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CHAPTER 1:
INTRODUCTION



1.1: DIABETIC NEPHROPATHY

1.1.1: Kidney structure and function

The kidneys are situated at the back of the abdominal cavity. Each kidney
consists of an outer cortex and an inner medulla with conical renal pyramids. The
arteries that supply the kidneys arise directly from the aorta. Within the kidneys, they
branch off into the afferent arterioles in the renal cortex and deliver blood to the
glomeruli. The glomeruli drain into the efferent arterioles and eventually back to the
renal vein. The glomeruli, bowman’s capsules and tubules make up the nephrons, the
functioning units of the kidney (figure 1.1). Each kidney contains approximately one
million nephrons, which drain the filtrate into the renal collecting ducts draining into
the renal pelvis and ureter [1].

The kidneys have several functions, the key ones being the regulation of the
amount of water in the body, the regulation of electrolytes in the blood and the
elimination of waste products, the most important being those generated by the
breakdown of proteins. They also control the body’s acid-base balance, activate
vitamin D, which is involved in bone homeostatis, and produce several hormones
such as erythropoietin and angiotensin. Erythropoietin stimulates red blood cell
production in the bone marrow. The kidneys help to regulate blood pressure and

blood volume through the renin-angiotensin system [1].
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Glomerulus - structure and function

The glomerulus is responsible for ultrafiltration, a process which converts about
one third of all plasma flowing through it into an almost protein-free filtrate [2]. It
consists of a tuft of specialised capillaries attached to the mesangium, both of which
are enclosed in the Bowman’s capsule. The capillaries are supplied by an afferent
arteriole and drained by an efferent arteriole. Four cell types occur within the
glomerular tuft — parietal epithelial, podocyte (visceral epithelial), endothelial, and
mesangial cells - and each have unique biological functions (figure 1.2).

The entire tuft of capillaries is covered by epithelial cells (podocytes),
representing the visceral layer of Bowman’s capsule. At the place where the afferent
arteriole enters and the efferent arteriole leaves the capillary tuft, the visceral layer of
Bowman’s capsule becomes the parietal layer, which is a simple squamous epithelium
[3].

The glomerular basement membrane (GBM) lies at the interface between the
glomerular capillaries and podocyte layer of the Bowman’s capsule. GBM serves as a
skeleton of the glomerular tuft by supporting the capillaries and providing anchoring
for the cells [3]. Its major components include type IV collagen, heparin sulphate
proteoglycans and laminin. The endothelial cells, the basement membraqe and the
podocytes form the filtration barrier [2, 4]. The endothelial cells serve as the inner
lining of the glomerular capillaries. They are fenestrated, exposing the basement

membrane directly to the glomerular capillary contents [2, 4].



Figure 1.2: glomerulus structure

A diagram of a mesangial region surrounded by capillaries. Mesangial cells (M) are
surrounded by extracellular matrix (Ma), containing intercellular channels (IC). The
capillary tuft consists of a network of specialised capillaries, which are outlined by a
fenestrated (F) endothelium (En). The capillary endothelium is made up of flat
endothelial cells. OL, CL, and IL, outer, central and inner layers of glomerular

basement membrane; Ep, epithelial cell body; RBC, red blood cell. Adapted from [5].



Podocytes

The visceral epithelial layer of the Bowman’s capsule consists of highly
differentiated cells, the podocytes. They play a key role in maintaining the integrity
of the glomerular filtration barrier. Podocytes have a voluminous cell body that
floats within the urinary space. The cell body gives rise to long primary processes
that extend towards the capillaries, called foot processes. The foot processes of
neighbouring podocytes regularly interdigitate with each other, leaving between them
meandering slits that are bridged by an extracellular structure containing glycocalix

components, fibronectin, laminin and entactin [2, 3, 6].

Mesangial cells

The mesangial cells and the mesangial matrix make up the glomerular
mesangium. Mesangial cells are contractile mesenchymal cells with a high metabolic
capacity, receptors for various ligands and the ability to synthesise and secrete a wide
variety of cytokines and ECM molecules [5]. They are irregular in shape, with many
processes extending from the cell body towards the GBM. In these processes, dense
assemblies of microfilaments are found that contain actin, myosin and a-actinin.
They also have many gap junctions, suggesting that they have a common origin with
smooth muscle cells and resemble pericytes [3]. Mesangial cells play a crucial role in
maintaining the structure and function of glomerular tufts, providing structural
support for capillary loops and modulating glomerular filtration by their smooth
muscle activity [7, 8].

There is evidence for a filtering function of the mesangium as well as
intracellular uptake of macromolecules [9]. Mesangial cells are also phagocytic,

containing some lysosomal elements and have been shown to take up particulate



tracers, e.g. ferritin and serum-coated colloidal glod particles, as well as immune
complexes which may accumulate within the mesangial region [3, 9].

The mesangial matrix fills the spaces between the mesangial cells and the GBM,
anchoring the mesangial cells to the GBM. Mesangial matrix is one of the two
extracellular matrices in the glomeruius, the other being GBM. The mesangial matrix
consists mostly of glycoproteins embedded in a hydrated, polysaccharide gel of
glycosaminoglycans (proteoglycans) arranged in a lattice. This matrix extends
throughout the mesangium, filling the extracellular space between adjacent mesangial
cells, between endothelial and mesangial cells and between mesangial cells and the
GBM [9]. The mesangial matrix provides strong, flexible support for the glomerular
capillaries and creates channels for filtering and processing macromolecules [9]. The
elongated cytoplasmic extensions of the mesangial cells are tightly enveloped by and
connected to the mesangial matrix [9]. The mesangial matrix proteins include several
types of collagens (IV, V and VI), several components of microfibrillar proteins,

several glycoproteins and several types of proteoglycans [6].

1.1.2: Diabetes mellitus

Diabetes mellitus is a metabolic disorder of multiple aetiology that leads to
chronic hyperglycaemia. It is associated with disturbances of carbohydrate, fat and
protein metabolism resulting from defects in insulin secretion, insulin action or both
[10]. It is characterised by excessive amounts of sugar in the blood and urine and
inadequate production or resistance of insulin, which is responsible for the absorption

of glucose into cells for their energy needs and into the liver and fat cells for storage

[1].



Type I and 11 diabetes mellitus

Diabetes has been classified into two types, termed type I and II. Type I
diabetes is an autoimmune condition that primarily causes pancreatic islet beta-cell
destruction, resulting in insulin deficiency. Onset of disease is abrupt and it generally
occurs in children and young adults. Type II diabetes, by comparison, is a syndrome
which includes defects in insulin secretion and a variable amount of insulin resistance
[11]. It usually develops gradually in adults over 40 years who are overweight and
have a family history of the disease.

The past two decades have seen an increase in the number of people diagnosed
with diabetes worldwide. This trend of increasing prevalence of diabetes and obesity
has already imposed a huge burden on healthcare systems and this will continue to
increase in the future [12-15]. Diabetic mellitus is now the most common cause of
end-stage renal disease (ESRD) and diabetic nephropathy represents 18% of subjects
with end-stage renal disease in the UK, with type 2 diabetes accounting for the
majority of cases [12, 16]. Type II diabetes in children, teenagers and adolescents is a
serious new aspect to the epidemic and an emerging public health problem [17-19].
Large proportions of patients with diabetes develop complications that result in

significant morbidity and mortality.

1.1.3: Clinical diabetic nephropathy
Diabetic nephropathy is a clinical syndrome characterised by persistent
albuminuria, a decline in GFR and elevated arterial blood pressure. It is a naturally

progressive disease. The natural history of renal dysfunction in type I and type II

diabetes is similar [20].
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Early diabetes is heralded by glomerular hyperfiltraion with an absence of
albuminuria and normal blood pressure. This increase in GFR is paralleled by an
increase in kidney size. There is then a period of clinical ‘silence’ where glomerular
filtration remains at the upper limit of normal and where there is normal urinary
protein excretion.

The first manifestation of nephropathy is the development of microalbuminuria
(albuminuria of 30-300 mg/day), indicating that glomerular damage has progressed.
This occurs between S5 and 15 years after the diagnosis of diabetes and is termed
incipient nephropathy; during this stage, the GFR in usually within the normal range.
Generally as glomerular damage progresses, overt nephropathy develops 10 to 15
years later. During overt nephropathy, clinical albuminuria and hypertension usually
develop, with a steady fall in GFR.

End stage renal failure (ESRF) is secondary to DN, occurring approximately
five years after the onset of overt nephropathy. Once this develops patients need to be
considered for renal replacement therapy in the form of haemodialysis, peritoneal
dialysis and kidney transplantation [6, 21, 22]. DN in patients increases early
mortality from cardiovascular disease approximately nine-fold [3].

The development of overt nephropathy is not linearly related to the duration of
diabetes and affects only 35-50% of patients, depending on the type of diabetes.
Microalbuminuria is associated with a 42% increased risk of progression to overt
nephropathy [23]. Some patients with incipient nephropathy regress to
normoalbuminuria [24]. The majority of diabetic patients do not develop renal
failure. Although some damage does occur to their kidneys, renal function remains

essentially normal until death [3].

-11-



Structural-functional relationships in diabetic nephropathy

The pathological changes seen within the kidney are similar in both type I and
type II diabetes [25]. Accurate morphometric techniqugs have made it possible to
quantify the structural changes within the diabetic kidney and to correlate these
changes with renal function. The majority of data has been obtained in type I diabetic
disease but some studies are available to make comparisons with type II diabetic
patients [26].

Renal structural abnormalities are known to precede the development of
protienuria, hypertension and reduced renal function in patients with diabetes [27].
The early stages of DN are characterised by thickening of the GBM, glomerular
hypertrophy and hyperfiltration. Mesangial expansion strongly correlates to the
clinical manifestations of DN such as podocyte loss and subsequent development of
albuminuria [28]. Creatinine clearance correlates with both mesangial expansion and
interstitial expansion, whereas proteinuria correlated only with glomerular structural
changes (mesangial expansion and GBM thickening) [25]. Glomerular structural
lesions and arteriolar and tubular interstitial lesion may constitute the principal cause
of decline in kidney function, although continuing mesangial expansion is the main
variable [20, 29, 30]. Mesangial expansion could lead to glomerular functional
deterioration by restricting glomerular capillary vasculature and its filtering surface

[31].

Incipient nephropathy
Incipient nephropathy develops 2-10 years after the initial changes, notably
persistent renal hypertrophy. With the development of incipient nephropathy,

particular structural changes are seen. The first major structural change after the onset

-12-



of type I diabetes is enlargement of the whole kidney [29]. In type I disease there
seems to be an additional increase in GBM thickening as well as some evidence of
preliminary mesangial expansion, with little or no glomerular enlargement [27]. The

situation is less clear in type II diabetes.

Overt nephropathy

In type II diabetes, although there is no change with microalbuminuria, there is
a progressive increase in GBM thickness and glomerular volume as overt nephropathy
develops [32]. It is evident from the work by Mauer et al that all patients with overt
DN have a marked increase in the quantity of the mesangium in the glomerulus with
the mesangial volume fraction being greater than 30%. Mesangial volume fraction is
a measure of the percentage of the glomerulus occupied by the mesangium (matrix
and cells). In healthy subjects, the mesangium occupies around 15% of the volume of
the glomerulus [30].

Pima Indians are Native American Indians with a high susceptibility to diabetes.
They have therefore been used in many diabetes studies. A study in the Pima Indians
demonstrated an increase in the mesangial volume fraction to 45% in subjects with
impaired renal function. In addition there was a strong inverse correlation between
mesangial expansion and creatinine clearance [31]. Consequently, it would seem that
expansion of the mesangium out of proportion of glomerular size or volume is far
more critical to the development of clinical DN than is the absolute volume of
mesangium per glomerulus. With sufficient expansion, the mesangium will
eventually compromise filtration surface and reduce GFR [29].

In overt nephropathy, expansion of the mesangial matrix, mesangial cell loss

and glomerular sclerosis are prominent, associated with proteinuria, hypertension and

-13-



renal dysfunction [29, 33]. Increasing mesangial cell number has been documented in
the incipient phase of nephropathy, with a direct correlation between mesangial cell
number and AERs [34]. Mesangial cell number increases during the earlier stages of
DN corresponding to an increase in glomerular volume [34, 35]. This relationship
between mesangial cell number is however lost in patients with overt nephropathy and
proteinuria. More recently it has been demonstrated that loss of mesangial cell
through apoptosis occurs in experimental diabetic nephropathy and mesangial cell
apoptosis has been demonstrated to correlate with worsening of albuminuria [36, 37].
Clinical studies in patients with type II DN report a loss of glomerular mesangial cells
and podocytes that correlates with progression to diabetic glomerulosclerosis [32, 38].
Depletion of mesangial cells has been noted in segments of the glomerular tuft where
expansion of the mesangial matrix has occurred [22, 39, 40]. In one study, loss of
mesangial cells even correlated with significant structural changes [41].

Podocytes injury occurs after changes in mesangial cell number. Podocyte
number decreased in the diabetic patients compared with controls, leading to
reduction in podocyte density, causing an increase in proteinuria [28, 42, 43].
Increase in glomerular volume may be the underlying cause of foot process widening
and therefore injury may be related to mesangial expansion [43]. In diabetic patients,
an increase in glomerular volume would cause the podocytes to cover a larger area
leading to loss of cell integrity, leakage of the filtration barrier and ultimately

podocyte loss [42, 43].

From these studies it can be seen that there is a complex inter-relationship

between the disease state and structural-functional changes.
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1.1.5: Risk factors associated with diabetic nephropathy

The aetiology of diabetic nephropathy (DN) is multifactorial (table 1.2) [12,

44].

Table 1.2: Risk factors for the development of DN in type I and type II patients

Type I Type 11
Normoalbuminuria (above median) + +
Microalbuminuria + +
Sex M>F M>F

Familial clustering + +
Predisposition to arterial hypertension +/- ?

Increased sodium/lithium counter transport +/- +/-

T Onset of type Il diabetes before 20 yrs +

Glycaemic control + +
Hyperfiltration +/- ?

Prorenin + ?

Smoking + ?

Cholesterol + +

Presence of retinopathy + +

+, present; -, not present; ?, not enough information. Table adapted from [45].

Fixed risk factors
Genetic patterns have been established with familial occurrences of DN and
associated hypertension and cardiovascular diseases in family members of patients
with DN. DN does not develop in all subjects but when it does, it is often in familial

clusters, suggesting a genetic basis. Type II diabetes and DN is increased in several
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different populations, including African-Americans, Native Americans, Mexican-
Americans, Polynesians, Australian aborigines and Indo-Asians [44].

AER in families with type II diabetes is heritable and genetically correlated to
blood pressure. A study by Forsblom ef a/ showed that AER is an inherited trait and
clusters in families of patients with type II diabetes [46]. Predisposition to high blood
pressure is also a risk factor for susceptibility to nephropathy. Fogarty et a/ showed
that in families with type II diabetes, UAE is a heritable trait, with heritability similar
to that for blood pressure, indicating that these traits share common genetic
determinants [47].

Another study in the inheritance of DN evaluating glomerular structure in
families demonstrated a strong correlation between diabetic glomerular lesions among
sibling pairs-with long-term type I diabetes [48]. The strongest familial impact was
on mesangial fractional volume, the structural parameter most closely related with

renal functional abnormalities.

Modifiable risk factors

Pronounced changes in the human environment and in human behaviour and
lifestyle, have accompanied globalisation and these have resulted in escalating rates of
diabetes [12]. Certain environmental factors may also be associated with an increased
risk of DN, including blood pressure, glucose, obesity and smoking [6].

Increased arterial blood pressure occurs early in DN, with the diastolic BP
correlating with decline in GFR in type I and type II patients [45]. The importance of
glycaemic control on the progression of DN has also been documented with type I and
type II patients [45]. A large subset of type I diabetic patients will escape DN

complications despite poor glycaemic control, whereas in the subjects susceptible to
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DN complications, glycaemia is a major factor in the rate of progression of lesions
[27]. Several metabolic pathways have been shown to play a role in glucose-induced
microvascular lesions and glucose induced apoptosis may also contribute to

hypecellularity in the glomerulus (apoptosis section 1.3).

1.1.6: Mechanism of disease
Hyperglycaemia

There is clear evidence of a positive relationship between hyperglycaemia and
susceptibility to renal disease in diabetes mellitus. Increased susceptibility to long-
term diabetic complications in patients with poor glycaemic control has been
demonstrated [49]. In addition, strict metabolic control in the very early stages of
nephropathy may delay the development of microvascular complications of diabetes
[50-53]. Although the pathogenesis of type I and type II diabetes is different, the
pathophysiology of microvascular complications responsible for high morbidity and
mortality rates appears similar and hyperglycaemia is at least partially responsible as
the underlying cause [44, 54].

In rats, mesangial lesions and albuminuria can be prevented with glycamic
control. In contrast, GBM thickening can be prevented, but not reversed, if plasma
glucose levels are returned to normal [29]. Numerous in vitro studies have suggested
that elevated concentrations of glucose modify mesangial cell function. Mesangial
cells are prone to hyperglycaemia-induced cell stress and injury [44, 55]. Exposure of
mesangial cells to high glucose levels also promotes transcriptional activation of type
IV collagen and fibronectin genes, and increased the synthesis of their respective

proteins [56-58]. There is also evidence that in addition to increased synthesis of
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ECM components, glucose may also decrease degradation of matrix components
which may also contribute to ECM accumulation in the diabetic state [59].

Glucose signalling in mesangial cells in diabetic nephropathy has been reviewed
by Haneda et al, 2003. Glucose entering the cells is normally metabolised by the
glycolytic pathway but in the presence of excessive glucose, it is metabolised by
various pathways and activates various signalling pathways (figure 1.4). In mesangial
cells cultured under high glucose conditions, there is an increase in the entry of
glucose in the polyol pathway, the dacylglycerol synthetic pathway and the

hexosamine pathway [54].
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Polyol pathway

Generation of polyols that occurs in hyperglycaemia has been suggested as a
cause of some of the complications of diabetes. In tissues where glucose uptake is
independent of insulin, such as the lens, retina and kidney, chronic hyperglycaemia
results in increased tissue levels of glucose. The excess glucose is subsequently
reduced to sorbitol by aldose reductase [6, 61]. Under normal physiological
conditions, only a small amount of glucose is handled through this pathway; however,
significant increases from 3-30% can be seen in the diabetic state. Aldose reductase
is present in the papilla, glomerular epithelial cells, distal tubular cells and mesangial
cells of the kidney [3]. Cellular accumulation of sorbitol has been documented to
happen selectively in tissues predisposed to developing diabetic complications,
including the kidney [62, 63]. GBM width was increased by diabetes and decreased
by sorbinil (an aldose reductase inhibitor) in rats with streptozocin-induced diabetes
[63].

A five-year study in dogs with an aldose reductase inhibitor prevented diabetic
neuropathy, but did not prevent retinopathy or capillary basement membrane
thickening in the retina, kidney and muscle [64]. A clinical trial in humans has shown
a similar affect, with aldose reductase inhibition limiting progression of neuropathy
[65]). Blockade of the polyol therefore appears to limit progression of diabetic
neuropathy, but may not affect progression of the other complications of diabetes,

including nephropathy.

PKC pathway

PKC, a family of serine-threonine kinases, has at least eleven isoforms. It is

involved in various vascular functions such as vascular permeability, contractility, cell
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proliferation, ECM synthesis and signal transduction for hormones and growth
factors. High glucose leads to elevated DAG levels, causing activation of PKC.

Many of the adverse effects of hyperglycaemia have been attributed to PKC
activation, which regulates various functions including contractility, bloodflow, cell
proliferation and vascular permeability [6]. PKC activation has a role in the increase
in fibronectin production seen in mesangial cells exposed to elevated glucose
concentrations [66] and induces TGFP1, fibronectin and type IV collagen
upregulation in the glomeruli of diabetic rats [67]. PKC antagonism was found to
benefit the db/db mouse model of DN [68]. Treatment with a PKCB inhibitor
prevented the initial increase in GFR, partially correcting albuminuria and
ameliorating mesangial expansion.

Hexosamine pathway

In the hexosamine pathway, fructose-6-phosphate is diverted from glycolysis by
its conversion to glucosamine-6-phosphate by the enzyme glutamine: fructose-6-
phosphate aminotransferase (GFAT). In the kidneys, GFAT is expressed in tubular
epithelial cells but not glomerular cells. In contrast, in patients with DN, GFAT is
expressed in glomerular epithelial and mesangial cells, indicating that GFAT
expression may be induced by diabetes [69]. Shunting of excess intracellular glucose
into the hexosamine pathway might cause several manifestations of diabetic
complications. In cultured mesangial cells, the hexosamine pathway lead to increased
TGFB1 induction and increased ECM production [70-72]. Activation of the
hexosamine pathway by hyperglycaemia may alter gene expression and protein

function, thus contributing to the pathogenesis of DN [61].
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Inhibition of GFAT has been shown to abrogate high glucose-induced TGFf1
overexpression and subsequent effects on mesangial cell proliferation and matrix

production through decreasing glucosamine metablolites in mesangial cells [60].

Reactive oxygen species

High glucose induces intracellular ROS directly via glucose metabolism and
auto-oxidation and indirectly through the formation of AGEs. ROS mimic the effects
of glucose and upregulate TGFB1, plasminogen activator inhibitor-1 and ECM
proteins by glomerular mesangial cells, thus leading to mesangial expansion [73]. The
different mechanisms of glucose-induced damage all lead to superoxide production by
mitochondria [61]. ROS activate other signalling molecules such as PKC and MAPKs
and transcription factors such as NFkB, AP-1 and SP-1 leading to transcription of
genes encoding cytokines, growth factors and ECM proteins. Also, various
antioxidants inhibit mesangial cell activation by high glucose and ameliorate features

of DN [73].

AGEs

Chronic hyperglycaemia can lead to glycation of proteins leading to irreversible
cross-linking and the formation of AGEs. AGEs have been shown to be increased in
the serum of patients with DN and have been localised to glomeruli. They have been
suggested to mediate a variety of cellular actions including expression of adhesion
molecules involved in mononuclear cell recruitment, cell hypertrophy, ECM synthesis
and inhibition of nitric oxide synthesis [61].

Diabetic patients with ESRD have markedly increased levels of AGEs in their

serum compared to diabetic controls without renal involvement [61, 74].
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Accumulation of AGEs is characteristic of DN, particularly in the mesangium [75].
The prevention of AGE formation as well as inhibition of AGE-induced crosslinks
has been shown to prevent the occurrence of albuminuria and lessen mesangial
expansion [6, 76].
TGFp

Several manifestations of DN may be a consequence of altered production
and/or response to cytokines and TGFp is one such factor because it promotes renal
cell hypertrophy and regulates production of ECM molecules. Several studies have
demonstrated that TGFP expression is elevated in the kidneys of animals with
diabetes [77-81]. There is a close similarity between the actions of TGFB and high
ambient glucose on the growth and ECM metabolism of renal cells [82]. Both
glucose and glucose generated AGEs stimulate production of TGFp in vitro in a

variety of cell types [83].

1.2: Transforming Growth Factor §

1.2.1: Introduction

TGFP and related factors are multifunctional cytokines that regulate growfh,
differentiation, adhesion and apoptosis of various cell types. More than thirty proteins
have been identified as members of the TGFf superfamily, which includes TGFs,
activins, and BMPs [84, 85]. TGFp is secreted as a homodimeric protein and
regulates numerous cellular responses such as proliferation, differentiation, migration

and apoptosis [85, 86].
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TGFp isoforms

In the kidney, TGFP1 is the most highly expressed, being present mainly in
tubular epithelial cells and to a lesser extent in the glomerulus [87, 88]. TGFpB3
follows a similar pattern of expression but in lesser amounts [82]. TGFp2 is restricted
mostly to the juxtaglomerular apparatus, co-localising with rennin staining [82].
TGFp1 is generally considered to be the predominant form involved in renal disease,
with the roles of TGFf2 and TGF3 being less clear. Although all three isoforms of
TGFp have been shown to have fibrogenic effects on renal cells, the effects of TGFp2

and TGFfB3 may be partially mediated by TGFB1 [89].

TGFp activation

TGFp-exists commonly as a homodimer bound to its latency-associated peptide
and must be activated to exhibit its biological effects (figure 1.4) [84, 90, 91].
Activation of latent TGFp in vivo may be controlled by the action of plasmin to cleave
the latency-associated peptide from the active TGFP dimer [82]. TGFp can also be
activated by ROS generation, TSP-1 [92, 93] and avB6 integrin [94-98]. Glucose
upregulates TSP-1 expression in mesangial cells, leading to increased TSP-1 mediated
TGFBI1 activation [99, 101]. TSP-1 activates TGFp by altering the conformation of
latent TGFp [102]. L-TGFpB1 has been shown to co-localise with CD36, the TSP-1
receptor. Since TSP-1, not TGFp1, is the natural ligand for CD36, this suggests that
TSP-1 forms a complex with CD36 and L-TGFp [103].

TSP-1 is a glycoprotein released by a number of cells including mesangial cells,
although only 11% of the cells expressed TSP-1 at the cell surface, the vast majority
had an intracellular pool [104, 105]. It mediates a variety of processes related to

wound repair, including the induction of apoptosis and recruitment of macrophages
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[106-108]. TSP is a trimeric adhesive molecule of ~450kD capable of binding to a
wide range of macromolecules and many cell types [105, 109-111]. TSP has been

implicated as a ‘molecular bridge’ mediating adhesive interactions between activated

platelets and other cells [112, 113].
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1.2.2: TGFp signalling

TGFpB1 signalling occurs through type I and type II serine/threonine kinase
receptors [85]. Each member of the superfamily binds to a characteristic combination
of type I and II receptors [82, 85]. Ligand binding induces assembly of type I and II
receptors into complexes, within which type II phosphorylates type I [82, 85]. In the
absence of ligand, type I and II receptors exist as homodimers at the cell surface
[115]. Activated type I receptor phosphorylates receptor regulated Smads (R-Smads:
Smad2, Smad3, Smad5 and Smad8) and activated R-Smads form heteromeric
complexes with Smad4 [85]. These complexes accumulate in the nucleus where they
control gene expression in a cell-type specific and ligand dose-dependent manner
through interactions with transcription factors, co-activators and co-repressors [85].
Inhibitory S;nads (I-Smads: Smad6 and Smad7) act in an opposing manner to R-
Smads and antagonise signalling [85]. They were originally shown to compete with
R-Smads for binding to activated type I receptors and thus to inhibit the
phosphorylation of R-Smads [85].

In contrast to the other Smads, which are generally regulated by post-
translational modifications, the expression of the Smad7 gene is induced by TGFp
itself. Smad7 mRNA was induced by TGFB1 within one hour in murine mesangial
cells [116, 117]. Overexpression of Smad7 is a highly effective method of blocking at
least some mesangial cell effects of TGF-B1 [116]. It binds to the ligand-activated RI
and interferes with the phosphorylation of substrate Smads [117]. An upregulation of
Smad7 mRNA upon TGF treatment in the cells suggests that Smad7 participates in a
negative-feedback loop which regulates the length and intensity of the signalling

[118].
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Besides Smad-mediated transcription, TGFP activates other signalling cascades,
including MAPKSs. Studies using Smad4-deficient cells, or dominant negative Smads,
support the possibility of MAPK activation that is independent from Smads [115]. In
addition, mutated TGFp type I receptors, defective in Smad activation, activate p38

MAPK signalling in response to TGFp.

1.2.3: Role in diabetic nephropathy

Circulating levels of TGFP are increased in type II diabetes, correlating with
blood glucose levels [119, 120]. TGFf is an important mediator of the high glucose
induced effect on mesangial cells [121, 122]. Studies by Wolf, et al demonstrated a
biophasic growth response of mesangial cells when they were cultured in high glucose
concentratior;; initially there was stimulation of replication followed by a sustained
inhibition after longer incubation periods [123]. High glucose increases TGFp1
mRNA and protein levels in cultured mesangial cells. The factors that mediate
increased renal TGFp activity involve hyperglycaemia and the intermediary action of
other potent mediators such as angiotensin II, thromboxane, endothelins and PDGF
[124].

Cell culture experiments have revealed that the effects of high glucose on renal
proximal tubular cells and glomerular mesangial cells are mediated by autocrine
production and activation of TGFP [82]. Several studies have demonstrated that TGFf
expression is elevated in the kidneys of animals with insulin-dependent diabetes [82].
The actions of TGFP on renal cells to induce hypertrophy [125-127] and stimulate
ECM production, features that are characteristic of diabetic kidney disease, also

predict that this growth factor may be involved in the pathogenesis of the disease. In

the kidney, TGFB promotes tubuloepithelial cell hypertrophy and regulates the
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glomerular production of almost every known molecule of ECM [82]. TGFB
expression is also elevated in the glomerulus of patients with DN [128, 129].

The ability of TGFP to enhance matrix synthesis underlies its important role in
healing wounds. On the other hand, excess production of the cytokine may cause
irreversible tissue fibrosis in a host of disease states [82]. In mesangial cells, TGFp
increases the production of type I and type IV collagens, fibronectin and
proteoglycans [130].

The Smad family of proteins is the predominant signal , inducer of TGFf
signalling. In db/db and STZ mice kidneys, nuclear localisation of Smad3 and
expression of TGFp ligand and its receptor were shown to be increased [131, 132].
Neutralisation of TGFp activity could prevent the progression of renal failure in
diabetic mi(;e, preventing the increase in plasma creatinine concentration and

decreasing expansion of the mesangial matrix [133].

1.2.4: TGFp and Apoptosis

NFkB

NFxB is a molecule involved in cell survival, but can be pro-apoptotic under
some circumstances [134-137]. It belongs to a family of transcription factors
recognised by the xB enhancer element [138]. NFxB is normally held in the
cytoplasm of unstimulated cells in an inactive form bound to an inhibitory protein,
IxB [85, 118, 138-141]. Phosphorylation of IxkB by the IKK complex leads to
ubiquitination and degradation of IkB, which unmasks a nuclear targeting sequence
on the NFxB molecule [139-142]. This promotes the translocation of NFxB from the
cytoplasm to the nucleus where it becomes an active transcription factor [142].

Different dimers bind with diverse affinity to the variety of kB sites in DNA, resulting
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in subtle cell and gene-specific modulations of gene expression. NFkB dimers do not
promote gene transcripton by themselves, but as part of a complex of several co-
activators such as CBP or AP-1 [141].

TGFp can either promote or inhibit NFkB activation depending on the cell line
[143-145]. Treatment of intestinal cells with TGFp1 resulted in suppression of NFxB
p65 accumulation in the nucleus and increased transcripts and protein levels of IkB,
the NFxB inhibitor [146]. Smad7, however, maintained high NFxB activity by
blocking the effects of TGFPl. Decreasing Smad7 expression using an antisense
oligonucleotide allowed endogenous TGFB1 to up-regulate IxBa and lower NFxB
accumulation in the nucleus [146].

The Smad7 promoter is also regulated by NF«xB since expression of the p65
subunit was able to inhibit the Smad7 promoter activity and this inhibition could be
reversed by co-expression of IxB [118]. TGFp can reduce NFkB activity by inducing
increased transcription of its inhibitor, IkBa [145]. Smad?7 inhibits the survival factor
NFxB, providing a potential mechanism whereby Smad7 potentiates cell death [147].

Activation of p38 MAPK and caspase-3 is required for TGFp-mediated
apoptosis, but not for apoptosis induced by Smad7 in podocytes, although Smad7 may
act as an amplifier of TGFB-induced apoptosis in podocytes [148]. TGFB1 induced
apoptosis in podocytes is associated with increased Bax protein synthesis and

caspase-3 activity [148].

Role of p38 MAPK in apoptosis
p38 is a member of the MAP kinase superfamily, which is activated by stress
signals and implicated in cellular processes involving inflammation and apoptosis

[149-152]. Chronic exposure of human mesangial cells to high glucose activates the
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p38 MAPK pathway via ROS generation and PKC activation [153-155]. TGFp1
induced p38 MAPK activation is required for the TGFB1 mediated apoptosis in
mammary epithelial cells [156].

When trophic factors are removed, apoptosis increases and p38 MAPK activity
is elevated [157, 158]. Selective blockade of p38 MAPK prevents apoptosis [157],
also, inhibition of p38 MAPK and overexpression of kinase-inactive p38 MAPK
significantly attenuated cell death induced by high glucose in endothelial cells in
epithelial cells [159]. Caspase inhibitors significantly attenuated the sustained
phosphorylation of p38 MAPK induced by high glucose. Phosphorylation of p38
MAPK occurred downstream of the caspase pathway mediated by MEKKI1. An
increase in the Bax to Bcl-2 ratio leads to cytochrome c release, caspase-3 activation,
phosphorylation of p38 MAPK by MEKK(1 and cell death [159].

TGFB1 has been shown to induce Bax gene transcription and mitochondrial
translocation of Bax protein leading to release of cytochrome ¢ from mitochondria
and subsequent activation of caspase-3 in liver epithelial cells [160]. TGFB may be
stimulating p38 MAPK signalling to induce Bax protein synthesis and mitochondrial
translocation, leading to caspase-3 activation.

P38 MAPK kinase may function both upstream and downstream of caspases in
the apoptotic response and involvement of p38 MAPK in apoptosis is cell type and
stimulus dependent [161-163]. Most inflammatory cytokines are regulated by NFxB
and recently it has been found that p38 MAPK regulates NFkB-driven gene

expression [86, 164].
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1.3: APOPTOSIS AND CELL CLEARANCE

1.3.1: Introduction

Apoptosis is an evolutionarily conserved, ‘programmed’ form of cell death,
which does not incite an inflammatory response as opposed to necrosis, a process by
which injury to the cell leads to release of intracellular contents. Apoptosis plays a
central role in development, homeostatis and in many diseases [165, 166]. Virtually
every cell type appears to be programmed to undergo apoptosis by dgfault unless it
receives a constant and sufficient supply of survival signals, which may be provided
by soluble mediators such as hormones and cytokines or by contact with ECM or
other cells [167]. Survival signals from the cell’s environment and internal sensors
for cellular i;lfegrity normally keep a cell’s apoptotic machinery in check. In the
event that a cell loses contact with its surroundings or sustains irreparable internal
damage, the cell initiates apoptosis [168].

Apoptosis is characterised by DNA fragmentation, chromatin condensation,
membrane blebbing, cell shrinkage and formation of apoptotic bodies [169, 171, 172].
These are the result of an ordered series of biochemical events within the dying cell,
caused by activation of a family of cysteine proteases called caspases. Changes in the
concentrations of the cell survival and cell death proteins lead to caspase activation
[173, 174]. Caspases act on multiple intracellular targets, such as I°P (leading to
DNA fragmentation), cell survival proeteins (e.g. Bcl-2) and lamins (contributing to
chromatin condensation) [172]. This leads to characteristic changes such as
endonuclease-mediated internucleosomal chromatin cleavage (DNA laddering) and
plasma membrane alterations, including exposure of the anionic phospholipid

phosphatidylserine [175-177].
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A critical event during programmed cell death appears to be the acquisition of
plasma membrane changes that allow phagocytes to recognise and engulf these cells
before they rupture [176]. The plasma membrane of a healthy cell generally exhibits
an asymmetric distribution of its major phospholipids. PS externalisation is an early
and widespread event during apoptosis of a variety of cell types, regardless of
initiating stimulus. Redistribution of PS during apoptosis may precede the nuclear
condensation and cell shrinkage events also seen during this process [176].

Apoptotic cell death occurs in two phases: first a commitment to cell death
where the balance between cell survival and cell death proteins tips in favour of cell
death and caspases are activated (caspase activation is an irreversible change). This is
followed by an execution phase, during which caspases cleave specific proteins,

characterised by dramatic stereotypic morphological changes in cell structure [178].

1.3.2: Dysregulation in disease

Apoptosis and disease

In healthy tissues, the elimination of cells by apoptosis (which leads to rapid
and inconspicuous clearance of intact dying cells by phagocytes) counterbalances cell
birth by mitosis, so the two processes maintain the normal number of cells. Abnormal
control of apoptosis is implicated in many human diseases, including Alzheizmers,
Huntingtons, ischaemic damage, autoimmune disorders and several forms of cancer
and is recognised to play an important role in regulating renal cell number in health
and disease [179].
Kidney disease

Inappropriate engagement of apoptosis contributes to the progression of renal

diseases such as polycystic kidney disease, mediating the loss of ‘desirable’ cells and
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the eventual development of the hypocellular endstage kidney [180]. However, in
some disease states, such as glomerulonephritis, apoptosis leads to resolution of injury
[180]. Tight regulation of apoptosis is therefore essential for the maintenance of
healthy tissues.
Diabetes

In glomerular core preparations from rats with experimental DM and in
mesangial cells in culture there is a mild rise in replication during the early phase after
exposure to high glucose concentrations but longterm cell culture in high glucose
leads to downregulation of the anti-apoptotic proteins (bcl-2 and bcl-xL) and
upregulation of the pro-apoptotic proteins (bax) [181]. The late phase of DN is
characterised by the loss of resident glomerular cells [182]. Apoptosis of glomerular
cells correlat:ad with expansion of the mesangial matrix and with worsening of
glbuminuria. Consistent with this, caspase-9 cleavage was elevated only in diabetic
rat kidneys [37]. High glucose can also lead to apoptosis in kidney cells via
oxidative stress [183].
Mesangial cells

Apoptosis in cultured human mesangial cells can be triggered by stimuli known
to trigger apoptosis in other cell types, such as deprivation of growth factors or
exposure to inhibitors of protein synthesis [184]. Several recent studies show that high
glucose induces mesangial cell apoptosis [37, 182, 185]. High glucose promotes
apoptosis in mesangial cells by increasing intracellular ROS generation. This has
been reported to change the Bax:Bcl-2 ratio in favour of apoptosis and lead to
cytochrome c release from mitochondria and caspase-3 activaton [182]. In kidney
cells, high glucose has been shown to downregulate Bcl-2 and Bax mRNA expression

and increasing Bax mRNA expression [181].
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1.3.3: Apoptosis pathways

Two pathways of cell death have been elucidated: a pathway that is directly
activated by death receptors and a pathway that involves the mitochondria (figure
1.5). Signal transduction pathways initiated at the cell surface by death receptors are
mediated by adaptor complexes that lead to caspase activation. The signal
transduction pathways that activate mitochondria are less well understood. One class
of stimulus that activates the mitochondrial pathway is cell stress, i.e. uv radiation,
serum/growth factor withdrawal, addition of chemicals such as cycloheximide or

etoposide [186].
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Apoplotic subsirates

The death-receptor pathway is triggered by members of the death-receptor
superfamily (e.g. CD9S and TNF receptor I). Binding of CD95 ligand to CD95
induces receptor clustering apoptotic signalling. The receptor recruits, via FADD,
multiple procaspase-8 molecules, which results in caspase-8 activation.

The mitochondrial pathway involves apoptosis via serum-deprivation and DNA

mitochondria,

0

damage. Pro-apoptotic signals direct the pro-apoptotic proteins to th
where they can mitochondrial membrane disruption. Cytochrome ¢, which is usually
found within mitochondria, leaks out during apoptosis and activates caspase-9.

Both pathways converge upon caspase-3. Cross-talk between the two pathways can

occur via Bid, a pro-apoptotic protein. Adapted from [173].
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Death receptors
Death receptors — cell surface receptors that transmit apoptosis signals initiated
by specific ‘death ligands’ — play a central role in apoptosis. These receptors can
activate caspases within seconds of ligand binding, causing an apoptotic demise of the
cell within hours [168]. Death receptors belong to the TNF receptor superfamily,

which is defined by similar, cysteine-rich extracellular domains [168].

The role of mitochondria

The mitochondrion is a pivotal decision centre — it controls life and death by
releasing death-promoting factors into the cytosol [187]. The pro-survival proteins
seem to maintain organelle integrity [174, 188, 189]. The key function of Bcl-2 family
members se;ms to be to regulate the release of pro-apoptotic factors, in particular
cytochrome c, from the mitochondrial intermembrane compartment into the cytosol
[173]. Bcl-2 acts in situ on mitochondria to prevent the release of cytochrome ¢ and
thus caspase activation [173, 188]. Addition of pro-apoptotic Bcl-2 family members
to isolated mitochondria is sufficient to induce cytochrome c release, whereas
overexpression of anti-apoptotic Bcl-2 family members will prevent it [173, 174, 188,
190-192].

Cytochrome c, a component of the mitochondrial electron transfer chain, is
released from mitochondria during apoptosis [193, 194, 187]. Its release, which
occurs following a variety of death stimuli,‘ has been shown to activate Apaf-1, which
in turn activates caspase-9 and caspase-3 [195-198]. Concurrent with cytochrome c,
Smac/Diablo, a 25kDa mitochondrial protein, is released from mitochondria into the
cytosol during apoptosis [173, 193]. Smac/Diablo binds to IAP family members and

neutralises their anti-apoptotic activity [173]. Although cytochrome c activates Apaf-
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1, its absence only attenuates apoptosis [235]. Since the level of total caspase activity
is markedly lower in the absence of the apoptosome (a complex formed when
ctyochrome ¢, Apaf-1 and pro-caspase-9 bind), it must be an amplifier of the caspase

cascade rather than a critical initiator [200].

1.3.4: Apoptosis — The key players
Bcl-2 family

The Bcl-2 family has over 15 members and includes both pro- and anti-
apoptotic molecules but I will concentrate on just four — two cell survival (Bcl-2 and
Bcl-xL) and two cell death (Bcl-xS and Bax) proteins - because previous work has
examined changes in expression of these molecules in the kidney [174, 181, 182, 200,
201].

Bcl-2 family members possess up to four conserved BH domains designated
BH1, BH2, BH3 and BH4 which correspond to oa-helical segments [174, 188, 202]
(figure 1.6). Most pro-survival members, which can inhibit apoptosis, contain at least
BH1 and BH2 and those most similar to Bcl-2 have all four BH domains [188].
Deletion and mutagenesis studies suggest that the amphipathic a-helical BH3 domain
serves as a critical death domain in the pro-apoptotic members [174, 203].

Many Bcl-2 family members also contain a hydrophobic domain, which is
essential for its targeting to membranes such as the mitochondrial outer membrane
[174, 200]. An additional characteristic of the members of this family is their ability
to form homo- and heterodimers, suggesting neutralising competition between these
proteins [174, 188, 202, 204, 205]. Mutagenesis studies also established that the BH1,
BH2 and BH3 domains strongly influence homo- and hetero-dimerisation [188].

Coalescence of the a-helices in its BH1, BH2 and BH3 regions creates an elongated
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hydrophobic cleft, to which a BH3 amphipathic a-helix can bind [188]. The presence
of an anti-apoptotic molecule such as Bcl-2 or Bcl-xL can inhibit the activation of
Bax following a death signal [174]. The ratio between the two subsets helps
determine, in part, the susceptibility of cells to a death signal [204]. Bax also
heterodimerises with Bcl-xL, amongst other anti-apoptotic Bcl-2 family members
suggesting that the susceptibility to apoptosis is determined by multiple competing

dimerisations in which Bax may be a common partner [39].
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The Bcl-2 family has been classified into three functional groups, I, II and III.

Group I: These are charcaterised by four short conserved BH domains, BH1-BH4.
They also possess a C-term
outer surface of the mitochondria. All members of this group are anti-apoptotic, e.g.

Bcl-2 and Bel-xL.
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The Bcl-2 family is regulated by cytokines and other death/survival signals at
different levels. Several pro-survival genes are induced transcriptionally by certain

cytokines [188, 206, 207].

Anti-apoptotic proteins

The anti-apoptotic proteins are integral membrane proteins found in the
mitochondria, ER or nuclear membrane [189, 200, 208, 209]. Bcl-x transcripts are
alternatively spliced into a long (bcl-xL) or short (Bcl-xS) form, which lacks the
transmembrane domain [210]. Bcl-xL is normally located in both the cytosol and the
mitochondria [211, 212].

These al_lti-apoptotic proteins can form membrane channels in the mitochondrial
membrane [213], maintaining a decreased mitochondrial membrane potential and
therefore preventing mitochondrial swelling following apoptotic stimuli [214]. One
theory as to how the Bcl-2 family would control the swelling of mitochondria relates
to a proposed channel entitled the permeability transition pore (PTP) [174, 202, 215].
Membrane-inserted helices from two or more Bcl-2/Bcl-xL molecules should
associate to form a ring that creates an aqueous lumen but the number of molecules
associating to form the channel is not known [202]. Opening of the PTP involves the
opening of a large channel in the inner membrane of the mitochondrian results in
mitochondrial depolarisation, uncoupling of oxidative phosphorylation and swelling
of the mitochondria. This occurs almost universally during apoptosis [174, 194, 202].

The BH4 region of these proteins is required for pro-survival activity [216].
The BH1 and BH2 domains of Bcl-2 and Bcel-xL are required for it to heterodimerise

with Bax (and other pro-apoptotic molecules), suppressing apoptosis [39]. Cleavage
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of the amino terminus of Bcl-xL and Bcl-2 (predicted to expose their BH3 domain

surface) can convert them into pro-apoptotic molecules [174].

Pro-apoptotic proteins

A large fraction of the pro-apoptotic proteins localise to cytosol or cytoskeleton
prior to a death signal [217, 174]. Bax is a pro-apoptotic protein that can become
integral mitochondrial membrane protein, where it can permeabilise the outer
mitochondrial membrane, allowing efflux of proteins that lead cell death [174, 200].
Following a death signal, the pro-apoptotic members undergo a conformational
change that enables them to target and integrate into membranes, especially the
mitochondrial outer membrane [174]. Bax is predominantly a cytosolic monomer in
healthy cells but during apoptosis it undergoes conformational changes at both
termini, translocates to the outer mitochondrial membrane and oligomerises [200,
212]. This leads to the release of proteins such as cytochrome c from the
mitochondria.  Bax may induce apoptosis alone or by forming heterodimers with
Bcl-xL, inhibiting its ability to maintain mitochondrial membrane potential. [204,
218, 219]. Bcl-xS, an alternatively spliced form of Bcl-x, acts directly as a dominant
interfering Bcl-2 and Bcl-xL antagonist, favouring apoptosis [220].

Constitutively active pro-apoptotic Bcl-2 members may be transcriptionally
activated. To avoid toxicity in healthy cells they would by transcriptioﬁally silent, but
in response to selected death stimuli cells would initiate their transcription. In select

settings, Bax appears to be transcriptionally responsive [221].
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Caspases

Caspases participate in a cascade that is triggered in response to proapoptotic
signals and culminates in cleavage of a specific set of proteins, resulting in apoptosis
[172, 178]. They are synthesised as inactive proenzymes (zymogens) comprising an
N-terminal peptide (prodomain) together with one large and one small subunit, which
heterodimerise upon being processed [172]. In apoptosis, caspases function in both
cell disassembly (effectors), leading to the typical morphological changes seen during
apoptosis and in initiating this disassembly in response to proapoptotic signéls
(initiators), activating and amplifying the apoptosis signal [172]. Initiator caspases are
activated at the apex of the apoptosis signal (examples of these as caspase-8 and
caspase-9). Caspase-8 is associated with apoptosis involving death receptors and
caspase-9 is involved in death induced by cytotoxic agents [172]; whereas caspase-3
is one of the key executioners of apoptosis and its activation results in the
morphological changes associated with apoptosis, including chromosome
condensation, cell membrane blebbing and DNA fragmentation [201].
Caspase-8

Procaspase-8 and, only in humans, procaspase-10 are activated by receptor
aggregation at the plasma membrane [222]. When death receptors of the TNF family
are engaged by their cognate ligands, these procaspases are recruited by the adaptor
FADD to the aggregated receptor, where their high local concentration promotes
autocatalysis [172, 178, 222].
Caspase-9

A conformational change in Apaf-1, induced by cytochrome ¢ from damaged

mitochondria, allows it to recruit procaspase-9, forming an ‘apoptosome’ which
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activates caspase-9 [172, 173, 198, 200]. Caspase-9 then processes and activates
caspase-3 and -7 [200].
Caspase-3

Pro-caspase 3 appears to have both cytosolic and mitochondrial distributions
[174]. An increase in Bax or a decrease in Bcl-2 alters the balance between these two
proteins and has an effect on caspase-3 mediated apoptosis [201]. Its activation
results in the phenotype of apoptosis including chromosome condensation, cell
membrane blebbing and DNA fragmentation [201]. Caspase-3 activated by cell deafh

signals may be via the mitochondrial or death receptor routes.

NFkB

Active NFxB is present as a homodimer or heterodimer of five subunits —
p65/RelA, c-Rel, Rel-B, p100/p52 and p105/p50 [141]. The most abundant form of
NF«B is a heterodimer of p50 and p65/RelA subunits, in which the p65/RelA subunit
contains the transcriptional activator domain [117]. All of these proteins share a
highly conserved Rel homology region (RHR), which is required for interaction with
other members of the family, DNA binding and IkB protein binding and it also
contains a nuclear localisation sequence [141]. The subunit pSO lacks the
transactivation domain so is therefore unable to promote transcriptional activity and is
considered to mediate transcriptional repression. Conversely, p65/RelA is a potent
transcriptional activator [141].

Inhibition of NF«kB activation stimulates apoptosis regardless of the injury
pathway responsible for NFkB activation [142]. NFxB controls an anti-apoptotic
mechanism upstream of caspase-3 activation and mitochondria [223]. Furthermore,

the two main subunits of NFxB, p50 and p65 are also substrates for caspase-3 [224].
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NF«xB is involved in anti-apoptotic genomic response, although the putative
anti-apoptotic genes that are activated by NFxB in response to apoptotic stimuli (e.g.
TNFa) remain to be identified [138]. Bc/-2 and Bcl-x are among the target genes of
NF«xB [225]. The presence of the NFxB site has been demonstrated in the promoters
of human bcl/-2 and bcl-x. The Bcl-x gene promoter contains a putative consensus
sequence for NFkB responsive activation. Upregulation of transcription of the Bcl-x
promoter in mammalian brain cells in culture resulted from being transfected with

NFxB p50 and p65 [226].

1.3.5: Phagocytosis

Apoptotic cells are swiftly recognised and ingested by phagocytic cells before
release of toxic contents, in vivo. Phagocytosis requires distinguishing features on the
surface of the apoptotic cells and recognition and tethering molecules on the surface
of the phagocytic cells, as well as the cytoskeletal and other cellular machinery
involved in engulfment. The recognition of apoptotic cells by phagocytes involves
signals on the apoptotic cell that differentiate it from normal-self cells and receptors
for these signals on the phagocytosing cell, such as PS exposure. In a number of
tissues it has been observed or estimated that apoptotic cells are ingested and
degraded so rapidly that they are only visible for 1-2 hours [175, 184].

Mesangial cells have the capacity to participate in clearance of neutrophils
undergoing apoptosis, in keeping with previous reports of apoptotic cell uptake by

other ‘semi-professional’ phagocytes, such as epithelial and tumour cells [227].
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Phagocytic receptors

Apoptotic cells express ‘eat me’ receptors on their surface [228]. These signals
include molecules that newly appear on their cell surface, such as externalised PS, and
existing molecules such as altered surface sugar residues, which during the process of
apoptosis are altered by oxidation processes and modifications in sugar chains or
surface charges [229]. Ligands expressed on the apoptotic cell that signal phagocyte
recognition are poorly understood. Many receptors have been implicated in
phagocytosis (figure 1.7).

Macrophages have been shown to use a wide repertoire of receptors to
phagocytose apoptotic cells. The precise receptor involved seems to be dependent on
the species and activation state of the macrophage as well as the type of apoptotic cell

being phagocytosed [138].
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This diagram shows the molecules that have been implicated in phagocytosis of
apoptotic cells. The apoptotic cells are shown on the left and the phagocyte on the
right. Adapted from [228].

CD14 on the phagocyte can bind to ICAM-3 on the apoptotic cell to facilitate

]
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engulfment [228, 231]. Mer, which is implicated in the recognition of apoptotic
thymocytes, may act through an interaction with Gas-6, which binds to
phosphatidylserine on the surface of apoptotic cells [232]. The mannose-binding

lectin (MBL) and surfactant proteins A and D enhance the uptake of apoptotic cells.

have a role in phagocytosis [234]. There are also receptors that inhibit engulfment,
such as CD47 on the surface of erythrocytes or CD31, which functions as a ‘don’t eat

me’ signal [228, 235, 236].



CD36/TSP-1/avfi3 mechanism

Introduction

A lot of research suggests that this mechanism is important in cell uptake by
macrophages as well as being the key mechanism for mesangial cells [104, 230, 237-
239]. CD36 is thought to act in co-ordination with the vitronectin receptor, avp3, by
forming a bridge via thrombospondin to the apoptotic cell; the ligand on the apoptotic
cell is unknown. It has been postulated that TSP-1 is bound to an unknown ligand on
the apoptotic neutrophils, acting as a bridge between the apoptotic cell and the
CD36/avp3 complex on the macrophage [237].
Macrophages

A complex consisting of TSP-1, its receptor CD36 and the integrin avB3 has
been shown to be instrumental in macrophage phagocytosis of apoptotic neutrophils,
with TSP-1 binding to both CD36 and avf3 [237]. Other studies have shown that
macrophages also use this complex to phagocytose apoptotic neutrophils and
eosinophils [230, 238]. TSP-1 has been implicated in adhesion between platelets and
monocytes by forming molecular bridges with CD36 and other integrin receptors
[240].
Mesangial cells

Mesangial cell phagocytosis of apoptotic neutrophils also involves an
avB3/TSP-1 mediated mechanism [104, 239]. Cultured mesangial cells are capable of
synthesising and secreting TSP-1 but apoptotic neutrophils did not express TSP-1,
avP3 or CD36 on their surface [104], therefore another unknown molecule, a receptor
on the apoptotic cell, must be involved. TSP-1 binds to apoptotic neutrophils
specifically and ‘bridges’ the apoptotic neutrophils to avp3 on the mesangial cell

surface. The RGDS (Arg-Gly-Asp-Ser) tetrapeptide can block the CD36/avf3
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pathway but RGDS was incapable of reducing binding or phagocytosis of late
apoptotic cells (cells expressing more a larger amount of phosphatidylserine on their
surface but have not yet lost their membrane integrity) cells by human mesangial cells
[241]. This suggests that cells in late apoptosis may be phagocytosed by a different

mechanism.

Importance of phosphatidylserine

A major change in apoptotic cells is the translocation of phosphatidylserine
from the inner to the outer leaflet of the plasma membrane [242, 243]. Loss of
phospholipids asymmetry and PS expression is required for phagocyte engulfment of
apoptotic cells and imply a critical role for PS recognition in the uptake process [242].
Apoptotic cells that failed to lose phospholipid asymmetry and that did not express PS
externally were not phagocytosed by macrophages or fibroblasts, even though they
showed other morphological apoptotic changes such as DNA fragmentation and
caspase-3 activity [242].

Inhibition of phosphatidylserine-mediated recognition of apoptotic cells
significantly reducing binding of late apoptotic U937 cells by human mesangial cells
[241, 244]. Phagocytic cells deficient in wildtype PSR were defective in removing
apoptotic cells [245]. Macrophages depend on the PS exposed on the surface of
apoptotic lymphocytes for recognition and phagocytosis and they recognise cells in
the very early stages of apoptosis via cell surface PS [246, 247].

PS may not bind directly to the PS receptor but rather indirectly via the bridging
molecule Annexin I, an intracellular protein, which during apoptosis translocates from

the cytosol to the PS-rich plaques in the outer leaflet of the plasma membrane [248].
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Another PS binding bridging protein that has recently been described is protein S,
which is known to bind to receptors of the Mer receptor-tyrosin kinase family [249].

Hoffman and colleagues have demonstrated that the vast majority of ‘eat me’
signals mediate tethering of apoptotic cells to the engulfing cell but only little
internalisation. Ligation of the PS receptor alone induced neither attachment nor
uptake. Engagement of both PS receptor and other phagocytic receptors converted
the tethering mediated by PSR to internalisation [229, 236, 249, 250]. This suggests
that other receptors (such as avB3/TSP-1/CD36, for example) are required for binding
but PSR may be required for internalisation. The addition of antibodies to receptors
such as CD36 or avp3 facilitated the tethering of erthocytes to macrophages, but did
not promote engulfment.

When the erythrocyte was coated with PS and tethered to a macrophage,
however, the erythrocyte was rapidly phagocytosed. Thus, PS exposure is sufficient
to drive the engulfment of tethered cells. These findings support the idea that
apoptotic cells can be tethered by multiple mechanisms and suggest a signalling role

for the PSR in the activation of engulfment [228].

1.2.5: Role of TGFp in cell clearance

The process of apoptotic cell clearance actively suppresses the initiation of
inflammation and immune responses, in part through release of anti-inflammatory
cytokines [251-253]. Phagocytosis of apoptotic cells by macrophages is associated
with the production of anti-inflammatory cytokines such as IL-10 and TGF, in vivo
and in vitro, resulting in an anti-inflammatory effect and suppression of the pro-

inflammatory mediators, e.g. IL-1a, IL-8 and TNF-a [247, 252, 254].
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TGFp1 secretion upon ingestion of apoptotic cells appeared to require PS on the
apoptotic cells since this effect could be reproduced by instillation of PS-containing
liposomes as well as PS-expressing apoptotic cells [253, 254]. Kruosaka and
colleagues argue that the production of anti-inflammatory cytokines during co-culture
with apoptotic cells maybe physiologically irrelevant because cells at a very early
stage of phagocytosis may be quickly phagocytosed without any adverse effects in
vivo [247]. They examined secretion of pro-inflammatory cytokines IL-1a, IL-18, IL-
6, IL-8 and TNF-o and anti-inflammatory cytokines IL-10 and TGFB. Of these, they
found that after co-culturing macrphages with cells in the early stages of apoptosis,

only IL-10 and TGFP increased [247, 255].

1.4: SUMMARY

_Mesangial expansion is strongly linked to the clinical manifestations of DN.
Increasing mesangial cell number has been documented in incipient nephropathy but
in overt nephropathy there is a loss of mesangial cells. This later loss of cells occurs
through apoptosis and correlates to worsening albuminuria.

Hyperglycemia plays a major role in diabetes and has been shown to induce
apoptosis in various cell types, including mesangial cells. In addition, high glucose
increases TGFPB1 expression, a cytokine that is an important mediator of the high
glucose effects. TGFP1 is known to inhibit cell growth and can cause cell death in
various cell types.

In vivo, apoptotic cells are rapidly cleared via phagocytosis by neighbouring
cells before they release their toxic contents. Mesangial cells are sem-professional
phagocytes that are able to ingest apoptotic cells via the avB3/TSP-1/CD36

mechanism. In other phagocytic cells, this uptake can induce secretion of anti-
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inflammatory cytokines such as TGFB1 and phosphatidylserine exposure on the

apoptotic cell has been implicated in this response.

The aims of this project were the following:
1. The role of glucose in mesangial cell apoptosis: Various methods were
used to quantify apoptosis. The effect of high glucose on survival factors such
as NFxB, Bcl-2 family and caspase-3 were determined and the apoptotic
pathway mediated by high glucose determined.
2. TGFP1 as a regulator of glucose and apoptosis: The amount of latent
and active TGFP1 secreted by cells in high glucose was quantified and the
apoptosis pathway mediated by TGFp1 was examined.
3. - The effects of high glucose on mesangial cell clearance of apoptotic
cells and its effect on TGFB1 generation: Apoptotic neutrophils were used to
study the effects of mesangial cells to apoptotic cells. The effect of TGF1 on
phagocytosis was determined. Binding of apoptotic cells to mesangial cells
lead to increased TGFP1 secretion and the receptors involved in this response

were investigated.
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CHAPTER 2:
- METHODS



2.1 TISSUE CULTURE

2.1.1: Mesangial Cells

Mesangial cell derivation

The rat mesangial cell line used in this thesis was in use in our department. The
primary rat mesangial cells were originally established from collagenase treated
glomeruli. The glomeruli were isolated from Wistar rats under sterile conditions and
the preparation was separated by serial sieving — the glomeruli being collected on a 53
um sieve. Tubular contamination of the original culture was less than 1% as assayed
by phase contrast microscopy. Intact glomeruli were washed 3 times with PBS and
resuspended in bacterial collagenase 750u/ml. These were then incubated for 30 min
at 37°C in order to digest the glomeruli, releasing the epithelial cell from the core
fragments. The suspensions were then centrifuged at 50xg for 5 min at 4°C and the
cores washed x3 with PBS. The cores were finally resuspended in RPMI-1640
supplemented with 20% FCS, plated in 25cm flasks and incubated in a humidified
atmosphere. Cells grew out of the explants after 3-4 days and reached confluence by
day 14. The cells were identified as mesangial cells by staining for Thy 1 and the
presence of intracellular myosin fibrils as well as significant collagen IV and
fibronectin. The cells were also negative for Factor VIII excluding the possible
contamination of endothelial cells. . In most instances the cell preparation failed to
replicate in culture for more than approx 10 passages — in one instance however the
cell culture continued to replicate indefinitely — and example of “spontaneous
transformation” on vitro as has been reported [Cancer Res. 2005 Apr 15;65(8):3035-
9. Erratum in: Cancer Res. 2005 Jun 1;65(11):4969]. These cells were therefore

available for use in this study. They were characterised as mesangial cells in order to
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confirm their identity (see below) and used in the rat cell experiments described in
this work. As transformed cells they have the advantages and disadvantages described
for all such lines. They allow direct comparison between different experiments
without concern about different sources and restrict the need for the continuous
sacrifice of fresh animals. They do however suffer the disadvantages of all such lines
in that it is impossible to know which if any of their functions have been altered to
induce immortality in vitro. These cells have been used by others in the lab and have
been shown to have the same characteristics as primary human cells [Martin, J et al.
KI (1989) 39:790-801; Martin, J et al KI (1994) 46:877-885; Martin, J et al JI (1986)

137:525-529].

Mesangial cell characterisation

A spontaneously transformed rat mesangial cell line (RMC) was used for all
experiments. These cells were characterised as mesangial cells before use. The
mesangial cells were cultured on 8-well chamber slides until 50% confluent. The
medium was removed and the cells washed x3 in PBS before fixation in a 1:1 ratio
mixture of acetone:methanol (Sigma) at room temperature for S mins. The cells were
washed and incubated with the primary antibody (figure 2.1) at RT for 3 hrs. The
primary antibodies were diluted 1 in 80 in PBS containing 1% BSA. The cells were
washed in PBS and incubated with the secondary antibody (anti-mouse FITC
conjugated) at RT for 1 hr, diluted in PBS, a 1 in 80 dilution. The cells were washed
x3 in PBS and viewed. Light microscopy showed large stellate cells with many
irregular cytoplasmic projections. In long-term culture, mesangial cells pile up and

formed ‘hillocks’. The mesangial cells failed to stain for cytokeratin, a marker for
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endothelial cells. Mesangial cells stained for actin and desmin, which supported a
mesanchymal and myogenic origin. Macrophages stain negative for desmin,

distinguishing them from mesangial cells [9] (figure 2.1).

Mesangial cell culture

Cells were cultured in a 1:1 ratio of DMEM without glucose (Life
Technologies, Paisley, UK) and RPMI 1640 (5.5mM glucose final concentration)
with supplements - Sug/ml insulin (Sigma-Aldrich Co Ltd, Gillingham, UK), 5ug/ml
transferrin  (Sigma-Aldrich), Sng/ml sodium selenite (Sigma-Aldrich), 10U/ml
penicillin (Life Technologies), 10ug/ml streptomycin (Life Technologies) and 2mM
L-glutamine (Life Technologies) - and 10% FCS (Autogen Bioclear UK Ltd, Calne,
UK). The cells were cultured in either 5.5mM glucose medium (normal glucose
control) or 25mM glucose medium (high glucose). The high glucose medium was
prepared by adding 1.802g D-glucose (Sigma-Aldrich) to 500mls of normal glucose
medium and sterile filtering once the glucose dissolved. Fresh growth medium was

added to the cells every 3 to 4 days until confluent.

Subculture

Confluent cell monolayers for passage were sub-cultured using the following
method. Growth medium was removed and the cells were treated with 10 ml
trypsin/EDTA (GIBCO/BRL Life Technologies, Paisley, UK) diluted 2:1 with PBS
(GIBCO/BRL). After 5-10 min incubation at room temperature (RT), cells were
detached from the flask with gentle agitation, followed by addition of Smls FCS to
neutralize the protease activity. The cell suspension was transferred to a 50ml

centrifuge tube (Greiner Bio-One Ltd) and the cells were pelleted by centrifugation
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(Mistral 3000i, Sanyo) at 1500 rpm at 4°C for 7 min. After removing the supernatant,
the cells were suspended in 30ml fresh supplemented medium containing 10% FCS
and seeded into 3 new T75 cm’ tissue culture flasks (Falcon, Becton Dickinson,

Oxford, UK).

Freezing

Excess mesangial cells were stored in liquid nitrogen. Cells for freezing were
removed from a confluent T75 cm? flask with trypsin and pelleted by centrifugation
as described above for subculturing. After centrifugation, the cells were resuspended
in 3mls of freezing mixture (10% v/v DMSO (Sigma-Aldrich), 30% v/v FCS and 70%
v/v 5.5mM glucose culture medium) and 1.5mls was aliquoted into cytotubes (Nunc
A/S, Denmark). These tubes were stored at -80°C overnight before storage in liquid
nitrogen.

Cells taken out of liquid nitrogen were thawed in a 37°C water bath and added
to 50mls culture medium in a 50ml tube. This was centrifuged at 1500rpm, 4°C,
Tmins and the cells were resuspended in 10mls of culture media containing 10% FCS

and transferred into a T75 cm? flask.
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Figure 2.1: Mesangial cell characterisation

Upper left: Mesangial cells in cuture. Light microscopy shows large stellate or
spindle-shaped cells with many irregular cytoplasmic projections (x125
magnification).

Upper right: Mesangial cells stained for smooth muscle actin with a mouse anti o-
smooth muscle actin antibody (Daco, Denmark), x600 magnification.

Lower left: Mesangial cells stained for desmin with a mouse anti-desmin antibody
(Daco), x600 magnification.

Lower right: Mesangial cells stained for cytokeratin with a mouse anti-cytokeratin

antibody (Daco), x600 magnification.
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2.1.2: Neutrophils

Isolation of Neutrophils

30-120mls of blood was taken from healthy volunteers at a time using 50ml
syringes. The blood was sedimented in 13mls tubes (Sarstedt, Germany) by adding
5mls blood to 1ml 6% Dextran-70 (Baxter) and seven drops anticoagulant (76mM
citric acid, 169mM sodium citrate, pH 5.6, filter sterilise) at 37°C for one hour. The
plasma layer was pooled into new 13ml tubes and these were centrifuged (300g,
8mins) in a minifuge T. After discarding the supernatant, the cells were washed in
PBS and centrifuged again. The supernatant was discarded and the cells resuspended
in 5mls of PBS. This cell suspension was layered onto Ficoll (Amersham
Biosciences) to separate the neutrophils from other white blood cells by Ficoll density
gradient centrifugation (400g, 35mins). The supernatant was discarded and the cells
washed in PBS and centrifuged. Any contaminating red blood cells were removed by
lysing with water (3mls, 20seconds), then restoring osmolarity by filling the tubes
with PBS, and centrifuging (300g, 8mins). The cells were washed in PBS once more.
Cell number was determined with a Coulter Counter (Beckman Counter). 20pl of the
PMN cell suspension was added to 20mls of Isoton (Beckman, UK) and mixed by
inversion. Two background readings were taken on the Coulter Counter followed by
two readings to obtain a cell count. The following formula was used to calculate the
number of cells/ml:

(Average PMNs count — average background count) x 1000 = cells/ml

High neutrophil (PMN) yield was determined by cytospin preparations. 20ul of cells
and 80ul of PBS were added to each chamber of a cyto-centrifuge (Cytopsin 4,

Thermo Shandon). The cells were adhered onto the microscopic slides by
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centrifuging at 1000g for 10mins. The slides were allowed to air-dry overnight and
were then stained using a Quick III Haematology stain kit (Astral Diagnostics). The
cells were first fixed in a solution of 100% methanol for 45 seconds and then dipped
in solution I (an eosin solution, red tones) for 45 seconds followed by another 45
seconds staining in solution II (a basophilic solution, blue tones). The cells that had a
purple nucleus, red granules and a pink cytoplasm were identified as neutrophils
(100%).

In order to assess the impact of isolation and overnight aging on neutrophil activation
cell surface expression of CD18 in fresh isolated and aged neutrophils was assessed
by flow cytometry (figure 2.2). Activated PMNs also became clumped in culture,

therefore any PMN preparations that became clumped were discarded.
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CD18 antibody (1:1000 dilution, diluted in FACS buffer) for 30 minutes at 4°C. The
cells were washed in PBS and incubated with the secondary anti-mouse-FITC
conjugated antibody (1:100 dilution) for 30 minutes at 4°C. They were then
centrifuged as above, washed x3 in PBS, resuspended in FACS buffer and analysed
by flow cytometry. The non-labelled celis were incubated with the secondary

antibody only. The histogram shows a typical result from three separate experiments.
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2.2: APOPTOSIS

2.2.1: Annexin-v/Propidium lodide FACS analysis

Annexin-V is a Ca?* dependent phospholipids-binding protein that has high
affinity for phosphatidylserine (PS). It binds to phosphatidylserine when it is exposed
on the outer membrane of cells during the early stages of apoptosis and therefore can
be used to study apoptotic cells. In contrast, Propidium lodide enters the cell when

membrane integrity is lost, thus distinguishing apoptotic cells from necrotic cells.

Apoptosis in mesangial cells was induced in 6-well plates (Falcon) by serum
depriving the cells for up to 72 hours. After induction of apoptosis, the medium was
removed and the cells washed in PBS. Trypisn was added to the wells to detach the
mesangial cells and form a single-cell suspension. After ten minutes, the trypsin was
neutralised by addition of 100ul FCS. The cell suspension was then pipetted into a
1.5 ml eppendorf and centrifuged (centrifuge 5415R, Eppendorf) at 1600rpm, 4°C for
Tmins. The cells were resuspended in PBS and centrifuged again. Following the
wash in PBS, the cells were stained for PI and annexin-v-FITC. They were
resuspended in 100pl of the reaction mixture made up of 90ul distilled water, 10ul
10x binding buffer (100mM HEPES (Life Technologies), 1.5M NaCl, 50mM KCl,
10mM MgCl, and 18mM CaCl,, pH 7.4), 5ul annexin-V conjugated to FITC
(Pharmingen, UK) and 5l propidium iodide (PI, Pharmingen UK). The samples
were incubated in the dark for 20 minutes at room temperature, centrifuged, followed
by a wash in PBS and resuspended in 500pl 1x binding buffer.

The samples were analysed immediately by flow cytometry (FACSCalibur,

Becton Dickinson, Oxford, UK). The viable cells were annexin-V/PI negative, cells
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in early apoptosis were annexin-v positive and PI negative and cells in late

apoptosis/necrosis were annexin-V/PI positive. Figure 2.3 shows a typical scatter plot.
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2.2.2: Analysis of mitochondrial membrane potential

Disruption of the mitochondrial transmembrane potential is one of the earliest
intracellular changes following the onset of apoptosis. The DePsipher kit (RnD
Systems Europe Ltd) can be used as a marker of mitochondrial activity. The green
dye, 5,5°, 6, 6’-tretrachloro-1,1°3,3’-tetracthylbenzimidazolyl carbocyanine iodide,
exists as a monomer at low membrane potential; however, it aggregates at higher
membrane potentials and once aggregated it produces a red-orange fluorescence.
Thus, the emission of fluorescence following addition of this dye can be used to
follow changes in mitochondrial membrane potential as a result of apoptosis.

Apoptosis in mesangial cells was induced in 6-well plates and the cells were
trypsinised as‘described in the previous section. The cell suspension was centrifuged
in a 1.5ml eppendorf at 1600rpm, 4°C for 7mins, resuspended in PBS and centrifuged
again. This was followed by suspension in 1ml of diluted DePsipher solution (5,5’, 6,
6’-tretrachloro-1,1°3,3’-tetracthylbenzimidazolyl carbocyanine iodide, R&D Systems
Europe Ltd) and incubated at 37°C, 5% CO; for 30 minutes in the dark. The samples
were washed twice in PBS, resuspended in PBS and analysed immediately by flow
cytometry. Figure 2.4 shows a typical scatter plot. The non-induced cells (cells
cultured in normal glucose medium containing 10% serum) were used as controls.

These controls were used to set up the two regions on the scatter plot and the % of

cells in early apoptosis is shown graphically»in the results sections.
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FL1

This figure shows a typical scatter plot after addition of 5,5°, 6, 6’-tretrachloro-
1,1°3,3"-tetraethylbenzimidazolyl carbocyanine iodide. The non-induced control was
used to create the regions. Two distinct regions were chosen as shown in the figure.
The population of cells in lower region produced a red-orange fluorescence, since the
mitochondrial membrane potential was high and the cells were viable (green region).
The upper region shows the population of cells that fluoresced green because the cells
were in apoptosis and therefore the mitochondrial membrane potential was low (red

region). Ten thousand cells were analysed per samplie.
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2.2.3: Quantification of Caspase-3 activity

Caspase-3, a cytoplasmic protein, is the most downstream protease which
mediates apoptosis. A commercially available caspase-3 assay (BD Biosciences) was
used to measure the amount of caspase-3 in cell lysates. After induction of apoptosis,
the medium was removed and the cells washed in PBS. Following quantification of
cell number using the alamar blue assay (described later), the cells were scraped into
Iml of PBS and pipetted into a 1.5ml eppendorf for centrifugation at 1300rpm, 4°C
for 7mins. This was followed by suspension in 50pl chilled lysis buffer (a component
of the Caspase-3 assay) to release cytoplasmic proteins, incubation on ice for 20mins,
10 seconds of vortexing the samples and centrifuging again (13000rpm, 10mins, 4°C).
The supernata'nt was placed into fresh 500ul tubes. Fifty pl 2x Reaction buffer/ DTT
mix and 5ul caspase-3 substrate (DEVD-pNA) were then added to each tube. Active
caspase-3 cleaves the DEVD-pNA, leading to release of pNA and this causes the
solution to turn yellow. The intensity of the colour determines the concentration of
the active caspase-3 in the sample. The tubes were incubated for 1hr in a 37°C water
bath. A pNA standard curve was generated (figure 2.5) using a range of pNA

concentrations and the samples were read at 405nm in a plate reader (BMG

Labtechnologies Ltd, Aylesbury, UK).
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2.2.4: Induction of Apoptosis in Neutrophils

Apoptotic neutrophils were used to study the functional consequences of
mesangial cell contact with apoptotic cells. Apoptosis was induced by ‘aging’ the
neutrophils [235, 256]. After isolation, they were incubated overnight in DMEM
medium (containing glucose) and 10% FCS in a 6-well plate in a 37°C, 5% CO,
incubator (Iteraeus Instruments). Per 50x10° neutrophils, 10mls of medium was used
for the overnight incubation. The amount of apoptosis was assessed by FACS
analysis using annexin-V and propidium iodide (PI) staining, as described for

mesangial cells (figure 2.6).
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Figure 2.6: Aging neutrophils induces apoptosis
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After isolation, apoptosis in fresh and aged PMNs was quantified by annexin v-
FITC/PI labelling and flow cytometry analysis. There was over a three-fold increase
in apoptotic cells. The results are presented graphically showing the percentage of
cells that were in early apoptosis (annexin v-FITC positive and PI negative). The
mean result is plotted, + S.E., n =3. Data from all volunteers gave a similar result,
therefore data from one volunteer is shown.

The % of cells that were in necrosis were as follows:

Fresh PMN - 6.17+3.35

Aged PMN - 10.2915.8%.
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2.3: PHAGOCYTOSIS

2.3.1: Microscopic analysis of phagocytosis

The mesangial cells were cultured in 8-well chamber slides. They were grown
to confluence in SmM glucose medium, followed by culture in serum free medium
containing SmM or 25mM glucose for 48 hours. Aged neutrophils were then added to
the mesangial cells for 3 hours, either in the presence of SmM or 25mM glucose.
After 3 hours of co-culture, the media was removed and any remaining PMNs were
washed three times in PBS using a Pasteur Pipette to gently agitate the solution. The
cells were then fixed in 100% ice-cold methanol for 20mins. This was removed,
followed by three washes in PB_S. The ingested neutrophils were stained for
myeloperoxidase (MPO) for 10 mins using a MPO stain made up of a 1:1 ratio of
1.25mg dianisidine and 0.05% H,0,. They were washed again in PBS and viewed

under a light microscope using a x125 magnification [257].

2.3.2: FACS analysis to quantify phagocytosis of apoptotic cells using

CFSE-labelled aged neutrophils

CFSE labelling of aged neutrophils

Isolated neutrophils were labelled with 5-, 6- carboxyfluorescein diacetate
succinimidylester (CFSE, Molecular Probes), a fluorescent green dye [239]. CFSE is
an amine-reactive reagent which can passively diffuse into cells. It is colourless and
nonflourescent until its acetate groups are cleaved by intracellular esterases to yield
highly fluorescent, amine-reactive fluorophores [258]. Once incorporated into cells, it

remains there even through cell division.
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After aging the neutrophils overnight and determining cell number, the cells were put
into 13 ml tubes and centrifuged at 1500rpm, 4°C for 7 mins. The cells were then
resuspended in 10mls of PBS per 30x10® PMNs with 20ul of CFSE (stock SmM in
DMSO) (figure 2.7). After 10 mins incubation in the dark at room temperature, the
uptake of the fluorescent cell stain was inhibited by addition of 200ul FCS (figure
2.8). The cells were centrifuged as before, and resuspended in 5SmM glucose medium

without FCS for co-culture experiments.

Co-culture of labelled PMNs with mesangial cells

The labelled neutrophils were co-cultured with mesangial cells for three hours,
either in the presence or absence of FCS. The media was then removed and the
PMNs washed off with gentle agitation in PBS, using a Pastuer pipette, three times.
600pl of PBS and 100ul of trypsin was then added to each well and the plates gently
agitated. This was to detach the mesangial cells from the plate and to dislodge any
bound PMNSs. After ten minutes, the trypsin was neutralised by adding 100ul of FCS.
The cell suspension was then centrifuged in a 1.5ml eppendorf at 1600rpm, 4°C for
7mins. The cells were resuspended in PBS and analysed for phagocytosis

immediately by flow cytometry.

Analysis of phagocytosis by flow cytometry

Ten thousand cells, in total, were analysed per sample (figure 2.9). The x-axis
was set up to measure cell size (mesangial cells are larger than PMNs) and the y-axis
was set up to measure green flouresecence (only PMNs labelled, therefore any

‘labelled’ mesangial cells have ingested PMNSs).
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Figure 2.7: CFSE labelling of aged PMNs
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Isolated PMNs were labelled with CFSE and dye uptake was analysed by flow
cytometry.
Purple: Isolated PMNs were labelled while fresh.
Green: Isolated PMNs were labelled after aging overnight.
Red: Isolated PMNs were also labelled while fresh, followed by aging overnight.
Aged and fresh PMNs stained for CFSE. Therefore, for all of the experiments, the

PMNs were labelled after aging overnight.
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Figure 2.8: Serum inhibits uptake of CFSE in mesangial cells

mesangial cells at this point. After 3 hours, the medium was removed and the

mesangial cells washed in PBS, trypsinized and CFSE uptake examined by flow
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manner. Therefore, phagocvtosis experiments were carried out in the presence of

serum, unless otherwise stated.



Figure 2.9: FACS analysis of CFSE-labelled PMNs to quantify phagocytosis
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FL1

R3

91.40.04 o wm
R

T

To quantify phagocytosis, aged PMNs were labelled with CSFE and co-cultured with
mesangial cells. FACS analysis was used to quantify phagocytosis. Mesangial cells
were larger than neutrophils (size measured on the x-axis, FSC) and not labelled
(CFSE-fluorescence measured on the y-axis, FL1). Trypsin treatment disloged any
bound PMNs [227] and these lone PMNs can be seen in region 2 in the plot showing
co-cultured cells. Taken together, this suggests that any fluorescent mesangial cells
(R3) must have ingested PMN(s). In the results section, the % phagocytosed cells

(cells in R3) is represented graphically.
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2.4: WESTERN BLOT

2.4.1: Principles of Western Blot

A Western blot separates a complex mixture of proteins on basis of size by
SDS-PAGE. The proteins are then transferred onto a membrane (i.e. nitrocellulose
membrane) by electroblotting, during which a sandwich of gel and membrane is
immersed in buffer between two electrodes and transferred by passing an electric
current. The membrane is then probed for the protein(s) of interest using specific
antibodies. In order to visualise the protein of interest, the blot is incubated with an
enzyme-linked secondary antibody (conjugated to HRP). Enhanced
chemiluminescence (ECL) is then used to detect the proteins of interest. In the
presence of hydrogen peroxide and the chemiluminescent substrate luminal, HRP
oxidises the luminal producing light. The light emission can be detected by exposing
the blot to photographic film (figure 2.10). Band intensities can be detected on ECL
film, showing the relative concentrations of the protein of interest in the samples

[259].
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Figure 2.10: Immunodetection of proteins
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2.4.2: Cytosolic Protein Extraction

At the end of experiments, the media was removed and the cells washed once in
PBS and then scraped into 1.5ml cold PBS and centrifuged at 1600rpm, 4°C for
7mins to pellet the cells. The supernatant was discarded and the cells were
resuspended in 100ul of NP40 cell lysis buffer (0.5% NP-40 in TBS,5mM EDTA,
1mM PMSF, pH 7.5 plus protein inhibitor cocktail), vortexed for 10 seconds and then
incubated on ice for 20mins. The cells were vortexed again for 10 seconds and
centrifuged at 13000rpm, 4°C for 3 minutes to pellet the cell debris. The supernatant

was transferred to a sterile eppendorf and stored at -20°C.

2.4.3: Bradford Assay

Proteins were quantified to ensure equal loading of the prepared proteins by
measuring protein concentration using the Bradford assay. This assay is based on the
observation that absorbance of Coomassie Brilliant Blue shifts from 465nm to 595mn
when protein binding to the dye occurs. A standard curve of Bovine Serum Albumin
(Sigma-Aldrich) was prepared for each assay, over the range 0-2000pg/ml. 5ul
aliquots of samples and standards were added to 250pul aliquots of 20% v/v Bradford
Reagent (Bio Rad) in H; O in triplicate in a clear 96-well plate and their absorbance
read at 570nm in a plate reader after 10 minute incubation at room temperature. If the
sample readings fell outside the standard curve, the dilution was adjusted as
appropriate and the assay repeated. Cell extracts were diluted so that the protein
concentration fell within the range of the standards used for this assay; typically this

meant a 4-fold dilution.
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2.4.4: Western Blot

Sample preparation and electrophoresis

Confluent, growth arrested mesangial cells were grown in T25 cm? flasks as
required for each experiment. At the end of the time point the medium was removed
and total protein was extracted as described earlier. 100pg of protein from each
sample was mixed with reducing buffer (3x RB: 60mM Tris, 30% glycerol, 3mM
EDTA, 3% SDS, 0.01% bromophenol blue, 15% B-mercaptoethanol, pH 6.8) and then
heated to 95°C in the waterbath for 10 minutes to denature the proteins. The samples
were loaded into the wells of a 10% SDS-
PAGE gel prgpared as table 2.1, adjacent to 15ul of dye-conjugated protein standards
(See Blue Plus Two, Invitrogen). Gels were electrophoresed in discontinous vertical
mini-gel apparatus using 1xRunning Buffer (3g Tris, 14.4g Tris, 1g SDS, 1L H,0, pH

8.3) at 150V for 1hr.

Table 2.1: Composition of SDS-polyacrylamide gels

Gel: Stacking 10% 12%
H,O (ml) 6.1 4.0 3.35
Tris pH8.8, 1.5M (ml) - 25 2.5
Tris pH6.8, 0.5M (ml) 25 - -
10% SDS (ul) | 100 100 100
40% Bis-acrylamide (ml) 1.3 3.34 4.0
10% APS (ul) 50 50 50
Temed (ul) 10 5 5
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Transblotting

The gel was removed from the casting plates and placed on PVDF transblotting
membrane (Hybond ECL, Amersham) pre-wetted with transfer buffer (14.4g glycine,
3g Tris, 200mlo methanol, 800ml H,0). Blot and gel were sandwiched in an inner
layer of filter paper and an outer layer of plastic wire wool before electroblotting at
120V for 90 minutes in chilled transfer buffer. Successful transfers were confirmed

by the appearance of the protein standards on the membranes.

Blocking, primary and secondary antibodies

Following transfer, the membrane was blocked for one hour in 5% w/v non-fat
milk/0.2% Tween-20 in TBS (1.21g Tris, 4g NaCl, 500ml H,O, pH 7.6) before
washing over 30 minutes in 0.2% Tween-20 in TBS. The primary antibody was
diluted to the titre recommended by the manufacturer (table 2.2) in 5% BSA/0.2%
Tween-20 in TBS to a volume of at least 20ml. The membrane was incubated in the
primary antibody overnight at 4°C. Following x4 washes in TBS/0.2%Tween over 30
minutes, secondary antibody was diluted in 5% w/v BSA/TBS-0.2%Tween and added

for one hour at room temperature.
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Table 2.2: Western blot antibodies and their dilutions

Primary antibody Dilution
Smad7 antibody 1:500
Actin antibody 1:100
Caspase-3 1:250
Bcl-2 1:50
Bax 1:200
TGFBRII 1:200
c-myc-tag 1:200
Secondary antibody Dilution
Anti-goat-HRP 1:20000
Anti-mouse-HRP 1:10000
Anti-rabbit-HRP 1:20000

All antibodies were purchased from Santa Cruz Biotechnolgy, except Caspase-3 (Cell Signalling),
TGFBRII (Abcam) and c-myc-tag (Sigma).

Detection
Following a further x4 washes in TBS-Tween over one hour, the blot was

developed using the ECL chemiluminescence system (Amersham) according to the
manufacturer’s instructions. The blot was dabbed dry on filter paper and 1ml each of
Reagents A and B (HRP and luminal, Amersham Biosciences) were mixed and
applied to the blot by pippetting. After exactly one minute, excess reagent was
removed with filter paper, the blot wrapped in clingfilm and exposed immediately to
chemiluminescence photographic film (Amersham). Five minutes and 15 minutes
films were developed and further exposure times were determined on the basis on the

appearance of these films.
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Stripping and Reprobing

To determine the concentrations of different proteins on the same membrane,
the blots were stripped of primary and secondary antibodies by immersion in
Stripping Buffer (20g SDS, 7.57g Tris/HCI, 100mM B-mercaptoethanol, 1L H,O, pH
6.7) for 30 minutes at 55°C followed by washes in TBS-0.2% Tween-20 over one

hour before blocking and probing as above with a different set of antibodies.

2.5: QUANTIFICATION OF TGFB1

2.5.1: Enzyme-linked Immunosorbent Assay

TGFP1 concentrations were determined using a commercially available ELISA
development kit (RnD Systems Europe Ltd). The kit contains paired anti-TGFp1
antibodies for capture and detection and TGFpB1 standards. High protein binding 96-
well plates (Immulon 4, Dynex Technologies) were coated with TGFB1 capture
antibody (mouse anti-TGFB1, 2pug/ml in PBS) overnight at room temperature. Wells
were washed three times with wash buffer (0.5mls Tween-20 in 1L PBS) using a plate
washer (Denley Wellwash 4, Thermo Life Sciences) at this and each subsequent step.
The plate was incubated for one hour at room temperature with block buffer (for one
plate - 1.5ml Tween-20, 1.5g sucrose, 30ml PBS) then washed before addition of
TGFP1 standards (recombinant human TGFB1) and acid activated cell culture
supernatant samples. A low pH activated the TGFP1 by releasing the active molecule
from the TGFB1 binding protein; therefore the concentration of total TGFB1 was
measured. Cell culture supernatant samples were acid activated according to the kit

instructions: 20ul 1M HCI was added to each 100ul sample and the samples were

-82-



incubated for 10 minutes at room temperature. The samples were neutralised with
20ul 1.2M NaOH/0.5M HEPES. The pH of the samples following neutralisation was
checked with pH indicator paper to make sure it was in the desired range for the assay
of 7.0-7.5. Following addition of standards and samples, plates were covered and
incubated for 2 hours at room temperature, then washed three times with wash buffer.
Detection antibody (biotinylated chicken anti-human) was added at 300ng/ml in
reagent diluent (for one plate — 0.7g BSA in 50mls wash buffer) and the plate
incubated for 2 hours at room temperature, then washed. Streptavidin-Horseradish
Peroxidase (0.5% v/v in reagent diluent) was added to each well and the plate
incubated in the dark for 20 minutes, then washed. Substrate solution (1:1 H,0O,
solution and ;etramethylbenzidine, RnD Systems) was added to the wells and the plate
incubated for 20 minutes in the dark before addition of the stop solution (1M H,SOj).
The plate was read immediately at 450nm. Recombinant human TGFB1 was prepared
in fresh tissue culture medium according to the kit instructions to provide a standard
curve ranging from 0-2000pg/ml. The TGFB1 concentrations were normalised to cell

number, which was determined by the alamar blue assay, as described below.

2.5.2: TGF-$1 bioactivity
Activity of TGF-B1 was examined by determining the luciferase activity of HK-

2 cells transiently transfected with a Smad-responsive promoter construct.
Transfection is the process of bringing foreign DNA into cells and monitoring protein
expression. DNA transfection is essential for studying gene function and regulation.
Common transfection techniques include calcium phosphate co-prepipitation,
microinjection, electroporation, the use of viral vectors and cationic liposome mediate

transfection methods (i.e. FUGENE 6 and GeneJuice). FuGENE 6 Transfection
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Reagent (Roche Diagnostics Ltd, Lewes, UK) is a lipid-based transfection reagent
that complexes with DNA and transports it into the cell. GeneJuice (Novagen) is a

non-lipid based reagent composed of a non-toxic cellular protein and a polyamine.

HK2 cells were transfected with the SMAD-responsive promoter and the p-
galatosidase promoter, which was used to normalise the results for transfection

efficiency, a validated method [260].

HK? cell culture

HK2 cells are a proximal tubular cell line, transformed using human papilloma
virus 16 E6/i37 genes. These cells were used in the TGFB1 bioactivity experiments.
Cells were cultured in a 1:1 mixure of Dulbecco’s Modified Eagle’s Medium and
Ham’s F12 supplemented with 10% FCS, 20mM HEPES, 2mM L-glutamine, 5pg/ml
insulin, Spug/ml transferrin, Sng/ml sodium selenite and 0.4pg/ml hydrocortisone.
Fresh growth medium was added to the cells until confluent. The subculturing and

cell freezing protocols were the same as for mesangial cells.

TGFp1 Bioactivity

Conditioned medium was generated by culturing mesangial cells under serum
free conditions in either SmM or 25mM D-glucose for 72 hours. Subsequently either
untreated conditioned medium or conditioned medium subjected to 10 cycles of
freeze-thawing were added to HK2 cells transfected with the Smad reporter construct
24 hours prior to determining luciferase activity. Repeated cycles of freeze-thawing

of samples are well established in vitro mechanisms of activation of latent TGF-81

[261].
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2.5.3: Alamar Blue Assay

The alamar blue assay (Biosource UK Ltd) was used to determine cell number.
The assay incorporates an oxidation-reduction indicator that both fluoresces and
changes in colour in response to chemical reduction of growth medium resulting from
cell growth and therefore gives a measure of viable cell number. The REDOX
indicator is minimally toxic to living cells and is therefore suitable for use to establish
a growth curve and the cytotoxic effects of some compounds and cytokines. Data may
be collected using either fluorescence-based or absorbance-based instrumentation. In
all experiments, fluorescence was monitored at 544nm excitation wavelength and

590nm emission wavelength using a Fluostar Optima Meter.

In order to be certain there was a linear relationship between cell number and
Alamar Blue fluorescence, a standard curve for mesangial cells was performed for
culturing in 6- and 24- well plates (Figure 2.11). Mesangial cells were removed from
a confluent T75 cm? flask by trypsining as described for subculturing. Cell number
was determined using a Coulter Counter and a range of different cell numbers was
plated. The volume in each well was standardised to 1ml in a 6-well plate and 0.5ml
in a 24-well plate with culture medium and 10% Alamar Blue. The cells were
returned to the incubator for one hour, after which 100ul aliquots of each well were

quantified in duplicate in a 96-well plate for alamar blue fluorescence.

The cell medium was removed and stored. It was replaced with fresh medium
containing 10% alamar blue (Iml in a 6-well plate and 0.5ml in a 24-well plate).
After one hour, 100pul aliquots of medium were pipetted in duplicate into a 96-well

plate, with media containing no alamar blue as the blank.
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A) 6-well plate

Figure 2.11: Alamar blue standard curves
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2.6: NFKB ACTIVATION

2.6.1: Introduction to the electrophoretic mobility shift assay

The electophoretic mobility shift assay (EMSA) determines the binding
interaction between DNA and DNA binding proteins, such as the interaction of
transcription factors with regulatory regions. The assay is based on the observation
that complexes of protein and DNA migrate more slowly through a non-denaturing
polyacrylamide gel than unbound DNA oligonucleotides. Addition of antibodies
which recognise the binding protein(s) produces an even slower migration than the

original DNA-protein complex.

2.6.2: Nuclear protein extraction

The cells were grown in T75 cm’ tissue culture flasks as required for the
experiments. They were then washed in PBS, scraped off into 1.5ml cold PBS using a
cell scraper, and transferred in to a 1.5ml eppendorf for centrifugation at 13000rpm,
4°C for 10 seconds. The cells were resuspended in 400ul of ice-cold Buffer A
(10mM HEPES-KOH, 1.5mM MgCl,, 10mM KCl, 0.5mM DTT, 0.2mM PMSF, pH
7.9), incubated on ice for 10 minutes, vortexed for 10 seconds to disrupt their plasma
membranes and then centrifuged for 10 seconds at 13000rpm. The pellet was
resuspended in 100ul ice-cold Buffer C (20mM HEPES-KOH, 25% glycerol,
420mM NaCl, 1.5mM MgCl,, 0.2mM EDTA, 0.3mM DTT, 0.2mM PMSF, pH 7.9),
incubated on ice for 20 minutes and vortexed for 10 seconds to disrupt the nuclear

membrane before centrifugation for 10 seconds at 13000rpm. The supernatant
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(nuclear extract) was transferred to a fresh 1.5 ml eppendorf and stored at -20°C. The

Bradford assay was used to determine protein concentration in the extracts.

2.6.3: Electrophoretic Mobility Shift Assay

Preparing the probe
An oligonucleotide containing the consensus motif for NFkB was prepared by

annealing the two sequences:

5 CGAAGT TGAGGG GACTTTCCCAGGC 3

3 TCAACT CCC CTG AAAGGG TCC GAGC &’

Complementary single-stranded oligonucleotides were purchased from Invitrogen,
each containh;g a CGA sequence tagged on at the 5’ end. This was annealed to its
complementary sequence, creating a three-base overhang. The overhangs were then
filled in using the Klenow reaction and a radiolabelled nucleotide (dTTP-[*’P],
Amersham Biosciences). A 1ug/jl stock of each strand was prepared in sterile water.
A mixture of 10ul (from 1pg/pl stock) of each strand, 10ul 1M NaCl and 70l sterile

water was prepared, heated to 95°C for Sminutes and then allowed to cool at room

temperature.

The annealed oligonucleotide (10ng/pl stock) was labelled with dTTP-[*’P]. A
labelling reaction mix was prepared consisting of 2.5ul oligonucleotide stock
(25ng/ml, Promega), 1.0pl non-labelled dNTPs (2.5mM x3), 5ul 10x Klenow buffer
(Promega), Sul 1M NaCl and 32.5ul distilled water. 3ul of dTTP-[*’P] was then
added to the labelling reaction mix along with 1pl of the Klenow fragment of DNA
polymerase I (2U/ul, Promega). The labelling reaction was incubated at room

temperature for 20mins and the reaction stopped by the addition of 2ul EDTA (0.5M,
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pH 8.0) and 50ul STE buffer (100mM NaCl, 10mM Tris-Cl and 1mM EDTA, pH
8.0). The radiolabelled probe was cleaned of any excess radioactivity using

ProbeQuant G-50 micro columns (Amersham Biosciences).

Protein/probe binding reaction

A binding reaction mix was made up of 4l 5x binding buffer (1l 0.1M PMSF,
0.5ul 1M DTT, 10ul acetylated BSA (Sigma)) and 89l 5x reaction buffer (50ul 1M
HEPES, 250ul 1M KCl, 500ul 100% glycerol and 90ul water), Sug nuclear protein
extract, 1ul poly dI/dC (Amersham Biosciences) and the total volume made up to
18ul with distilled water. This mixture was incubated at room temperature for 10

minutes, 2l of the [*2P]-labelled oligonucleotide probe was then added and the mix

incubated for a further 20minutes.

EMSA gels

The samples were loaded onto a non-denaturing 6% polyacrylamide gel (for two
mini-gels: 14.75mls water, Smls 40% acrylamide stock, 2.5mls 5xTBE, 2.5mls 50%
glycerol, 250pul 10% ammonium persulphate and 20pl TEMED). The gel had been
pre-run at 300V for 30mins in 0.5% TBE (54g Tris-base, 27.5g boric acid, 20ml 0.5M
EDTA and 1L H20, pH 8.0) at 4°C. The samples were electrophoresed at 90V for 3-
5 hours in 0.5% TBE at 4°C. Following electrophoresis, the gel was dried using a
BioRad vacuum gel dryer for one hour at 70°C, and the dried gel exposed to an X-ray

film (Hyperfilm, Amersham Biosciences) at -70°C for 6-48 hours.

Supershifts
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To determine which subunits of NFkB were involved, supershift assays were carried
out. When a specific antibody binds to the protein, it retards the movement of the
DNA-protein complex through the resolving gel. Supershifts were carried out using
antibodies specific to the five different subunits of NFxB (p65, p50, p52, c-Rel and
RelB). 10 pg of the desired antibody (Santa Cruz Biotechnology Inc, Santa Cruz, CA,
USA) was incubated with 5 pg of nuclear protein for 20 min at RT prior to the
addition of the radiolabelled probe as per EMSA method. Samples were then run
down a 4% non-denaturing acrylamide gel at 100 V for 6 hr at 4°C. Gels were then

dried and exposed as described above.

2.7: RNA EXTRACTION AND ANALYSIS

2.7.1: Introduction

RT-PCR can be used to determine the relative concentration of specific mRNA
present in the cell. The extracted RNA is converted into complementary DNA
(cDNA) by reverse transcription. Random hexamers were used for the reverse
transcriptase step. They randomly anneal to the RNA and provide a free 3’-hydroxyl
group for reverse transcriptase, which is used as a starting point (figure 2.12). The
cDNA is then used directly in PCR and specific primers can be used to amplifiy
particular sections of genes of interest. The products of PCR are run on an agarose

gel.
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Figure 2.12: Reverse Transcription
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2.7.2: Cell lysis and RNA extraction

Total RNA was extracted from cells with 1ml of Tri-Reagent (Sigma) per well
of 6-well plate and 0.2ml chloroform (Sigma) was added to induce phase separation.
The thin, white middle layer contained DNA and the lower pink layer contained
proteins. The sample was inverted to mix, incubated on ice for 5 minutes and then
centrifuged at 13000rpm for 30 minutes at 4°C. The upper aqueous layer containing
the RNA was removed and added to 0.5ml of ice-cold isopropanol and incubated
overnight at -20°C to induce RNA precipitation. The samples were centrifuged
(Hawk 15/05, Sanyo) at 13000rpm for 30 minutes at 4°C to pellet the RNA. The
supernatant was discarded and the pellet washed by resuspending in 0.5ml 70% cold
ethanol, followed by centrifugation at 13000rpm for 20 minutes at 4°C. After
aspiration of the ethanol, the pellet was air dried for 1 hour in a fume hood before

being dissolved in 10l sterile water.

Measurement of RNA quality and quantity

RNA was quantified by its UV absorbance at 260nm. One pl of RNA was
diluted in 99l of sterile water and absorbance was measured in a Beckman DU 64
single beam spectrophotometer (Beckman Instruments). RNA purity was confirmed
by an OD 260:280 ratio greater than 1.5. Where necessary, the purity and integrity of
the RNA was confirmed by electrophoresis of 1jg samples in a 1% agarose gel

containing ethidium bromide. RNA was quantified using the following equation:
(A*x100x40)/1000 = (A) pg/pl of RNA

1/ (A) = (B) pl for one pg RNA
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2.7.3: Reverse Transcription-Polymerase Chain Reaction

Reverse Transcription

Purified RNA samples diluted to 1pug of RNA in a total volume of 10ul made up
with sterile water were used for cDNA synthesis. The reaction mixture contained 1pl
random hexamers (100puM, Pharmacia Biosystems), Sul dNTPs (2.5mM, Invitrogen),
2ul 10xPCR Buffer (Applied Biosystems), 2ul Dithiothreitol (100mM, GIBCO) and
Iug RNA in sterile 0.2ml PCR tubes. The reverse transcription program was
performed in a GeneAmp PCR System 9700 Thermocycler (PE Applied Biosystems),
with incubation for 5 minutes at 95°C followed by rapid cooling on ice. Once cool,
1l Superscript Reverse Transcriptase (200U/ul), Gibco) and 1l RNAsin (400U/ul,
Promega) were added per tube. The samples were returned to the cycler and annealed
at 25°C for 10 minutes, followed by cDNA synthesis at 42°C for 60 minutes and
finally sample denaturation at 95°C for 5 minutes. The resulting single stranded

complementary DNA (cDNA) was stored at -20°C until PCR amplification.

Polymerase Chain Reaction

The PCR reaction mix (final volume 50ul) was prepared as follows: 2l cDNA
was added to 48l master mix: 36.25ul sterile water, 1.25ul of each primer (listed in
table 2.3) in pair (20mM), 4ul dNTPs, 5ul PCR 10x buffer and 0.25ul Taq
Polymerase (10U/ul amplitaq gold, Applied Biosystems). PCR amplification was
carried out using a GeneAmp PCR System 9700 thermocycler. PCR reactions were
performed over a range of cycle numbers to ensure that the samples were assessed in
the linear phase of product amplification. The PCR programme used was as follows:

1)  Pre-PCR: 94°C, 10 mins — 72°C, 10mins
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2) Xcycles: 94°C, 40seconds — 55°C, 1minute — 72°C, 1 minute

3) Post-PCR: 94°C, 40seconds — 60°C, 10 minutes — 4°C, oo
The final range of cycle number for experimental samples was 30-35 and 26 for the
housekeeping gene, B-actin. The negative control consisted of a reaction containing

water instead of cDNA (-PCR).

Table 2.3: RT-PCR Primers

Primer Sequence Product size

Smad 7 F 5 CCAACTGCAGACTGTCCAGAY 430bps

R 5’ AACCAG GGA ACACTTTGTGC 3’

Bel-x F 5 GCG GTA CCG GAG AGC AT ¥’ Bcl-xL 395bps
R 5" TGA AGA GTG AGCCCAGCAGAA Y Bcl-xS 206bps
Caspase-3 | F 5’ TGC GGT ATT GAG ACA GACAG 3’ 359bps

R 5 AACATGCCCCTACCCCACTC®

Bax F 5 ATC ATG GGC TGG ACA CTG GACTTC 3’ 155bps

R 5 ATG GTG AGC GAG GCG GTG AGG AC 3’

Bcl-2 F 5" TCCTTC CAG CCT GAG AGCAACC3 491bps

R 5°GAC AGC CAG GAG AAATCAAACAGA Y

TSP-1 F 5 AACCAG GCC GACCAC GAT AAAGAT 3*  446bps

R 5’TACCCG AAA ACA AAGCCAGCATAG?3

B-actin F 5 GGAGCAATGATCTTGATCTT 3 204bps

R 5 CCT TCC TGG GCA TGG AGT CCT 3’

PSR F 5 CTG AAT TCAAACCCCTGGA3’ 146bps

R 5 TACCGT CTTGTGCCATACC3

RT-PCR gels
10pl of amplified cDNA was mixed with 3ul Orange G loading buffer and

separated by electrophoresis on a 1.5% agarose gel (Flowgen Instruments Ltd,
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, UK) in 50ml 1 buffer

uffer.

ve

TAE

Ethidium bromide

(5ul of Img/ml,

Sigma) was added to the molten gel prior to casting. 123 base pair ladder (Invitrogen)

was run alongside the samples to confirm that PCR products were of the expected
size. The gel was run at 100V until the loading buffer had run the full length of the
gel. PCR products were visualised under ultraviolet light and digital images werc
captured and analysed (Chemidoc System and Model 620 videc densitometer
BioRad). All of the reactions generated a single product of the expected size and the
negative contrels did not give detectable products in any of the experiments
performed.
2.8: TRANSFECTION
2.8.1: Plasmid preparation
A range of plasmids were acquired for these experiments (table 2.4):
Table 2.4: Plasmids
Source Other information
A kind gift from Dr. Wrana, REs*: Sall and Xbal
Toronte, Canada.
Smad3 DN A kind gift from Dr. Wrana, REs*:Clal and Xbal
Toronto, Canada.
Smad7 OFE A kind gift from Dr. Wrana, REs*: EcoRI and Xbal
Toronto, Canada. Insert 2.9kb
Empty pCMVS vector A kind gift from Dr. Wrana, Control for Smad-2, -3 and -7
Toronto, Canada. vectors.
P-aalgctosz.w.gse Promega Constitutively active control
5, 4 plasmid
CAGA Dr. Aristidis Moustakos 4 Smad binding elements —
luciferase construct.  TGFpl

responsive plasmid.

Plasmids from other investigators were received dr

containing the p

D
wn

lasmid was excised and rehydrated in 50ul steril




solution was added to 40ul of competent E.coli (JM109 strain, Promega) and left on
ice for 30 minutes and then placed in a 42°C waterbath for 45 seconds. It was
incubated on ice again for a further 5 minutes. 150pl of liquid SOC medium (2g
tryptone, 0.5g yeast extract, 0.05g NaCl, 1ml 250mM kCl, 50ml H,O, autoclave and
adjust pH to 7.0, add 0.36g glucose, 0.5ml 2M MgCl, and adjust volume to 100ml)
was added to the tube and the cells were incubated at 37°C in an orbital shaker
(220rpm) for 1.5 hours. The bacteria were grown on YT (16g bacto-tryptone, 10g
yeast extract, Sg NaCl, 16g agar 1L H,O, autoclave) agar plates containing 100ug/ml
carbenicillin overnight. A single colony was picked and grown in Sml liquid YT
medium and carbenicillin (final concentration 100pg/ml) in a sterile tube overnight in
the orbital shaker at 37°C, 220rpm. To make sure that the bacteria from that colony
had been transformed, the plasmid was extracted and purified using the Miniprep kit
(QIAGEN). The DNA was digested with specific restriction enzymes and the product

run on a 1.5% agarose gel to check for digested DNA.

The bacteria were grown in 50 ml YT medium and carbenicillin in a 500ml
flask overnight in the orbital shaker at 37°C. The plasmid was then extracted and
purified using the Midiprep kit (QIAGEN). Plasmid DNA was diluted to a stock
concentration of 1pg/pl in sterile water and stored at -20°C before use in experiments.
Stocks of bacteria transformed with each plasmid were prepared in 30% glycerol/70%
LB medium (10g bacto-tryptone, 5g yeast extract, 10g NaCl, 1L H,0, autoclave) and
stored at -70°C until needed. When required, 20ul was added to 50ml YT medium

containing carbenicillin overnight in the orbital shaker as above.
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2.8.2: Transient transfection
HK?2 cells

HK-2 cells from a confluent T75 cm? flask were collected by trypsin treatment.
After resuspension of the cells in 50 ml growth medium (supplemented with 10%
FCS), they were plated out into 6-well plates, 2ml of the cell suspension per well.

Cells were then grown to approximately 70% confluence prior to transfection.

Transient transfection of HK-2 cells was performed using FuGENE 6. Initial
characterisation experiments determined that a ratio of 3 pl FuGene to 1 ug DNA was
optimal for transfection into HK-2 cells seeded in 6-well plates [260]. With the cells
at 70% confluence, the growth medium was removed and the cells were washed twice
with PBS. They were then transfected with 1 pg of the required promoter construct,
and 1 pg of the P-galactosidase vector. The P-galactosidase vector was used to
determine transfection efficiency. The transfection was carried out in serum-free HK2
medium for 24 hours. After this time, the medium was replaced with conditioned

medium from the mesangial cells for 24 hours.

Mesangial cells

Transient transfection of mesangial cells was performed using the mixed
lipofection agent Fugene 6 as described above for HK2 cells. Another method using
GenelJuice transfection reagent was also used for mesangial cells. The cells were
grown to 60% confluence prior to transfection. A 3:1 ratio of GeneJuice to plasmid
was used to a total volume of 100pl per well. GenelJuice was incubated in serum-free
media a RT for Sminutes in a 1.5ml eppendorf, followed by addition of 1pg of

plasmid for 10minute incubation at RT. 100ul of this mixture was added to 2ml of
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medium containing 10% FCS in each well. This was incubated for 8hrs, after which
time the medium was removed and serum-free media was used to induce apoptosis.
Apoptosis was quantified using flow cytometry and transfection efficiency was

checked by Western Blot (the plasmids contained a c-myc-tag).

2.8.3: Reporter gene analysis

Reporter gene analysis

The media was removed and the cells were washed with PBS before the
addition of 500 ul of Reporter lysis buffer (Promega) per well. The cells were then
incubated at RT for 15 min with gentle agitation, to detach the cell monolayer. The
remaining adhered cells were detached using a cell scraper, and the cell suspensions

were transferred to 1.5 ml centrifuge tubes, followed by vortexing for 10 seconds.

Luciferase activity was measured using the Bright-Glo luciferase assay kit
(Promega). In the luciferase assay system, the functional enzyme is created
immediately upon translation and the assay is rapid, reliable and easy to perform.
Firefly luciferase is a 61kDa monomer that catalyses the oxygenation of beetle
luciferin, producing light. Fifty pl of each sample was transferred to a white 96-well
luminometric plate. Fifty pl of Bright-Glo was added to each sample and the
luminescence of each sample recorded for 10 seconds using a luminometer

(FLUOSTAR Optima, BMG Labtechnologies GmbH, Offenburg, Germany).

B-galactosidase assay
The B-galactosidase plasmid is constitutively active and can therefore be used to

- correct the results for transfection efficiency. Fifty pl of cell lysate was added to 2x
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buffer assay in duplicate and this was incubated at room temperature for 30minutes.
The buffer assay contains the substrate O-nitrophenyl-B-D-galactopyranoside (ONPG,
Sigma-Aldrich). During the incubation, the B-galactosidase hydrolyses the colourless
substrate to o-nitrophenyl, which is yellow. The reaction was then blocked with

100ul 1M Na2CO3 per well and the absorbances read with a plate reader at 420nM.

2.9: Statistical analysis

Mann-Whitney Test

The Mann-Whitney was used to calculate significance for all data. This is non-
parametric test used to compare two independent groups of sampled data. Unlike the
parametric t-test, the Mann-Whitney does not make assumptions about the
distribution of the data (e.g., normality). This, like many non-parametric tests, uses
the ranks of the data rather than their raw values to calculate the statistic. Since this
test does not make a distribution assumption, it is not as powerful as the t-test

(http://www .texasoft.com/winkmann.html).
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CHAPTER 3: THE ROLE OF GLUCOSE IN MESANGIAL CELL

APOPTOSIS

3.1: Introduction

There is clear evidence of a positive relationship between hyperglycaemia and
susceptibility to renal disease in diabetes mellitus [49]. A direct role for glucose in
diabetic nephropathy has been suggested by cell culture studies showing glucose can
induce cell hypertrophy, ECM synthesis and TGFB1 production in a variety of cell
types [6]. Ngmerous in vitro studies have suggested that elevated concentrations of

glucose modify mesangial cell function [12, 44, 55].

Increasing mesangial cell number has been documented in the incipient phase of
nephropathy, with a direct correlation between mesangial cell number and AERs [34].
This relationship between mesangial cell number is however lost in patients with
overt nephropathy and proteinuria. In overt nephropathy, expansion of the mesangial
matrix, mesangial cell loss and glomerular sclerosis are prominent [29, 33]. Loss of
mesangial cells through apoptosis occurs in experimental DN and correlates with

worsening of albuminuria [36, 37].

Altering glucose concentration may regulate cell number, although its effects on
apoptosis are cell-specific. High glucose causes cell death in many cell types
— myocardial cells [262], preimplantation blastocysts [263], neural tubular cells [264],
endothelial cells [265], retinal microvasular cells [266] and Schwann cells in

development [267]. However, it has also been reported to inhibit cell death through
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protein kinase C in vascular smooth muscle cells [268]. Several studies have shown
that high glucose induces mesangial cell apoptosis [37, 182, 185]. In kidney cells,
high glucose has been shown to downregulate Bcl-2 and Bcl-x mRNA expression and

increase Bax mRNA expression [181].

The transcription factor NFxB is a critical immediate early response gene involved in
modulating cellular responses and NF«kB plays a complex role in apoptosis since it
has been found to depend on the cell type. Some studies have implicated NFxB in
promoting apoptosis in certain cells [136, 137]. Conversely several reports provide
convincing evidence that NFxB is involved in inhibition of apoptosis [223, 269-271].
Recent studies have demonstrated that activating NFkB prior to injury was anti-
apoptotic only following stimuli dependent on tyrosine kinase activation of IkBa, but
not IKK-dependent serine phosphorylation of IxkBa. This therefore suggests that cell
fate may be not only be dependent on the cell type but also on the pathway mediating

regulation of NFxB [142].

Therefore, the aim off the work described was to study the effect on high glucose on
mesangial cell apoptosis and to investigate the pathway involved. The aims of this
chapter were to:
1. Use various methods to quantify apoptosis induced by serum deprivation.
2. The effect of 25mM glucose on mesangial cell apoptosis induced by serum
deprivation.
3. The effect of serum-deprivation and 25mM glucose on Bcl-2, Bax and Bcel-x
mRNA and protein expression.

4. The effect of serum-deprivation and 25mM glucose on NFkB activity.
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5. The effect of NFxB inhibition on mesangial cell apoptosis and the mechanism.

3.2: Results

3.2.1: Serum withdrawal induced apoptosis in mesangial cells
Mesangial cells were cultured in either SmM or 25mM glucose medium containing
10-0% FCS for 72 hours. Apoptosis was quantified by measuring phosphatidylserine
exposure on the mesangial cells (figure 3.1). A dose-dependent increase in apoptosis
was seen when the concentration of FCS in the culture medium was decreased. This
increase in apoptosis was more pronounced in cells cultured in high glucose medium

at all concentrations of FCS, except 10%.

Therefore, this result suggests that upon removal of serum, mesangial cells are prone

to apoptosis and cells cultured under 25mM glucose conditions are more sensitive to

cell death-inducing stimuli.
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Figure 3.1: Apoptosis induced by serum withdrawal is augmented by high glucose
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Rat mesangial cells were grown to confluence, followed by growth in SmM D-
glucose or 25mM D-glucose, containing the appropriate amount of FCS for 72 hours.
Apoptosis was quantified using the annexin-v/PI flow cytometry assay. The mean %
of cells in early apoptosis is plotted + S.E., n=3 and * denotes significance. The

corresponding FACS plots are shown below.
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3.2.2: 25mM D-glucose augmented mesangial cell apoptosis induced by serum
deprivation
To determine the effect of high glucose concentration on mesangial cell survival,
confluent mesangial cells were cultured in serum-free medium containing 5SmM or
25mM D-glucose for up to 72hrs. The effect of elevated glucose concentrations on
apoptosis was established using three différent methods to quantify and confirm

apoptosis.

Apoptosis confirmed by measuring phosphatidylserine exposure at the cell surface:
Apoptotic cells were identified by exposure of phosphatidylserine at the cell surface
using annexin V conjugated to fluorescein isothiocyanate (FITC), in conjunction with
propidium iodide (PI) to distinguish apoptotic cells (Annexin V-FITC positive, PI

negative) from necrotic cells (Annexin V-FITC positive, PI positive) (figure 3.2).

Using this method, there was an increase in apoptotic cells cultured in SmM glucose

medium for up to 72 hours. This increase was more prominent, however, in cells

cultured in 25mM glucose medium. Exposure of mesangial cells to 25mM D-glucose

under serum free conditions for 72 hours led to a significant increase in the number of

cells in early apoptosis as compared to cells exposed to SmM D-glucose for the same
)

time (29.1£0.05% apoptosis in cells cultured in 25mM glucose, compared to

21.9£1.05 in cells cultured in SmM glucose, p=0.002).

The effects of high glucose are specific: To distinguish between specific glucose-
mediated effects and non-specific osmolar effects, mesangial cells were cultured in

serum-free media containing SmM D-glucose, L-glucose (made up of SmM D-
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glucose and 20mM L-glucose) or 25mM D-glucose for 72 hours (figure 3.3).
Addition of L-glucose increased osmolarity outside the cell, but not inside and has
been used as an osmolar control in the past [Singh & Crook, Am J Physiol Renal
Physiol (2000) 279:F646-F654]. L-glucose cannot be metabolised by cells. These
results showed that there was no increase in apoptosis with L-glucose, compared with
5mM D-glucose. This suggests that the increase in cell death is not an osmolar effect

of glucose.

Quantification of apoptosis by measuring mitochondrial membrane disruption:
Cellular energy produced during mitochondrial respiration is stored as an
electrochemical gradient across the mitochondrial membrane, creating a
mitochondrial transmembrane potential. Disruption of this potential is one of the first
intracellular changes following the onset of apoptosis. DePsipher™ is a lipophilic
cation (5,5’, 6, 6’-tretrachloro-1,1°3,3’-tetraethylbenzimidazolyl carbocyanine iodide)
which can be used as a mitochondrial activity marker. This method was also used to

detect early apoptosis (figure 3.4).

By DePsiphér flow cytometry assay, exposure of mesangial cells to SmM glucose led
to an 1.5-fold increase in apoptosis at 48 hours, compared to 0 hours. After 72 hours,
the increase in apoptosis compared to 0 hours was 1.25-fold. Culturing the mesangial
cells in high glucose amplified this affect. After culturing the cells in high glucose,
the increase in apoptosis was 2.8-fold, compared to 0 hours and a 1.8-fold increase in
apoptosis after 72 hours. Cells cultured in 25mM glucose had a significantly higher
number of apoptotic cells compared to cells cultured in SmM glucose at the 48 hours

(p=0.04) and 72 hours (p=0.029) time-points.
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Quantification of apoptosis by measuring caspase-3 concentration: A commercially
available caspase-3 assay was used to measure the amount of active caspase-3 (figure
3.5). Caspase-3 in the most downstream execution enzyme involved in apoptosis.
Activation of capase-3 is controlled by proteolytic cleavage of the inactive, full-length
protein by other caspases. The increase in caspase-3 activity in cells cultured in
25mM glucose is first apparent at 48 hours where there was a 2.1-fold increase in
apoptosis in cells cultured in 25mM glucose compared to a 1.6-fold increase with
5mM glucose. The differences become statistically significant at 72 hours where
there is a 2-fald increase in caspase-3 activity with 25mM glucose compared to a 1.5-

fold increase with SmM glucose (p=0.003).

The caspase-3 western blot was another method of measuring the concentration of
active caspase-3 (figure 3.6). In the mesangial cells cultured in 25mM glucose
medium, there was significantly more active caspase-3 compared to the mesangial
cells. These differences were clear after 48 hours of cell culture in 25mM glucose,

when the cleaved products of caspase-3 became visible..

Both of these results suggest that mesangial cells cultured in high glucose have higher
levels of active caspase-3 and therefore undergo more apoptosis compared to

mesangial cells cultured under normal glucose conditions.
In conclusion, all three methods of quantifying apoptosis suggest that cells cultured in

5mM glucose undergo apoptosis in a time-dependent manner when deprived of

serum. Culturing mesangial cells in 25SmM glucose augments this effect.
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Figure 3.2A: Flow cytometry analysis of phosphatidylserine exposure (rat cells)
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Mesangial cells were grown to confluence and, subsequently, apoptosis was induced
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At the time points indicated, apoptotic cells were identified by flow cytometry using

annexin V conjugated to fluorescein isothiocyanate (FITC), in conjunction with
propidium iodide (PI) to distinguish apoptotic cells (Annexin V-FITC positive, PI
negative) from necrotic cells (Annexin V-FITC positive, PI positive). The figure
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10% F|CS), and represent the mean + S.E. of 6 individual experiments * denotes
significance.
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9% cells in early apoptosis

apoptotic cells were identified by flow cytometry using annexin V conjugated to

fluorescein isoihiocyanate (FITC), in conjunction with propidium iodide (PI) to
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Figure 3.4: Measuring changes in the miiochondrial membrane poteniial
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increase in apoptosis, compared to SmM glucose at 0 hours {cells cultured in SmM
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Figure 3.5A: Quantification of active Caspase-3 (rat cells).
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Apoptosis was induced by serum-deprivation either in the presence of SmM D-
glucose or 25mM D-glucose. At the time points indicated, the amount of active
caspase-3 was measured in a rat mesangial cell line using the caspase-3 assay. The

mean results are plotted graphically + S.E., n=3 and * denotes significance.
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Figure 3.5B: Quantification of active Caspase-3 (primary human cells).

*
©5-
|
g4
[}
Q
23
3 BNG
=
5.5 mHG
w
©
o
Q
£
k-
£

FM 24hrs 48hrs 72hrs
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glucose or 25mM D-glucose. At the time points indicated, the amount of active
caspase-3 was measured in a primary human mesangial cells using the caspase-3
assay. The mean results are plotted graphically + S.E., n=3 and * denotes

significance.
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3.2.3: Glucose induced apoptosis — Role of the Bcl-2 family
Culturing mesangial cells in serum-free SmM glucose media lead to apoptosis and this
effect was augmented by high glucose. To determine if the mechanism for both

pathways was the same, the expression of the Bcl-2 protein family was studied.

Bcl-2:Bax ratio

The bax:bcl-2 ratio has been shown to be a critical factor in activating caspase-3
[272]. To examine the potential mediators of glucose induced apoptosis, the relative
mRNA expression of the Bcl-2 related proteins, Bcl-2 and Bax was analysised.
Confluent cells Were exposed to either 25mM D-glucose or 5SmM D-glucose under
serum free conditions for up to 72hours. Total mRNA was isolated at the indicated
time points and Bcl-2 and Bax mRNA expression examined by RT-PCR (figure

3.7A).

Under serum free conditions, no change in Bax mRNA expression was seen. In
contrast, serum deprivation in mesangial cells cultured in SmM glucose led to a
reduction in Bcl-2 expression. The decrease in Bcl-2 mRNA expression was
significantly more pronounced when cells were exposed to 25mM D-glucose at all
time-points. The mesangial cells cultured in full medium contained the highest

amount of bcl-2 mRNA expression.

Consequently there was a significantly greater increase in the Bax:Bcl-2 mRNA ratio
in the cells exposed to 25mM D-glucose as compared to those exposed to SmM D-
glucose (figure 3.7B). After 72 hours, there was a two-fold increase in the Bax:Bcl-2

mRNA ratio in cells cultured in 25mM glucose compared to SmM glucose. In all
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experiments, the housekeeping gene B-actin was used to ensure equal loading of the

gels.

The changes in Bcl-2 and Bax protein expression were also measured by western blot
(figure 3.8). There was no change in Bax protein expression. The membrane was
then stripped and re-probed for Bcl-2. Despite trying two different anti-Bcl-2
antibodies at various dilutions (the most concentrated being 1:10), neither worked.
The ratio between the Bcl-2 and Bax proteins could therefore not be determined.
Previous reports have shown that there is no difference between Bax and bcl-2 mRNA

and protein expression [272].

Changes in Bcl-x expression

The Bcl-x gene gives two products — Bcl-xL and Bcl-xS, a shorter, alternatively
spliced form. Bcl-xL is a cell survival factor whereas Bcl-xS is a pro-apoptotic
protein. The mRNA expression of the Bcl-x proteins was measured by RT-PCR
(figure 3.9). There was no change in Bcl-xL expression over 72 hours and no
difference between cells cultured in SmM glucose and 25mM glucose. The Bcl-xS

product was not detectable at 33 or 35 cycles.

These results suggest that the Bcl-x gene may not have a role in mesangial cell

apoptosis induced by serum-deprivation over 72 hours.
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Scanning densitometry of three individual experiments was performed, and the results
expressed as the mean + S.E. ratio of Bcl2:Bax mRNA corrected at each time point

for the house keeping gene B-actin.
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Figure 3.8: Bax and Bcl-2 protein expression in mesangial cells deprived of serum

Serum free

5mM glucose 25mM glucose

0 24 48 72 24 48 72
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Mesangial cells were grown to confluence. Subsequently apoptosis was induced by
serum-deprivation either in the presence of SmM D-glucose or 25mM D-glucose. At
the time points indicated cytoplasmic protein was isolated and Western blot analysis
performed. One hundred pg of protein was loaded for each sample and the gel probed

for Bcel-2 protein, Bax protein and B-actin to ensure equal loading.
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Mesangial cells were grown to confluence. Subsequently apoptosis was induced by
serum-deprivation either in the presence of 5mM D-glucose or 25mM D-glucose. At
the time points indicated total RNA was isolated and RT-PCR performed. Ethidium
bromide stained PCR products were separated on a 3% agarose gel. For Bcl-x
amplification, 33 cycles were performed. PCR amplification for B-actin (lower panel)
was performed for 26 cycles
-122 -



3.2.4: Effects of caspase-8 and caspase-9 inhibition

There are two pathways to apoptosis — the death receptor pathway and the
mitochondrial pathway. The death receptor pathway involves caspase-8 activation
and the mitochondrial pathway involves caspase-9 activation. Both pathways then

merge upon caspase-3 activation.

Apoptosis in mesangial cells was induced by 72 hours serum-deprivation and the
effect of caspase-9 and caspase-8 inhibitors was determined (figure 3.10). The
caspase-8 inhibitor had no effect on apoptosis. However, the caspase-9 inhibitor
decreased apoptosis from 33.6% to 24.3% (p = 0.026). This suggests that serum-
deprivation lead to apoptosis via mitochondrial disruption, agreeing with other reports
[37, 182, 272] and also with figure 3.3, which shows that serum deprivation increases

mitochondrial membrane disruption.
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3.3.5: Increased apoptosis is associated with reduced activation of NFkB
There is strong evidence implicating a role for the transcription factor NF-kappa B as
a cell survival factor [134]. Furthermore, diminished nuclear translocation of NF-
kappa B has been associated with impaired mesangial cell survival [135]. A recent

study also showed that high glucose-induced mesangial cell apoptosis was induced by

NF«B [182].

25mM glucose reduces NFkB activity in mesangial cells: To determine whether NFxB
is involved in glucose-induced apoptosis, gel shift assays were performed with
nuclear proteins and an NF«B site-specific probe. Nuclear proteins from mesangial
cells cultured in serum-free, SmM glucose media exhibited decreased binding to the
NFxB DNA oligonucleotide after 48 hours, which was further reduced by exposure to
25mM D-glucose at all time-points (figure 3.11A). The second band was due to non-
specific binding of the probe.

A control gel was also run, comparing binding of the radiolabelled probe (lane 1) and
excess cold probe (lane 2). No band is visible in lane 2, suggesting that the

radiolabelled probe is specific for NFxB.

The p65 subunit of NFkB is involved in mesangial cell survival: Supershift analysis
was performed to determine which NFkB subunits were involved. Antibodies against
the five NFxB subunits were used and the antibodies against the p65 subunit retarded
movement of the protein-DNA complex through the gel (figure 3.12). Therefore the

p65 subunit is involved in mesangial cell survival.
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These results suggest that NFxB is a survival factor in mesangial cells and that serum-
depriving the cells reduced its activity. Addition of 25mM glucose augmented this
effect.

3.2.6: NFkB inhibition mimics the effects of high glucose
SNS50 inhibits NFxkB activation: The cell permeable NFxB inhibitor peptide SN50,
which inhibits translocation of NF«B to the nucleus, was used to further investigate
the role of NFkB in glucose induced mesangial cell apoptosis. Inhibition of NFxB

nuclear translocation with SN50 was confirmed by gel shift assay (Figure 3.13).

Inhibition of 'NFkB increases the Bax:Bcl-2 ratio: Following inhibition of NFxB
nuclear translocation, Bax:Bcl-2 mRNA ratio was examined by RT-PCR (figure
3.14A). There was a decrease in Bcl-2 mRNA expression and nb change in Bax with
the addition of SN50 (in serum free, SmM D-glucose medium). This led to a time-
dependent increase in the Bax:Bcl-2 mRNA ratio which was greater than that seen
following addition of serum free medium alone (figure 3.14B). The increase in the

Bax:Bcl-2 ratio was significant after 6 hours treatment with 10uM SNS50.

NFkB inhibition decresed Bcl-xL mRNA expression: Mesangial cells were grown to
confluence and then cultured in SmM glucose medium containing either 10uM or
20pM SNSO for 72 hours. The controls were mesangial cells cultured in full medium
and in serum-free medium containing either SmM or 25mM glucose. Inhibition of
NF«B did lead to a dose-dependent decrease in Bcl-xL and a dose-dependent increase

in Bcl-xS (figure 3.15).
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Inhibition of NFxB leads to caspase-3 acitvation: Mesangial cells were cultured in
serum-free SmM medium either in the presence or absence of SN50 for 72 hours. The
amount of caspase-3 was determined by Western blot analysis (figure 3.16).

Inhibition of NF«B lead to increased caspase-3 activation compared to the control.

Inhibition of NFkB increases mesangial cell apoptosis: Mesangial cells were cultured
in serum-free SmM glucose medium either in the presence or absence of 10uM SN50.
Addition of SN50 led to a significant increase in mesangial cell apoptosis (Figure
3.17) as assessed by flow cytometry using annexin V/PI as described above,

compared to the addition of serum free medium.

Inhibition of NFkB mimics the effects of 25mM glucose, causing a decrease in bcl-2
mRNA levels with no change in bax mRNA levels, increasing apoptosis. Inhibition
of NFxB also decreased Bcl-xL. mRNA expression and increased Bcl-xS mRNA

expression.
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Figure 3.13: SN50 inhibits NFxB

SN50
OuM [ 1uM {10uM] 20uM

The role of NFkB was further examined by the use of the cell permeable NFxB
inhibitor peptide SN50 (Merck Biosciences Ltd, Nottingham, UK). Mesangial cells
were incubated with various concentrations of SN50 under serum free conditions for
72hours. Inhibition of NF-kappa B nuclear translocation was confirmed by gel shift

assay.
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Scanning densitometry of three individual experiments was performed and the results
expressed at the meantS.E. ratio of Bax:Bcl-2 mRNA corrected at each time-point for
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Figure 3.16: Inhibition of NFkB leads to caspase-3 activation in mesangial cells
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Mesangial cells were incubated either in the presence or absence of 10pM SN50
under serum free conditions for 72hours. Quantity of active and pro-caspase in
cytoplasmic preparations of mesangial cells was determined by Western blot. The
caspase-3 antibody detects full-length caspase-3 (35kDa) and cleaved caspase-3
(17kDa).
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Figure 3.17: Inhibition of NFkB induces mesangial cell apoptosis
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Confluent monolayers of mesangial cells were incubated in the presence or absence of
10uM SN50 in 5mM glucose, serum-free medium for 72hours. Subsequently
apoptotic cells were identified by flow cytometry using annexin V-FITC, in
conjunction with PI. Results are presented graphically as the % of cells in early
apoptosis and represent the mean + S.E. of three individual experiments* denotes

significance. The corresponding FACS plots are also shown.
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3.3: Discussion

The late phase of diabetic nephropathy is characterised by loss of resident glomerular
cells, a process which correlates with the decline in GFR [273]. Mesangial cell death
by apoptosis is known to be involved in the resolution of glomerular hypercellularity
following injury suggesting that apoptosis may be a homeostatic mechanism
regulating the glomerular cell population [274]. It is also clear that apoptosis plays a
pathological role leading to deletion of mesangial cells associated with progressive

glomerular sclerosis [275].

In the current study, numerous different methodological approaches were used to
demonstrate that elevated glucose concentration induces the pro-apoptotic pathway
activated by serum deprivation in renal mesangial cells. All of the methods used
showed that high glucose augmented the effect of serum-depletion on mesangial cell
apoptosis.

Other methods of quantifying apoptosis are also available, although I did not use them
due to time constraints. Hoescht staining is another way of assessing apoptosis.
Hoescht 33342 is readily taken up by cells during the initial stages of apoptosis and
selectively stains nuclei of apoptotic cells fluorescent blue. Viable cells have evenly
stained nuclei, while nuclei from apoptotic cells show condensed or fragmented
morphology. Fluorescent microscopy can then be used to count the cells and calculate
the % of cells in apoptosis. DNA fragmentation that occurs during apoptosis produces
DNA strand breaks and the TUNNEL (terminal deoxynucleotidyl transferase dUTP
nick end labelling) assay is a method that detects DNA nucks in apoptotic cells.

Commercial TUNNEL assays can be used to quantify the % of apoptotic cells.
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Exposure of cells to 25mM glucose in the presence of 10% FCS inhibited apoptosis,
probably because FCS contains many growth factors. Serum-deprivation lead to
disruption of the mitochondrial membrane, capase-9 activation, followed by caspase-3
activation and the morphological changes seen during apoptosis, i.e
phosphatidylserine exposure. = Furthermore, growth of mesangial cells under
conditions of elevated glucose lead to decreased mRNA expression of Bcl-2, with no
change in Bcl-xL and Bax mRNA expression. An alteration in the Bax:Bcl-2 ratio is
known to activate caspase-3 [272]. All of these changes were more pronounced in
mesangial cells cultured under 25mM glucose conditions, suggesting the same
pathway is in;lolved.

Yang et al showed that the ratios of Bax to Bcl-2 mRNA and protein were
significantly increased in apoptotic mesangial cells and this correlated with
upregulated caspase-3 activity [272]. High glucose has also been reported to promote
apoptosis in mesangial cells by increasing intracellular ROS generation. This has
been shown to increase the Bax:Bcl-2 ratio in favour of apoptosis and lead to
cytochrome ¢ release from mitochondria and caspase-3 activation [182]. Ideally, the
mRNA data should be collaborated with protein data but the Bcl-2 antibodies for
Western blot did not work. If time had not been limited, I could have quantified Bcl-2

and Bax protein levels with ELISA kits.

Mesangial cell culture in SmM glucose, serum-free media lead to decreased NFxB
levels and this was augmented with culture in 25mM glucose. The difference in
NF«xB levels between cells cultured in SmM or 25mM glucose was apparent after 24
hours. Inhibition of NFxB increased the Bax:Bcl-2 ratio in favour of apoptosis after 6

hours. NF«xB inhibition also decreased the cell survival protein Bcl-xL and increased
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expression of the pro-apoptotic protein Bcl-xS after 72 hours treatment. In contrast,
there was no difference in mRNA expression of Bcl-xL in mesangial cells cultured in
5SmM or 25mM glucose after 72 hours.  This difference could be because inhibition
of NFxB had a greater effect on apoptosis and the cells were further along in the
apoptosis pathway.

Although figure 3.13 shows that addition of SN50 led to decreased NF«B activation, a
further experiment using a control for SN50, could have been carried out. If time had
not been limiting, the effects of SN50 and SN50M, an inactive control for SN50
which does not have an effect on NFkB translocation (Calbiochem), could have been
compared. Tﬂe EMSA method could have been used to compare the effects of SN50

and SN50M on NF«B activation.

In conclusion, serum-deprivation in mesangial cells leads to decreased NF«kB activity,
an increase in the Bax:Bcl-2 ratio, disruption of the mitochondrial membrane
potential, activation of caspase-9, activation of caspase-3 and then the morphological
changes seen during apoptosis. In mesangial cells, apoptosis induced by serum
deprivation via this pathway is augmented by culturing the mesangial cells in 25mM

glucose.

In vivo, mesangial cells are exposed to plasma but not serum [Mene 1989]. Under
these serum-free conditions in diabetic patients, the mesangial cells in the glomerulus
probably undergo increased apoptosis. This could lead to the mesangial cell loss

associated with proteinuria, hypertension and renal dysfunction in overt nephropathy.
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CHAPTER 4: THE ROLE OF TGFB; IN MESANGIAL CELL

APOPTOSIS

4.1: Introduction

Previous studies have demonstrated that glucose induced alterations in mesangial cell
function may be mediated by the pro-fibrotic cytokine TGF-B1. Elevated glucose
leads to transcriptional activation of TGFB1 [276, 277]. Furthermore, many glucose
mediated alterations in mesangial cell function are mediated by autocrine activation of
TGFP1 [125]. Glucose also stimulates TGF-8 type II receptor expression in mesangial
cells [278], which enhances sensitivity of mesangial cells to the effects of TGF-8

[279].

Smad7 has been shown to induce sensitisation of cells to different forms of cell death
and increases TGFB1-mediated apoptosis in epithelial cells [147]. In addition to the
SMAD signalling intermediates, numerous other pathways of signal transduction,
such as MAP kinase and Rho GTPases, have been identified following TGF-1
receptor activation [280-286]. In podocytes, activation of p38 MAP kinase and
caspase-3 was required for TGF-8 mediated apoptosis [148]. Similarly in renal
tubular epithelial cells, TGF-81 signalling potentiates apoptosis by a Smad
independent p38 MAP kinase-dependent mechanism [287]. In contrast, stimulation of
hepatocytes by TGF-8 leads to Smad-dependent expression of GADDA45b (an
immediate-early response gene for TGF-8), which through p38 MAP kinase, triggered
apoptosis [289]. Rat fibroblasts grown in the presence of serum have undetectable

amounts of p38 MAPK activity. Removal of serum leads to markedly elevated
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apoptosis and p38 MAPK activity, which is inhibited by growth factors [157].
Inhibition of p38 MAPK inhibited the effect of high glucose induced apoptosis,
although there was no apparent change in total p38 [159]. Phosphorylation of p38

MAPK was found to be downstream of the bax-caspase pathway [159].

These data suggest that Smad and non Smad p38 MAP kinase pathways may act
independently or synergistically to mediated TGF-81 apopotic effects in a cell

specific manner.

We therefore .éought to determine the role of glucose induced TGF-81 in induction of
mesangial cell apoptosis and its relationship with suppressed NFxB nuclear
translocation. The aims of this chapter were:
1. To determine the effect of TGFB1 on NF«B activation and Bcl-2, Bax and
Bcl-x expression and caspase-3 expression.
2. The effect of recombinant TGFB1 and the TGFB1-neutralising antibody on
mesangial cell apoptosis.
3. Quantification of TGFp1 secretion by mesangial cells cultured in 5SmM and
25mM glucose.

4. Study mesangial cell sensitivity to TGFp1.

4.2: Results

4.2.1: TGFp1 mimicked the effects of high glucose
TGFpI1 inhibited NFkB activation in mesangial cells: The mesangial cells were
cultured in 5SmM glucose containing 1ng/ml TGFB1 for up to 24 hours. In the control,

the cells were cultured in SmM glucose without TGFB1 for 48 hours. Stimulation of
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mesangial cells under serum free conditions with recombinant TGF-81, led to a
significant reduction in nuclear translocation of NFxB (Figure 4.1). This decrease

was apparent after 6 hours of TGFB1 treatment, with a further decrease after 24 hours.

TGFp! increased the Bax:Bcl-2 ratio: Mesangial cells were grown to confluence,
followed by incubation in serum-free SmM glucose media containing recombinant
TGFp1 for up to 24 hours (figure 4.2). In the control, mesangial cells were cultured
in serum-free SmM glucose media for 48 hours. Subsequently, mRNA expression of

Bax and Bcl-2 was quantified.

As in chapter 3, Bax mRNA expression stayed constant. After 6 hours incubation
with TGFB1, there was no decrease in Bcl-2 expression, although there was a

significant decrease after 24 hours (a 2.2-fold increase in the Bax:Bcl-2 mRNA ratio).

Effect of TGFEBI on Bcl-2 and Bax protein expression: To investigate the effect of
TGFB1 on the protein expression of Bcl-2 and Bax, Western blot analysis was
performed (figure 4.3). Changes in the Bcl-2:Bax ratio at the protein expression level
could not be determined because the Bcl-2 antibody did not work well and the bands

were not clear enough for densitometry.

TGFpI decreased Bcl-xL expression: The effect of TGFB1 on Bcl-x expression at the
mRNA level was also investigated (figure 4.4). Mesangial cells were cultured in
5mM glucose containing either 10pg/ml or Ing/ml of TGFB1 for 72 hours. In the

control experiments, the cells were cultured in full-medium, SmM glucose or 25mM

-142-



glucose without TGFB1. Both concentrations of TGFB1 mediated a decrease in Bcl-

xL expression, favouring apoptosis, similar to effect of inhibiting NFxB (chapter 3).

These results suggest that TGFB1 mimics the effects of high glucose by inhibiting
NFxB and increasing the Bax:Bcl-2 ratio. TGFB1 and NF«B inhibition have similar

effects on Bcl-xL mRNA expression.
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Figure 4.1: TGFf1 inhibits NFkB activity

Time (hrs)
0 6 24

Confluent monolayers of mesangial cells were exposed to serum-free medium in the
presence of 1ng/ml recombinant TGF-B81 for up to 24 hours. In the control, mesangial
cells were cultured in SmM glucose without TGFB1 for 48 hours. Subsequently
nuclear proteins were prepared and gel shift assays were performed using an NFxB

site-specific probe.
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Figure 4.3: Protein expression of Bcl-2 and Bax
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Mesangial cells were grown to confluence, followed by growth in serum-free medium
for 72 hours in the presence of various doses of TGFB1. The control cells were
cultured in full-medium, SmM glucose medium or 25mM glucose medium for 72
hours. Western blot analysis was performed to determine the changes in the Bcl-2 and

Bax protein levels. 100ug of protein was loaded per well.
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Figure 4.4: Effect of TGFf1 on Bcl-x expression in mesangial cells
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Mesangial cells were incubated in serum free medium with a glucose concentration of
SmM, either alone or in the presence of either 10pg/ml or Ing/ml of recombinant
TGFP1 for 72hours prior to isolation of total RNA. RT-PCR performed as described
in materials and methods. Ethidium bromide stained PCR products were separated on
a 3% agarose gel. For Bcl-x (upper panel), amplification was performed for 33

cycles. PCR amplification for 3-actin (lower panel) was performed for 26 cycles.
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4.2.2: TGFpI induced apoptosis in mesangial cells
Effects of recombinant TGFpI: The effect of TGFB1 on mesangial cell apoptosis was
also studied. Addition of recombinant TGF-81 led to a significant increase in
mesangial cell apoptosis as assessed by flow cytometry using annexin V/PI (Figure
4.5). A 43% increase in apoptosis was observed after addition of 1ng/ml of TGFB1

for 72 hours (an increase from 28.3+1.5 to 40.5+1.8).

Recombinant TGFf1 activated caspase-3: Mesangial cells were grown in SmM
glucose containing various doses of TGFB1 for 72 hours. In the controls, mesangial
cells were cultured in SmM or 25mM glucose without TGF1 for 72 hours. Addition
of 100pg/ml recombinant TGFf1 lead to an increase in latent and active caspase-3

(figure 4.6).

High glucose-induced apoptosis can be inhibited by neutralising TGFf: The role of
TGF-81 in glucose induced mesangial cell apoptosis was further examined by
blockade of TGF-B1 function. Addition of a blocking antibody (10ug/ml) to TGF-81
significantly attenuated glucose induced apoptosis (Figure 4.7). Neutralising TGFB1
decreased apoptosis by 11% from 34.4+2.9 to 30.5+0.7. 10pg/ml of the control

antibody IgG had no affect on apoptosis.

Taken together, these results suggest that TGFB1 increases apoptosis in mesangial

cells and high glucose-induced mesangial cell apoptosis and this can be inhibited by

neutralising TGFB1.
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Figure 4.6: TGFp1 induces caspase-3 activation
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Confluent mesangial cell monolayers were incubated with either serum free medium,
or serum free medium in the presence of increasing doses of recombinant TGF-81
prior to cytoplasmic protein extraction. One hundred pg of protein was loaded for
Western blot analysis and probed for the full-length pro-enzyme and the cleaved,

active caspase-3.
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Figure 4.7: The TGFfI-neutralising antibody attenuates apoptosis
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4.2.3: TGFp1 induces mesangial cell apoptosis via p38 MAPK
To study the apoptosis pathyway mediated by TGFB1 in mesangial cells, the role of

the Smad proteins and p38 MAPK was studied.

Smad proteins

Effect of smad inhibiton on mesangial cell apoptosis: Mesangial cells were
transfected with a Smad2 dominant-negative (DN), Smad3 DN, Smad7 over-
expression (OE) or an empty vector prior to addition of 1ng/ml TGFp1 for 72 hours.
Apoptosis was quantified by annexin-v/PI flow cytometry (figure 4.8A) and
transfection efficiency was verified by Western blot analysis for the c-myc tag, which

was present in all of the vectors (figure 4.8B).

There was no change in apoptosis because the transfection process did not work, c-
myc-tag expression did not chahge. Transfection was tried several times using two
different chemical methods —-FUGENE 6 and Genejuice — but I was still unable to

successfully transfect the mesangial cells.

Smad?7 protein expression in mesangial cells: Smad7 is a negative regulator of TGFS1
activity and has been implicated in TGFP1 induced apoptosis [147]. Therefore,
changes in Smad7 protein expression were studied by Western blot (figure 4.9). Over
72 hours there was no change in Smad7 expression in mesangial cells cultured in

SmM or 25mM glucose.

These experiments gave inconclusive results.
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P38 MAP Kinase
Activation of p38 MAP kinase has also been implicated as a mediator of pro-apototic

effects of TGF-81 [289].

Inhibition of p38MAP kinase activity decreased apoptosis induced by TGFpI:
Mesangial cells were cultured in 5SmM glucose containing 1ng/ml TGFB1 for 72
hours, either in presence or absence of 3000ng p38 inhibitor, SB203580 (a chemical
inhibitor, Sigma) (figure 4.10). The inhibitor decreased mesangial cell apoptosis
induced by TGFB1, a decrease from 41.3+4.6 to 21.3+2.7 (a 48% decrease in

-

apoptosis).

Inhibition of p38 MAPK inhibited high glucose-induced apoptosis: The effect of the
p38 MAPK inhibitor on high glucose-mediated apoptosis was also investigated
(figure 4.11). Mesangial cells were cultured in 25mM high glucose, either in the
presence of absence of 3000ng SB203580, for 72 hours. The controls were mesangial
cells cultured in full-medium or SmM glucose for 72 hours. Inhibition of p38 MAP

Kinase also inhibited high-glucose mediated apoptosis (a 37% decrease in apoptosis).
Taken together, these results suggest that TGFp1-mediated mesangial cell apoptosis

involves the p38 MAP Kinase pathway. Also, high glucose-induced mesangial cell

death is mediated by TGFp1 and this pathway involves p38 MAPK.
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Figure 4.8: Role of the Smad pathway in mesangial ceii apoptosis
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Contluent monolayers of mesangial cells were transfected with an empty, Smad2
dominant-negative (DN), smad3 DN or a Smad7 over-expression (OF) vector and

then incubated with 1ng/ml TGF-81 for 72hours. The controls were full medium, NG

serum-free and NG with TGFB1, 72 hours. Apoptotic cells were quantified using

annexin-v/PI and analysed by flow cytometry (A). Results represent mean + S.E. of






Figure 4.9: Effect of high glucose on smad?7 protein expression
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Mesangial cells were grown to confluence. Subsequently apoptosis was induced by
serum-deprivation either in the presence of SmM D-glucose or 25mM D-glucose. At
the time points indicated cytoplasmic protein was isolated and Western blot analysis
performed for Smad7 protein expression. Actin was used as a control for loading

equal amounts of protein per well.
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Figure 4.10: Effect of p38 MAPK inhibition on apoptosis induced TGFf1
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Confluent monolayers of mesangial cells were incubated with 1ng/ml TGF-31 under
serum free conditions, or Ing/ml TGF-B1 in the presence of 3000ng of the chemical
inhibitor of p38 MAP kinase (p38i), SB203580, for 72hours. Apoptotic cells were
identified by flow cytometry using annexin V and propidium iodide. Results
represent mean + S.E. of three individual experiments, and * denotes p<0.05. The

corresponding FACS plots are also shown.

- 158 -



Figure 4.11: Inhibition of p38 MAPK decreases glucose induced apoptosis
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Confluent monolayers of mesangial cells were incubated in full medium, 5mM or
25mM D-glucose under serum free conditions, or 25 mM D-glucose in the presence
of 3000ng p38 MAP kinase inhibitor SB203580 for 72hours. Apoptotic cells were
identified by flow cytometry using annexin V and propidium iodide. Results
represent mean £ S.E. of three individual experiments, and * denotes p<0.05. The

corresponding FACS plots are also shown.
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4.2.4: Elevated glucose concentration increased TGF-f1 secretion
The amount of TGFB1 secreted by mesangial cells cultured in 5mM and 25mM

glucose was determined.

High glucose conditions induced TGFpI secretion in mesangial cells: Mesangial cells
were cultured in 5SmM or 25mM glucose for up to 72 hours and TGFB1 concetration

was assessed by ELISA (figure 4.12).

Under serum free conditions, maintenance of mesangial cells in the presence of
25mM D-glucose led to an increase in total TGFP1. There was approximately a two-
fold increase in total TGFB1 production by mesangial cells from 24 to 72 hours and a
significant difference between cells cultured in 25mM glucose and SmM glucose was

observed after 48hrs (1965.7+£99.4pg/ml vs 1611.1+48.4pg/ml).

High glucose induced secretion of active TGFf1 in mesangial cells: Confirmation of
the active nature of TGF-B1 was sought by addition of conditioned medium from
mesangial cells exposed to either SmM D-glucose or 25mM D-glucose for 72 hours to
HK2 cells transiently transfected with the Smad responsive promoter-luciferase

construct.

Addition of recombinant TGFp1 to these transfected HK2 cells lead to a marked

increase in luciferase activity (figure 4.13A).
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There was also a significant increase in luciferase activity of the promoter construct
following addition of 25mM compared to SmM D-glucose conditioned medium

(Figure 4.13B).

In vitro activation of latent TGF-81 was performed by repeated cycles of freeze
thawing of the samples. Addition of freeze-thawed conditioned media from
mesangial cells cultured in SmM glucose lead to a significant increase in Smad
responsive promoter activity. In contrast, repeated cycles of freeze thawing of 25mM
D-glucose conditioned medium did not increase luciferase activity compared to that

seen following addition of untreated 25mM D-glucose conditioned medium.
These data therefore confirm that high glucose induces TGF1 secretion in mesangial

cells and following addition of 25mM D-glucose the increase in TGF-81 was of its

active form.
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Figure 4.12: Cells cultured in 25mM D-glucose secrete more TGFf1.
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Confluent mesangial cells were incubated under serum free conditions with either
S5mM D-glucose (NG) or 25mM D-glucose (HG) for up to 72hours. At the time
points indicated cell culture supernatant was collected and TGF-81 quantified by
ELISA. Total TGF-B1 was determined following activation of latent TGF-B1 by acid
activation of supernatants. Results represent mean + S.E. of three individual

experiments, * denotes p<0.05
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Figure 4.13: TGFp1 bioactivity
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One ng/ml of TGFB1 (R&D Systems Europe Ltd, Abingdon, UK) was added to HK2
cells that had been transfected with a Smad responsive promoter-luciferase construct
for 24 hours prior to quantifying luciferase activity. In control experiments, serum-
free culture medium alone was added to the transfected cells (SmM). Results

represent means + S.E. of three individual experiments and * indicates p< 0.05.
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medium. Results represent means + S.E. of three individual experiments and
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4.2.5: High glucose induced TGFJ1 sensitivity in mesangial cells
There is a significant difference in TGFB1 secretion between mesangial cells cultured
in SmM and 25mM glucose after 48 hours. High glucose-induced apoptosis can be
inhibited by the TGFB1 neutralising antibody and p38 MAPK inhibition. However,
high glucose treatment decreases NFxB activity and increases the Bax:Bcl-2 ratio
within 24 hours (chapter 3). This implies that the early effects of high glucose-
induced apoptosis are not caused by increase TGFP1 secretion by mesangial cells
cultured in 25mM glucose. Therefore the effect of mesangial cell sensitivity after

culture in high glucose was studied.

High glucose induced sensitivity to TGFp1 in mesangial cells: Mesangial cells were
transfected with the Smad-responsive promoter and then incubated in either SmM or
25mM glucose containing lng/ml TGFP1 for 24 hours prior to assessment of
luciferase activity (figure 4.14). In the control, mesangial cells were incubated in
5mM glucose without TGFB1 to measure baseline luciferase activity. TGFp1
treatment increased luciferase activity significantly in mesangial cells cultured in

25mM glucose compared to SmM glucose (an 18.6% increase).

Effect of high glucose on TGFBRII expression: Mesangial cells were cultured in SmM
or 25 mM glucose, without serum, for up to 72 hours. Subsequently, TGFBRII
expression was assessed by Western blot (figure 4.15). There was no change in

expression of TGFBRIL

These results suggest that culuring mesangial cells in high glucose induces sensitivity

to TGF1, although there seems to be no change in TGFBRII expression.
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Figure 4.14: High induces TGFf1 sensitivity in mesangial cells

P P

90000

lucifera
activity

(RLU) 6

w
(¢}
~.|
=5
(]
=
]

SmM SmM 25mM
+TGF-B1 +TGF-B1

Mesangial cells were grown te 50% confluence and then transfected overnight with

o
S

the Smad-responsive promoter and the B-galactosidase plasmid (used as a control for

transfection efficiency). Subsequently, the media was changed to SmM or 25mh

glucose containing 1ng/ml TGFB1 for 24 hours. In the control, the cells were cultured
in SmM glucose without TGFB1 to assess baseline promoter activity. Luciferase

aciivity was then quantified. Results represent means + S.E. of three individual

experiments and * denotes p<0.05.



Figure 4.15: High glucose does not affect TGFPBRII expression
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Mesagial cells were grown to confluence, followed by growth in serum-free media
contatining SmM or 25mM glucose for up to 72 hours. In the controls, the cells were
cultured in full medium. Western blot analysis was performed to assess expression of
TGFB1 receptor II (TGFRII). The membrane was reprobed for actin to ensure equal

loading.
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4.3: Discussion

Numerous studies have demonstrated that TGF81 mediates many of the effects of
glucose on mesangial cell function. Elevated glucose leads to transcriptional
activation of transforming growth factorf1 [276, 277]. Furthermore glucose mediated
alteration in mesangial cell function in response to glucose is mediated by autocrine
activation of transforming growth factor beta [125]. TGFB1 has been shown to
increase apoptosis in murine mesangial cells by increasing Bax expression and

suppresing Bcl-2 expression and therefore leading to activation of caspase-9 [290].

In the current study I have demonstrated that addition of recombinant TGF-B1 mimics
the effects of glucose both by inhibiting NFxB activation and also increasing the
Bax:Bcl-2 ratio in favor of enhanced cell death by apoptosis. Addition of TGFp1 also
lead to a decrease in Bcl-xL mRNA expression, mimicking the effect of NFxB
inhibition. Furthermore, inhibition of TGFB1 action using a blocking antibody
abrogated 25mM D-glucose induced apoptosis, confirming the central role of TGF-1

in this response.

The data presented clearly demonstrate that inhibition of p38 MAP kinase using the
chemical inhibitor SB203580 prevented both TGF-81 and glucose induced apoptosis,
thus supporting a role for this pathway in mediating glucose stimulated TGF-81
dependent apoptosis in mesangial cells. The role of Smad proteins in TGFf1
mediated apoptosis needs more work because the results are inconclusive. A different
transfection method could have been used (i.e. viral transfection). If it increased
transfection efficiency, apoptosis could have been quantified after transfection with

the Smad2DN, Smad3DN and Smad70E plasmids.
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Although I confirmed increased generation of bio-active TGFB1 in mesangial cells
exposed to elevated concentrations of glucose, the delayed time course suggests that
stimulation of de novo synthesis is unlikely to be the mediator of the effects of
elevated ambient glucose on apoptosis. TGFP1 decreased NFxB activity within 6
hours, whereas cell culture in high glucose lead to a significant increase in TGFf1
secretion after 48 hours. It is more likely that this is mediated by enhanced sensitivity
to TGFp1 signalling. Although the expression of the TGFBRII did not change over 72
hours, cells cultured in high glucose showed increased smad-responsive signaling

upon addition of TGFp1.

In conclusion, I have demonstrated that glucose induced mesangial cell apoptosis is
mediated by autocrine stimulation by TGF-81 and the p38 MAP kinase pathway. This
leads to inhibition of nuclear translocation of NFxB and suppression of Bcl2

expression.

TGFp1 is an important mediator of diabetic nephropathy. It exerts its effects via
downstream signalling molecules such as Smad2, Smad3, ERK and p38 MAP kinase
[114]. In vivo, mesangial cells exposed to high glucose secretion increased
concentrations of TGFp1, leading to fibrosis, and are also more sensitive to the effects
of TGFB1. In the glomeruli of diabetic rats there is a progressive increase in TGFp1
mRNA and protein expression [128]. TGFp1 is the mediator of high glucose-induced

mesangial cell apoptosis which occurs during overt nephropathy.
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CHAPTER 5: GLUCOSE AND THE HANDLING OF APOPTOTIC

CELLS

5.1: Introduction

Mesangial cell loss through apoptosis occurs in experimental diabetic nephropathy
[193] and in clinical studies in patients with diabetic nephropathy, a loss of mesangial
cells correlates with progression to diabetic glomerulosclerosis [32, 38, 41]. In vivo,
apoptotic cells are rapidly recognised and ingested by phagocytic cells, macrophages
and mesangial cells, before release of toxic contents. Necrotic cells, however, lose
their membrane integrity, releasing their contents, leading to inflammation.
Engulfment of apoptotic cells is thought not only to remove them from the tissues but
also to provide protection from local damage resulting from release or discharge of

pro-inflammatory contents [291].

In a number of tissues it has been observed that apoptotic cells are ingested and
degraded so rapidly that they are only visible for 1-2 hours [175, 184]. Mesangial
cells have a role in particulate clearance in the glomeruli [227] and the capacity to
phagocytose does seem compatible with this property, emphasising the ‘cleansing’
function of the cell. Mesangial cells are semi-professional phagocytes that have the
capacity to ingest apoptotic cells such as apoptotic neutrophils [227]. Resolution post
nephritis is known to involve phagocytosis of apoptotic neutrophils by mesangial cells

[274].
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The recognition of apoptotic cells by phagocytes involves changes in expression of
molecules on the apoptotic cell surface, such as exposure of phosphatidylserine [229].
Ligands expressed on the apoptotic cell that signal phagocyte recognition are poorly
understood, although many have been implicated. Two of the most widely studied

molecules are the phosphatidylserine receptor and the avp3/CD36/TSP-1 mechanism.

Apoptotic cells that did not express phosphatidylserine externally were not
phagocytosed by macrophages or fibroblasts [242] and phagocytic cells deficient in
wild-type phosphatidylserine were defective in removing apoptotic cells [245].
Mesangial cell phagocytosis of apoptotic U937 cells can be inhibited when the
phosphatidylserine-mediated mechanism is reduced by addition of phospho-L-serine

[241, 244].

A second mechanism is avB3/CD36/TSP-1 and macrophages have been reported to
use this mechanism to ingest apoptotic cells. TSP-1 forms a bridge between the two
cells by binding to an unidentified ligand on the apoptotic cell and avp3/CD36 on the
phagocytic macrophage [237]. Mesangial cells also use this mechanism to ingest
apoptotic neutrophils [104, 239] and inhibition of av3 and TSP-1 can reduce

phagocytosis of apoptotic cells by mesangial cells [257].

The process of apoptotic cell clearance actively suppresses the initiation of
inflammation and immune responses, in part through release of anti-inflammatory
cytokines [251-253]. Phagocytosis of apoptotic cells by macrophages is associated
with the production of anti-inflammatory cytokines such as IL-10 and TGFB1 in vivo

[247, 254, 292].
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Particularly interesting from the point of view of this thesis is that phagocytosis of
apoptotic cells induces TGFB1 secretion in macrophages. The results in chapters 3
and 4 showed that high glucose induced mesangial cell apoptosis was mediated by
high glucose induced increased sensitivity to TGFB1 and increased TGFp1 secretion.
Although hyperglycaemia has been implicated in mesangial cell apoptosis, the
relationship between hyperglycaemia and mesangial cell handling of apoptotic cells

has not been characterised.

Since mesangial cells are semi-professional phagocytes and apoptotic mesangial cells
are not seen in a hypocellular diabetic kidney, the role of high glucose in mesangial
cell clearance was studied. Aged PMNs were used as a model of apoptotic cells in
this study. The aims of this chapter were therefore:
1) To examine the effect of elevated glucose concentration on engulfment of
apoptotic cells and define the mechanism by which this occurs.
2) To examine the functional consequences of interaction between mesangial
cells and apoptotic cells with particular emphasis on TGFB1 generation,
which has been implicated as a critical factor promoting renal injury in

diabetes.

5.2: Results

5.2.1: High glucose increased mesangial cell ingestion of apoptotic cells
MPO staining of apoptotic cells to determine phagocytosis: To determine the effect
of high glucose concentration on mesangial cell phagocytosis, confluent mesangial
cells were cultured in SmM or 25SmM D-glucose for 48 hours prior to the addition of

aged neutrophils.  The ratio of aged neutrophils to mesangial cells was 2:1, giving an
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excess of aged neutrophils. The two cell types were co-cultured in either the presence
or absence of 10% FCS. After 3 hours of co-culture, the neutrophils were removed
with gentle agitation using a Pasteur pipette and the mesangial cells were washed in
PBS. The mesangial cells were fixed and the ingested neutrophils were stained for
MPO. Only the neutrophils contained MPO, therefore this method could be used to

distinguish between the two cell types (see methods section).

Mesangial cells cultured with aged neutrophils in the presence of 10% FCS ingested
more PMNs. (figure 5.1). Also, mesangial cells cultured in 25mM glucose
phagocytosed more apoptotic cells compared to mesangial cells cultured in SmM

glucose, in the presence of 10% FCS.

There were three limitations to using this method to quantify phagocytosis of
apoptotic cells. By light microscopy, it was difficult to see each mesangial cell and
therefore difficult to count the number of neutrophils per mesangial cell. The aged
neutrophils may not have been phagocytosed, just bound to the surface of the
mesangial cell. There may also have been different numbers of mesangial cells per

field, as glucose induces mesangial cell hypertrophy [293].

Quantification of phagocytosis by flow cytometry: Mesangial cells were cultured in
either SmM or 25mM glucose prior to addition of aged neutrophils. Aged neutrophils
were labelled with CFSE before co-culture with mesangial cells in either the presence
of 5% or 10% FCS (validation in methods chapter). The apoptotic cells were washed
off after 3 hours of co-culture by gentle agitation with a Pasteur pipette and then the

mesangial cells were treated with trypsin to remove them from the plate and to form a
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single cell suspension. Trypsin treatment also dislodged any remaining bound
neutrophils. Phagocytosis was quantified by assessing mesangial cell fluorescence by
flow cytometry as described in the methods section. This method was much more
robust and reproducible than staining the ingested apoptotic neutrophils for MPO and

therefore used for all the remaining experiments to quantify phagocytosis.

Effect of serum on phagocytosis: In macrophages, serum is required for
internalisation of apoptotic cells and only binding of apoptotic cells has been reported
to occur in the absence of serum [239, 249, 294]. The presence of serum is also

known to increase phagocytosis in mesangial cells [227, 249].

Mesangial cells were cultured in either SmM or 25mM glucose. Aged neutrophils
were then added in the presence of 5% or 10% serum (figure 5.2). Serum increased
phagocytosis of aged PMNs by mesangial cells cultured under both conditions. Under
SmM glucose conditions, phagocytosis increased from 30.8+3.1% to 35.610.3% when
the concentration of FCS was increased. Under 25mM glucose conditions,
phagocytosis increased from 41.2+1.0% in 5% FCS to 45.7+0.3% in 10% FCS. At
both concentrations of FCS, mesangial cultured in 25mM glucose phagocytose more

aged PMNS compared to mesangial cells cultured under SmM glucose conditions.

Effect of high glucose on phagocytosis: Mesangial cells cultured in high glucose
ingested more aged PMNs compared to mesangial cells cultured in normal glucose in
a time-dependent manner (figure 5.3). This difference was apparent after 48 hours
(21% phagocytosis in SmM glucose compared to 24% phagocytosis in 25mM

glucose). After 72 hours, the amount of phagocytosis was still significantly different
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between mesangial cells cultured in SmM and 25mM glucose, but was no greater than
at 48 hours. Therefore mesangial cells were cultured in normal or high glucose for 48

hours for all remaining experiments.

Taken together, these results show that mesangial cells cultured in 25mM glucose
ingest more apoptotic cells and that a component of serum is required for
phagocytosis. For all of the remaining experiments, the flow cytometry method was

used to quantify phagocytosis.
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Figure 5.1: MPO-staining of ingested apoptotic cells
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Mesangial cells were grown to approximately 70% confluence and then cultured in
the presence of either SmM D-glucose (NG) or 25mM D-glucose (HG) in the absence
of FCS for 48 hours, followed by co-culturing with aged PMNs for 3 hours in either
the presence or absence of 10% FCS. The cells were fixed and stained for MPO and
the ingested PMNs viewed with a light microscope (x 125 magnification).

— =ingested aged PMNs.
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5.2.2: The effect of TGFf1 on phagocytosis
High glucose increased phagocytosis of aged PMNs and mesangial cells cultured
under high glucose conditions secreted more TGFB1 compared to normal glucose.
Mesangial cells cultured under high glucose conditions were also more sensitive to
the effects of TGFB1 (chapter 4 results). The effect of TGFB1 on phagocytosis was
therefore determined. Initially, mesangial cells were cultured in SmM glucose for 48
hours prior to the addition of apoptotic neutrophils in the presence or absence of
recombinant TGFB1 (figure 5.4). Under these experimental conditions, TGFB1 did

not influence phagocytosis of aged PMNs.

Since TGFP1 did not have a direct effect on phagocytosis, the effect of TGFB1 pre-
treatment on mesangial cells was investigated (figure 5.5). Addition of recombinant
1ng/ml TGFp1, 48 hours prior. to PMN addition, to mesangial cells cultured in normal
glucose lead to a 23-34% increase in phagocytosis. Mesangial cells cultured in high
glucose ingested more cells compared to normal glucose (55.4% phagocytosis in
25mM glucose vs 47.6% phagocytosis in SmM glucose). Also, addition of the anti-
TGFp antibody to mesangial cells cultured in high glucose for 48 hours lead to a 21%
decrease in phagocytosis (55.4% ingestion without antibody and 43.6% ingestion with

antibody).

These results suggest that TGFB1 increases phagocytosis and the effects of high

glucose are mediated by TGFp1.
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Figure 5.4: Effect of TGFf1 on phagocytosis when added at the same time as

apoptotic PMNs
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Rat mesangial cells were grown to confluence in SmM glucose, followed by growth in
serum free media containing SmM (NG) or 25mM (HG) glucose for 48 hours. TGFBI
was added to cells cultured in SmM glucose for 48 hours. The TGFP antibody
(20pg/ml) was added as indicated to cells cultured in 25mM glucose. Aged, CFSE-
labelled PMINs were then co-incubated with the mesangial cells {a 2:1 ratio of
apoptotic cells to mesangial celis) for 3 hours prior te quantification of phagocytosis
by flow cytometry. The mean result of three individual samples is expressed, = S.E.

and * denotes p < 0.05 compared to NG. The corresponding FACS plots are also

shown.
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5.2.3: Involvement of the phosphatidylserine receptor
The phosphatidylserine receptor is molecule which has been implicated in
phagocytosis of apoptotic cells [245, 246, 248]. The role of this receptor in mesangial
cell phagocytosis was therefore investigated. The effect of high glucose on
expression of PSR at the mRNA level was studied using specific oligonucleotide
primers (figure 5.6). The mesangial cells were cultured in SmM or 25mM glucose for
48 hours, without serum prior to RNA extraction. PCR revealed a single band of 146
bps, the expected product size. Addition of 25mM D-glucose, however, did not alter

PSR mRNA expression.

The effect of blocking the phosphatidylserine receptor using O-phospho-L-serine, a
soluble form of phosphatidylserine, was used to determine the role of PSR in
mesangial cell phagocytosis (figure 5.7). Addition of O-phospho-L-serine had no
effect on mesangial cell phagocytosis of apoptotic PMNs, suggesting that in this

experimental system PSR is not involved.
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Figure 5.6: PS receptor mRNA expression
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Mesangial cells were grown to confluence followed by serum-deprivation for 48
hours in either SmM glucose (NG) or 25mM glucose (HG) medium. RNA was
extracted for RT-PCR analysis of PSR expression, 35 cycles amplification. Ethidium

bromide stained PCR products were separated on a 3% agarose gel.
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5.2.4: Involvement of the CD36/avf3/TSP-1 mechanism in phagocytosis
The CD36/avB3/TSP-1 mechanism has been implicated to have a role in macrophage
[230, 237, 238, 242, 292] and mesangial cell phagocytosis [257]. To study the role of
CD36/avp3/TSP-1 in mesangial cell phagocytosis, two strategies of inhibiting this
mechanism were used (figure 5.8).  Firstly, the RGDS peptide (Arg-Gly-Asp-Ser)
was used to inhibit phagocytosis. The RGDS peptide binds to integrins such as avf3,
and inhibits the phagocytosis mechanism. It can also bind to other integrins which
recognise the RGD motif, such as a5p1, allbB3 and most a5-containing integrins.
RGES (Arg-Gly-Glu-Ser) is the control peptide. In the second method, a TSP-1

neutralising antibody was used to inhibit phagocytosis via this mechanism.

Effect of the avBp3/TSP-1/CD36 mechanism on phagocytosis: In mesangial cells
cultured in SmM glucose, the RGDS peptide decreased phagocytosis from 35.6% to
25.6%, a 28% decrease. The TSP-1 neutralising antibody decreased ingestion to
30.1%, a 15% decrease. Both the RGDS peptide and TSP-1 neutralising antibody in
combination decreased phagocytosis from 35.6% to 25.6%, a 28% decrease. The

control peptide, RGES did not affect mesangial cell phagocytosis of aged PMNSs.

In mesangial cells cultured in 25mM glucose, there was also a decrease in
phagocytosis, although it was only significant when both RGDS and the antibody to
TSP-1 were added in combination. Ingestion decreased from 45.7% to 35.1%, a 23%

decrease in mesangial cells cultured in high glucose.

These results suggest that the avB3/CD36/TSP-1 mechanism is involved in mesangial

cell phagocytosis of aged neutrophils.
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Effect of high glucose on TSP-1 mRNA expression: Since the inhibition of apoptotic
cell ingestion is more marked in mesangial cells cultured in normal glucose, high
glucose may have been increasing the expression of one or more factors involved in
this mechanism. Therefore, the effect of high glucose on TSP-1 mRNA expression
was determined by RT-PCR (figure 5.9). High glucose did not induce changes in

TSP-1 expression at the mRNA level over 72 hours.

- 187 -



- L] Y .
Figure 5.8: Effect of blocking avB3/CD36/TSP-1 on phagocytosis

8

(] 50 9 1

£ 45

E 40 - #
S 35

> 30 j

= 25

2l 20

“® 15

S 3

=

[=]

R $ PP S
= P < &

£ N

52

25mM glucose
TSP-1 ab

Control RGDS TSP-1 ab
% 43.4+1.0%

TSP-1 neutralising antibody {7ug/ml) were added to cells, as indicated. Aged, CFSE-
labelled PMNs were then co-incubated with the mesangial cells (a 2:1 ratio of

apoptotic cells to mesangial cells) for 3 hours prior to quantification of phagocytosis

* and # denoting p < 0.05; * is used to show significance compared to the NG control
and # denotes significance compared to the HG control. The corresponding FACS

0

—

0

[#]
'



Figure 5.9: Effect of HG and TGF[1 on TSP-1 mRNA expression
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Mesangial cells were grown to confluence prior to serum-deprivation for 24-72 hours
in either normal or high glucose. RNA was extracted for RT-PCR analysis of TSP-1
expression, 26 cycles amplification. Ethidium bromide stained PCR products were

separated on a 3% agarose gel.

- 189 -



5.2.5: Binding of apoptotic cells induces TGFp1 secretion
Ingestion of apoptotic cells alters macrophage function [247, 254] and may also have
a similar affect on mesangial cell function. TGFpB1 secretion increased in
macrophages that had ingested apoptotic cells. Therefore, the effect of co-culturing

mesangial cells with apoptotic PMNs on TGFB1 secretion was determined.

Co-culture with aged neutrophils induces TGFp1 secretion in mesangial cells:
Mesangial cells were cultured in normal or high glucose for 48 hours, prior to the
addition of either fresh or aged neutrophils for 3 hours before measuring TGFB1
secretion (ﬁ;ure 5.10). Addition of fresh neutrophils lead to a significant increase in
TGFB1 concentration (from 683+55.8 pg/ml to 4267+501.4 pg/ml, p=0.002).
Addition of aged neutrophils lead to a significantly greater increase, rising to
6501+512.2 pg/ml. A ten-fold dilution in the concentration of PMNs lead to a

decrease in TGFP1 secretion, showing this was a dose-dependent response of

neutrophils.

Culturing mesangial cells in 25mM glucose lead to a significant increase in TGFB1
secretion, compared to mesangial cells cultured in SmM glucose (an increase from
683+55.8 pg/ml to 1246.6+69.5 pg/ml, p=0.003). This increase was much smaller
than the effect of either fresh or aged PMNs and the effect of PMNs was not
influenced by glucose. Therefore, this increased secretion of TGFB1 was an effect of

neutrophils binding to mesangial cells, not glucose concentration.

TGFp1 secreted by mesangial cells and neutrophils: In the control experiments,

mesangial cells were cultured in SmM glucose for 48 hours prior to quantifiying
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TGFB1 by ELISA. The concentration of TGFB1 secreted by fresh and aged PMNs
was also measured (figure 5.11). Mesangial cells secreted significantly greater

amounts of TGF1 than either aged and fresh neutrophils.

Phagocytosis of apoptotic cells is not required for TGFf1 secretion: Mesangial cells
require serum for phagocytosis of apoptotic cells and without serum, only binding
occurs [239, 294]. Figure 5.2 shows also showed that serum increased ingestion of
apoptotic neutrophils in mesangial cells. As a result, co-culturing mesangial cells
with aged PMNS in the presence of serum would lead to increased phagocytosis of
apoptotic celis. Mesangial cells and neutrophils were co-cultured either in the
presence or absence of 10% FCS (FCS contained 12.08ng/ml TGFp1, therefore in
media containing 10% FCS the cells were exposed to 604pg TGFp1) to determine the
effects of phagocytosis of apoptotic cells on TGFB1 secretion. There was no
significant difference in TGF1 secretion between cells co-cultured in the presence or

absence of serum (figure 5.12). Therefore, phagocytosis was not required for TGFB1

secretion by mesangial cells and this was independent of internalisation.

Binding of aged PMNs to mesangial cells induces TGFf1 secretion: Two methods
were used to study if cell binding is required for increased TGFB1 secretion. Firstly,
to determine if cell binding was required to induce TGFB1 secretion or whether a
secreted molecule in the media was required, the effect of conditioned media from
aged PMNs on mesangial cells was investigated (figure 5.13). Aged neutrophils were
cultured in SmM glucose media for 24 hours to generate the conditioned media. This

conditioned media from PMNs was added to the mesangial cells for 3 hours and
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TGFpI1 secretion was quantified. Conditioned media from aged PMNs contained a

low amount of TGFf1 and did not increase TGFB1 secretion in mesangial cells.

In the second method, tissue culture inserts were used to keep the two cell types apart
during the co-culture step (figure 5.14). The insert inhibited cell-cell contact between
mesangial cells and the neutrophils, but allowed any soluble factors that were secreted
into the media to mix. There was no change in TGFB1 secretion when the insert was
present.

These results show that cell binding is required to induce \TGFBI secretion in

mesangial cells.

Apoptotic cells induce secretion of active TGFBI in mesangial cells: TGFB1 is
generated in a latent form which may be activated by proteolytic processing of the
latent complex [156, 295], and also conformation change of the latent complex, which

may be mediated by integrin binding [98].

The results so far compared the concentrations of total TGFB1. A TGFB1 ELISA was
not sensitive enough to determine the concentration of active TGF1, therefore the
TGFp1 bioassay method was used. For the TGFB1 bioassay, conditioned media were
added to HK2 cells transfected with a Smad-responsive promoter construct. The
conditioned media was prepared from mesangial cells that were cultured in SmM
glucose or 25mM glucose for 48 hours before co-culture with aged PMNs for 3 hours.
In the controls, conditioned medium was taken from mesangial cells and aged PMNs

(figure 15).
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In the control mesangial cell cultures, without PMNs, there was some active TGFp1
and this was increased with high glucose (from 392.8 units of luciferase activity to
513.1 units). There was over two-fold increase in luciferase activity in the presence
of apoptotic cells (an increase from 392.8units to 926units in SmM glucose) but there
was no significant difference between normal and high glucose. Conditioned media
from aged PMNs (labelled PMN media) contained very a low concentration of active
TGFB1.

These results suggest that binding of apoptotic cells to mes\angial cells induced
secretion of active TGFB1, with no significant difference between cells cultured in

normal and high glucose. This is consistent with previous data on TGFB1 secetion.

All of these results taken together suggest that binding of aged neutrophils to
mesangial cells inducéd TGFB1 secretion in mesangial cells and there was no
difference between cells cultured in SmM or 25mM glucose. Binding alone, not
phagocytosis, was sufficient to induce TGFB1 secretion. The presence of apoptotic

cells increased the amount of latent and active TGFB1 secreted by the mesangial cells.
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Figure 5.11: Neutrophils do not secrete TGFf1

Rat mesangial cells were grown to confluence, followed by growth in serum free
media containing SmM glucose (NG) for 48 hours. The media was changed again to
NG without FCS for 48 hours for the mesangial cells (MCs) and the concentration of
TGFBI in this media was measured.

The amount of TGFB1 secreted by fresh neutrophils was measured over 3 hours (fresh
cells).

The amount of TGFB!1 secreted by aged neutrophils over 3 (aged cells, 3 hours) and
24 hours was also measured (aged cells, 24 hours).

The concentration of TGFBI secreted into the media was then quantified by ELISA.

The mean resuit of three individual samples is expressed, + S.E and * denotes p <

pared to MC NG.
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5.2.6: ICAM-1 cross-linking did not induce TGFp1 secretion in mesangial cells
Previous published work from this laboratory has shown that ICAM-1 cross-linking
increased TGFp1 secretion [296]. In proximal tubular cells, binding of unstimulated
monocytes increased TGFP1 secretion, which was dependent on ICAM-1-CD18
binding, implicating ICAM in the pathogenesis of interstitial injury [296]. In
fibroblasts, direct contact of leukocytes with ICAM-1 led to cell activation and further
upregulation of ICAM-1 [297]. This raises the possibility that increased TGFp1
secretion upon addition of PMNs to mesangial cells may be dependent on ICAM-1.
Therefore, the expression of CD18 on PMNs and ICAM-1 on mesangial cells was

studied.

CDI8 expression in PMNs and ICAM-1 expression in mesangial cells: Flow
cytometry confirmed expression of CD18 on aged and fresh PMNS (figure 5.16) and

the presence of ICAM-1 on mesangial cells (figure 5.17).

ICAM-1 cross-linking did not induce TGFf1 secretion in mesangial cells: Since
mesangial cells expressed ICAM-1 and aged PMNs expressed CD18, the effect of
ICAM-1 cross-linking on TGFp1 secretion in mesangial cells was investigated (figure
5.18). In contrast to proximal tubular cells, ICAM-1 cross-linking did not lead to
changes in TGFB1 secretion in mesangial cells. This suggests that CD18-ICAM is

unlikely to be leading to TGFB1 secretion in mesangial cells.
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Rat mesangial cells were grown to confluence, followed by growth in serum free
media containing SmM (NG) glucose for 24 hours. The primary antibedy (1ug/ml)
and the secondary cross-linking antibody (1pg/mi) was added for 24 hours. After
this incubation, the antibody was washed off and the media changed to NG without
FCS for 48 hours. The amount of TGFB1 secreted into this media was then quantified

by ELISA [297]. The mean result of three individual samples is expressed, + S.E.



5.2.7: Involvement of the CD36/avf33/TSP-1 mechanism
The role of CD36/avB3/TSP-1 in TGFP1 secretion was also studied. The mesangial
cells were cultured in 5SmM or 25mM glucose for 48 hours, prior to co-culture with
aged PMNs. Thirty minutes before co-culture, the RGDS peptide, RGES peptide and
the TSP-1 neutralising antibody were added to the mesangial cells as indicated. The

concentration of TGFp1 secreted into the media was quantified (figure 5.19).
These inhibitors did not cause a significant decrease in TGFB1 secretion in mesangial

cells. These-results suggest that another mechanism must be involved in inducing

TGFp1 in mesangial cells when apoptotic cells bind.
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5.2.8: Involvement of PS receptor
Previous studies have suggested that the PSR although not involved in engulfment
may be involved in binding of apoptotic cells. We therefore examined the effect of

PLS on apoptotic cell dependent mesangial cell TGF-81 production.

The mesangial cells were cultured in SmM or 25mM glucose for 48 hours, prior to co-
culture with aged PMNs. Thirty minutes before co-culture, phospho-L-serine was
added to the mesangial cells as indicated. The concentration of TGFf1 secreted into
the medium was quantified (figure 5.20). Addition of PLS together with apoptotic
cells significantly reduced TGF-81 production by mesangial cells from
10311.21£730.2 pg/ml to 8021.58+648.0 pg/ml, suggesting that this mechanism may

be involved in binding of apoptotic cells and TGF-B1 generation.
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Figure 5.20: Effect of blocking PSR on TGFp1 secretion
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Rat mesangial cells were grown to confluence, followed by growth in serum free
medium for 48 hours. 30 minutes before the addition of aged PMNs, ImM PLS was
added to mesangial cells, as indicated. After the three hours incubation, the PMNs
were washed off and the media changed to NG without FCS for 48 hours. The
amount of TGFp1 secreted into this media was then quantified by ELISA. The mean

result of three individual samples is expressed, + S.E. and * denotes significance.
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5.3: Discussion

Clinical studies and in vitro studies have shown that high glucose directly affects
mesangial cell function [32, 38, 298]. The fact that mesangial cell loss is a feature of
diabetic glomerulosclerosis led me led me to study the effect of high glucose on
apoptosis (chapter 3). Apoptotic cells are rarely seen in vivo because they are
phagocytosed by neighbouring cells or macrophages. Mesangial cells are semi-
professional phagocytes and have been shown to phagocytosis apoptotic cells [227,
239] and they have a ‘cleansing’ role in the glomerulus [227]. I therefore investigated
the effect of high glucose on mesangial cell phagocytosis. Aged PMNs were used as
a model of apoptotic cells as this chapter investigated handling of apoptotic cells by

mesangial cells, not resolution of inflammation.

Mesangial cells cultured in high glucose ingested more apoptotic cells compared to
cells cultured in normal glucose. Culturing mesangial cells under high glucose
conditions also led to increased apoptosis (chapter 3 results). Therefore, under high
glucose conditions, there were fewer healthy mesangial cells but still an increase in
cell uptake compared to cells cultured in 5SmM glucose. The mesangial cells will be
ingesting their non-labelled, apoptotic neighbours as well as the aged neutrophils.
This suggests that the differences in apoptotic cell ingestion between cells cultured in

normal and high glucose are actually greater.

TGFp1 plays a pivotal role in diabetic nephropathy (section 1.2.3); mesangial cells
cultured under high glucose conditions secrete more TGFB1 and culturing mesangial
cells in high glucose increases their sensitivity to TGFB1 (chapter 4). The effect of

TGFp1 on phagocytosis was therefore determined. Addition of recombinant TGFB1
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lead to increased ingestion and addition of the TGFB1 antibody to cells cultured in
high glucose lead to a decrease in phagocytosis. The TGFB1 had to be added at least
48 hours prior to co-culture for this effect. If it was added at the same time as the
aged PMNs for 3 hours, this increase in phagocytosis was not seen. In contrast,
TGFB1 added 6 hours prior to co-culture of macrophages with apoptotic neutrophils
lead to enhanced phagocytosis [292]. This suggests that a secondary stimulus is
required for TGFB1 induced phagocytosis, i.e., increased expression of molecules
involved in phagocytosis. TGFB1 could affect the expression of avp3 or CD36 on the

cell surface, or could lead to increased secretion of TSP-1, the bridging molecule.

The two main methods involved in mesangial cell phagocytosis of apoptotic cells are
the PS receptor and the avB3/CD36/TSP-1 mechanism [239, 250, 257]. The
phosphatidylserine receptor is found on the phagocytic cell. It binds to
phosphatidylserine on the apoptotic cell. A previous study has shown that apoptotic
cells which did not express phosphatidylserine externally were not phagocytosed by
macrophages or fibroblasts [242]. In this system, however, the phosphatidylserine
receptor was not involved in mesangial cell phagocytosis of apoptotic cells. The
avB3/CD36/TSP-1 mechanism, however, was involved in mesangial phagocytosis of
aged PMNs. In mesangial cells cultured under normal glucose conditions, the RGDS
peptide and TSP-1 inhibited ingestion both on their own and also in combination, the
maximum decrease in phagocytosis was 30%. In the cells cultured under high
glucose conditions, inhibition was only achieved with a combination of TSP-1
antibody and RGDS but still the maximum inhibition was 23%. This may be because
high glucose increased expression of the cell surface receptors or molecules involved

in phagocytosis, such as CD36, av, 3 or TSP-1 secretion.
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There are limitations to the FACS-based method to quantify phagocytosis. Although
trypsin was used to form a single-cell suspension, the PMNs could have been bound
to the mesangial cell surface. These PMN-mesangial cell complexes would have been
counted as phagocytosed cells because they would have formed large, fluorescent
complexes. It time had not been limiting, further experiments could have been carried
out to confirm ingestion. Electron microscopy or confocal microscopy techniques
could have been used to confirm phagocytosis and other microscopic methods could

have been developed to quantify phagocytosis and confirm the FACS results.

Apoptotic fibroblasts have been shown to actively secrete increased amounts of TSP-
1 to recruit macrophages and the expression of TSP-1 and its receptor CD36 were also
increased on the cell surface [230]. In contrast, apoptotic neutrophils do not secrete
TSP-1 [230, 257]. High glucose had no effect on changes in TSP-1 mRNA
expression compared to normal glucose over 72 hours but might have caused
increased TSP-1 secretion from the cell. Yevdokimova et al have shown that TSP-1
expression is increased significantly in cells cultured in high glucose after 5 days
compared to cells cultured in normal glucose [298]. However, a commercial TSP-1
ELISA kit is not available to measure the concentration of TSP-1 in the supernatants.

The effect of TGFB1 on TSP-1 mRNA expression could also have been determined.

CD36 expression has been described on a variety of cell types including
macrophages, endothelial cells and platelets [299, 300]. Limited investigations have
been carried out in the regulation of CD36 expression. Embryonic human fibroblasts
had an intracellular pool of CD36 that became expressed on the cell surface after

exposure to TSP-1 [301]. Upregulation of surface CD36 may be a consequence of
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changes of cell membrane asymmetry that occurs during apoptosis. In monocytes,
TGFB1 has been shown to decrease CD36 mRNA expression and surface protein
expression [302-304]. In contrast, in endothelial cells, high glucose has been shown
to upregulate CD36 [305] and in subjects with type 2 diabetes, CD36 expression in
monocytes is increased [306]. Mesangial cells do not express CD36 although
inhibition of avp3 and TSP-1 still inhibited phagocytosis, suggesting that mesangial
cell phagocytosis of apoptotic neutrophils involves a CD-36 independent, av3/TSP-1
mediated mechanism [257]. FACS analysis was used to study cell surface or
cytoplasmic expression of CD36 in mesangial cells. Mesangial cells were negative
for CD36 but positive for cell surface expression of avB3 and secretion of TSP-1
[257]. To my knowledge, this is the only study that has been published that

investigated the expression of CD36 and avp3 on the surface of a mesangial cell.

The effect of high glucose and TGFB1 on av and B3 expression could therefore be
explored. High glucose, via TGFB1, may be upregulating the expression of these

receptors on the cell surface.

Previous studies show conflicting results regarding macrophage ingestion of apoptotic
cells and secretion of anti-inflammatory cytokines [247, 254]. Kurosaka et al have
shown that phagocytosis of cells in the very early stages of apoptosis by macrophages
does not induce increased secretion of anti-inflammatory cytokines such as IL-8 and
TGFp1. As the stage of apoptosis advanced, the amount of IL-8 and TGFp1 secreted
by the macrophages increased. They argue that, in vivo, apoptotic cells are hardly
detected and therefore phagocytosis of apoptotic cells without production of cytokines

is occurring in normal tissues [247]. Huynh er al showed that apoptotic cell

-211-



recognition and clearance by macrophages requires PS exposure on the apoptotic cell
and induces TGFP1 secretion and results in accelerated resolution of inflammation

[254].

In this system, binding of mesangial cells to apoptotic cells lead to an increase in
TGFP1 secretion. Addition of FCS increased phagocytosis but did not lead to
increased TGFP1 secretion. Therefore ingestion of cells did not lead to a further
increase in TFP1 secretion, suggesting binding alone was sufficient. Co-culture of
mesangial cells with fresh neutrophils lead to an increase in TGFB1 secretion, and the
amount of TGFp1 secreted was greater in the presence of aged neutrophils. The effect
of fresh PMNs could caused by the small amount of apoptotic PMNs present (15%
apoptotic cells in freshly isolated neutrophils cultures, compared to 71% apoptotic

cells in aged neutrophils cultures, figure in methods section).

There was an increase in latent and active TGFPl, independent of glucose
concentration. ICAM cross-linking was studied because it can increase TGFp1
secretion in proximal tubular cells [296]. ICAM cross-linking did not induce TGFp1
secretion in mesangial cells. The effect of inhibiting the avp3/CD36/TSP-1
mechanism on TGFf1 secretion was also studied but this mechanism did not inhibit
TGFB1 secretion either. Inhibition of the PSR using PLS did inhibit TGFB1 secretion
upon binding of apoptotic cells. L-a-phosphatidylcholine (PC) could have been used
as a control for PLS. Unlike PLS, PC does not bind to the phosphatidylserine

receptor [Witting et al, J Neurochem (2000) 75:1060-1070].
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This increase in TGFP1 secretion was independent of glucose concentration, only
binding of apoptotic cells was required for this effect, and it could not be inhibited
with the RGDS peptide and the TSP-1 neutralising antibody. It was therefore
occurring independently to phagocytosis, via PSR which did not have a role in

mesangial cell phagocytosis in this system.

In conclusion, 25mM glucose mediated increased phagocytosis by mesangial cells via
TGFP1 and this is involved the avB3/CD36/TSP1 mechanism. Binding of apoptotic
cells to mesangial cells induced TGFP1 secretion via PSR, a mechanism independent

of phagocytosis of apoptotic cells.
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CHAPTER 6: GENERAL DISCUSSION

Apoptosis is essential for the regulation of development, immune system generation
and maintenance of homeostatis in adult tissues. Inappropriate apoptosis can result in
diseases such as neurodegenerative syndromes, tumour formation and autoimmune
syndromes [307]. Dyregulation of apoptosis is also important in progression of renal
diseases such as polycystic kidney disease, glomerulonephritis and diabetic
nephropathy [180]. The late phase of diabetic nephropathy is characterised by loss of
resident glomerular cells, a process which correlates with the decline in glomerular
filtration rate [308]. Numerous studies have implicated hyperglycaemia as a regulator

of apoptosis in numerous cell types [264, 268, 309, 310].

In the current study I used numerous different methodological approaches to
demonstrate that elevated glucose concentration increases the pro-apoptotic pathway
activated by serum deprivation in renal mesangial cells. In addition, I demonstrated

enhanced activation of capsase-3 following exposure to glucose.

The data also demonstrate that maintenance of mesangial cells under conditions of
elevated glucose leads to augmentation of NFxB inhibition and that this is associated
with an alteration in the ratio of Bax:Bcl-2 which favours increased apoptotic cell
death. More specifically our data demonstrate a decrease in the expression of the cell
survival factor Bcl-2 with no change in the expression of Bax which facilitates
apoptosis. In this study I demonstrated that not only is glucose enhanced apoptosis
associated with reduced NF«xB activation, but that inhibition of NFxB activation with

a peptide which prevents NFxB translocation mimics the effects of glucose in
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enhancing apoptosis and also down-regulating Bcl-2 expression, thus providing
convincing evidence that glucose mediated inhibition of NFxB activity is involved in
determination of apoptotic cell fate. This data is consistent with numerous studies
which have demonstrated that NFkB is a cell survival factor in mesangial cells [135,
311]. In some cell lines, such as embroyonic kidney cells, NFkB can induce
apoptosis [312]. Bcl-2 was able to repress the pro-apoptotic ability of NF«B in these

cells by contollong a signalling pathway involving the p65 subunit of NFkB.

Numerous studies have demonstrated that TGF-81 mediates many of the effects of
glucose on mesangial cell function. Elevated glucose leads to transcriptional
activation of TGF-B1 [276, 277]. Furthermore glucose mediated alteration in
mesangial cell function are mediated by autocrine activation of transforming growth
factor beta [125]. Glucose also enhances sensitivity of mesangial cells to the effects
of TGF-8 by increasing ERK and PKC$ activity [279]. They showed that mesangial
cell culture in high glucose lead to increased TGFp signaling via Smads and this was

independent of either production of active TGFP or TGFp receptor binding capacity.

The data in this study demonstrates that recombinant TGFB1 mimics the effects of
high glucose and inhibition of NFkB. Inhibition of TGFB1 action using a blocking
antibody abrogated 25mM D-glucose enhanced apoptosis, confirming the central role
of TGF-81 in this response. TGFPB1 mediated and high glucose mediated mesangial
cell apoptosis could be inhibited by blocking the action of p38 MAPK. Although I
have also confirmed increased generation of bio-active TGF-81 in mesangial cells
exposed to an elevated concentration of D-glucose, the delayed time course suggests

that stimulation of de novo synthesis is unlikely to be the mediator of the effects of
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elevated ambient glucose on apoptosis, but rather it is likely that this is mediated by

enhanced sensitivity to TGF-81 signalling.

Apoptosis is considered to be a mechanism by which cells are deleted without
damaging surrounding tissues, with clearance occurring by swift recognition and
ingestion by phagocytes. Engulfment of apoptotic cells is thought no only to remove
them from the tissues but also to provide protections from local damage resulting

from release or discharge of injurious or pro-inflammatory content [291].

Furthermore, recent studies have shown that, in addition to its role in removing cells
before they undergo lysis, ingestion of apoptotic cells by macrophages actively
suppresses production of pro-inflammatory cytokines and chemokines [313, 314].
Intriguingly this suppressive effect was largely inhibited by TGF-81 neutralizing
antibodies and reproduced by exogenous TGF-81. Apoptotic cell clearance is
therefore believed to represent a critical process in tissue remodelling and resolution

of inflammatory injury.

In this study I examined the effect of elevated glucose concentration on engulfment of
apoptotic cells, and defined the mechanism by which this occurs. In addition I
examined the functional consequences of interaction between mesangial cells and
apoptotic cells with particular emphasis on TGF-81 generation, which has been

implicated as a critical factor promoting renal injury in diabetes.

The data in this study demonstrates that mesangial cells cultured in high glucose

ingest more apoptotic cells. High glucose induced increased secretion of and
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sensitivity to TGFP1 which, in turn, increased phagocytosis of apoptotic cells.
Mesangial cell phagocytosis of apoptotic cells involved the avB3/CD36/TSP-1
mechanism. Apoptotic cells cultured with mesangial cells also lead to increased

TGFp1 secretion via the PS receptor, a mechanism independent of phagocytosis.

In conclusion we have demonstrated that glucose enhanced mesangial cell apoptosis
is mediated by autocrine TGF-81 activity, which leads to inhibition of nuclear
translocation of NF«xB and suppression of Bcl2 expression. Glucose and TGFB1 also
enhanced phagocytosis of apoptotic cells by mesangial cells.‘ Also, mesangial cell
contact with apoptotic cells lead to increased production of the anti-inflammatory
cytokine, TGFB1. In the absence of inflammation, this increased TGFB1 secretion
can lead to increased fibrosis within the kidney. The data provide insight in to how
alterations in glucose related to diabetes mellitus may influence mesangial cell

number and contribute to glomerulosclerosis associated with diabetic nephropathy.

Further work could involve investigating the effect of other apoptotic stimuli, to
determine if cell death is augmented by high glucose via a different pathway.
Examples are Fas ligand or TNF-a to induce mesangial cell death via the death

receptors and caspase-8, rather than caspase-9.

The effects of TGFB1 on mesangial cell apoptosis could also be studied further. The
role of the Smad proteins could be investigated again. Other TGFB1-mediated
pathways could also be investigated, e.g. Erk. Erk MAPK phosphorylates Smad2 via

activation of MAPK/Erk kinase kinase 1 (MEKK1) [115]. TGFp1-induced activation
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of Ras/Erk MAPK signalling can induce TGFB1 expression, thereby amplifying the

TGFp response [315].

Further work on mesangial cell phagocytosis could involve looking for the receptor
on the apoptotic cell which binds to TSP-1, forming a bridge with the phagocytic cell.
Other work could involve studying the effects of high glucose and TGFB! on
mesangial cell surface expression of av, B3 and CD36. The effects of TGFB1 on

TSP-1 mRNA expression and secretion could also be studied.

BMP-7 is a member of the TGFP superfamily which is able to counteract TGFp-
mediated fibrosis [316], partially by maintaining high levels of matrix
metalloprotease-2 [317]. It is the most abundant BMP expressed in the kidney [316].
BMP-7 mediated signalling activates Smad-1, -5 and -8 and does not involve Erk1/2
or p38 [318]. These interact with Smad4 and translocate to the nucleus [316]. Smad6
negatively regulates BMP-7 signalling [316].  Further work could involve
investigating the effects of BMP7 on mesangial cell apoptosis, the effect of high
glucose on BMP-7 and the effect on BMP-7 of co-culturing mesangial cells with aged

PMN:s.
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