Loskutoff, 2003, McFarlin et al., 2012) and T2D 

obese patients (Olefsky and Glass, 2010, Weisberg et al., 2003, Boutens and Stienstra, 

2016, Wentworth et al., 2010) have provided strong support for adipose tissue 

inflammation as a potentially important driver of insulin resistance and dysregulation of 

glycaemia in T2D.  

 

In insulin-resistant HFD and mutant strains of obese mice (ob/ob mice and db/db mice), 

the enlarged population of AT macrophages was found to correlate with an influx of bone 

marrow derived progenitor cells which underwent differentiation and proliferation (Xu et 

al., 2003, Weisberg et al., 2003, Nagareddy et al., 2014). Shaul et al. (2010) demonstrated 

that macrophages expressing galactose type C-type lectin ((MGL)1+ CD11c+ 

macrophages) were increased in the adipose tissue during HFD-induced obesity; 

furthermore CD11c+CD206+ macrophages were found to be associated with insulin 

resistance in obese humans (Wentworth et al 2010). Moreover, both the migration of 

monocytes from the circulation and the local proliferation of macrophages in the AT have 

been identified as factors that increase adipose tissue macrophages during obesity (Zheng 

et al., 2016). Other studies have identified a role for both innate and adaptive immune 

cells in T2D-associated inflammation (see Section 1.6).  

 

Explants of adipose tissue are composed of adipocytes and the stromal vascular fraction 

(SVF). The SVF consists of pre-adipocytes, endothelial cells, fibroblasts and leukocytes 
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(see Section 1.6). The main function of adipose tissue is to store excess energy, insulate 

the body (i.e., provide thermoregulation) and secrete adipokines and cytokines to help 

regulate glucose metabolism and the local state of inflammation. These adipokines (e.g., 

leptin, adiponectin and resistin) and cytokines (e.g., IL-10, IL-6, IL-8 and TNF-α) exhibit 

either pro-inflammatory or anti-inflammatory properties (Makki et al., 2013). For 

example, TNF-α is a potent pro-inflammatory cytokine which is implicated in the 

initiation and progression of insulin resistance whereas IL-10 is an anti-inflammatory 

cytokine which improves insulin sensitivity and glucose transport. Leukocytes can be 

categorised into innate and adaptive immune cells: innate cells of the immune system 

include macrophages, neutrophils, eosinophils and mast cells, while the adaptive immune 

cells include T cells and B cells (see Section 1.6). These immune cells circulate in the 

blood and migrate to the tissues such as adipose tissue to establish sites of inflammation. 

IL-10 is produced by the macrophages, B cells and T cells which suppresses activation of 

macrophages and production of pro-inflammatory cytokines (Arango Duque and 

Descoteaux, 2014). TNF-α is secreted by the monocytic lineage cells i.e., macrophages, 

astroglia, microglia, Langerhans cells, Kupffer cells, and alveolar macrophages, which 

plays a role in development of chronic inflammatory diseases (Parameswaran and Patial, 

2010). 

 

In the lean state, adipose tissue is predominantly characterised by M2 macrophages (anti-

inflammatory leukocytes), but eosinophils and lymphoid cells are also present (Martinez 

and Gordon, 2014, Lumeng et al., 2007a, Olefsky and Glass, 2010). M2 or “alternatively 

activated” macrophages are defined by their ability to antagonise prototypic inflammatory 

responses and gene transcription and/or protein expression of M2 markers (e.g., 

transmembrane glycoproteins, scavenger receptors, enzymes, growth factors, hormones, 

cytokines and cytokine receptors) (Martinez and Gordon, 2014, Roszer, 2015). A 

distinguishing property of M2 macrophages is the production of arginase which blocks 

inducible nitric oxide synthase activity and contributes to tissue repair (Surmi and Hasty, 

2008); They can also be identified by the cell surface expression of CD163, CD206 and 

CD301 (Cho et al., 2014, Braune et al., 2017). M2 macrophages exhibit 

immunosuppressive properties and have high phagocytic capacity to maintain tissue 

remodelling and to resolve inflammation (Castoldi et al., 2015). Importantly M2 

macrophages secrete IL-10 which limits inflammatory responses and enhance insulin 
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sensitivity, most likely by increasing glucose metabolism, phosphorylation of insulin 

receptor substrate 1 and Akt activity in muscle (Lumeng et al., 2007a, Hong et al., 2009). 

The secretion of IL-4, IL-13 and IL-10 by eosinophils, natural killer T cells and regulatory 

T cells also help to maintain an anti-inflammatory environment under normal 

physiological conditions. The IL-4 and IL-10 also modulate adipocyte function and 

maintain adipose tissue homeostasis via remodeling, in response to nutrient uptake and 

energy expenditure (see Section 1.6). These interactions facilitate the efficient uptake of 

glucose, particularly by adipocytes, thereby optimising glucose homeostasis and insulin 

sensitivity (Chaudhry and Rudensky, 2013, Mraz and Haluzik, 2014). 

 

In the obese state, adipocytes in white adipose tissue (WAT) expand in response to 

nutrient overload (Figure 1.8) (Chmelar et al., 2013, Despres et al., 2008). This process 

is generally due to adipocyte hypertrophy caused by free fatty acid flux, increased 

vascularisation and elevated secretion of leptin; however, hypoxia, ER stress, oxidative 

stress and adipocyte cell death also accompany WAT expansion (see Section 1.6.1). 

Apoptotic adipocytes recruit macrophages with pro-inflammatory and pro-angiogenic 

properties, thereby modulating the local inflammatory reaction (Olefsky and Glass, 2010, 

McNelis and Olefsky, 2014). Dead or dying adipocytes release FFAs and activated 

macrophages involved in adipocyte phagocytosis secrete pro-inflammatory cytokines and 

chemokines such as TNF-α, IL-6, IL-1β and monocyte chemotactic protein 1 (McNelis 

and Olefsky, 2014, Xu et al., 2003, Weisberg et al., 2003). These factors exacerbate the 

inflammatory response by recruiting additional macrophages, mast cells, neutrophils, 

dendritic cells and lymphocytes (Weisberg et al., 2003, Talukdar et al., 2012). Of 

significance, the activation of toll like receptor 2 or 4 (TLR2/TLR4) on adipocytes by 

extracellular saturated free fatty acids and TNF can lead to JNK and/ IKκB-NF-κB 

activation causing inhibition of downstream insulin signaling and hence insulin resistance 

(Figure 1.9) and T2D (Hotamisligil et al., 1996, Dasu and Jialal, 2011, Wentworth et al., 

2010, Donath and Shoelson, 2011, Mraz and Haluzik, 2014). 

 

Heparanase (Hpse), a HS-degrading endoglycosidase, plays a vital role in cell migration, 

particularly in pathological conditions such as cancer, inflammatory bowel disease, 

experimental autoimmune encephalomyelitis, atherosclerosis and T1D (Vlodavsky and 

Goldshmidt, 2001, Parish et al., 2001, Simeonovic et al., 2013, Parish, 2006, Vreys and 
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David, 2007, McKenzie, 2007, Goldberg et al., 2013, Goldshmidt et al., 2003). Hpse is 

produced by macrophages, T cells, B cells, dendritic cells, neutrophils, monocytes and 

Langerhans cells (in the skin); Hpse is also produced at very high levels by platelets 

(Vreys and David, 2007). In the context of immune responses, catalytically active Hpse 

helps leukocytes to migrate to sites of inflammation (Parish, 2006). In response to local 

inflammation, circulating leukocytes extravasate between endothelial cells in the blood 

vessel wall. However, the sub-endothelial BM acts as a barrier to leukocyte migration, 

at least in part due to the HSPG perlecan (a large HSPG with a distribution restricted 

to BMs). Hpse secreted by endothelial cells and immune cells degrades HS in the sub-

endothelial BM, relaxing the integrated network of BM matrix proteins and allowing the 

leukocytes to traverse and migrate into underlying tissue; this disruption of the BM 

architecture is further aided by proteases (e.g., cathepsins) which target and destroy BM 

matrix proteins. Hpse-mediated degradation of HS in the BM also liberates HS-bound 

chemokines and in this way assists the directed migration of leukocytes to 

inflammatory sites (Parish et al., 2001, Vlodavsky and Goldshmidt, 2001).  

 

Hpse has been found to play critical roles in the pathogenesis of T1D (Simeonovic et al., 

2018, Ziolkowski et al., 2012, Simeonovic et al., 2013). Initially, Hpse produced by 

inflammatory leukocytes and/or endothelial cells solubilize the HS chains of the HSPG 

perlecan in the sub-endothelial basement membrane (BM), to facilitate the passage of 

immune cells from the blood to underlying tissue and to sites of inflammation (Parish, 

2006). Similarly, within the islet microenvironment leukocyte-derived Hpse also assists 

leukocyte migration across the peri-islet BM i.e., intra-islet infiltration. Significantly, 

within the islet mass, Hpse degrades HS within the beta cells, promoting susceptibility to 

oxidative damage and beta cell death (Simeonovic et al., 2013, Ziolkowski et al., 2012). 

Against this background, we reasoned that Hpse might play a role in the migration of 

leukocytes to the WAT of T2D-prone db/db mice. Furthermore, we speculated that 

treatment of db/db mice with PI-88, a dual activity drug that functions both as Hpse 

inhibitor and HS replacer, could modulate the inflammation in db/db mice, potentially 

improving insulin sensitivity and glycaemic control. In support of this approach, 

Naggareddy et al. (2014) reported that inhibition of signaling by TLR4 ligands or via the 

NLRP3-IL1β inflammasome, reduced obesity-induced AT inflammation and insulin 

resistance. 



Chapter 6: Inflammation markers in peripheral blood and adipose tissue of db/db mice 

310 

In this chapter, we investigate the relationship between the profile of innate and adaptive 

immune cells in the peripheral blood and white adipose tissue (WAT) of T2D-prone db/db 

mice. In addition, we explore the capacity for Hpse to contribute to the migration of 

inflammatory leukocytes to db/db WAT. Related to this and in parallel with the studies 

of PI-88 as a potential HS replacer in T2D (see Section 5.2.3), we assessed whether PI-

88, acting as a Hpse inhibitor, can impact obesity-driven WAT inflammation in db/db 

mice. 
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6.2 Results 

6.2.1 Leukocytes in the peripheral blood and WAT of female db/db mice 

The populations of CD45.2+ leukocytes in the peripheral blood (PB) and white adipose 

tissue (WAT) of 5-9 week old female db/db and wildtype (wt) mice were examined by 

flow cytometry (see Section 2.10). PB samples (200 µl) were obtained from the retro-

orbital sinus of wt and db/db mice by highly qualified animal technicians at the Australian 

Phenomics Facility (APF). Following lysis of red cells (see Section 2.10.1), the 

leukocytes were stained for different leukocyte markers (Table 2.1) and analysed by flow 

cytometry (see Section 2.10.4). Using the gating strategy depicted in Figures 2.12 and 

2.13, % CD45.2+ cells were determined for the PB of wt and db/db females. The 

percentage of CD45.2+ cells was not significantly different between wt and db/db PB (wt, 

97.63 ± 0.53% vs 95.53 ± 0.62%; Figure 6.1). The circulating population of leukocytes 

was therefore similar for wt and db/db females. 

 

For WAT from female wt and db/db mice, the peri-ovarian adipose depot was excised 

and the isolated fat pads were weighed (see Section 2.10.2). The db/db fat pads were 5.6-

fold times heavier than the fat pads of wt mice (db/db, 1.29 ± 0.11 grams vs wt, 0.23 ± 

0.07 grams; Figure 6.2), confirming the obesity of db/db mice. The WAT was digested 

using collagenase II and the SVF cells were separated from adipocytes (see Section 2.10.2) 

(Cho et al., 2014), stained for a panel of leukocyte markers (Table 2.1) and analysed by 

flow cytometry (see Section 2.10.4). The % CD45.2+ cells (excluding debris and doublets) 

were determined for both wt and db/db females. The % CD45.2+ cells (leukocytes) 

showed only a 1.1-fold increase in the WAT of db/db mice compared to corresponding 

wt mice (wt, 52.72 ± 3.65% vs db/db, 55.91 ± 2.08%; Figure 6.1). The total leukocyte 

population in female db/db WAT resembled the leukocyte load in wt WAT. Overall, our 

data demonstrated that wt and db/db females showed no significant differences in the 

leukocyte population (as % of total cells) in either PB or WAT.  

 

6.2.2 Innate and adaptive immune cell populations in PB and WAT of wt and 

db/db females 

We further characterised the CD45.2+ cells in both WAT and PB as innate (myeloid cells 

and CD11c+ leukocytes, e.g., conventional dendritic cells) or adaptive (lymphoid cells  
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Figure 6.1: Total leukocytes in white adipose tissue (WAT) and peripheral blood 

(PB) of female wt and db/db mice. 

Retro-orbital blood was collected from wt (black symbols) and db/db (blue symbols) 

female mice (5-9 weeks of age) and the peri-ovarian adipose tissue was excised and 

digested using collagenase II to obtain the stromal vascular fraction (SVF) containing 

leukocytes. Leukocyte sub-populations were identified by 9-colour flow cytometry and % 

CD45.2+ leukocytes was determined in the total population (gated to exclude cell debris 

and doublets). No significant differences were observed in the PB and WAT leukocytes 

of wt and db/db females. The data represent the mean GMFI ± SEM for n= 5-9 

mice/group. Mann-Whitney two-tailed test; ns, not significant. 
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Figure 6.2: Weight of WAT in female wt and db/db mice. 

Peri-ovarian WAT was excised from 5-9 week old wt (black symbols) and db/db (blue 

symbols) mice and the fat pads were weighed. Db/db mice showed heavier fat pads 

compared to wt mice. The data represent the mean ± SEM for n= 4-5 mice/group. Mann-

Whitney two-tailed test; *P<0.0001. 

 

 

 

 

 

 

 

 

 

 

 

 

wt  db/db  

*               

W
A

T
 w

e
ig

h
t 

(g
ra

m
s

) 



Chapter 6: Inflammation markers in peripheral blood and adipose tissue of db/db mice 

314 

i.e., B cells and T cells) immune cells and examined the contribution of individual 

leukocyte sub-populations, using the gating strategy depicted in Figures 2.12 and 2.13. 

Whereas lymphoid cells represented the largest leukocyte compartment in the PB of wt 

(85.1%) and db/db (78.5%) females (Figure 6.3(a)), the myeloid lineage represented the 

largest leukocyte population in wt (46.7%) and db/db (53.5%) WAT (SVF) (Figure 

6.4(a)).  

 

6.2.2.1 Lymphoid cells 

In peripheral blood, the lymphoid lineage of CD45+ leukocytes showed a slight but 

statistically significant reduction in db/db mice to 92.2% of corresponding controls 

(P<0.05; wt, 85.09 ± 1.00% vs db/db, 78.45 ± 2.92%; Figure 6.3(a)). Similarly, a marked 

reduction in CD45+ lymphoid leukocytes to 63.9% of controls was observed in the WAT 

of db/db mice (wt, 39.75 ± 7.12% vs db/db, 25.40 ± 2.98%; Figure 6.3(a)); however, this 

reduction did not achieve statistical significance. The lymphoid sub-population 

represented by B cells showed no differences in either the peripheral blood or WAT of 

wt and db/db females (Figure 6.3(b)). In contrast, the T cell sub-population in db/db PB 

was significantly reduced to 77.2% of wt controls (P<0.01; wt, 24.26 ± 1.05% vs db/db, 

18.73 ± 1.32%; Figure 6.3(c)). The T cell population was also markedly reduced to 65.6% 

of controls in db/db WAT (wt, 8.17 ± 0.72% vs db/db, 5.36 ± 0.74%; Figure 6.3(c)). 

These data demonstrated a decrease in PB lymphoid cells and a trend towards a decline 

in WAT lymphoid cells, specifically T cells, in db/db mice compared to wt mice. The 

expansion of WAT in db/db mice is therefore accompanied by a reduced T cell population 

particularly in the PB and to a lesser extent in WAT. 

 

6.2.2.2 Myeloid cells 

In db/db PB, there was a significant 1.5-fold increase in the population of CD45.2+ 

myeloid leukocytes compared to wt controls (P<0.05; wt 12.23 ± 1.11% vs db/db, 18.78 

± 2.96%; Figure 6.4(a)). Specifically, the sub-population of monocytes was significantly 

increased 2.3-fold in db/db PB compared to wt PB (P<0.05; wt 2.18 ± 0.19% vs db/db, 

5.11 ± 0.77%; Figure 6.4(c)). No significant differences were observed between wt and 

db/db PB neutrophils (wt, 7.41 ± 0.72% vs db/db, 9.91 ± 1.65%; Figure 6.4(d)), 

eosinophils (wt, 1.04 ± 0.18% vs db/db, 1.92 ± 0.44%; Figure 6.4(e)) or resident 

macrophages (wt, 1.49 ± 0.22% vs db/db, 1.79 ± 0.22%; Figure 6.4(b)).  
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Figure 6.3: Lymphoid cells in PB and WAT of female wt and db/db mice. 

Peripheral blood (PB) and the stromal vascular fraction (SVF) of peri-ovarian white 

adipose tissue (WAT) from female wt and db/db mice (5-9 weeks of age) were stained 

for leukocyte markers and analysed by flow cytometry. Using the gating strategy in 

Figures 2.13 and 2.14, the % of CD45+ leukocytes represented by lymphoid cells (a), the 

B cell sub-population (b) and T cell sub-population (c) was determined. Compared to wt 

controls, the PB and WAT of db/db mice showed a reduction in lymphoid cells and T 

cells but not B cells. The data represent the mean ± SEM for n= 5-7 mice/group. Mann-

Whitney two-tailed test; *P<0.05, **P<0.01 and ns, not significant. 
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Figure 6.4: Myeloid leukocytes and sub-populations in PB and WAT of female wt 

and db/db mice. 

Peripheral blood (PB) and the stromal vascular fraction (SVF) of peri-ovarian white 

adipose tissue (WAT) from 5-9 week old female wt and db/db mice were stained for 

leukocyte markers and analysed by flow cytometry. Using the gating strategy in Figures 

2.13 and 2.14, total myeloid cells (a), resident macrophages (b), monocytes/inflammatory 

macrophages (c), neutrophils (d) and eosinophils (e), expressed as a % of total CD45.2+ 

cells, were determined for PB and WAT. Myeloid cells and the monocyte sub-population 

were increased in db/db PB, compared to wt controls. In parallel, inflammatory 

macrophages and neutrophils were increased in db/db WAT compared to wt controls. The 

data represent the mean ± SEM for n= 5-7 mice/group. Mann-Whitney two-tailed test; 

*p<0.05; **p<0.01 and ns, not significant. 
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In contrast to PB, no significant differences were observed in the total myeloid population 

(represented as % total CD45.2+ leukocytes) in WAT of wt and db/db female mice (wt, 

46.70 ± 6.69% vs db/db, 53.48 ± 2.40%; Figure 6.4(a)). Inflammatory macrophages and 

neutrophils were significantly increased 4.1-fold (wt, 2.19 ± 0.62% vs db/db, 9.08 ± 

0.72%) and 1.3-fold (wt, 25.88 ± 1.49% vs db/db 33.52 ± 1.45%), respectively, in db/db 

WAT compared to wt WAT (Figure 6.4(c, d)). However, eosinophils in db/db WAT were 

markedly reduced to 28.8% of controls (wt, 8.98 ± 4.24% vs db/db, 2.59 ± 0.58%; Figure 

6.4(e)). No significant differences were observed in the resident macrophage population 

of db/db and wt WAT (wt, 9.08 ± 1.01% vs db/db, 7.93 ± 0.99%; Figure 6.4(b)).  

 

Interestingly, myeloid cells represented 46.7% and 53.5% of CD45.2+ leukocytes in wt 

and db/db WAT, respectively, but only 12.2% and 18.8%, respectively, in PB (Figure 

6.4(a)). For wt WAT, the sub-populations of resident macrophages, neutrophils and 

eosinophils (as a % of the total leukocyte population) were 6.1-fold, 3.5-fold and 8.7-fold 

higher than in wt PB respectively. Similarly, db/db WAT showed a 4.4-fold and 3.4-fold 

increase in the populations of resident macrophages and neutrophils, respectively, 

compared to db/db PB. Furthermore, db/db WAT was distinguished by a 1.8-fold increase 

in the population of inflammatory macrophages, relative to monocytes in db/db PB 

(Figure 6.4(c)); the corresponding populations of eosinophils were comparable (Figure 

6.4(e)). Thus, inflammatory macrophages constituted a more prominent leukocyte 

population in db/db WAT than wt WAT; in parallel, the monocyte population in db/db 

peripheral blood was significantly enlarged compared to wt blood. 

 

6.2.2.3 CD11c+ leukocytes 

Previous studies have reported that CD11c+ macrophages play an important role in the 

inflammation of white adipose tissue in obese rodents (e.g., ob/ob mice) and humans 

(Wentworth et al., 2010, Shaul et al., 2010, Lumeng et al., 2007a, Nguyen et al., 2007). 

These F4/80+CD11b+CD11c+ macrophages release anti-inflammatory cytokines whereas 

F4/80+CD11b+CD11c- cells release pro-inflammatory cytokines (Lumeng et al., 2007a, 

Nguyen et al., 2007). Furthermore, the deletion of CD11c+ leukocytes in obese mice 

(ob/ob and HFD mice) reduced local and systemic inflammation as well as improved 

insulin sensitivity in muscle, adipose tissue and liver (Patsouris et al., 2008). We therefore 

analysed CD11c+ leukocyte sub-populations in our study. 
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(a) Conventional dendritic cells (CD11c+Ly6C-Ly6G- cells) 

The population of conventional dendritic cells (cDCs) was similar in wt and db/db PB 

(wt, 0.84 ± 0.07% vs db/db, 0.79± 0.15%; Figure 6.5(a)). In WAT, the cDC population 

was significantly reduced to 65.6% of controls in WAT of db/db mice (P<0.05; wt, 10.23 

± 0.75% vs db/db, 6.71 ± 0.34%; Figure 6.5(a)). This data indicates that db/db WAT has 

a smaller population of cDCs (relative to the total CD45.2+ leukocyte population) than in 

wt WAT.  

 

(b) CD11c+Ly6C+ cells 

The CD11c+Ly6C+ cells were similar in wt and db/db PB (wt, 0.15 ± 0.06% vs db/db, 

0.15 ± 0.07%; Figure 6.5(b)). The CD11c+Ly6C+ cells were increased to 2.2-fold in WAT 

of db/db mice compared to wt WAT (wt, 1.10 ± 0.05% vs db/db, 2.47 ± 0.89%; Figure 

6.5(b)). However, this increase did not achieve statistical significance. This data suggests 

that db/db WAT a larger population of CD11c+Ly6C+ cells compared to wt WAT.  

 

(c) CD11c+Ly6G+ cells 

The CD11c+Ly6G+ cells showed no significant difference in wt and db/db PB (wt, 0.13 ± 

0.01% vs db/db, 0.19 ± 0.06%; Figure 6.5(c)). In db/db WAT, the CD11c+Ly6G+ cells 

were significantly increased 5.5-fold compared to wt WAT (P<0.05; wt, 1.78 ± 0.28% vs 

db/db, 9.73 ± 1.76%; Figure 6.5(c)). This data demonstrates that db/db WAT has a larger 

population of CD11c+Ly6G+ cells, relative to total CD45.2+ leukocytes, than in wt WAT.  

 

In summary, obesity-induced inflammation in db/db WAT was characterised by a relative 

increase in the sub-populations of inflammatory monocytes/macrophages and neutrophils 

as well as CD11c+Ly6G+ leukocyte, compared to corresponding wt controls. However, 

the only positive correlation observed between db/db peripheral blood and WAT was a 

significant increase in monocytes and inflammatory macrophages respectively.  

 

6.2.3 Heparanase expression by innate and adaptive immune cells in PB and 

WAT of female db/db mice 

Our data have confirmed the findings of other groups (Talukdar et al., 2012, Nguyen et 

al., 2007, Lumeng et al., 2007b, Xu et al., 2003, Weisberg et al., 2003, Elgazar-Carmon 

et al., 2008), that relative to wt WAT, inflammation in the WAT of db/db mice is marked 
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Figure 6.5: CD11c+ leukocytes in PB and WAT of female wt and db/db mice. 

Peripheral blood (PB) and the stromal vascular fraction (SVF) of peri-ovarian white 

adipose tissue (WAT) from wt and db/db female mice (5-9 week old) were stained for 

leukocyte markers and examined via flow cytometry. Using the gating strategy in Figures 

2.13 and 2.14, the % of CD45+ leukocytes represented by conventional dendritic cells (a) 

were found to be reduced but CD11c+Ly6C+ cells (b) and CD11c+Ly6C+ cells (c) were 

increased in WAT of db/db mice compared to controls; no changes were observed in the 

PB of wt and db/db mice. The data represent the mean ± SEM for n= 5-7 mice/group. 

Mann-Whitney two-tailed test; *P<0.05 and ns, not significant. 
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by a selective increase in myeloid leukocytes, specifically, the sub-populations of 

inflammatory macrophages and neutrophils. We next investigated whether the migration 

of inflammatory leukocytes to db/db WAT correlated with enhanced cell surface 

expression of Hpse (see Section 2.10.4). 

 

In section 6.2.2.3, we found that populations of inflammatory macrophages and 

neutrophils were significantly increased (as a % of total CD45.2+ leukocytes) in db/db 

WAT compared to wt WAT. Here, in parallel, we further demonstrate that cell surface 

Hpse on db/db WAT inflammatory macrophages was significantly increased 2.7-fold 

compared to db/db PB monocytes (WAT, GMFI= 4679.00 ± 430.43 vs PB, GMFI= 

1759.67 ± 282.42; Figure 6.6(c)). Furthermore, Hpse expressed by db/db WAT 

neutrophils was significantly increased 8.4-fold higher than in db/db PB (WAT, GMFI= 

17415.80 ± 1651.03 vs PB, GMFI= 2081.33 ± 445.48). Notably, in db/db WAT, the 

hierarchy for the intensity of cell surface Hpse staining on myeloid sub-populations was 

neutrophils>> resident macrophages> inflammatory macrophages> eosinophils.  

 

Correlating with the enlarged populations of total myeloid cells and resident macrophages 

in db/db WAT compared to PB (Figure 6.4), Hpse expression was also elevated 3.5-fold 

(WAT, GMFI= 9933.40 ± 1018.84 vs PB, GMFI= 2848.17 ± 793.08) and 1.8-fold (WAT, 

GMFI= 6562.00 ± 251.99 vs PB, GMFI= 3637.00 ± 651.64), respectively (Figure 6.6). 

Conversely, the less prevalent populations of total lymphoid cells, B cells and T cells in 

db/db WAT (compared to db/db PB; Figure 6.3) correlated with markedly lower or 

comparable levels of cell surface Hpse (Figure 6.7). The similar populations of 

eosinophils in db/db WAT and PB (Figure 6.4(e)) was also consistent with no significant 

change in Hpse expression (Figure 6.6(e)). Surprisingly, however, the increased 

proportion of cDCs, CD11c+Ly6G+ cells and CD11c+Ly6C+ cells in db/db WAT 

(compared to db/db PB; Figure 6.5) did not correlate with enhanced Hpse expression 

(Figure 6.8). Interestingly, Hpse expression by CD11c+Ly6C+ cells increased 3.7-fold in 

db/db WAT compared to wt WAT (db/db, GMFI=18455.57 ± 7212.29 vs wt, GMFI= 

5021.40 ± 865.56), but, this difference was not statistically significant (Figure 6.8(b)). 
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Figure 6.6: Hpse expression by myeloid leukocytes in PB and WAT of female wt and 

db/db mice. 

Heparanase (Hpse) expression on total myeloid cells and myeloid sub-populations in 

peripheral blood (PB) and stromal vascular fraction (SVF) from peri-ovarian white 

adipose tissue (WAT) was determined in wt and db/db female mice at 5-9 weeks of gate 

by flow cytometry (see Figures 2.13 and 2.14, Section 2.10). The levels of Hpse expressed 

on the cell surface is indicated by the GMFI. Hpse was more highly expressed by total 

myeloid cells, resident macrophages, monocytes/inflammatory macrophages and 

neutrophils in WAT compared to PB of wt and db/db mice. The data represent the mean 

± SEM for n= 5-7 mice/group. General ANOVA with Fisher’s unprotected LSD post-test; 

*P<0.05, **P<0.01, ***P<0.001 and ns, not significant. 
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Figure 6.7: Hpse expression in lymphoid cells in PB and WAT of female wt and 

db/db mice. 

Peripheral blood (PB) and the stromal vascular fraction (SVF) from peri-ovarian white 

adipose tissue (WAT) of wt and db/db female mice (5-9 weeks of age) were stained for 

leukocyte markers and heparanase (Hpse) and analysed by flow cytometry, using the 

gating strategy in Figures 2.13 and 2.14. The cell surface expression of Hpse was 

determined for lymphoid cells in PB and WAT of wt and db/db mice and expressed as 

geometric mean fluorescence intensity (GMFI). Total lymphoid cells and B cells showed 

reduced expression of cell surface Hpse in WAT compared to PB in wt and db/db mice. 

The data represent the mean ± SEM for n= 5-7 mice/group. General ANOVA with 

Fisher’s unprotected LSD post-test; *P<0.05, **P<0.01, ***P<0.0001 and ns, not 

significant. 
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Figure 6.8: Hpse expression by CD11c+ cells in PB and WAT of female wt and db/db 

mice. 

The cell surface expression of heparanase (Hpse) on CD11c+ leukocytes in peripheral 

blood (PB) and stromal vascular fraction (SVF) from peri-ovarian white adipose tissue 

(WAT) of female wt and db/db mice was determined by flow cytometry, using the gating 

strategy in Figures 2.13 and 2.14 (Section 2.10). Hpse expression is expressed as GMFI. 

No consistent trend was evident in the cell surface Hpse levels on CD11c+ leukocytes in 

PB or WAT. The data represent the mean ± SEM for n= 5-7 mice/group. General ANOVA 

with Fisher’s unprotected LSD post-test; ns, not significant. 
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Like db/db WAT, myeloid leukocytes in wt WAT also showed a significant 5.1-fold 

increase in Hpse expression compared to PB, respectively (WAT, GMFI= 9884.25 ± 

2506.44 vs PB, GMFI= 1941.56 ± 230.95; Figure 6.6(a)). Hpse expressed by wt WAT 

inflammatory macrophages showed a significant 2.4-fold significant increase compared 

to PB monocytes (WAT, GMFI= 5004.50 ± 857.98 vs PB, GMFI= 2105.11 ± 243.07; 

Figure 6.6(c)). Similarly, resident macrophages and neutrophils in WAT demonstrated a 

significant 2.6-fold (WAT, GMFI= 8446.25 ± 1667.35 vs PB, GMFI= 3259.55 ± 467.89) 

and 10.7-fold (WAT, GMFI= 19725.00 ± 4129.29 vs PB, GMFI= 1816.00 ± 209.49) 

increase in Hpse expression, compared to wt PB (Figure 6.6(b, d)). No significant 

changes were observed in Hpse expressed by wt eosinophils in PB and WAT (Figure 

6.6(e)). In addition like db/db WAT, Hpse expression on wt WAT total lymphoid cells 

and B cells were reduced to 30.2% and 50.9% respectively, of corresponding PB 

populations (Figure 6.7).  The cell surface Hpse expression by cDCs and CD11c+Ly6C+ 

leukocytes in wt WAT was reduced to 58.8% and 26.4% of PB controls but was not 

statistically significant (Figure 6.8). No significant differences were observed in cell 

surface Hpse by CD11c+Ly6C+ cells in wt PB and WAT (Figure 6.8(c)). 

 

Collectively, cell surface Hpse levels were significantly increased in inflammatory 

macrophages, resident macrophages, neutrophils and total myeloid cells of WAT in both 

db/db and wt mice, compared to corresponding populations in PB. A trend for an 

increased Hpse expression on CD11c+Ly6C+ cells in db/db WAT (only) was also 

observed. No significant differences in Hpse expression were found between WAT and 

PB for T cells, cDCs and CD11c+Ly6G+ in both db/db and wt mice; however both wt and 

db/db WAT B cells and total lymphoid cells showed a significant decrease in cell surface 

Hpse, compared to corresponding populations in PB.  

 

Cell surface Hpse expression on immune cell sub-populations was also normalised to the 

corresponding level of Hpse expressed by B lymphocytes (represented as a geometric 

mean fluorescence ratio (GMFR)). Normalised data for female wt and db/db leukocytes 

confirmed highly elevated Hpse levels (relative Hpse GMFR) in total myeloid cells 

including inflammatory macrophages and neutrophils (see Appendix 2.1), as observed in 

the non-normalised data. Interestingly, the normalised data for female db/db WAT 

showed that the Hpse GMFR was significantly increased for total myeloid cells (P<0.01), 
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inflammatory macrophages (P<0.05) and neutrophils (P<0.05), compared to wt WAT 

(see Appendix 2.1).  

 

In summary, WAT in female db/db mice showed a significant increase in inflammatory 

macrophages and neutrophil populations; in parallel only a significant increase in the 

monocyte population was found in peripheral blood. The increased expression of Hpse 

on both inflammatory macrophages and neutrophils in WAT suggests that this 

degradative enzyme may facilitate the migration of these innate immune cells from the 

blood to regions of inflammation in adipose tissue.  However, the similar expression of 

Hpse by inflammatory macrophages and neutrophils in wt WAT further suggests that 

Hpse represents a requisite tool for their migration to white adipose tissue in both lean 

and obese mice. 

 

6.2.4 Leukocytes in the peripheral blood and adipose tissue of male db/db 

mice 

CD45.2+ leukocytes were also examined in the PB and WAT of 5-9 week old male db/db 

and wildtype (wt) mice, as for females (see Section 6.2.1), with the exception that 

epididymal fat pads were analysed for WAT.  

 

Male db/db fat pads were 5.2-fold times heavier than male wt fat pads (db/db, 1.10 ± 0.11 

grams vs wt, 0.21 ± 0.02 grams; Figure 6.9), resembling the increased weight of db/db 

female WAT (Figure 6.2). There was no significant difference in the proportion of 

CD45.2+ leukocytes in the total cell population in the SVF (WAT) of wt and db/db males, 

as demonstrated in female mice (Figure 6.1). Although, db/db male fat pads were 

significantly heavier than wt controls, no differences were observed in the leukocyte 

populations in wt and db/db PB or WAT (Figure 6.10).  

 

6.2.5 Innate and adaptive immune cells in PB and WAT of wt and db/db males 

Having observed no significant differences in the proportion of CD45.2+ leukocytes 

between male wt and db/db PB or WAT, we next examined the sub-populations of 

CD45.2+ cells represented by innate (myeloid cells and CD11c+ leukocytes) and adaptive 

immune cells (lymphoid cells i.e., B and T cells) in PB and WAT of wt and db/db males 

(see Section 2.10). 
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Figure 6.9: White adipose tissue (WAT) weight in male wt and db/db mice. 

Epididymal adipose tissue was excised from 5-9 week old male wt and db/db mice and 

the fat pads were weighed. Db/db fat pads were significantly heavier compared to wt 

controls. The data represent the mean ± SEM for n= 5 mice/group. Mann-Whitney two-

tailed test; *P<0.0001. 
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Figure 6.10: % CD45+ leukocytes in male wt and db/db mice. 

Retro-orbital blood (PB) was collected from 5-9 week old wt and db/db mice and the 

epididymal adipose tissue was excised and digested using collagenase II to obtain the 

stromal vascular fraction (SVF) containing leukocytes. Leukocyte sub-populations were 

identified by 9-colour flow cytometry and the % of the total cell population (gated to 

exclude cell debris and doublets) represented by CD45.2+ leukocytes were determined. 

No significant differences in % CD45.2+ leukocytes were observed between wt and db/db 

mice in PB or WAT. The data represent the mean GMFI ± SEM for n= 4-6 mice/group. 

Mann-Whitney two-tailed test; ns, not significant. 
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In male PB, the proportion of total lymphoid leukocytes was similar for wt (74.60 ± 

10.43%) and db/db mice (78.42 ± 2.46%; Table 6.1). In contrast, the lymphoid cell 

population (represented as % of CD45.2+ leukocytes) in db/db WAT was significantly 

reduced to 64.5% of controls (19.84 ± 1.35% vs 30.74 ± 3.05%, respectively; P<0.05; 

Table 6.1). No differences were observed between wt and db/db B cell and T cell 

populations in PB or WAT (Table 6.1). Overall, male db/db WAT showed a significantly 

reduced population of lymphoid cells, compared to male wt WAT. 

 

The conventional dendritic cell (cDC) population was similar in wt and db/db PB (0.79 ± 

0.23% vs 0.62 ± 0.19%) as well as for WAT (7.69 ± 0.53% vs 8.29 ± 0.57%; Table 6.1). 

Similarly, no significant differences were observed in the CD11c+Ly6C+ cells and 

CD11c+Ly6G+ cells in db/db and wt PB (Table 6.1). However, the proportion of 

CD11c+Ly6C+ cells in db/db PB was markedly increased 3-fold (wt, 0.11 ± 0.03% vs 

db/db, 0.33 ± 0.10%) but this difference was not statistically significant. Similarly, the 

CD11c+Ly6C+ leukocyte population was increased 2.1-fold in db/db WAT. The 

CD11c+Ly6G+ population was significantly increased 5.3-fold in db/db WAT compared 

to wt WAT (P<0.001; wt, 2.05 ± 0.44% vs db/db, 10.89 ± 0.88%); however no difference 

was observed in the PB. These data indicate that the proportion of CD11c+ cells, 

particularly the CD11c+Ly6G+ leukocyte population, was increased in db/db WAT 

compared to wt controls. 

 

No significant differences were observed in the total myeloid population in male PB or 

WAT (Table 6.1). However, the db/db males showed a 1.6-fold increase in myeloid 

leukocytes in PB (18.22 ± 2.02%), compared to wt males (11.41 ± 4.05%; Table 6.1). 

The myeloid sub-populations of monocytes and resident macrophages significantly 

increased 2.7-fold (4.80 ± 0.92%) and 2.5-fold (2.25 ± 0.15%) respectively in db/db PB 

compared to wt PB (monocytes, 1.75 ± 0.69%, P<0.05; RES MP, 2.25 ± 0.15%, P<0.05; 

Table 6.1). No significant differences were observed in PB neutrophils and eosinophils 

(Table 6.1); however there was a trend for the eosinophil population to increase 2-fold in 

db/db PB. Myeloid cells represented the principal leukocyte population in the WAT of 

male wt (54.68 ± 2.70%) and db/db (53.56 ± 1.92%) mice. However, the population of 

inflammatory macrophages in db/db WAT (6.98 ± 0.39%) was significantly increased 

3.9-fold, compared to corresponding wt controls (1.75 ± 0.25%; P<0.01). In contrast, the  
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Table 6.1: Sub-populations of immune cell (represented as % of total CD45.2+ 

leukocytes) in peripheral blood and WAT of wildtype and db/db male mice.  

 
¶The data represent the mean ± SEM for n=5-7 mice/group. Mann-Whitney test; *P<0.05, 

**P<0.01, ***P<0.0001, compared to corresponding wt control. Mono/Inf Mf, monocyte 

(blood)/inflammatory macrophage (WAT); and Res Mf, resident macrophages; cDC, 

conventional dendritic cell. 
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neutrophil population in db/db WAT (36.60 ± 2.11%) was significantly reduced to 84.1% 

of wt WAT (43.54 ± 1.27%; P<0.05); the eosinophil population in db/db WAT (1.79 ± 

0.31%) was also reduced to 52.6% of wt eosinophils (3.40 ± 1.13%) (Table 6.1). There 

was a trend towards an increase in resident macrophages in db/db WAT but this difference 

did not achieve statistical significance. Overall, only monocytes/inflammatory 

macrophages demonstrated a significant increase in both male db/db PB and WAT, 

compared to wt control. 

 

In summary, our findings revealed that for both female and male wt and db/db PB, 

lymphoid cells represent the major leukocyte population (~75-83%); in contrast, myeloid 

cells constitute the major leukocyte compartment in WAT (~50-55%). A striking feature 

of WAT in both female and male db/db mice was the ~4-fold increase in the relative size 

of the population of inflammatory macrophages, compared to corresponding wt mice. In 

parallel, there was a 1.6-2.3 fold elevation in circulating monocytes in db/db mice (see 

Section 6.2.2) Although a significant 1.3-fold increase in the neutrophil population was 

found in female db/db WAT, this property was not evident in male db/db WAT. 

Conversely, a 2.5-fold increase in the population of resident macrophages in the PB of 

male db/db mice was not observed in female db/db PB (see Section 6.2.2). Thus, 

distribution of immune cell sub-populations is altered in the peripheral blood and white 

adipose tissue of db/db mice. These findings suggest that aberrant inflammation of white 

adipose tissue in db/db mice is paralleled by an elevated level of monocytes in peripheral 

blood.  

 

6.2.6 Heparanase expression by innate and adaptive immune cells in PB and 

WAT of male db/db mice 

In parallel with our studies of the distribution of immune cell sub-populations in male 

db/db mice (see Section 6.2.5) on different leukocyte subsets by flow cytometry (see 

Section 2.10), as determined for db/db females (see Section 6.2.3). In wt and db/db mice, 

the level of cell surface Hpse expressed by CD45.2+ leukocytes of the lymphoid lineage 

in WAT was significantly reduced to 28.9% and 48.4%, respectively, of the level on 

CD45.2+ lymphoid cells in PB (Table 6.2). However, Hpse expression by B cells and T 

cells in PB and WAT showed no significant differences between wt and db/db mice 

(Table 6.2). Nevertheless, B lymphocytes in PB and WAT expressed ~40-50-fold higher  
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Table 6.2: Cell surface heparanase (Hpse) expression by immune cells (represented 

as GMFI) in peripheral blood and WAT of male wildtype and db/db mice.  

 
¶The data represent the mean ± SEM for n=5-7 mice/group. General ANOVA with 

Fisher’s unprotected LSD post-test for comparisons between peripheral blood and white 

adipose tissue of wildtype (grey) or db/db (blue) mice; *P<0.05, **P<0.01, ***P<0.001. 

Mono/Inf Mf, monocyte (blood)/inflammatory macrophages (WAT); Res Mf, resident 

macrophages; cDC, conventional dendritic cell. 

 

 

 

 

 

 

 

 

¶ ¶ 



Chapter 6: Inflammation markers in peripheral blood and adipose tissue of db/db mice 

334 

levels of cell surface Hpse than T cells in the same compartments. The failure to 

demonstrate a significant decline in cell surface Hpse in db/db WAT B cells may be due 

to the small size (~3-7% of total leukocytes) of the populations in WAT (SVF; Table 6.1).  

 

Conventional dendritic cells (cDCs) showed a higher expression of Hpse in the WAT of 

wt and db/db mice compared to PB, but these differences did not achieve statistical 

significance (Table 6.2). This finding may be due to the small populations of cDCs in PB 

(~0.6-0.8%) and WAT (~7.7%-8.3%). Interestingly, Hpse expression by CD11c+Ly6C+ 

cells were dramatically reduced to 29.8% in the WAT of db/db mice, compared to db/db 

PB; however statistical significance was not established (Table 6.2). No significant 

differences were observed in the cell surface expression of Hpse by CD11c+Ly6G+ cells 

in the WAT of db/db mice compared to PB (Table 6.2). In contrast, wt WAT showed 1.7-

fold and 2.6-fold increase in cell surface Hpse levels on CD11c+Ly6C+ cells and 

CD11c+Ly6G+ cells, respectively, compared to wt PB (Table 6.2). Additionally, these 

populations expressed 2.3-7.1-fold higher levels of cell surface Hpse in db/db PB 

compared to wt PB (Table 6.2).  

 

In wt and db/db males, myeloid leukocytes in WAT showed a significant 9.2-12.5 fold 

increase in cell surface Hpse compared to PB (Table 6.2). Hpse expressed by wt and 

db/db WAT inflammatory macrophages showed a significant 3.1-4.8 fold increase 

compared to PB monocytes (Table 6.2). Similarly, resident macrophages in wt and db/db 

WAT showed a significant 3.0-3.7 fold increase in Hpse expression, compared to wt and 

db/db PB (Table 6.2). No significant changes in Hpse expression was observed by 

eosinophils in peripheral blood and WAT for both wt and db/db mice (Table 6.2). Overall, 

male wt and db/db mice showed a significant increase in the expression of Hpse on total 

myeloid cells, resident macrophages, inflammatory macrophages and neutrophils in 

WAT, compared to corresponding PB.  

 

Hpse expression on the surface of immune cell subsets in males was also normalised to 

the corresponding level of Hpse on B cells (i.e., GMFR). The normalised Hpse expression 

for male wt and db/db leukocytes (see Appendix 2.2) resembled the non-normalised data 

(Table 6.2). However, on normalisation, a trend for an increase in the GMFR for myeloid 

cells, inflammatory macrophages and neutrophils was observed in male db/db WAT 
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compared to wt WAT but these data did not achieve statistical significance (see Appendix 

2.2). 

 

In summary, cell surface Hpse levels are highly elevated in myeloid cells of WAT in wt 

and db/db mice, compared to PB; in contrast our studies of male wt and db/db lymphoid 

cells in WAT revealed a significant decline in cell surface Hpse. The high cell surface 

expression of Hpse on myeloid cell sub-populations correlated with the increased 

proportion of myeloid cells in WAT compared to blood (Table 6.1). Conversely, the 

decreased expression of Hpse on wt and db/db lymphoid cells correlated with the reduced 

lymphoid cell population in WAT. These same trends were also found in female wt and 

db/db mice, establishing cell surface Hpse as a robust marker of myeloid leukocytes 

(excluding eosinophils) in WAT (Figures 6.6, 6.7 and 6.8).  

 

6.2.7 Leukocyte sub-populations in PB and WAT of PI-88 treated db/db mice 

6.2.7.1 Female db/db mice 

Based on our findings that Hpse is expressed at significantly higher levels on myeloid 

cells in WAT of wt and db/db mice, we evaluated whether the distribution of leukocyte 

sub-populations in PB and WAT was modulated in db/db mice treated with PI-88, a dual 

activity drug that acts not only as a HS replacer in beta cells (Ziolkowski et al., 2012) but 

also as a potent Hpse inhibitor (i.e., HS replacer/ Hpse inhibitor). These analyses were 

carried out on the same mice treated with PI-88 in Chapter 5 (see Section 5.2.3).  

 

In Section 5.2.3, female and male db/db mice were treated with PI-88 (10 mg/kg/day, i.p.) 

or saline (diluent control) for 35 days. In parallel with our investigations of the effects of 

PI-88 treatment on glycaemia (and indirectly on beta cell survival), we analysed leukocyte 

sub-populations in the blood and WAT PI-88 treated db/db mice, compared to saline 

treated controls. Upon termination of treatment, PB and WAT were harvested, and 

leukocyte sub-populations as well as cell surface Hpse levels were analysed by flow 

cytometry (see Section 2.10). 

 

Firstly, PI-88 treated and control saline treated female db/db mice showed no significant 

difference in peri-ovarian WAT weight i.e., 1.64 ± 0.29 gm vs 1.55 ± 0.25 gm, 

respectively (Figure 6.11(a)). The leukocyte population in the peripheral blood of PI-88  
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Figure 6.11: WAT weight and leukocyte content of PB and WAT in PI-88 treated 

and saline treated female db/db mice. 

(a) The weight of peri-ovarian white adipose tissue (WAT) was determined for db/db 

mice treated with PI-88 (10 mg/kg/day i.p.) or i.p. saline (from Figure 5.18, Section 5.2.3). 

(b) Db/db fat pads as well as peripheral blood (PB) were analysed by flow cytometry for 

CD45.2+ leukocytes. No significant differences were observed between saline- and PI-

88-treated db/db mice for WAT weight and CD45.2+ leukocytes as a % of the total cell 

population (gated to exclude cell debris and doublets) in PB or WAT. The data represent 

the mean GMFI ± SEM for n= 3-4 mice/group. Mann-Whitney test; ns, not significant. 
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treated mice increased 1.2-fold, compared to controls; however this increase was not 

statistically significant (Figure 6.11(b)). In contrast, the CD45.2+ leukocyte population 

(as % of total cells) in WAT tissue was similar for saline and PI-88 treated mice. 

 

When leukocyte sub-populations were examined no significant differences were observed 

in PB or WAT between PI-88 treated and saline-treated control mice (Figure 6.12). 

However, in WAT from PI-88 treated mice, there was a trend towards a decline in the 

population of inflammatory macrophages down to 72.1% of corresponding saline controls 

(5.24 ± 1.66 vs 7.27 ± 1.26; Figure 6.12(j)). Since we demonstrated that an increased 

inflammatory macrophage population is a distinguishing property of db/db WAT 

(compared to wt WAT; Figure 6.4), this observed trend may suggest that PI-88 treatment 

impaired the accumulation of inflammatory macrophages in db/db WAT. Consistent with 

this, no other WAT leukocyte sub-population showed marked changes due to PI-88 

treatment (Figure 6.12). PI-88 treatment however did not significantly lower the cell 

surface expression of Hpse on WAT myeloid sub-populations (resident macrophages, 

inflammatory macrophages, neutrophils) previously found to express heightened levels 

of Hpse, compared to corresponding populations in PB (Figures 6.6 and 6.13). This 

finding is consistent with PI-88 acting as an inhibitor of only the catalytic activity of Hpse 

(Ziolkowski et al., 2012) and not the expression of Hpse protein. 

 

6.2.7.2 Male db/db mice 

Like PI-88 treated female db/db mice, PI-88 treatment of male db/db mice increased the 

leukocyte population in PB by 1.2-fold, compared to control db/db mice (Table 6.3). 

Within the WAT microenvironment, no significant reduction in the relative proportion of 

leukocyte populations was observed in PI-88 treated mice; nevertheless, there was a trend 

for total myeloid and neutrophil sub-populations to be lower (~88% and ~83% of 

corresponding saline treated control db/db mice, respectively; Table 6.3). Consistent with 

the analyses of PI-88 treated female db/db mice (see Section 6.2.7.1), PI-88 treatment did 

not reduce the level of cell surface Hpse on total myeloid cells or on most myeloid sub-

populations (inflammatory macrophages, resident macrophages, neutrophils) in WAT 

(Table 6.4). 
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Figure 6.12: Leukocyte sub-populations in peripheral blood and WAT of db/db 

females treated with PI-88 or saline. 

Peripheral blood (PB) and peri-ovarian white adipose tissue (WAT) were collected from 

db/db females treated for 35 days with PI-88 or saline (Section 5.2.3). The PB and WAT 

(SVF) were stained for leukocyte markers and analysed by flow cytometry. Using the 

gating strategy in Figures 2.13 and 2.14, leukocyte subpopulations (expressed as % of 

total CD45+ population of leukocytes) were determined. No significant changes were 

observed in the leukocyte sub-populations between saline or PI-88 treated db/db mice. 

The data represent the mean ± SEM for n= 3-4 mice/group. Mann-Whitney test; ns, not 

significant. S, Saline; P, PI-88. 
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Figure 6.13: Hpse expression on myeloid sub-populations in PB and WAT of PI-88 

or saline treated female db/db mice. 

Upon termination of PI-88 or saline treatment of female db/db mice (from Section 5.2.3), 

the blood and WAT were stained for leukocyte markers and cell surface Hpse, for analysis 

by flow cytometry. Using the gating strategy in Figures 2.13 and 2.14, Hpse expression 

on the CD45.2+ leukocyte sub-populations was determined. Hpse expression on the cell 

surface was not significantly altered by PI-88 treatment. The data represent the mean ± 

SEM for n= 3-4 mice/group. Mann-Whitney test; ns, not significant. S, Saline; P, PI-88. 
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Table 6.3: Innate and adaptive immune cell populations in peripheral blood (PB) 

and WAT of Saline and PI-88 treated male db/db mice.  

 
¶The data represent the mean ± SEM for n= 3-5 mice/group. Mann-Whitney test was 

performed for comparisons between peripheral blood and adipose tissue. No significant 

differences were observed in PB or WAT between mice that were treated with PI-88 or 

saline. Mono/Inf Mf, monocyte (blood)/inflammatory macrophages (WAT); Res Mf, 

resident macrophages; cDC, conventional dendritic cell. 
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Table 6.4: Cell surface heparanase (Hpse) expression by immune cells (represented 

as GMFI) in peripheral blood and WAT of Saline and PI-88 treated mice.  

 
¶The data represent the mean ± SEM for n= 3-5 mice/group. Mann-Whitney test was 

performed for comparisons of PB or WAT between Saline or PI-88 treated mice. No 

significant differences were observed in PB or WAT between mice that were treated with 

PI-88 or saline. Mono/Inf Mf, monocyte (blood)/inflammatory macrophages (WAT); Res 

Mf, resident macrophages, cDC, conventional dendritic cell. 
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6.3 Discussion 

Db/db mice carry a homozygous point mutation in the leptin receptor gene which results 

in over eating (hyperphagia) and the development of obesity, insulin resistance and 

hyperglycaemia (Chan et al., 2011, Chen et al., 1996, Kobayashi et al., 2000). Our data 

showed a significant increase (5.2-5.6-fold) in the peri-gonadal fat pads of female and 

male db/db mice compared to corresponding lean controls (Figures 6.2 and 6.9). This 

property is largely responsible for the increase in body weight of db/db mice during the 

development of T2D (Figures 3.1 and 3.18), as reported by other groups (Lee et al., 

2010a, Boucher et al., 2005, Kim et al., 2016).  

 

Previous studies have reported that the increased accumulation of fat in peripheral tissues 

(adipose tissue, liver and skeletal muscle) plays a critical role in the development of 

insulin resistance and T2D (Dandona et al., 2004, Weisberg et al., 2003, Sell et al., 2012, 

Rosen and Spiegelman, 2006, McArdle et al., 2013, Kammoun et al., 2014). Excessive 

nutrient intake and/or little energy expenditure contributes to the excessive accumulation 

of fat in adipose tissue. In turn, the altered properties of adipocytes lead to adipose tissue 

dysfunction (see Section 1.6) and local as well as systemic inflammation comprising 

innate and adaptive immune cell populations  (Cildir et al., 2013, Chmelar et al., 2013, 

Schipper et al., 2012). Altered profiles of immune cells have also been observed in 

peripheral blood, spleen, liver and adipose tissue of diet-induced obesity (DIO) mouse 

models (Winer et al., 2011, Talukdar et al., 2012, Wu et al., 2007), mutant rodent models 

of T2D (Fujimoto et al., 2010, Tamura et al., 2008) as well as in humans with T2D 

(Kammoun et al., 2014, Donath and Shoelson, 2011, Wu et al., 2007). Interestingly, 

adipose tissue inflammation is not only observed during weight gain and fat accumulation 

but has also been observed in situations of severe weight loss, as observed in caloric 

restriction or post-bariatric procedures (Mraz et al., 2011, Mancuso, 2016). Obese humans 

(with and without T2D) with severely depleted fat reservoirs showed increased transcripts 

for pro-inflammatory cytokines in subcutaneous white adipose tissue (Maurizi et al., 

2018). These reports suggest that rapid and extreme changes in body fat and not only 

weight gain, can trigger an immune response to adipose tissue (Maurizi et al., 2018, 

Dolezalova et al., 2007). Thus, the increase in fat pad weight observed in db/db mice is 

likely to contribute to adipose tissue dysfunction and trigger or exacerbate inflammation 

in host WAT. In this Chapter we carried out comparative studies of leukocyte sub-
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populations in the circulation and white adipose tissue of db/db mice and wt (lean) 

controls. 

 

(i) Leukocytes sub-populations in WAT and peripheral blood 

Our data demonstrated no significant differences in the total leukocyte content (i.e., 

measured as % CD45.2+ cells in the total cell population) in the WAT and PB of female 

and male db/db mice, compared to corresponding controls (Figures 6.1 and 6.10). These 

data are inconsistent with other reports showing an increase in leukocyte sub-populations 

in the WAT of diet-induced obesity (DIO) and mutant mouse models including db/db 

mice (Olefsky and Glass, 2010, Zheng et al., 2016, Xu et al., 2003, Talukdar et al., 2012, 

Maurizi et al., 2018, Mraz and Haluzik, 2014, Tamura et al., 2008). Such findings have 

supported a role for WAT inflammation in insulin resistance and T2D. To help resolve 

this discrepancy we further characterised leukocyte sub-populations (innate and adaptive 

immune cells) in the circulation and white adipose tissue of db/db mice and wt controls. 

 

Generally, analyses of leukocytes in the circulation (Kammoun et al., 2018, Nagareddy 

et al., 2014, McFarlin et al., 2012) and/or in adipose tissue (Talukdar et al., 2012, Winer 

et al., 2011, Xu et al., 2003, Weisberg et al., 2003, Stefanovic-Racic et al., 2012, Shaul et 

al., 2010, Nguyen et al., 2007, Wentworth et al., 2010, Lumeng et al., 2007b, McFarlin et 

al., 2012) of glucose-intolerant, insulin-resistant obese mouse strains have been restricted 

to only a few sub-populations. Unlike previous studies of obese mice, we directly 

compared a range of leukocyte sub-populations in the peripheral blood and white adipose 

tissue of the same donor db/db (obese) and wt (lean) mice. We defined leukocyte sub-

populations using cell surface markers commonly used for defining subsets in peripheral 

blood i.e., CD11c (+ or -), CD11b (hi or lo), Ly6C (hi or lo), Ly6G (+ or -), Siglec F (hi 

or lo), B220 (hi) or CD3 (hi) (see Section 2.10, Figures 2.13 and 2.14 for the gating 

strategy for PB and WAT; see Table 2.1 for the cell surface markers used to define 

leukocyte sub-populations). Interestingly, we found that a significant ~4-fold increase in 

the inflammatory macrophage (CD11bhi Ly6Chi) sub-population of WAT leukocytes in 

both female and male db/db mice compared to wt controls, directly correlated with a 

significant 2.3-2.7-fold increase in the monocyte (CD11bhi Ly6Chi) sub-population of 

peripheral blood leukocytes in the same db/db mice (Figure 6.4 and Table 6.1). Thus, 

while the overall CD45.2+ leukocyte content of db/db peripheral blood was similar to lean 
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controls, the monocyte sub-population differed markedly. Although female and male 

db/db WAT was also characterised by unchanged levels in the total leukocyte population 

(i.e., in the SVF), a significant increase in the inflammatory macrophage sub-population 

was found for both female and male db/db WAT. Our study support previous report of 

increased levels of monocytes (in addition to WAT) in diet-induced obesity (DIO) mice 

model (McFarlin et al., 2012). These findings suggest that increased levels of circulating 

monocytes represent a peripheral biomarker of obesity-driven inflammation in WAT.  

 

The molecular mechanism responsible for the elevated monocyte population in the 

circulation of obese mouse strains has been investigated by other groups. Nagareddy et 

al. (2014) identified an enhanced production of myeloid progenitors in the bone marrow 

and attributed this to systemic effects of the cytokines IL-1β produced by WAT 

macrophages. Furthermore, they observed that glucose-intolerant, insulin-resistant ob/ob 

mice, treatment with the IL-1R antagonist Anakinra improved glycaemic control 

following oral challenge with glucose. More recently, Kammoun et al. (2018) failed to 

observe an improvement in the glycaemia of db/db mice following in vivo treatment with 

MCC950, an inhibitor of IL-1β production by the NLRP3 inflammasome. They observed 

that monocytosis in db/db mice was not due to local effects in the islet microenvironment. 

Indeed these findings suggest that treatment with Anakinra, to neutralise secreted IL-1β 

is a more effective approach than attempts to inhibit IL-1β production via the NLRP3 

inflammasome. Nevertheless, our findings in db/db WAT support reports by other groups 

that WAT in db/db as well as ob/ob and DIO-mice exhibit a striking increase in the 

population of inflammatory macrophages, compared to corresponding lean controls 

(Lumeng et al., 2007a, Wentworth et al., 2010, Xu et al., 2003, Weisberg et al., 2003, 

Kraakman et al., 2015, Tamura et al., 2008).  

 

Studies of DIO models of insulin resistance and T2D in particular, have classified 

inflammatory and resident macrophage populations in obese and lean WAT using MI and 

M2 terminology, largely based on properties related to macrophage function. M1 

macrophages are characterised by pro-inflammatory properties whereas M2 macrophages 

are anti-inflammatory (Kammoun et al., 2014, Kraakman et al., 2014). In lean WAT, 

resident macrophages express the M2 anti-inflammatory phenotype with increased IL-10 

gene expression (Lumeng et al., 2007a). M2 macrophages carry the cell surface markers 
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CD11b, F4/80, CD301 and CD206 and via IL-10 production, promote insulin sensitivity 

by protecting against TNF-α induced insulin resistance (Olefsky and Glass, 2010, 

Lumeng et al., 2007a, Kraakman et al., 2015, Kraakman et al., 2014). This function forms 

an important part of their role in tissue surveillance and homeostasis. Furthermore, 

resident or M2 macrophages in lean WAT can be maintained by self-proliferation, most 

likely regulated by IL-4 produced by local eosinophils (Kraakman et al., 2014, Wu et al., 

2011). However, it is currently unclear whether circulating monocytes also contribute to 

the resident macrophage population; this contribution may vary depending on the mouse 

model of T2D under investigation. IL-4 also induces the expression of peroxisome 

proliferator activated receptor gamma (PPARγ) and delta (PPARδ) which are required to 

maintain the M2 polarisation state (Odegaard et al., 2007, Desvergne, 2008, Kang et al., 

2008).  

 

In obese WAT, the relative proportion of M2 and M1 macrophages is dramatically altered, 

with a predominance of inflammatory M1 macrophages. These M1 macrophages carry 

CD11c+, CD11b and F4/80 cell surface markers and produce TNF-α, IL-1β, IL-6 and 

nitric oxide (Lumeng et al., 2007a, Martinez and Gordon, 2014, Shaul et al., 2010). 

Specifically, inflammatory M1 macrophages have been found in crown-like structures 

(CLS) associated with dead or dying adipocytes resulting from nutrient excess and 

hypertrophy (Lumeng et al., 2007a, Nguyen et al., 2007, Lumeng et al., 2008). The local 

release of pro-inflammatory cytokines such as TNF-α has been proposed to promote 

insulin resistance in adipocytes by activating c-Jun N-terminal kinases (c-JNKs) and 

thereby blocking insulin signalling (Nguyen et al., 2007, Kanety et al., 1995, Zeyda and 

Stulnig, 2009). In support, the recruitment of M1 inflammatory macrophages has been 

shown to precede the elevation of plasma insulin (Xu et al., 2003, Weisberg et al., 2003). 

Furthermore, adipocytes in obese WAT release free fatty acids and inflammatory 

mediators including pro-inflammatory cytokines and MCP-1 (CCL2) in response to 

cellular stress, resulting in the recruitment of monocytes from the circulation. Within the 

adipose tissue microenvironment, monocytes differentiate into pro-inflammatory M1 

macrophages which in turn are stimulated by adipocyte-derived inflammatory mediators 

to produce inflammatory cytokines (TNF-α, IL-6, IL-1β) (Kraakman et al., 2014, 

Suganami and Ogawa, 2010, Suganami et al., 2005, Oh et al., 2012). These processes 
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together with local hypoxia set up a “vicious cycle” of inflammation in obese adipose 

tissue (Suganami et al., 2005, Fujisaka et al., 2013). 

 

In this chapter, we demonstrated no significant differences in the resident macrophage 

population in wt and db/db WAT. However, our studies indicate that CD11c-CD11b+ 

Ly6Chi inflammatory macrophages contribute significantly to obese WAT in db/db mice. 

In view of the established role for CD11c+ inflammatory macrophages in DIO (obese) 

WAT (Wentworth et al., 2010, Shaul et al., 2010, Nguyen et al., 2007, Patsouris et al., 

2008, Lumeng et al., 2007a), we also investigated the contribution of CD11c+ leukocytes 

to the inflammatory response in db/db WAT. We found no increase in the population of 

conventional dendritic cells, compared to lean wt WAT. This finding disagrees with the 

studies of Stefanovic-Racic et al. (2012) which demonstrated a significant ~2-fold 

increase in conventional DCs in WAT from DIO mice. We attribute this discrepancy to 

the different models of T2D in db/db and DIO mice. Nevertheless, we identified enlarged 

populations of CD11c+Ly6Chi and CD11c+Ly6Ghi leukocytes in db/db WAT. A 

significant 5.3-5.5-fold and a marked 2.1-2.2-fold increase in CD11c+Ly6G+ cells and 

CD11c+Ly6C+ cells, respectively, were observed in both male and female db/db WAT 

compared to wt WAT (Figure 6.5 and Table 6.1); however no significant differences 

were observed in the PB of wt and db/db mice. These data support a role for CD11c+ 

leukocytes (excluding cDCs) in db/db WAT inflammation. 

 

Unlike previous studies showing increased circulating neutrophils in ob/ob mice and 

db/db mice compared to lean controls (Kammoun et al., 2018, Nagareddy et al., 2014), 

we failed to observe a significant elevation in circulating neutrophils in both female and 

male db/db mice. This discrepancy may be due to the use of different models of obesity 

(Nagareddy et al., 2014) and the broader age range of db/db mice in our study, compared 

to 6 week db/db mice in the study by Kammoun et al. (2018). Supporting the latter 

explanation, Elgazor-Carman et al. (2008) reported that neutrophils are recruited early 

(e.g., by 3 days) to WAT in DIO mice. It is therefore possible that in db/db mice, the 

mobilisation and recruitment of neutrophils to obese WAT may occur at an early age (e.g., 

6 weeks) and could be resolved at older ages. Although we observed a significant increase 

in the neutrophil population in obese WAT of female db/db mice (Figure 6.4), compared 

to wt lean controls, male db/db WAT failed to show this trend (Table 6.1). Studies of 
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DIO mice have demonstrated an important role for neutrophils in aiding the recruitment 

of monocytes to obese WAT and in contributing to insulin resistance via the production 

of neutrophil elastase (Talukdar et al., 2012). Our study, however, does not demonstrate 

a consistent role for neutrophils in db/db WAT inflammation. Thus a relationship between 

circulating neutrophils and the neutrophil population in WAT was not established in 

db/db mice. 

 

We observed a trend for a reduced eosinophil population in WAT of female and male 

db/db mice but not in the peripheral blood (Figure 6.4 and Table 6.1). Similarly, Wu et 

al. (2011) reported a reduction in eosinophils in the obese WAT of DIO and ob/ob mice. 

These findings are consistent with a role of eosinophil-derived IL-4 in maintaining M2 

anti-inflammatory macrophages in WAT (Wu et al., 2011, Goh et al., 2013). Furthermore, 

we found no significant differences in sub-populations of T cells or B cells between wt 

and db/db WAT in male or female mice (Figure 6.3 and Table 6.1). 

 

Our findings argue against an increase in the populations of T cells and B cells, as 

demonstrated in the adipose tissue of DIO mouse models (Winer et al., 2011, Duffaut et 

al., 2009, Wu et al., 2007, Xu et al., 2003). CD8+ T cells were found to be increased in 

the epididymal WAT of DIO obese mice whereas the number of CD4+ T cells were 

reduced (Nishimura et al., 2009, Winer et al., 2011). These studies suggested that CD4+ 

T cells may play a suppressive role in the development of obesity-induced inflammation 

and insulin resistance whereas CD8+ T cells might be responsible for shifting the 

polarisation of macrophages from an M2 to M1 phenotype (Winer et al., 2009). 

Interestingly, the depletion of T cells reduced the infiltration of WAT macrophages, 

decreased adipose tissue inflammation and improved insulin resistance (Nishimura et al., 

2009). In support, T and B cells precede the infiltration of AT by macrophages (Kintscher 

et al., 2008, Sell et al., 2012, Winer et al., 2009). Moreover, several studies have shown 

an early recruitment of B cells in visceral AT (VAT) and WAT of DIO mice, promoting 

T cell activation and the production of pro-inflammatory cytokines (Winer et al., 2011, 

DeFuria et al., 2013). A reduction in VAT inflammation was observed in DIO/HFD Bnull 

mice (mµ heavy chain knockout mice) which failed to produce mature B cells. 

Furthermore, B cell depletion in HFD C57BL/6 mice using anti-CD20 mAb reduced 

blood glucose levels and improved glucose and insulin tolerance (Winer et al., 2011). T 
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cells and B cells can therefore modulate AT in obesity and T2D. We speculate that the 

apparent absence of significantly enhanced T cell and B cell populations in db/db WAT 

may be due to the leptin receptor deficiency in these mice. Normal mouse lymphocytes 

carry leptin receptors and leptin exerts direct effects on T cells in vitro (Lord et al., 1998). 

Leptin has pro-inflammatory effects on lymphocytes because of its structural similarity 

to pro-inflammatory cytokines like IL-6 (Fantuzzi and Faggioni, 2000), and stimulates 

the production of IL-6, TNF-α and MCP-1 from immune cells (Fernandez-Riejos et al., 

2010). Leptin-deficient ob/ob and leptin receptor-deficient db/db mice display marked 

thymic atrophy and can exhibit defective immune responses (Palmer et al., 2009, Palmer 

et al., 2006, Mandel and Mahmoud, 1978, Fujita et al., 2002, Hick et al., 2006). 

Furthermore, lymphocytopenia has been reported in db/db mice (Nagareddy et al., 2014, 

Kimura et al., 1998), a property which would impair their significant contribution to WAT 

inflammation. In line with this, our study has demonstrated a trend for reduced lymphoid 

cell populations in the peripheral blood and adipose tissue of db/db mice compared to wt 

controls. 

 

(ii) Hpse expression by leukocyte sub-populations in PB and WAT 

In parallel with our studies of leukocyte sub-populations, we investigated whether the 

expression of Hpse, a HS-degrading endoglycosidase, correlated with the recruitment of 

leukocyte sub-populations from the peripheral blood to adipose tissue in lean wt and 

obese db/db mice. In order for leukocytes to passage from the circulation to sites of 

inflammation such as obese WAT, they must traverse the sub-endothelial basement 

membrane (BM). Conventionally, this BM consists of matrix proteins (laminin, type IV 

collagen and nidogen) and the heparan sulfate proteoglycan perlecan (Yurchenco, 2011, 

Timpl and Brown, 1996). To facilitate their migration through this BM, leukocytes 

produce degradative enzymes including a range of proteases (e.g., cathepsins, 

metalloproteases) and Hpse. Catalytically active Hpse plays a critical role by degrading 

the HS chains of perlecan, thereby disrupting the tightly-arranged matrix network and 

allowing the leukocytes to migrate to the underlying tissues (Parish, 2006). During this 

process, chemokines bound to HS in the BM are released to provide directional migration 

toward inflamed tissue sites (Parish, 2006, Vlodavsky and Friedmann, 2001, Parish et al., 

2001). 
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Our normalised and non-normalised heparanase data showed a significant and striking 

elevation in the cell surface expression of heparanase by myeloid cells, including 

inflammatory macrophages and neutrophils in the WAT of both wildtype and db/db mice, 

compared to the same populations in peripheral blood (Figure 6.6 and Table 6.2). In 

contrast, lymphoid cells (including B cells and T cells) and CD11c+ leukocytes in wt and 

db/db WAT demonstrated a significantly lower or unchanged expression of Hpse, 

compared to the corresponding population in peripheral blood (Figures 6.7 and 6.8; 

Table 6.2). Thus, only the principal myeloid cell populations that characterise both wt 

and obese WAT, including the enlarged population of inflammatory macrophages in 

db/db WAT, highly express Hpse. These findings suggest that Hpse may play an 

important role in facilitating the migration of myeloid leukocytes (particularly monocytes 

and neutrophils) to wt and obese WAT. We acknowledge, however, that the anti-Hpse 

mAb used in a flow cytometry analyses do not distinguish between catalytically active 

and inactive Hpse. It is noteworthy, however, that macrophages and monocytes have the 

capacity to secrete cathepsin L which converts the inactive form of Hpse (proenzyme) to 

its catalytically active form (Reddy et al., 1995, Lerner et al., 2011, Wood and Hulett, 

2008, Boels et al., 2017).. An alternative interpretation of our data could relate to the 

established regulatory role for Hpse in the production of cytokines. Guttor-kapon et al. 

(2016) reported that macrophages deficient in Hpse produced lower levels of TNF-α, IL-

1β, IL-10 and IL-6. Hpse may therefore play a role in facilitating the recruitment of 

myeloid cell populations to adipose tissue via the local release of HS-bound 

cytokines/chemokines and/or may help regulate the local production of cytokines, 

potentially influencing the relative levels of pro-inflammatory or anti-inflammatory 

cytokines in the local adipose tissue environment. Western blotting studies could be done 

in the future to further elucidate the role of active and inactive Hpse in the white adipose 

tissue of wildtype and db/db mice. 

 

(iii) PI-88 treatment of db/db mice 

Based on our Hpse expression studies, we examined whether PI-88 mediated inhibition 

of Hpse in db/db mice (see Chapter 5, Section 5.2.3) could modify the inflammatory 

response to obese white adipose tissue. While we observed a trend towards a decrease in 

the inflammatory macrophage population in the WAT of PI-88 treated female db/db mice, 

no improvement in glycaemic control was observed (see Section 5.2.3). Pulse labelling 
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of macrophages in HFD-fed mice has previously revealed that adipose tissue 

macrophages are generally replaced after 8 weeks (Lumeng et al., 2007b). It is therefore 

possible that extending the period of PI-88 treatment from 5 weeks to over 8 weeks may 

be needed in future studies to better assess the role of Hpse in modulating the recruitment 

of inflammatory macrophages, their cytokine production and downstream effects on 

insulin sensitivity in db/db WAT. For future studies, treatment of db/db and HFD-mice 

(prior to and during HFD-feeding) with a Hpse inhibitor could potentially prevent the 

progression of glucose intolerance and reduce insulin resistance by decreasing adipose 

tissue inflammation. 

 

In summary: 

• The population of myeloid leukocytes, specifically monocytes/inflammatory 

macrophages and neutrophils, was increased in the PB and WAT of db/db mice 

compared to lean controls. In db/db WAT, the populations of CD11c+Ly6C+ and 

CD11c+Ly6G+ cells were also elevated. These data suggest that inflammatory 

macrophages, neutrophils and CD11c+ sub-populations play an important role in 

the enhanced inflammation of white adipose tissue in db/db mice. 

• Elevation in the population of WAT inflammatory macrophages correlated with 

an increased population. Circulating levels of monocytes may therefore act as a 

biomarker of adipose tissue inflammation and obesity-induced insulin resistance. 

• Increased expression of cell surface heparanase by the total myeloid population 

(including resident macrophages, inflammatory macrophages and neutrophils) in 

WAT of both wt and db/db mice, compared to peripheral blood, suggests that 

Hpse may play a critical role in the migration of leukocytes to white adipose tissue 

to maintain homeostasis and to establish obesity-induced inflammation, 

respectively. 

• Short-term treatment of db/db mice with the Hpse inhibitor PI-88 did not 

significantly reduce the leukocyte populations in WAT; however, a trend toward 

a decrease in the inflammatory macrophage population was observed in the WAT 

of PI-88 treated db/db mice, compared to saline controls. 

• Cell surface heparanase represents a marker of adipose tissue myeloid leukocytes 

in both lean and obese mice. Long-term treatment with a Hpse inhibitor could 
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potentially reduce adipose tissue inflammation and thereby improve insulin 

resistance and glucose tolerance. 
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7.1 Rationale 

Heparan sulfate (HS) is a highly sulfated linear polysaccharide that contains repeating 

units of glucosamine and uronic acid (Iozzo, 2001, Simon Davis and Parish, 2013, Esko 

and Lindahl, 2001). HS chains are synthesised directly onto a heparan sulfate 

proteoglycan (HSPG) core protein forming a HSPG (Bernfield et al., 1999, Esko and 

Lindahl, 2001, Iozzo, 2001). HSPGs are characterised by their core proteins and are 

conventionally expressed on the cell surface (e.g., syndecans, glypicans), in basement 

membranes (BMs; e.g., perlecan) and in extracellular matrices (ECMs; e.g., collagen type 

XVIII, agrin). Due to the structural heterogeneity of HS chains, HS serves as a cell 

adhesion molecule and as a reservoir for a wide range of molecules including cytokines, 

growth factors, chemokines, proteases and lipases (Parish, 2006, Dreyfuss et al., 2009, 

Esko and Lindahl, 2001, Simon Davis and Parish, 2013). Furthermore, HS plays a 

regulatory role in various physiological processes such as development, cell proliferation 

and differentiation, migration, inflammation, angiogenesis and wound healing (Parish, 

2006, Bishop et al., 2007, Powers et al., 2000, Parish, 2005, Rops et al., 2004).  

 

Recent studies in the Simeonovic lab demonstrated that islet beta cells express high levels 

of intracellular HS in situ. Surprisingly, HS was found to play a critical role in the survival 

of beta cells (Ziolkowski et al., 2012). In addition, Choong et al. (2015) found that the 

HSPG core proteins collagen type XVIII, syndecan-1 and CD44 were localised inside 

islet beta cells in situ. This finding provided a basis for the unique intracellular 

localisation of HS in islet beta cells because HS chains cannot be synthesised in the 

absence of HSPG core proteins (Iozzo, 2001, Sarrazin et al., 2011, Esko and Lindahl, 

2001). Together, these studies revealed that islet beta cells express unusually high levels 

of intracellular HS and HSPG core proteins. Furthermore, these studies showed that islet 

beta cells lose intracellular HS but not HSPG core proteins during the process of islet 

isolation in vitro. Moreover, certain HS mimetics preserved beta cell viability and 

protected the beta cells from culture- and reactive oxygen species (ROS)-induced cell 

death by replacing the lost intracellular HS (Ziolkowski et al., 2012). These findings 

suggested that HS acts as non-enzymatic antioxidant in beta cells. Progression of 

autoimmune disease and type 1 diabetes (T1D)-onset in non-obese diabetic (NOD) mice 

were characterised by depletion of beta cell HS, a finding that correlated with high 

expression of the HS-degrading enzyme heparanase (Hpse) by insulitis leukocytes. 
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Furthermore, treatment of NOD mice with the Hpse inhibitor/HS replacer PI-88 

significantly reduced the incidence of T1D and improved intracellular levels of beta cell 

HS. Together, these findings indicated that Hpse-mediated depletion of beta cell HS 

contributes to beta cell death during the development of T1D (Ziolkowski et al., 2012). 

Therefore, this project set out to investigate the role of beta cell HSPG core proteins and 

HS in type 2 diabetes (T2D) in db/db mice. 

 

 

7.2 ER stress contributes to the loss of HSPG core proteins and HS in 

T2D beta cells  

Pancreatic beta cells are characterised by a highly active endoplasmic reticulum (ER) in 

which newly synthesised proteins (e.g., proinsulin and HSPG core proteins) undergo 

chemical modification and folding to achieve their mature conformation. Disruption of 

ER homeostasis caused by a reduction in protein-folding chaperones, inhibition of protein 

glycosylation, calcium depletion and certain mutations in proteins (e.g., insulin) results 

in the accumulation of misfolded proteins in the ER lumen and ER stress (Eizirik et al., 

2008, Malhotra and Kaufman, 2007, Yoshida, 2007). A broad range of studies have 

provided compelling evidence for the existence of ER stress in the pancreatic islets of 

rodents and humans with both T2D (Marchetti et al., 2007, Laybutt et al., 2007, Chan et 

al., 2015, Boslem et al., 2011, Chan et al., 2013, Eizirik et al., 2008, Herbert and Laybutt, 

2016, Sharma et al., 2015, Ariyasu et al., 2017, Özcan et al., 2006, Oyadomari et al., 

2002b, Hasnain et al., 2016, Back and Kaufman, 2012, Araki et al., 2003, Song et al., 

2008) and T1D (Engin et al., 2013, Todd et al., 2008, Tersey et al., 2012, Eizirik et al., 

2013, Eizirik et al., 2009, Eizirik et al., 2008, Marhfour et al., 2012, Hartman et al., 2004, 

Brozzi and Eizirik, 2016).  

 

Normally, beta cells compensate for ER stress by activating an adaptive mechanism called 

the “Unfolded Protein Response” (UPR). The UPR function is to increase the level of ER 

chaperones, reduce the synthesis of new proteins i.e., by attenuating mRNA translation 

to proteins, and to remove the accumulated aberrant proteins via ER-associated 

degradation (ERAD) (Figure 7.1) (Eizirik et al., 2008, Yoshida, 2007). Failure of UPR 

to restore ER homeostasis leads to up-regulated expression of pro-apoptotic UPR genes,  
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Figure 7.1: ER stress in T2D-prone beta cells. 

In pancreatic beta cells, endoplasmic reticulum (ER) stress initiates the unfolded protein 

response (UPR) by activating the transmembrane sensors PERK, IRE1 and ATF6. Beta 

cells compensate for this ER stress via the adaptive UPR i.e., by increasing the molecular 

chaperones for protein folding, increasing ERAD and by reducing the translation of 

mRNAs to a range of “general” proteins. In T2D development, this reduction in protein 

synthesis impairs the synthesis of HSPG core proteins which in turn reduces HS synthesis. 

Depletion of HS in beta cells results in highly elevated oxidative stress and non-apoptotic 

ROS-dependent beta cell death (see red box). This represent a highly novel mechanism 

of beta cell death within the framework of the adaptive UPR. ER stress and oxidative 

stress in remaining beta cells increases the level of antioxidants to maintain beta cell 

homeostasis. Failure to compensate for this stress results in UPR failure, the expression 

of apoptotic genes and beta cell apoptosis/death. PERK, protein kinase RNA-like 

endoplasmic reticulum kinase; IRE1, Inositol-requiring enzyme 1; ATF6, Activation 

transcription factor 6; ERAD, ER-associated degradation; T2D, type 2 diabetes; HS, 

heparan sulfate; HSPG, heparan sulfate proteoglycan; ROS, reactive oxygen species. 
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increased oxidative stress and ultimately beta cell apoptosis (Figure 7.1) (Laybutt et al., 

2007, Song et al., 2008, Chan et al., 2013, Cnop et al., 2005, Chan et al., 2015, Oyadomari 

et al., 2002b, Oyadomari et al., 2002a). Other studies have reported that db/db mice at 6 

weeks of age showed increased transcript levels of adaptive UPR genes during beta cell 

compensation (Chan et al., 2013, Herbert and Laybutt, 2016). In contrast, by 16 weeks, 

there was a reduction in the expression of adaptive genes, an increase in the pro-apoptotic 

marker ATF3 and overt beta cell dysfunction (Chan et al., 2013). Similarly, islet beta cells 

in obese ob/ob mice expressed increased adaptive UPR markers at 6 weeks and a further 

increase in this adaptive gene profile at 16 weeks of age, providing protection from beta 

cell failure (Chan et al., 2013). The transition from adaptive to apoptotic UPR during ER 

stress in db/db beta cells is regulated by c-Jun N-terminal kinase (JNK) activation (Chan 

et al., 2015). These studies revealed that ER stress initially induces beta cell compensation 

to prolong beta cell function; beta cell dysfunction ensues only when the compensatory 

response fails to relieve ER stress (Chan et al., 2013, Eizirik and Cnop, 2010, Herbert and 

Laybutt, 2016, Song et al., 2008).  

 

Our study provides a highly novel mechanism by which the adaptive UPR can contribute 

to beta cell death in the absence of UPR failure (Figure 7.1). ER stress has been 

previously identified in the islets of normoglycaemic db/db mice at 6 weeks of age (Chan 

et al., 2013); furthermore, increased BiP staining was observed in the islets of 4 week old 

db/db mice (Sharma et al., 2015). Our studies confirm and further extend these studies by 

demonstrating a preferential upregulation in early adaptive UPR genes (BiP, P58) as early 

as 3.5-4.5 weeks of age in the islets isolated from normoglycaemic db/db mice, compared 

to corresponding lean controls. In parallel at 3-4 weeks, beta cells showed a dramatic loss 

of HSPG core proteins and HS in the islets of db/db mice. This depletion in intracellular 

HS would lead to excessive oxidative stress and beta cell death. Both adaptive and pro-

apoptotic UPR markers were highly expressed in the islets of older hyperglycaemic db/db 

mice (5-9 weeks of age), correlating with a further decline in the levels of HSPG core 

proteins and HS in the db/db islets. These data suggest that in the short-term, ER stress is 

associated with the loss of HSPG core proteins and HS in the islets of db/db mice. Future 

studies could use western blotting and immunofluorescence in parallel to 

immunohistochemistry to further confirm the changes in HSPG core protein levels and 

HS, respectively, during T2D development. Our observation that the loss of beta cell 
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HSPG core proteins and HS occurs before db/db mice become hyperglycaemic, highlights 

the potential for the adaptive UPR pathway to contribute to beta cell death without 

activating the pro-apoptotic UPR pathway. 

 

Ins2WT/C96Y Akita mice represent an established model of ER stress-mediated diabetes. 

We confirmed that ER stress in the beta cells of Ins2WT/C96Y mice also correlated with a 

loss of intra-islet HPSG core proteins, insulin and HS, compared to corresponding 

controls. Recent studies of MIN6 beta cells showed intracellular expression of the HSPG 

syndecan-4 and HS (Takahashi et al., 2012, Takahashi et al., 2017). Our study revealed 

intracellular expression of the HSPG core proteins collagen type XVIII, syndecan-1 and 

CD44 as well as highly sulfated HS in normal MIN6 beta cells and weak expression on 

the cell surface. Furthermore, we observed ER stress-induced loss of both HSPG core 

proteins and HS, upregulated expression of late UPR (pro-apoptotic genes) and increased 

cell death. Our findings from these independent models of ER stress resemble the loss of 

intracellular HS and HSPG core proteins in db/db beta cells. Together, our data provide 

compelling evidence that ER stress reduces the levels of HSPG core proteins and HS in 

beta cells in vitro and in vivo. The chemical chaperone TUDCA has been used previously 

to enhance the adaptive UPR, relieve ER stress and improve beta cell survival (Xie et al., 

2002, Özcan et al., 2006, Ozcan et al., 2009, Uppala et al., 2017). In support, we found 

that TUDCA treatment of db/db mice improved both non-fasting blood glucose levels 

and HbA1c levels and upregulated the expression of adaptive UPR genes; significantly, 

these effects correlated with increased intra-islet expression of HSPG core proteins, HS 

and insulin. These findings strongly indicate that ER stress plays a critical role in the 

expression of HSPG core proteins and that alleviating ER stress by enhancing the adaptive 

UPR gene response improves beta cell levels of HSPG core proteins and consequently, 

beta cell HS. These outcomes correlated with impaired progression of T2D in db/db mice 

and support a critical need for intracellular HS for beta cell survival, as demonstrated in 

vitro (see Section 5.2.2). In future studies, the HFD mouse model could be used to further 

validate that loss of HSPG/HS is due to ER stress and to evaluate whether early treatment 

with a Hpse inhibitor (commencing before the establishment of ER stress) reduces 

adipose tissue inflammation. 
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Intracellular HS has been shown previously to preserve the survival of mouse and human 

beta cells by serving as a non-enzymatic antioxidant for protecting the beta cells from 

oxidative stress (Ziolkowski et al., 2012, Simeonovic et al., 2013, Simeonovic et al., 

2018). HS is lost during islet isolation and HS replacement using heparin (an HS analogue) 

protects mouse and human beta cells from culture-induced and ROS-induced beta cell 

death (Ziolkowski et al., 2012, Choong et al., 2015, Simeonovic et al., 2018). Beta cells 

exhibit low basal levels of antioxidant enzymes despite generating substantial amounts of 

ROS/RNS due to disulfide bond formation in the ER mainly during insulin biosynthesis 

(Yuan et al., 1999, Riemer et al., 2009, Scheuner and Kaufman, 2008, Cao and Kaufman, 

2014). Basal or low levels of ROS/RNS exert beneficial effects in beta cells, including 

elevation of intracellular calcium ions and stimulation of insulin secretion (Hidalgo and 

Donoso, 2008, Feissner et al., 2009, Supale et al., 2012, Robertson et al., 2004). It has 

been proposed that high endogenous levels of HS protect beta cells from elevated levels 

of ROS generated during normal metabolism. In contrast, prolonged exposure to high 

levels of ROS/RNS is detrimental to beta cells (Supale et al., 2012, Collins et al., 2012, 

Hasnain et al., 2016) and can depolymerise HS (Rota et al., 2005, Raats et al., 1997, 

Ziolkowski et al., 2012, Choong et al., 2015). Both ER stress and oxidative stress co-exist 

in T2D-prone beta cells and unresolved chronic levels contribute to beta cell dysfunction 

and subsequently overt T2D. Several reports suggest that ER stress may precede oxidative 

stress (Oslowski et al., 2012, Tang et al., 2012, Chan et al., 2015). Furthermore, beta cell 

adaptation to elevated hyperglycaemia in Sprague-Dawley rats and improved beta cell 

survival have been correlated with increased antioxidant gene expression (Laybutt et al., 

2002). We propose that normal levels of intracellular HS compensate for the low levels 

of antioxidant enzymes and protect beta cells from endogenous ROS (Tiedge et al., 1997, 

Raats et al., 1997). Indeed our in vitro studies demonstrated that HS replacement in 

wildtype (wt) and db/db beta cells protects against hydrogen peroxide-induced cell death 

(see Section 5.2.2.3). Consequently, during T2D development, the loss of beta cell HSPG 

core proteins and HS render beta cells highly vulnerable to oxidative stress. 

 

Human beta cells have been reported to express high levels of antioxidant enzymes (e.g., 

superoxide dismutase (SOD), catalase) i.e., exhibit a robust antioxidant defence 

mechanism (Welsh et al., 1995, Eizirik et al., 1994). Nevertheless, HS replacement 

protects human beta cells from excessive hydrogen peroxide-induced damage, suggesting 
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that multiple protective pathways, including intracellular HS, operate in human beta cells 

to protect against oxidative damage (Simeonovic et al., 2018). An investigation of the 

role of intracellular HS in human T2D beta cells is therefore warranted. 

 

Our study has identified that the intracellular loss of HS in db/db beta cells provides a 

highly novel mechanism by which ER stress contributes to oxidative stress in T2D 

(Figure 7.1). ER stress dramatically impairs the synthesis of HSPG core proteins in the 

ER due to adaptive UPR, reduces protein translation and thereby diminishes the 

availability of HSPG core proteins for HS synthesis. Impaired HS synthesis and hence 

decreased HS expression in the beta cells increases oxidative stress and thereby 

contributes to beta cell death and T2D development in db/db mice. A time-dependent 

increase in the mRNA levels of antioxidant enzymes (HO-1, GPx and catalase) was 

observed in the islets of db/db mice at 6 weeks and 16 weeks of age (Chan et al., 2013), 

suggesting that beta cells which show an early but mild loss of HS can increase the 

intracellular expression of antioxidant enzymes (Chan et al., 2013, Hasnain et al., 2014). 

However, prolonged ER stress may exceed the capacity of these inducible ROS-

scavenging enzymes to cope with oxidative stress, resulting in UPR failure.  

 

Heterogeneity exists within the total population of islet beta cells. Recent studies have 

revealed a role for beta cell heterogeneity in the variability of insulin responses in both 

human and rodent islets (Dorrell et al., 2016, Bader et al., 2016, Nasteska and Hodson, 

2018). Dorrell et al. (2016) have identified four sub-populations of beta cells based on the 

differential expression of ST8 alpha-N-Acetyl-neuraminide alpha-2,8-sialyltransferase 1 

(ST8SIA1) and CD9 i.e., ST8SIA1+CD9- , ST8SIA1+CD9+, ST8SIA1-CD9- and 

ST8SIA1-CD9+ in normal human adult islets. Furthermore, these populations are altered 

in T2D with an increase in ST8SIA1+CD9- and ST8SIA1+CD9+ beta cells and a decrease 

in ST8SIA1-CD9-  and ST8SIA1-CD9+ beta cells (Dorrell et al., 2016). In vitro studies 

have revealed that a polysialylated form of neural cell adhesion molecule (PSA-

NCAM) and CDH1 (Bernard-Kargar et al., 2001, Bosco et al., 2007) is highly 

expressed on beta cells with high insulin secretion capacity. Bader et al (2016) showed 

that mouse beta cell subsets could be distinguished using the Wnt pathway target gene 

flattop (Fltp). Fltp+ beta cells have improved insulin secretion and mitochondrial 

function whereas Fltp- beta cells expand during metabolic stress and T2D by 
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proliferation (Bader et al., 2016). Heterogeneity in secretary vesicle behaviour in 

rodents and humans has also been identified (MacDonald et al., 2006, Hanna et al., 

2009). Insulin exocytosis is restricted to only few beta cells in the islets of db/db mice 

(Low et al., 2014) and 73% of the beta cells become resistant to stimulation (Do et al., 

2014). These studies indicate that different subsets of beta cells exist and differ in their 

susceptibility to metabolic stress, proliferative capacity and differentiation. Therefore, 

it is possible that not all beta cells undergo the same level of ER stress i.e., some sub-

populations could be more resistant to metabolic stress than others. Further studies 

need to be conducted to investigate the heterogeneity of db/db beta cells in response to 

metabolic stress to evaluate whether sub-populations can be classified based on their 

susceptibility to excessive oxidative stress due to HS depletion or to the pro-apoptotic 

UPR.  

 

 

7.3 Loss of beta cell HSPGs and HS represent a common link between 

T1D and T2D 

HS chains are commonly expressed on the cell surface, basement membranes and 

extracellular matrices. A novel role of HS in beta cell survival and function has recently 

been identified. HS has been reported to be present in the peri-islet BM (Irving-Rodgers 

et al., 2008, Korpos et al., 2013) where it acts as a barrier to protect islet against cell 

invasion. Several studies have also reported an unconventional localisation of HSPG core 

proteins (collagen type XVIII (Col18) and syndecan-1(Sdc1)) and HS in islet beta cells 

in different mouse strains (BALB/c, C57BL/6, NOD, NOD/SCID) (Ziolkowski et al., 

2012, Choong et al., 2015, Takahashi et al., 2009, Theodoraki et al., 2015, Takahashi et 

al., 2012, Cheng et al., 2012a) and in human beta cells (Theodoraki et al., 2015, 

Simeonovic et al., 2018). 

 

Intracellular HS in beta cells has been reported to play a critical role in postnatal islet 

maturation, insulin secretion and islet morphogenesis (Takahashi et al., 2009). 

Ziolkowski et al. (2012) reported that highly sulfated HS is essential for the survival of 

mouse beta cells by providing protection against oxidative damage. In line with this, 

differences in the sulfation pattern of HS in alpha and beta cells of human and rodent 
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islets has been reported where alpha cell HS regulates vesicle trafficking and/or hormone 

secretion (Theodoraki et al., 2015). HS in alpha cells is less sulfated whereas highly 

sulfated HS is present in the beta cells (Theodoraki et al., 2015, Ziolkowski et al., 2012, 

Simeonovic et al., 2018). Our studies show that HS replacement in wt and db/db beta cells 

in vitro significantly improves beta cell survival and protects the beta cells from hydrogen 

peroxide-induced death (see Section 5.2.2.3), as previously reported for normal isolated 

mouse beta cells (Ziolkowski et al., 2012). Furthermore, desulfation of HS in rat (INS1) 

beta cells increases their susceptibility to hydrogen peroxide-induced damage and reduces 

beta cell proliferation (Theodoraki et al., 2015). In addition, 3-O sulfation of HS and 

syndecan-4 have been reported to play a critical role in the secretion of insulin by mouse 

beta cells and beta cell lines (Takahashi et al., 2009, Takahashi et al., 2017, Takahashi et 

al., 2012). These studies suggest that HS plays diverse roles in islet beta cells, depending 

on sulfation pattern and in some instances, on their HSPG core proteins. Collectively, 

these findings provide unique insight into the critical role of HS in islet beta cells.  

 

During the pathogenesis of T1D, non-obese diabetic (NOD) mice demonstrated a loss of 

beta cell HS (Ziolkowski et al., 2012) and high levels of Hpse on insulitis leukocytes. 

Furthermore, T1D human pancreases also demonstrated a loss of both HS and the HSPG 

core proteins Col18 and Sdc1 in islet beta cells (Simeonovic et al., 2018). The high cell 

surface levels of the HS-degrading enzyme heparanase on infiltrating leukocytes were 

proposed to contribute to the disruption of the peri-islet BM and the loss of HS in the islet 

beta cells of NOD mice and humans during T1D development (Ziolkowski et al., 2012, 

Simeonovic et al., 2018). Additionally, HS is also lost during the isolation of islets and 

this has been attributed to the generation of excessive levels of reactive oxygen species 

causing HS depolymerisation (Rota et al., 2005, Raats et al., 1997, Choong et al., 2015, 

Ziolkowski et al., 2012). This loss of HS was not readily repaired in vitro by de novo 

synthesis of HS but was partially prevented using chemical antioxidants (Choong et al., 

2015). In vitro, HS replacement using HS mimetics (PI-88, heparin) in human and mouse 

beta cells significantly improved survival and provided protection from oxidative damage. 

These findings have supported a role for intracellular HS as non-enzymatic antioxidant. 

Of significance, in vivo treatment of NOD mice with PI-88, a Hpse inhibitor/HS replacer, 

reduced the incidence of diabetes by 50% and preserved beta cell HS in the pancreatic 

islets (Ziolkowski et al., 2012). Together, these data suggested that Hpse-mediated loss 
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of HS in beta cells plays a critical role in the pathogenesis of T1D by exposing the beta 

cells to intolerable oxidative damage.  

 

Similar to human T1D islets, our study demonstrated a progressive decline in the 

expression of intracellular HSPG core proteins (Col18, Sdc1 and CD44) and HS in the 

pancreatic beta cells of T2D-prone db/db mice compared to the lean wildtype and 

heterozygous controls. Our studies provide strong support for ER stress as the responsible 

mechanism. In line with previous studies (Choong et al., 2015, Ziolkowski et al., 2012, 

Simeonovic et al., 2018), our findings support an acute loss of beta cell HS but not HSPG 

core proteins in both isolated db/db and wt beta cells; however further loss of HS and 

HSPG core proteins was observed in db/db beta cells after culture for 2 days compared 

to controls. This increased susceptibility to HS depletion in isolated db/db beta cells is 

most likely due to pre-existing ER stress-induced oxidative stress. Future studies need to 

examine the mRNA levels of antioxidant enzymes immediately after islet isolation and 

after culture for both wt and db/db islets and beta cells. Similar to T1D (Ziolkowski et al., 

2012, Simeonovic et al., 2018), loss of HS precedes insulin loss in T2D, suggesting that 

islet beta cell HS is a sensitive marker of beta cell integrity. Furthermore, HS replacement 

using heparin preserves both wildtype and db/db beta cells and protects them from 

hydrogen peroxide-induced beta cell death in vitro. The expression of the HS-degrading 

enzyme Hpse was markedly reduced in T2D-prone db/db beta cells suggesting that the 

loss of beta cell HS is not due to endogenous Hpse. Supporting and extending previous 

studies (Kjørholt et al., 2005, Laybutt et al., 2007, Chan et al., 2015, Eizirik et al., 2008, 

Sharma et al., 2015, Chan et al., 2013), islets of db/db mice displayed a marked 

upregulation in the transcripts of ER stress-associated UPR markers (BiP, P58, CHOP 

and ATF3) at 3.5-4.5 weeks of age and 5-9 weeks of age. Together, these findings suggest 

that beta cell death in T2D, at least in part, results from HS deficiency due to ER stress-

induced decline in the production of HSPG core proteins and hence impaired HS synthesis. 

Consistent with this notion, we have demonstrated that in vivo treatment with the 

chemical chaperone TUDCA relieves ER stress and improves intra-islet HSPG core 

proteins and HS levels compared to controls.  

 

In vivo treatment of db/db mice with PI-88 (a HS replacer/Hpse replacer) did not 

ameliorate T2D progression. In our in vitro studies, confocal microscopy confirmed the 
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uptake of FITC-labelled PI-88 and FITC-labelled heparin into the cytoplasm of both 

db/db and wt beta cells. Flow cytometry analyses revealed an improvement in the survival 

of wt beta cells following uptake of each FITC-labelled HS mimetic; however, only db/db 

beta cells treated with FITC-heparin demonstrated improved survival. Furthermore, the 

uptake of both FITC-labelled PI-88 and FITC-labelled heparin by db/db beta cells was 

approximately 50% of the uptake of wt beta cells (~45% vs ~90%).  This impaired uptake 

of FITC-labelled heparin but not FITC-labelled PI-88 in db/db beta cells still markedly 

increased db/db beta cell survival. There are 235 HS-binding proteins in the mouse 

genome and 66% of the proteins have the potential to bind HS intracellularly (Simon 

Davis and Parish, 2013). Therefore, it is plausible that ER stress in db/db beta cells 

impairs the HS-binding proteins for PI-88 and heparin uptake. We propose that the failure 

of PI-88 treatment to improve db/db beta cell survival as well as glycaemia in db/db (in 

vitro and in vivo) mice is due to a defect not only in uptake but also the intracellular 

distribution of PI-88 to subcellular sites of endogenous ROS production. Importantly, HS 

replacement using heparin in wt and db/db beta cells protects the beta cells from hydrogen 

peroxide-induced death in vitro (see Section 5.2.2.3). In future studies, RT-PCR analyses 

of the expression of HS-binding proteins in db/db beta cells could be investigated to 

resolve this discrepancy. Importantly, these studies emphasise the need to develop a 

synthetic heparin-like HS replacer that lacks anti-coagulant activity, for prolonging beta 

cell compensation and ameliorating glycaemia in db/db mice. Relieving ER stress and/or 

HS replacement early in T2D development could play a vital role in maintaining beta cell 

survival, thereby preserving the insulin-secreting function of T2D-prone islet beta cells.  

 

In contrast to our T2D studies, treatment of NOD mice with PI-88 significantly reduced 

the incidence of T1D by 50%. The success of this highly innovative approach was 

attributed to a significant reduction in islet inflammation, reduced invasive insulitis and 

increased HS content of the islets, indicative of improved beta cell survival (Ziolkowski 

et al., 2012). Although ER stress in beta cells also accompanies beta cell demise in T1D, 

the NOD mice in our lab’s study were treated with PI-88 from 10-11 weeks of age. Other 

studies have reported that NOD mice display activation of early UPR genes at 6-8 weeks 

of age and deleterious UPR genes at 10 weeks (Tersey et al., 2012).. It is therefore 

possible that PI-88 therapy during T1D development may also provide protection from 

ER stress via HS replacement, a notion that warrants further investigation. In db/db mice, 
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however, PI-88 treatment began at 3.5 weeks of age, when ER stress was already 

established in the islet beta cells (Chapter 3, Section 3.2.13), precluding the potential for 

PI-88 to impact the induction of ER stress. An additional discrepancy between the T1D 

and T2D studies is the enormous difference in the duration of treatment, with db/db and 

NOD mice being treated daily for 35 days and 180 days (Ziolkowski et al., 2012), 

respectively. It is therefore possible that the shorter treatment, existing ER stress in the 

beta cells and impaired PI-88 uptake/distribution in the db/db beta cells contributed to the 

failure of the treatment. In the future, a diet-induced obesity/T2D model where PI-88 

treatment could be initiated at the same time of HFD feeding (and hence prior to the onset 

of ER stress) could be used to test whether PI-88 can prevent or reduce ER stress. 

 

Our study suggests that ER stress could directly contribute to the loss of HS by impairing 

the synthesis of HSPG core proteins in the ER. Therefore, we speculate that a loss of HS 

in T1D, particularly in humans (Simeonovic et al., 2018) could also be partly due to ER 

stress. This would exacerbate the decline in beta cell HS due to leukocyte-derived Hpse-

mediated degradation. Growing evidence suggests that ER stress plays a role in beta cell 

destruction during the pathogenesis of T1D (Engin et al., 2013, Todd et al., 2008, Tersey 

et al., 2012, Eizirik et al., 2013, Eizirik et al., 2009, Eizirik et al., 2008, Marhfour et al., 

2012, Hartman et al., 2004). This ER stress pathway is most likely due to pro-

inflammatory cytokines (IL-1β, TNF-γ) produced by infiltrating immune cells, resulting 

in calcium depletion in the ER and disruption of ER homeostasis (Eizirik et al., 2009, 

Cardozo et al., 2005, Engin et al., 2013, Oyadomari et al., 2001). In T1D NOD mice, 

Hartman et al. (2004) showed increased staining of ATF3 in islets and increased beta cell 

apoptosis. Furthermore, Tersey et al. (2012) reported an age-dependent increase in 

transcripts for ER stress markers (BiP, P58, Xbp1, Xbp1s), abnormal ER by electron 

microscopy and activation of NF-κB in prediabetic NOD mice, compared to controls; 

however, the expression of CHOP was comparable (Tersey et al., 2012). An increase in 

BiP but not other ER stress markers has also been observed in diabetic NOD mice 

compared to non-diabetic C57BL/6J controls (Åkerfeldt et al., 2008). Furthermore, 

female NOD beta cells showed defective expression of ATF6 and XBP1 which preceded 

loss of beta cell function during the progression of T1D (Engin et al., 2013). Interestingly, 

TUDCA treatment of NOD and RIP-LCMV-GP mice for 20 weeks and 2 weeks, 

respectively, reduced leukocyte infiltration in the pancreas and beta cell apoptosis, 
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improved the survival and morphology of beta cells, preserved insulin secretion and 

restored the expression of UPR markers (Engin et al., 2013). Similarly, immunostaining 

of human T1D islets showed increased levels of late UPR markers (CHOP and ATF3) 

compared to non-diabetic controls (Marhfour et al., 2012, Hartman et al., 2004) 

correlating with beta cell apoptosis. Defects in the expression of ATF6 and XBP1 were 

also found during the progression of human T1D (Engin et al., 2013). Collectively, these 

studies suggest that the UPR also plays a critical role in maintaining beta cells during 

T1D development. 

 

Loss of intracellular HS in pancreatic beta cells therefore represents a common molecular 

mechanism in the pathogenesis of T1D and T2D (Figure 7.2). 

 

 

7.4 Heparanase is a marker of myeloid leukocytes in adipose tissue 

inflammation  

A low-grade chronic inflammation is associated with obesity and insulin resistance in 

T2D. Adipose tissue, liver, muscle and pancreas represent sites of inflammation in T2D 

in both mice and humans (Hasnain et al., 2012, Donath and Shoelson, 2011, Donath et 

al., 2008, Ehses et al., 2007, Marchetti, 2016, Eguchi and Nagai, 2017, Olefsky and Glass, 

2010, McNelis and Olefsky, 2014).  

 

Adipocytes act as an endocrine and paracrine organ to help regulate appetite, energy 

balance, immunity, insulin sensitivity, angiogenesis, blood pressure, lipid metabolism and 

homeostasis (Rosen and Spiegelman, 2006). In the lean state, adipose tissue is 

predominately characterised by M2-like macrophages, eosinophils and lymphocytes. The 

M2 anti-inflammatory macrophages help to maintain adipose tissue homeostasis (Wu et 

al., 2011, Huh et al., 2014, Goh et al., 2013, Kang et al., 2008, Molofsky et al., 2013). In 

contrast, in the obese state, inflammation is triggered through several pathways i.e., 

increased nutrient uptake, hypoxia, lipotoxicity, ER stress and TLR activation (Ozcan et 

al., 2004, Shi et al., 2006, Unger and Scherer, 2010, Fujisaka et al., 2013). Inflammation 

in obese adipose tissue is characterised by M1-like inflammatory macrophages, 

neutrophils, dendritic cells and lymphocytes  
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Figure 7.2: Loss of beta cell HS in T2D and T1D islets. 

(a) High levels of intracellular HS are present in the beta cells of normal islets, acting as 

a constitutive non-enzymatic antioxidant. (b) T2D islets show impaired synthesis of HS 

due to ER-stress induced depletion of HSPG core proteins. (c) During T1D progression, 

beta cell HS is degraded by the HS-degrading enzyme heparanase produced by insulitis 

leukocytes. ER stress may also contribute to HS loss in T1D beta cells but to a lesser 

extent than in T2D. The depletion of intracellular HS via the different major pathways in 

(b) and (c) renders beta cells susceptible to oxidative stress/damage, resulting in beta cell 

death and the development of T2D and T1D, respectively. T1D, type 1 diabetes; T2D, 

type 2 diabetes; ER, endoplasmic reticulum; HS, heparan sulfate; HSPG, heparan sulfate 

proteoglycan. 
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(Weisberg et al., 2003, Kammoun et al., 2018, Zheng et al., 2016, Hotamisligil et al., 

1993, Hotamisligil et al., 1995, Talukdar et al., 2012, Stefanovic-Racic et al., 2012, Winer 

et al., 2011, Wentworth et al., 2010, Shaul et al., 2010, Patsouris et al., 2008, Nguyen et 

al., 2007, Lumeng et al., 2007a, Xu et al., 2003, Bertola et al., 2012). Importantly, this 

inflammation contributes to local and systemic insulin resistance (Weisberg et al., 2003, 

Hotamisligil et al., 1993, Patsouris et al., 2008, Kanda et al., 2006). 

 

Our study provides an extensive comparison of leukocyte sub-populations in peripheral 

blood and adipose tissue of obese T2D-prone db/db mice and lean wt mice. Importantly, 

we observed that the significant increase in the population of inflammatory macrophages 

in db/db WAT correlated with a significant increase in the circulating population of 

monocytes, which supports a similar finding in high fat diet (HFD)-mice (McFarlin et al., 

2012). Our findings further extend these studies by demonstrating that only 

monocytes/inflammatory macrophages were increased in both the circulation and adipose 

tissue of obese db/db mice; this property was not observed in other myeloid sub-

populations. The monocyte population in peripheral blood could therefore potentially act 

as a peripheral biomarker of increased adipose tissue inflammation and insulin resistance 

in obesity. We also demonstrated an increased total myeloid population (including 

inflammatory macrophages/monocytes, neutrophils and resident macrophages) in the 

white adipose tissue of db/db mice compared to wildtype mice. This finding is consistent 

with previous studies (Talukdar et al., 2012, Soehnlein, 2012, Elgazar-Carmon et al., 

2008, Cildir et al., 2013, Nagareddy et al., 2014, Ferrante, 2013, Zheng et al., 2016, 

Boutens and Stienstra, 2016, Amano et al., 2014). Other studies have shown that CD11c+ 

macrophages comprise the majority of inflammatory macrophages in obese adipose tissue 

(Wentworth et al., 2010, Shaul et al., 2010, Lumeng et al., 2007a, Nguyen et al., 2007, 

Oh et al., 2012) which could be due to increased recruitment as well as proliferation of 

macrophages in the adipose tissue (Lumeng et al., 2007a, Nagareddy et al., 2014, Amano 

et al., 2014). We demonstrated an increased proportion of CD11c+Ly6C+ and 

CD11c+Ly6G+ leukocytes in the white adipose tissue (WAT) of db/db mice compared to 

controls, contributing to the increased leukocyte accumulation in WAT. These CD11c+ 

sub-populations need to be further characterised in the future to identify them as M1- or 

M2-like macrophages. Additionally, our study demonstrated a reduced proportion of 

eosinophils in the white adipose tissue of db/db mice providing some support for their 
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anti-inflammatory role (Wu et al., 2011). Db/db mice showed similar or reduced levels 

of lymphocytes (B cells and T cells) and conventional dendritic cells in the peripheral 

blood and white adipose tissue of db/db mice. This reduction in lymphocytes could be 

due to the mutation in the leptin receptor gene in db/db mice (Lee et al., 2010a). However, 

other studies have reported an increase in B and T cells in the blood and adipose tissue of 

db/db mice (Kintscher et al., 2008, Rausch et al., 2008, Wu and Liu, 2007). In the future, 

different subsets of B and T cells should be evaluated to determine their relative 

proportion in the blood and white adipose tissue of db/db and wt mice.  

 

Importantly, our study identified markedly increased cell surface expression of 

heparanase (Hpse) on myeloid cells (resident macrophages, inflammatory macrophages 

and neutrophils) in white adipose tissue of wildtype and db/db mice compared to 

peripheral blood. This distinguishing property was not a characteristic of adipose tissue 

lymphocytes. It is important to note, however, that the Hpse antibody used in our 

experiments does not differentiate between the latent form (proheparanase) and 

catalytically active form of the enzyme. Future experiments could therefore use western 

blotting to further elucidate the role of catalytically active Hpse in white adipose tissue 

inflammation in wildtype and db/db mice.  

 

Hpse is upregulated in various pathologies such as cancer-related angiogenesis and 

metastasis, inflammatory bowel disease, experimental autoimmune encephalomyelitis, 

atherosclerosis and T1D (Parish, 2006, Parish et al., 2001, Ziolkowski et al., 2012, 

Vlodavsky and Friedmann, 2001). Hpse has also been identified in diabetes-related 

complications such as nephropathy and retinopathy. In T1D, insulitis leukocytes showed 

increasing expression of catalytically active Hpse during T1D development in NOD mice 

(Ziolkowski et al., 2012, Simeonovic et al., 2013, Parish et al., 2013). This active Hpse 

initially degrades HS in the HSPG perlecan in sub-endothelial basement membranes 

(BMs) and peri-islet BMs, thereby allowing leukocyte migration from the circulation to 

pancreatic islets and intra-islet invasion, respectively. Significantly, leukocyte-derived 

Hpse subsequently degrades HS in beta cells, increasing their sensitivity to oxidative 

damage and death.  
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Similarly, we speculate that Hpse plays a critical role in the migration of monocytes from 

the circulation to adipose tissue where they differentiate into inflammatory macrophages 

(Figure 7.3). We propose that Hpse expressed by myeloid cells degrade HS attached to 

the HSPG core protein perlecan in the endothelial BMs to allow leukocytes to migrate to 

adipose tissue (Parish, 2006, Simon Davis and Parish, 2013, Parish et al., 2001, Vreys 

and David, 2007, Kjellén and Lindahl, 1991). Moreover, degradation of basement 

membrane HS liberates pro-inflammatory molecules bound to the HS chains (Vlodavsky 

et al., 2012, Kelly et al., 2005, Parish et al., 2001, Parish, 2006) and this can further 

promote the recruitment of immune cells to the inflamed tissue (Vlodavsky and 

Friedmann, 2001). In addition to the HS-degrading activity of Hpse, non-catalytic Hpse 

regulates the expression of genes involved in pro-inflammatory pathways (Levy-Adam et 

al., 2008, Kobayashi et al., 2006, Nobuhisa et al., 2007, Chen and Sanderson, 2009). Since, 

both wt and db/db inflammatory macrophages showed increased expression of Hpse, this 

marker does not discriminate between obese and lean WAT. 

 

Previous studies have demonstrated that increased levels of inflammatory macrophages 

in the adipose tissue of T2D mice and humans is a potential driver of insulin resistance 

and eventually T2D (Zheng et al., 2016, Xu et al., 2003, Weisberg et al., 2003, Nagareddy 

et al., 2014, Shaul et al., 2010, Sartipy and Loskutoff, 2003, Olefsky and Glass, 2010, 

Boutens and Stienstra, 2016, Wentworth et al., 2010). These inflammatory macrophages 

secrete pro-inflammatory cytokines such as TNF-α which could activate the JNK pathway 

and phosphorylate insulin receptor substrate (IRS), resulting in down-regulation of 

insulin signaling and ultimately insulin resistance (Figure 1.9). In addition, activation of 

NF-κB caused by elevated levels of saturated free fatty acids in the circulation results in 

IRS phosphorylation and insulin resistance (Figure 1.9). Our studies demonstrated 

increased proportion of monocytes in the peripheral blood and inflammatory 

macrophages in WAT of db/db mice compared to respective wt controls. These findings 

correlated with adipose tissue inflammation, glucose intolerance and insulin resistance in 

db/db mice. The increased levels of cell surface Hpse is consistent with an important role 

for Hpse in facilitating the migration of monocytes from the circulation to db/db WAT. 

Therefore, we speculate that treatment of db/db mice with a Hpse inhibitor could 

modulate the inflammation in db/db mice, potentially improving insulin sensitivity and 

glycaemic control. Consistent with this notion, inhibition of signaling by TLR4 ligands  
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Figure 7.3: Role of heparanase in inflammation of WAT. 

(a) In the lean state, adipose tissue contains anti-inflammatory macrophages, eosinophils 

and lymphocytes to help maintain homeostasis. Heparanase is highly expressed by 

monocytes and neutrophils, aiding their migration to adipose tissue from the circulation. 

(b) During obesity, white adipose tissue initially responds to nutrient overload by fat 

deposition and adipocyte enlargement. Adipose tissue expansion is accompanied by 

hypoxia, ER stress, apoptosis and release of free fatty acids (FFAs). This leads to the local 

recruitment and accumulation of macrophages as well as other immune cells (neutrophils, 

T cells) and insulin resistance. Monocytes/inflammatory macrophages express high levels 

of cell surface heparanase which degrade HS attached to the HSPG core protein perlecan 

in the sub-endothelial basement membrane (BM), allowing migration of immune cells to 

the inflammed tissue. Inflammatory macrophages secrete cytokines which stimulate 

viable adipocyte to release FFAs (via lipolysis) into the circulation. These cytokines 

further exacerbate the infiltration of immune cells, thereby reducing the relative 

proportions of anti-inflammatory macrophages and eosinophils. This cascade of events 

contributes to the increased inflammation of adipose tissue. ER, endoplasmic reticulum; 

HS, heparan sulfate; HSPG, heparan sulfate proteoglycan; WAT, white adipose tissue. 
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Based on our Hpse expression studies, we examined whether PI-88 acting as a Hpse 

inhibitor (as well as a HS replacer) could modify the inflammatory response to obese 

white adipose tissue in db/db mice. Our data demonstrated a trend towards a decrease in 

the inflammatory macrophage population in the WAT of PI-88 treated female db/db mice 

compared to controls. However, our study failed to show an improvement in glycaemic 

control of PI-88 treated mice compared to controls (see Section 5.2.3). Previously, 

adipose tissue macrophages have been shown to be replaced after 8 weeks of HFD-

feeding (Lumeng et al., 2007b). It is therefore plausible that extending the PI-88 treatment 

for a longer time course could allow better assessment of heparanase inhibition to 

modulate the recruitment of inflammatory macrophages to db/db WAT. In addition, 

studies of the kinetics of adipose tissue inflammation could be carried out to better define 

the role of leukocyte sub-populations during adipose tissue inflammation in db/db mice. 

Furthermore, a high fat diet (HFD)-mouse model characterised by the chronic 

development of insulin resistance could be employed to further evaluate the role of Hpse 

in leukocyte migration and WAT inflammation. Importantly, our findings highlight a 

need to develop a safe heparin-like HS replacer/Hpse inhibitor that could replenish beta 

cell HS to improve beta cell survival and reduce the adipose tissue inflammation by 

inhibiting Hpse activity in myeloid cells. 

 

 

7.5 Conclusions 

In conclusion, this project has identified that ER stress-induced decline in intra-islet 

HSPG core proteins correlates with HS loss in beta cells in T2D-prone db/db mice. We 

propose that the loss of beta cell HS is due to impaired HS synthesis. Unlike T1D where 

beta cell HS is largely degraded by heparanase, beta cell failure in T2D results from HS 

deficiency due to ER stress-mediated decline in the synthesis of HSPG core proteins. 

Thus, the loss of intracellular HS in beta cells represents a common pathway leading to 

the decline in beta cell viability for both T2D and T1D. In addition, the loss of beta cell 

HS contributes to oxidative stress during the development of T2D in db/db mice, 

revealing a novel mechanism linking ER stress and oxidative stress in T2D. Treatment 

with a heparin-like HS replacer/Hpse inhibitor, chemical chaperone or a combination of 

both could represent a clinical treatment for rescuing T2D beta cell HS, thereby 
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promoting beta cell survival/function and ameliorating the regulation of glycaemia. In 

parallel, the heparanase inhibitor activity of the drug could potentially reduce adipose 

tissue inflammation resulting in improved insulin sensitivity (i.e., reduced insulin 

resistance) and impaired T2D progression. 
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1.1 Free fatty acid analysis 

Reagents Content 

0.1 M trisodium citrate 29.4 mg trisodium citrate (Cat. #10242, 

Merck Pty Ltd., Kilsyth, Vic, Australia) 

1 ml dH2O 

Solvent A Dissolve one bottle of colour A with 10 ml 

of solvent A 

Solvent B Dissolve one bottle of colour B with 20 ml 

of solvent B 

 

1.2 Reagents used in islet isolation 

Solution Content 

Hanks 10X 100 g/L sodium chloride (Cat. 

#10241.3000, BDH, Poole, Dorset, UK) 

5 g/L potassium chloride (Cat. #7447-48-

7, Fronine, AR) 

1.25 g/L magnesium sulfate (Cat. #302-

500G, Ajax Chemicals, Univar, Syd, 

Australia) 

1.25 g/L magnesium chloride (Cat. # 

8147330500, Merck, Darmstadt, 

Germany) 

1.4 g/L calcium chloride (Cat. #10070-

500G, BDH, Poole, Dorset, UK) 

12.5 g/L Glucose (Cat. #10117.4Y-500G, 

BDH, Poole, Dorset, UK) 

Make up to 1L with dH2O 

1 M HEPES 25 g HEPES (Cat. #11344-041, GIBCO, 

Life Technologies, Carlsbad, CA, USA) 

100 ml Hanks balanced salt solution 

Adjust pH to 7.4 

Avertin 70 mM 2, 2, 2, Tribomoethanol (Cat. 

#T48402, Sigma- Aldrich, St. Louis, MO, 

USA) 

2% (v/v) 2-methyl-2-2 butanol (Fluka 

Chemie AG, Buch, Switzerland) 

Made in warm tap water and sterile 

filtered 

Penicillin-Streptomycin-Neomycin (PSN) 

x 1000 

80.7 mM Penicillin G (Cat. #02104537, 

MP Biomedicals, Santa Ana, CA, USA) 
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68.6 mM Streptomycin sulphate (Cat. 

#S9137, Sigma-Aldrich, St Louis, MO, 

USA)  

5 mM Neomycin sulphate (Cat. #N6386, 

Sigma-Aldrich, St Louis, MO, USA)  

Bovine serum albumin (BSA) 15 g BSA fraction V IgG Free (Cat. # 

30063-481, GIBCO, Life Technologies, 

Carlsbad, CA, USA) 

100 ml Hanks balanced salt solution (1x) 

Sterile filter 

Wash medium A 500 ml Hanks 1X 

10 ml 1M HEPES 

5 ml BSA 

1 ml PSN 

5 mg DNAse (Cat. # D5025, Sigma-

Aldrich, St. Louis, MO, USA) 

Wash medium B 90 ml Hanks 1X 

2 ml 1M HEPES 

10 ml HIFCS (Serana, Bunbury, WA, 

Australia) 

0.2 ml PSN 

Collagenase P 12.5 mg Collagenase P (Cat. 

#11213873001, Roche Diagnostic, 

Mannheim, Germany) 

5 ml wash medium A 

Stock dithizone solution 20 mg dithizone (Cat. #D5130-10G, 

Sigma-Aldrich, St. Louis, MO, USA) 

0.6 ml 95% ethanol 

1-2 drops of ammonium hydroxide (Ajax 

Chemicals, Syd, Australia) 

Final dithizone solution 0.3 ml stock dithizone solution 

Up to 100 ml with PBS 

Adjust pH to 7.4 by 1N HCl 

Islet culture medium- Primary beta cell 

culture medium 

40 ml RPMI-1640 (Invitrogen, Carlsbad, 

CA, USA) 

4 ml Heat inactivated fetal calf serum 

(HIFCS; Sigma-Aldrich, St. Louis, MO, 

USA) 

0.8 ml L-Glutamine (Cat. #25030081, 

GIBCO, Life Technologies, Carlsbad, 

CA, USA) 
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160 µl PSN 

PBS/EDTA 116 mg EDTA (Cat. #180, UNIVAR, 

Auburn, NSW, Australia) 

100 ml PBS 

 

1.3 MIN6 cell line culture medium 

Solution Content 

MIN6 culture medium (25 mM glucose) Dulbecco’s modified eagles medium 

(DMEM) high glucose medium (Cat. 

#11995, GIBCO, Life Technologies, 

Carlsbad, CA, USA) 

10% HIFCS (Serana, Bunbury, WA, 

Australia) 

15 mM HEPES (#1670218, GIBCO, Life 

Technologies, Carlsbad, CA, USA) 

0.1% (v/v) PSN 

6 mM glucose medium Dulbecco’s modified eagles medium 

(DMEM) low glucose medium (Cat. # 

11885 GIBCO, Life Technologies, 

Carlsbad, CA, USA) 

10% HIFCS (Serana, Bunbury, WA, 

Australia) 

15 mM HEPES (#1670218, GIBCO, Life 

Technologies, Carlsbad, CA, USA) 

0.1% (v/v) PSN 

 

1.4 MIN6 Cell harvest treatment 

Solution Content 

Trypsin-EDTA (0.5 g/l)  90% (v/v) PBS 

10% (v/v) 5 g/l Trypsin (#T4174, Sigma-

Aldrich, ST. Louis, MO, USA) 

 

1.5 Trypan blue 

Solution Content 

Trypan blue 8 ml 0.5% trypan blue (Fluka, Chemie 

AG, Buch, Switzerland) 

12 ml Saline 
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1.6 ER stress inducers 

Agents Stock concentration Working concentration 

Thapsigargin 

(Cat. #T9033-1MG, 

Sigma-Aldrich, ST. Louis, 

MO, USA) 

1 mM 5 µM or 50 nM prepared in 6 

mM glucose medium 

Tunicamycin 

(Cat. #T7765-5MG, 

Sigma-Aldrich, ST. Louis, 

MO, USA) 

6 mM 2 µM prepared in 6 mM glucose 

medium 

Palmitate/BSA  

(provided by Dr. Trevor 

Biden and Dr. Viviane 

Delghingaro-Augusto)   

8 mM  

(20x concentration) 

0.4 mM (1x) prepared in 6 mM 

glucose medium 

 

1.7 Reagents for real-time RT PCR 

Reagents Content 

Diethyl pyrocarbonate (DEPC) water 500 µl DEPC (Cat. # D5758, Sigma-

Aldrich, ST. Louis, MO, USA) 

500 ml MilliQ water 

TaqMan Universal Master Mix TaqMan 2X Universal Master Mix 

(Cat. #4318157, Applied Biosystems, 

Life technologies Ltd., Warrington, UK) 

TaqMan Primer/Probes 

(Applied Biosystems, Foster City, CA, 

USA) 

Reference genes: 

UBC- Mm02525934_g1 

• GAPDH- Mm99999915_g1 

PPIA- Mm02342430_g1 
 

ER stress genes: 

BiP- Mm00517691_m1 

P58-Mm01226332_m1 

CHOP- Mm01135937_g1 

ATF3- Mm00476033_m1 

RT mix 4 µl 5x FS buffer (Cat. #18080093, 

Invitrogen, Carlsbad, CA, USA) 

1 µl DTT (Cat. #18080093, Invitrogen, 

Carlsbad, CA, USA) 

1 µl RNase OUT (Cat. #1077-019, 

Invitrogen, Carlsbad, CA, USA) 

1 µl Superscript III (Cat. #18080093, 

Invitrogen, Carlsbad, CA, USA) 

 

 

https://www.thermofisher.com/taqman-gene-expression/product/Mm02525934_g1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm02342430_g1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm00517691_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm01226332_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm01135937_g1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm00476033_m1?CID=&ICID=&subtype=
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1.8 Steps to deparaffinise and dehydrate pancreas sections 

Xylene Xylene Absolute 

ethanol 

Absolute 

ethanol 

90% 

ethanol 

70% 

ethanol 

Running 

tap water 

1 min 1 min 10 dips 10 dips 10 dips 10 dips 5 mins or 

2 mins 

 

1.9 Reagents used in immunohistochemistry 

Solution Content 

0.1 N acetic acid 2.9 ml glacial acetic acid (Cat. #10235, 

BDH, Poole, Dorset, UK) 

500 ml dH2O 

0.1 M Sodium acetate 0.68 g anhydrous sodium acetate (Cat. 

#D3247, UNIVAR, Ajax Chemicals, 

Syd, Australia) 

500 ml dH2O 

0.1 M Acetate buffer 10.5 ml 0.1N acetic acid 

39.5 ml 0.1M sodium acetate (Cat. #679, 

UNIVAR, Auburn, NSW, Australia) 

3% H2O2 25 ml 30% H2O2 (Cat. # HA154, Chem-

Supply Pty. Ltd, Gillman, SA, Australia) 

225 ml Methanol (EMSURE, Merck, 

Darmstadt, Germany) 

Peroxidase block (stock) 10 µl 30% H2O2  

10 ml Methanol 

Peroxidase block (working solution) 5 ml of H2O2/Methanol solution (Stock 

peroxidase block) 

28 µl 18% sodium azide (Sigma-Aldrich, 

St. Louis, MO, USA) 

AEC stock solution 40 mg AEC (Cat. #A5754, Sigma-

Aldrich, St. Louis, MO, USA) 

5 ml N-N-dimethyl formamide (Cat. 

#D158550, Sigma-Aldrich, St. Louis, 

MO, USA) 

AEC working solution 4.75 ml acetate buffer 

0.25 ml AEC stock solution 

25 µl 3% H2O2 (Cat. #HA154-500M, 

Chem Supply, Bedford St., SA, 

Australia) 

Sterile filter a 0.2 µm CR filter 

Ammonium H2O 100 µl concentrated ammonium 

250 ml dH2O 
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Pronase 2.5 mg Pronase (Cat. #537088, 

Calbiochem, EMD Millipore, Darmstadt, 

Germany) 

5 ml dH2O 

M.O.M Ig block 

 

2.5 ml PBS 

2 drops of M.O.M Ig blocking reagent 

(PK-2200, Vector Laboratories Inc., 

Burlingame, CA, USA) 

Animal Free block (AFB) 0.5 ml AFB 5X 

2 ml dH2O 

M.O.M diluent 2.5 ml PBS 

200 µl M.O.M protein concentrate (PK-

2200, Vector Laboratories Inc., 

Burlingame, CA, USA) 

Citrate buffer (10 mM) 1.05 g citric acid (Cat. #CA014, Chem 

Supply, Gillman, SA, Australia) 

500 ml dH2O 

Adjust pH to 6 using 10 M and 2.5 M 

sodium hydroxide (Ajax Chemicals, Syd, 

Australia) solution 

MOM VECTASTAIN ABC reagent 

(PK-2200, Vector Laboratories Inc., 

Burlingame, CA, USA) 

2.5 ml PBS 

2 drops of reagent A 

2 drops of reagent B 
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1.10 Antibodies used for HSPG core proteins immunohistochemistry 
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1.11 Antibodies used for Hormone stain 
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1.12 Antibodies used for HS immunohistochemistry 

 

 

 

 

1.13 Buffers used in immunofluorescence staining for flow cytometry 

Solution Content 

FACs wash buffer Phosphate buffered saline (PBS) 

5% (v/v) HIFCS 

BD wash buffer 

(Cat. #554714, BD Biosciences, 

Dickinson, San Diego, CA, USA) 

90% (v/v) deionised water 

10% (v/v) 10x stock BD wash solution 
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1.14 Antibodies used for cell surface and intracellular staining 

Antibody/Dye Stock 

concentration 

Working 

concentration 

company Catalogue 

Purified rat anti-

mouse 

CD16/CD32 

(mouse Fc 

block) 

0.5 mg/ml 5 μg/ml 

(1/100) 

BD Biosciences 553142 

Purified Rat 

anti- mouse 

CD138 

(syndecan-1) 

mAb 

0.5 mg/ml 20 μg/ml 

(1/25) 

BD Biosciences 553712 

Purified NA/LE 

Rat anti-mouse 

CD44 (CD44) 

1 mg/ml 40 μg/ml 

(1/25) 

BD Biosciences 553130 

Anti-heparan 

sulfate F58-

10E4 (HS) 

1 mg/ml 20 μg/ml 

(1/50) 

(i) Seikagaku 

corporation 

(ii) Amsbio 

370255-1 

Collagen type 

XVIII 

0.2 mg/ml 4 μg/ml (1/50) Santa Cruz 

Biotechnology 

1837-46 

HP3/17 (Hpse) 150 μg/ml 1.5 μg/ml 

(1/100) 

Insight 

biopharmaceuticals 

Ltd. 

INS-26-1-

0000-12 

Goat anti- 

Mouse Ig PE 

0.25 mg/ml 5 μg/ml (1/50) Southern Biotech 1012-09 

Mouse anti-rat 

kappa PE Rat  

0.1 mg/ml 2 μg/ml (1/50) Southern Biotech 3090-09 

Rat anti- Mouse 

Ig FITC 

0.5 mg/ml 10 μg/ml 

(1/50) 

BD Biosciences 553395 

*The working concentration of mAbs was prepared either in FACs wash buffer for cell 

surface staining or in BD wash buffer for intracellular staining. 
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1.15 Fluorescent dyes used in flow cytometry 

Antibody/Dye Stock 

concentration 

Working 

concentration 

company Catalogue 

7-aminoactinomycin 

D (7AAD) 

1 mg/ml 10 μg/ml 

prepared in 

PBS 

Life 

Technologies 

A1310 

Calcein AM 0.5 mM 0.04 µM 

prepared in 

PBS 

Life 

Technologies 

C3100MP 

Propidium iodide 50 µg/ml 2.5 µg/ml 

prepared in 

PBS 

BD 

Biosciences 

51-66211E 

Sytox Green 5 mM 31.25 nM 

prepared in 

PBS 

Life 

technologies 

S7020 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix 1: Solutions and reagents 

432 

 

 

1.16 Reagents for preparing adipose and peripheral blood leukocytes  

Reagents Content 

FACs wash buffer Phosphate buffered saline (PBS) 

5% (v/v) HIFCS 

Red cell lysis buffer 

(RCLB) 

4.17 g ammonium chloride (Cat. #04217, Ajax Chemicals 

Ltd., Sydney, Australia) 

0.0185 g EDTA (Cat. # 180, UNIVAR, Auburn, NSW, 

Australia) 

0.5 g NAHCo3 (Cat. #D3247, Ajax Chemicals Ltd., 

Sydney, Australia) 

Upto 500 ml with dH2O 

pH: 7.3 and sterile filter 

Buffered saline glucose 

citrate (BSGC) 

116 mM sodium chloride (Cat. #SA046, Chem Supply 

Pty. Ltd., Gillman SA, Australia) 

13.6 mM trisodium citrate (Cat. #10242, Merck Pty Ltd., 

Kilsyth, Vic, Australia) 

8.6 mM Na2HPO4 (Cat. #310537, Ajax Chemicals Ltd., 

Sydney, Australia) 

1.6 mM KH2PO4 (Cat. #391-500MG, Ajax Finechem, 

Thermo Fischer Scientific, NSW, Australia) 

0.9 mM EDTA (Cat. # 180, UNIVAR, Auburn, NSW, 

Australia) 

11.1 mM Glucose (Cat. #783-500MG, Ajax Finechem, 

Thermo Fischer Scientific, NSW, Australia) 

Up to 500 ml with dH2O and sterile filter 

Digestion Buffer 1 ml 0.5% BSA (Cat. # 30063-481, GIBCO, Life 

technologies, Carlsbad, CA, USA) 

100 ml Hanks 

Collagenase Solution 

(Cat. #C6885, Sigma-

Aldrich, ST. Louis, MO, 

USA) 

10 mg/ml in digestion buffer 

Sterile filter 

Final concentration 1 mg/ml 

EDTA 0.5 M EDTA (Cat. # 180, UNIVAR, Auburn, NSW, 

Australia) 
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1.17 Antibodies/fluorochromes used for analyzing heparanase expression in 

leukocyte sub-populations  

Antibody/Dye Stock 

concentration 

Working 

concentration 

Company Catalogue 

Purified rat 

anti-mouse 

CD16/CD32 

(mouse Fc 

block) 

0.5 mg/ml 5 μg/ml 

(1/100) 

BD Biosciences 553142 

HP3/17 (Hpse) 150 μg/ml 1.5 µg/ml 

(1/100) 

Insight 

Biopharmaceuticals 

Ltd. 

INS-26-1-

0000-12 

Goat α Mouse 

Ig PE 

0.25 mg/ml 2.5 µg/ml 

(1/100) 

Southern Biotech 1012-09 

PE-CF 594 

Hamster ant-

mouse CD11c 

0.2 mg/ml 2 µg/ml 

(1/100) 

BD Biosciences 562454 

PerCP-Cy5.5 

rat anti-mouse 

CD45R/B220 

0.2 mg/ml 2 µg/ml 

(1/100) 

BD Biosciences 552771 

PE-Cy7 rat 

anti-mouse 

Ly6G 

0.2 mg/ml 2 µg/ml 

(1/100) 

BD Biosciences 560601 

BV-421 rat 

anti- mouse 

Siglec F 

0.2 mg/ml 2 µg/ml 

(1/100) 

BD Biosciences 562681 

APC Anti-

mouse CD45.2  

0.2 mg/ml 2 µg/ml 

(1/100) 

eBioscience 17-0454-

82 

Alexa Fluor 

700 rat anti-

mouse CD11b 

0.2 mg/ml 2 µg/ml 

(1/100) 

BD Biosciences 557960 

APC-Cy7 

hamster anti-

mouse CD3e 

0.2 mg/ml 4 µg/ml (1/50) BD Biosciences 557596 

BV 605 rat 

anti-mouse 

Ly6C 

0.2 mg/ml 2 µg/ml 

(1/100) 

BD Biosciences 563011 
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1.18 Reagents for in vivo treatment 

Treatment Stock Volume 

PI-88 (10 mg/kg/day, i.p.) 

(Progen Pharmaceuticals Ltd., 

Brisbane, Australia) 

2 mg/ml in 0.9% 

saline 

Mouse weight= w (g) 

Volume of PI-88= w x 0.01 

mg/g/day x (1000 µl/2mg)  

=5w (µl) 

 

Example:  

For 25 g mouse, dose (volume) 

of PI-88= 5 x 25= 125 µl 

TUDCA (150 mg/kg/day, i.p.)  

(Cat. #580549, Calbiochem, 

EMD Millipore, Darmstadt, 

Germany) 

30 mg/ml in 0.9% 

saline 

Mouse weight= w (g) 

Volume of TUDCA= w x 0.15 

mg/g/day x (1000 µl/30 mg)  

=5w (µl) 

 

Example:  

For 25 g mouse, dose (volume) 

of TUDCA= 5 x 25= 125 µl 
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Appendix 2: Cell surface heparanase 

expression on immune cells 
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Appendix 2.1: Normalised cell surface heparanase expression on immune cells of 

female db/db mice 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.1: Hpse expression in lymphoid cells in PB and WAT of female wt and 

db/db mice. 

Peripheral blood (PB) and the stromal vascular fraction (SVF) from peri-ovarian white 

adipose tissue (WAT) of wt and db/db female mice (5-9 weeks of age) were stained for 

leukocyte markers and heparanase and analysed by flow cytometry, using the gating 

strategy in Figures 2.13 and 2.14. The cell surface expression of Hpse for lymphoid cells 

in PB and WAT of wt and db/db mice was normalised to the levels of Hpse expressed by 

B lymphocytes. Relative Hpse expression is shown as the geometric mean fluorescence 

ratio (GMFR). T cells showed an increase in Hpse GMFR in db/db WAT compared to 

blood. The data represent the mean ± SEM for n= 5-7 mice/group. General ANOVA with 

Fisher’s unprotected LSD post-test; *P<0.05, **P<0.01, ***P<0.0001 and ns, not 

significant. 
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Figure 2.1.2: Hpse expression by myeloid leukocytes in PB and WAT of female wt 

and db/db mice. 

Heparanase expression on total myeloid cells and myeloid sub-populations in peripheral 

blood (PB) and stromal vascular fraction (SVF) from peri-ovarian white adipose tissue 

(WAT) was determined in wt and db/db female mice at 5-9 weeks of gate by flow 

cytometry (see Figures 2.13 and 2.14, Section 2.10). The cell surface Hpse expression 

was normalised to the levels of Hpse expressed by B lymphocytes and is shown as the 

geometric mean fluorescence ratio (GMFR). Hpse GMFR was highly expressed by total 

myeloid cells in WAT compared to PB of wt and db/db mice. The data represent the mean 

± SEM for n= 5-7 mice/group. General ANOVA with Fisher’s unprotected LSD post-test; 

*P<0.05, **P<0.01, ***P<0.001 and ns, not significant. 
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Figure 2.1.3: Hpse expression by CD11c+ cells in PB and WAT of female wt and 

db/db mice. 

The cell surface expression of heparanase (Hpse) on CD11c+ leukocytes in peripheral 

blood (PB) and stromal vascular fraction (SVF) from peri-ovarian white adipose tissue 

(WAT) of female wt and db/db mice was determined by flow cytometry, using the gating 

strategy in Figure 2.13 and 2.14, (Section 2.10). Hpse expression was normalised to Hpse 

levels expressed by B lymphocytes and the data is shown as the geometric mean 

fluorescence ratio (GMFR). Hpse GMFR by CD11c+Ly6G+ cells were increased in db/db 

WAT compared to blood. The data represent the mean ± SEM for n= 5-7 mice/group. 

General ANOVA with Fisher’s unprotected LSD post-test; ns, not significant. 

Conventional dendritic cells 

wt db/db 

H
p

s
e

 G
M

F
R

 

wt db/db 

Blood WAT 

ns 

ns 

CD11c
+
 Ly6C

+
 cells 

wt db/db 

H
p

s
e

 G
M

F
R

 

wt db/db 

Blood WAT 

ns 

ns 

CD11c
+
 Ly6G

+
 cells 

wt db/db 

H
p

s
e

 G
M

F
R

 

wt db/db 

Blood WAT 

ns 

* 



Appendix 2: Cell surface heparanase expression on immune cells  

439 

 

 

 

Appendix 2.2: Cell surface heparanase (Hpse) expression by immune cells 

(represented as GMFR) in peripheral blood and WAT of male wildtype and db/db 

mice.  

Cell type Peripheral blood 

(Hpse GMFR)¶ 
WAT (Hpse GMFR)¶ 

 wildtype db/db wildtype db/db 

Lymphoid 0.19 ± 0.02 0.20 ± 0.01 0.09 ± 0.00 0.19 ± 0.05 

T cell 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.01 0.03 ± 0.01 

cDC 0.31 ± 0.18 0.28 ± 0.08 0.74 ± 0.26 1.00 ± 0.49 

CD11c+Ly6C+ 0.33 ± 0.23 3.79 ± 2.08 0.88 ± 0.28 2.76 ± 1.91 

CD11c+Ly6G+ 0.72 ± 0.18 2.19 ± 0.82 3.58 ± 1.07 7.54 ± 5.26 

Myeloid 0.10 ± 0.02 0.08 ± 0.01 1.58 ± 0.19*** 1.98 ± 0.34*** 

Mono/Inf Mf 0.09 ± 0.02 0.07 ± 0.01 0.45 ± 0.07* 0.68 ± 0.14*** 

Res Mf 0.12 ± 0.03 0.14 ± 0.02 0.75 ± 0.07** 0.83 ± 0.17*** 

Eosinophil 0.05 ± 0.01 0.03 ± 0.01 0.10 ± 0.01 0.18 ± 0.05* 

Neutrophil 0.11 ± 0.03 0.08 ± 0.01 2.29 ± 0.31*** 3.35 ± 0.46*** 

 

¶The data represent the mean ± SEM for n= 5-7 mice/group. Cell surface Hpse on immune 

cells was normalised to the Hpse expression of B lymphocytes. The data show the 

geometric mean fluorescence ratio (GMFR). General ANOVA with Fisher’s unprotected 

LSD post-test for comparisons between peripheral blood and white adipose tissue of 

wildtype (grey) or db/db (blue) mice; *P<0.05, **P<0.01, ***P<0.001. GMFR, 

geometric mean fluorescence ratio; Mono/Inf Mf, monocyte (blood)/inflammatory 

macrophages (WAT); Res Mf, resident macrophages; cDC, conventional dendritic cell. 
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Appendix 3: Expression of intra-islet collagen type XVIII, insulin and HS in 

pancreases from saline and TUDCA treated db/db mice.  

4 week old male db/db mice were treated with saline (black bar) or TUDCA (150 

mg/kg/day; blue bar) i.p. for 28 days. After termination of treatment, the pancreas was 

harvested and collagen type XVIII (Col18), insulin and heparan sulfate (HS) expression 

were localised in the islets by immunohistochemistry. Bar graphs show significant 

differences between groups using optical density (O.D./staining intensity) analysis (a-c) 

or threshold-based analysis of % islet area stained (d-f). Compared to saline controls, 

TUDCA-treated db/db islets showed a significant increase in the staining intensity of 

Col18 (a) and insulin (b) which was confirmed by the corresponding analysis of % islet 

area stained (d, e). No significant difference was observed between optimal 

density/staining intensity (c) or threshold-based % islet area stained (f) when the 

comparison was performed within same mouse strain (db/db). The data represent mean ± 

SEM for n= 8-9 pancreases/group with n= 86-88 (Col18) and n= 92-105 (insulin) islets 

analysed/group; 4 pancreases/group with n=38-44 islets analysed/group for HS. Non-

parametric Mann-Whitney test; *P<0.0001 and ns, not significant. 

 


