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Abstract

The mineralocorticoid receptor (MR) has been found to exhibit both
physiological roles in epithelial cells, and pathological roles in non epithelial
kidney cells such as macrophages, podocytes and fibroblasts. Recent evidence
has shown that activation of MR in these cells promotes inflammation,
apoptosis and fibrosis — key pathological processes that contribute to declining
renal function, albuminuria and progression of kidney disease. Antagonists of
MR have been available for clinical use for decades; however their utility in
renal patients has been impeded by hyperkalaemia due to tubular MR blockade.
Therefore, an understanding of what cells mediate pathological effects of MR
during kidney disease may allow targeted MR blockade, thus avoiding

complications of salt disturbance.

In order to assess the cell specific effects of MR signalling in kidney disease, we
examined renal cells that express MR, such as renal fibroblasts, macrophages
and podocytes. Initially, the role of MR activation on renal fibroblast proliferation
was examined in vitro (Chapter 2). Rat renal fibroblasts, as well as primary
mouse renal fibroblasts harvested from a kidney undergoing fibrosis, were
exposed to aldosterone in serum free conditions. Increased proliferation and
cell counts were observed in both cell types in a dose-dependent manner.
Mechanistic experiments revealed MR activation leading to transactivation of
growth factor receptors and subsequent activation of mitogen-activated protein

kinases, to increase fibroblast proliferation. These results suggest that
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aldosterone-induced fibroblast proliferation may be another mechanism by

which MR contributes to renal fibrosis.

Secondly, we investigated the role of macrophages MR signalling in models of
acute glomerulonephritis and diabetic nephropathy. In the glomerulonephritis
model (Chapter 3), mice with selective MR deletions in macrophages had
reduced overall renal injury as determined by kidney inflammatory infiltrates,
glomerular and interstitial fibrosis and preservation of renal function. The degree
of renal protection from targeted macrophage MR inhibition was similar to, and
often superior to that of systemic MR antagonism. Thus, our findings
demonstrate an important role of macrophage MR in the pathogenesis of acute

glomerulonephritis, and may be a potential target for targeted MR blockade.

Mice were then subjected to streptozotocin induced type 1 diabetes in a model
of diabetic nephropathy (Chapter 4). Selective macrophage MR deletion
markedly attenuated evidence of glomerular hyperfiltration, with reductions in
glomerulomegaly and hypercellularity during diabetic nephropathy.
Furthermore, glomerular macrophage infiltration and tubulointerstitial apoptosis
were also attenuated in the knock-out mice. Despite these changes, renal
function and albuminuria were not affected by macrophage MR deletion,

suggesting a limited role for myeloid MR during early diabetic nephropathy.
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Lastly, we examined the relative importance of podocyte MR signalling in a
model of glomerulonephritis (Chapter 3). Mice with selective MR deletions in
podocytes developed severe renal injury comparable to wild-type mice, with no
protection seen in albuminuria, renal dysfunction or renal fibrosis. These results
suggest that podocyte MR signalling plays a limited role in renal injury during

acute glomerulonephritis; contrasting to that of myeloid MR signalling.

In conclusion, this series of experiments have increased our knowledge of the
pathological role of MR activation in non-epithelial renal cells. Our results are
unique, in that for the first time, we were able to delineate the effects of MR
activation in selective cells, during kidney disease. An understanding of cell
specific MR signalling may lead to cell selective MR inhibition, or its
downstream signalling pathways, and avoid unwanted adverse effects such as
hyperkalaemia. Not only will this improve treatment of patients with kidney
disease, it may also have implications for the treatment of cardiovascular and

cerebrovascular diseases.
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1 Literature review

1.1 Kidney disease burden

Kidney disease represents an increasing socio-economic burden on the
community. Patients affected by chronic kidney disease have an increased
mortality and morbidity. Restricted fluid intake, strict dietary modifications to
avoid potassium, salt and phosphate dictate patients’ lifestyles. Despite being
able to prolong the life span of patients with end stage kidney disease through
renal replacement therapies such as dialysis and renal transplantation, these
treatments still have considerable limitations. In Australia and New Zealand,
haemodialysis patients have a five year survival of 45% (1), while older patients
experience even worse survival. The leading cause of death for dialysis patients
are attributable to cardiovascular disease such as ischaemic heart disease,
stroke and peripheral vascular disease. Although renal transplantation improves
life expectancy, issues such as graft rejection, opportunistic infections and
malignancies are its limiting factors. These factors suggest that the prevention

of end stage renal failure (ESRF) is paramount in managing this illness.

1.2 Aetiology of progressive kidney disease

The commonest causes of progressive kidney diseases leading to ESRF in the
industrialised world are diabetic nephropathy (DN) and glomerulonephritis (GN).
With the explosive increase in non-insulin dependent diabetes mellitus to

epidemic proportions, there has been a corresponding increase of patients



diagnosed with DN. In fact, it has overtaken GN as the leading cause of ESRF
in the last decade (Table 1.1). Other common aetiologies include hypertensive
nephrosclerosis, reflux nephropathy and autosomal dominant polycystic kidney

disease.

Table 1.1 Causes of ESRF over a decade in Australia

Disease Number (% patients)

2000

2010

Diabetic nephropathy

Glomerulonephritis

381 (22%)
518 (30%)

798 (35%)
489 (22%)

Hypertension 239 (14%) 308 (14%)
Polycystic kidney disease 109 (6%) 160 (7%)
Reflux nephropathy 89 (5%) 59 (3%)
Analgesic nephropathy 79 (5%) 37 (2%)
Others 190 (11%) 272 (12%)
Uncertain 118 (7%) 134 (6%)
Total 1723 2257

Adapted from ANZDATA Annual Report 2011

1.2.1 Diabetic Nephropathy

Diabetes mellitus from either insulin resistance, or the failure of pancreatic f3-
cells responsible for producing endogenous insulin, leads to hyperglycaemia.
Despite extensive research, the exact pathological mechanism of DN remains
unknown. The progression from having hyperglycaemia during diabetes,
leading to DN involves multiple processes and is still being investigated. These
include the biological effects of advanced glycation end-products (2), oxidative

stress (3-4), genetic predisposition (3, 5) including angiotensin converting



enzyme /D polymorphism (6), and environmental stressors (3). The cardinal
clinical features of DN are: albuminuria, which can range from minute quantities,
i.e. microalbuminuria, to overt proteinuria; and the accelerated loss of renal
function over time. Patients with type 1 diabetes who also have overt proteinuria
can have reductions in the glomerular filtration rate (GFR) by as much as 20
ml/min/year and have a 10-year ESRF incidence of approximately 50 percent.
Type 2 diabetics with overt proteinuria have a 20% chance of reaching ESRF;
however due to lead time bias, it is difficult to determine the temporal
relationship. Diabetic nephropathy also has distinct histological changes that
have recently been formally classified (7). These include glomerular alterations
such as: glomerular basement membrane thickening; mesangial expansion;
formation of nodular sclerosis or Kimmelstiel-Wilson lesions and
glomerulosclerosis (Table 1.2); as well as tubulointerstitial changes of tubular
atrophy, interstitial fibrosis and arteriosclerosis. Patients with DN also have a
strong predisposition to vascular disease in other end organs, causing
retinopathy, motor and sensory polyneuropathy, ischaemic heart disease and

stroke (8-9).



Table 1.2 Glomerular classification of diabetic nephropathy

Class Description Criteria

I GBM thickening GBM >395 nm in females and >430 nm
in males on electron microscopy

lla Mild mesangial expansion Mild expansion in >25% of observed
mesangium

lb Severe mesangial expansion Expansion of mesangial area greater

than mean capillary lumen area, and in
>25% of observed mesangium

1l Nodular sclerosis At least one observed Kimmelstiel-
Wilson nodule

v Advanced glomerulosclerosis Global sclerosis in >50% of glomeruli

Adapted from Tervaert et. al. 2010. (7)

1.2.2 Glomerulonephritis

Glomerulonephritis encompasses a group of kidney conditions that share the
common pathological feature of glomerular inflammation. Although
heterogeneous, GN can be classified on clinical or histological grounds.
Nephritic presentations of GN are characterised by the presence of haematuria,
mild to moderate proteinuria, acute loss of renal function and hypertension.
Depending on the sub-type of nephritis, other clinical features such as
pulmonary haemorrhage or nasal deformities can predominate — as in anti-
glomerular basement membrane (GBM) GN or granulomatosis with polyangiitis.
Nephrotic presentations of GN have features including moderate-severe
proteinuria, oedema, hyperlipidaemia, hypoalbuminaemia and hypercoagulable

state. Table 1.3 summarises the different types of GN.



Regardless of cause, GN generally cause accelerated loss of renal function. In
the case of rapidly progressive GN, severe acute kidney injury occurs and can
lead to profound loss of renal function, resulting in ESRF. Pathological
classification of GN is complex and is determined by the appearances on light
microscopy, immunohistochemical staining and in certain instances, electron
microscopy. From this classification, GN can appear normal under light
microscopy, but have changes on electron microscopy i.e. minimal change
disease. Alternatively, descriptive names are given to GN under light
microscopy i.e. mesangiocapillary GN would infer glomerular inflammation

associated with both mesangial and small vessel changes.

Table 1.3 Clinical classification of glomerulonephritis

Nephrotic presentation
Membranous glomerulonephritis
Minimal change disease
Focal segmental glomerulosclerosis
Lupus nephritis (class V)
Renal amyloidosis

Nephritic presentation
IgA nephropathy
Post Streptococcal glomerulonephritis
Hereditary nephritis (Alport syndrome)
Mesangial proliferative glomerulonephritis
Membranoproliferative glomerulonephritis

Rapidly progressive glomerulonephritis
Anti-GBM glomerulonephritis
Immune complex i.e. lupus nephritis (class V)
Pauci-immune i.e. ANCA associated vasculitis




1.3 Limitations of current therapies for kidney disease

The management of chronic kidney disease is multifaceted. It involves the
identification of patients at highest risk of kidney disease progression, treating
hypertension and maintaining optimal glycaemic control in diabetic patients.
Even before the onset of nephropathy, screening tests detecting the presence
of minute protein in the urine i.e. microalbuminuria, will identify those at risk of
developing subsequent nephropathy (8, 10). Intensive glycaemic control using
hypoglycaemic agents is an important part of primary prevention of DN in both
insulin dependent (11) and non-insulin dependent (12-14) diabetes. The former
study clearly demonstrated the prevention of other microvascular diabetic
complications such as retinopathy and nephropathy with intensive glycaemic

control.

The most potent management to reduce the progression to DN is blood
pressure reduction. Up to 70% of diabetics with nephropathy have coexisting
hypertension (15). Hypertension accelerates renal damage during diabetes
(16). Trials have shown that reduction of blood pressure with any agents can
reduce the progression of kidney disease (17). More specifically, the addition of
specific anti-hypertensives such as angiotensin converting enzyme inhibitors
(ACEI) or angiotensin receptor blockers (ARB) have been shown to be reno-
protective. Multiple clinical trials have shown ACEI/ARB to reduce proteinuria,
often independent of blood pressure lowering effects, in diabetic (18) and non-

diabetic kidney diseases (19). Use of ACEI/ARB also slowed the progression of



renal impairment (9, 20-21), reduced mortality or prevented ESRF (21-22) and
could even prevent the onset of microalbuminuria (13). These beneficial effects
of angiotensin Il inhibition were superior compared to other anti-hypertensives
such as calcium channel antagonists or B-adrenergic receptor blockers (23). In
fact, the use of dihydropyridine calcium channel antagonists have been

associated with worsening of proteinuria and renal function (24).

Although these treatments are now the standard of care, up to 40% of diabetic
patients still have progression of their kidney disease (2, 5). This illustrates the
incomplete understanding of disease mechanisms that contributes to diabetic
nephropathy, thus relying on non-specific therapies. Similarly, the mainstay of
GN treatment remains non-specific. Current therapies involve blood pressure
control (25), blockade of the angiotensin Il pathway (26) and
immunosuppressive therapy using corticosteroids or toxic agents such as
cyclophosphamide. Non-specific immunosuppression inadvertently exposes
patients to an increased risk of obesity, diabetes mellitus, cancers, and
opportunistic infections ranging from oral candidiasis to life threatening

Pneumocystis jiroveci pneumonia.

Perhaps the most significant clinical limitation of using an ACEi or an ARB
remains hyperkalaemia (27-28). As patients’ kidney disease progresses, the
ability of the remaining nephrons to excrete potassium becomes less efficient.

Therefore, the addition of these potassium-sparring agents only worsens



hyperkalaemia, and could potentially cause life threatening cardiac arrhythmias
(29). These limitations highlight the need for a better understanding of the
pathogenesis behind DN and GN, as to provide specific, cell targeted

treatments to truncate disease progression.

1.4 Major mechanisms of progressive kidney disease

There are scores of medical conditions that can induce chronic kidney disease
through different modes of initiation. However, once the insult begins, they
share similar downstream pathological processes. These processes are:
inflammation leading to leukocytic infiltration of the kidney causing cell injury;
cell death such as apoptosis of podocyte or tubular cells; and fibrosis, which
includes glomerulosclerosis and tubulointerstitial fibrosis (30). These processes
can be seen in the pathogenesis of both nephropathies stemming from DN and

GN.

1.4.1 Role of inflammation in progressive kidney disease

Inflammation is a fundamental physiological response to tissue injury, infection
and cancer. It involves the accumulation of inflammatory cells of both the innate
and adaptive immune response to the site of tissue injury through complex
systems of cell recruitment such as cytokines, chemokines and adhesion

molecules. However, inflammation can also cause tissue injury itself, and if



uncontrolled or chronic, can contribute to renal impairment and eventual renal

fibrosis (30).

1.4.1.1 Inflammation in diabetic nephropathy

Diabetic nephropathy is not considered a classical immune mediated disease,
however there is increasing evidence to suggest an inflammatory component to
its pathogenesis (3, 31-32). It has been shown in both human and animal
models of DN that there is an early leukocytic glomerular infiltrate (33-36). The
predominant cellular infiltrates consists of macrophages and to a lesser extent,
lymphocytes (33, 37). Lymphocytes do not appear to be major contributors to
the progression of DN; however, there is some evidence to suggest their

involvement in the development of proteinuria (4, 38).

With progression of disease, glomerular macrophage count reduces, whilst
tubulointerstitial macrophage infiltrate increases (32). Evidence of the
pathologic role of accumulating macrophage derives from numerous animal
experiments. Diabetic mice that are deficient in the monocyte chemotactic
protein-1 (MCP-1) gene have a reduced kidney macrophage infiltrate which is
associated with preserved plasma creatinine, reduced albuminuria and
attenuated histological damage in glomeruli and tubules (35). Chow et al. also
noted that MCP-1 deficiency reduced the proportion of activated macrophages,
with reduced INOS or sialoadhesin. Similarly, intercellular adhesion molecule

type 1 (ICAM-1) deficiency in db/db mice — a model of type 2 diabetes — showed
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a reduction in leukocytic infiltrate, preservation of renal function and markedly

reduced parenchymal damage and fibrosis (36).

Another method used to inhibit the recruitment and function of macrophages is
blockade of c-fms — the receptor for colony stimulating factor-1. C-fms signalling
is crucial for monocyte/macrophage activation, proliferation and survival. Lim et
al. demonstrated a reduction in cellular infiltrate early in diabetic nephropathy of
obese db/db mice by using an anti-c-fms monoclonal antibody AFS98 (39). This
subsequently led to reductions in renal hyper-filtration, histological and gene
expression evidence of tubular injury, inflammation and renal fibrosis. Despite
these improvements, albuminuria was not affected, suggesting either the
intervention was too late to prevent macrophage-mediated podocyte injury, or

albuminuria occurred independent of macrophage accumulation.

Other animal model studies also support a key role for inflammation in the
pathogenesis of diabetic kidney disease. For example, diabetic mice with a
genetic deficiency of p38 mitogen-activated protein kinase (MAPK) signalling
have reduced kidney inflammation associated with protection against injury and
fibrosis (40). Some immunosuppressive therapies have also been found to
attenuate inflammation and injury in DN, including mycophenolate mofetil (41),
methotrexate (42), erythromycin (43) and colchicine (44). These studies have all
indicated that reducing the inflammatory infiltrate, in particular macrophages, is

protective against the development of DN.
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1.4.1.2 Inflammation in glomerulonephritis

Inflammation is integral to the pathogenesis of GN. Multiple inflammatory cells
have been implicated in GN, including macrophages (45-46), lymphocytes (47-
48) and mast cells (49-50). A report of 83 human biopsies of GN found
macrophages to be the predominant inflammatory cell in the kidney (51).
Moreover, both glomerular and interstitial macrophage density correlated
strongly with loss of renal function and histologic damage. In a series of
macrophage inhibition studies, the pathogenic role of the macrophage was
delineated. Macrophage depletion by anti-macrophage serum reduced the
severity of anti-GBM GN of rabbits as determined by renal histology and
proteinuria (52). Similar reductions in proteinuria were also seen in rat anti-GBM
GN after total leukocyte suppression using systemic irradiation with kidney

shielding (53).

However, macrophages also have important physiological roles such as
phagocytosis, antigen presentation, and even reparative, anti-inflammatory
properties (54). This made total body eradication of macrophage less attractive
and supported a search for more specific macrophage inhibition. More recently,
specific disruptions of macrophage recruitment by blocking colony-stimulating
factor receptor c-fms, chemokines CX3CR1 and MCP-1 showed attenuation of
renal injury (55-56) and reduced proteinuria in rodent models of GN (57).
Furthermore, inhibition of leukocyte adhesion using antibodies to ICAM-1 has
also shown promise in reducing macrophage infiltrate, proteinuria and crescent

formation in a rat model of anti-GBM GN (58).
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Downstream mediators of macrophage-induced inflammation have also been
identified as potential therapeutic targets. Cytokines such as interleukin-1 (59),
tumour necrosis factor-a (TNF-a) (60), macrophage migration inhibitory factor
(61), or signalling pathways such as c-Jun amino terminal kinase (62), have all
been shown to be instrumental for the inflammatory effects of macrophage, as
their inhibition reduced renal injury and proteinuria in rodent models of GN (63).
Moreover, reduction of osteopontin — a pro-inflammatory and pro-fibrotic
phosphoglycoprotein — by genetic knock-out or targeting upstream cytokine
interleukin-1, reduced renal injury in rat models of GN (59, 64-65). Collectively,
these experiments illustrate the pathogenic role of macrophage-mediated

inflammation in GN.

1.4.2 Role of fibrosis in progressive kidney disease

Renal fibrosis can be viewed as the end result of any sustained renal injury i.e.
a common final pathway after repeated infections, chronic allograft rejection,
radiation injury, hydrostatic pressure, inflammatory diseases such as GN and
metabolic disorders such as DN. The progression of fibrosis results in the
distortion of the delicate cellular architecture of the kidney and culminates in the
loss of nephron function, leading to renal failure. At the histological level, it
represents an accumulation of extracellular matrix (ECM) including collagen I,
11, 1V, fibronectin and reticular fibres produced by mesenchymal cells. When the
balance between ECM production versus matrix remodelling and degradation is

disturbed, pathological fibrosis follows. The exact determinants of this balance

12



is complex and appear to depend on: the type of insult; persistence of the
insulting agent; depletion of endogenous anti-fibrotic factors (66-67);
interactions with mononuclear cells such as macrophages (68-69) and CD4+
lymphocytes (70); and levels of cytokines such as transforming growth factor 3-
1 (TGF-B1) (71), platelet-derived growth factor (PDGF) (72) and connective
tissue growth factor (CTGF) (73). These factors may explain why certain GN
recover fully without fibrosis i.e. post infectious GN, while others progress to

fulminate sclerosis i.e. focal segmental glomerulosclerosis (74).

1.4.2.1 Cells involved in renal fibrogenesis

At a cellular level, the cells responsible for the excessive deposition of ECM in
the renal interstitium are myofibroblasts (Figure 1.1). They are characterised by
having long processes, prominent rough endoplasmic reticulum, bundles of
microfilament and expression of vimentin and cytoplasmic actin. In diseased
tissue, myofibroblasts gain expression of desmin and a-smooth muscle actin
(SMA) (75). As their name implies, they have both contractile properties similar
to a vascular smooth muscle cell, as well as having the matrix secreting function
of fibroblasts. Myofibroblasts are usually found in the intestinal villi (76) and the
pulmonary interstitium (77). They are not usually seen in normal kidneys.
However in pathologic kidneys, their numbers are increased and their density
correlates with progressive renal failure (78-79). Not only are myofibroblasts
important in renal fibrosis, they have also been implicated in other fibrosing

diseases such as cirrhosis of the liver (80) and pulmonary fibrosis (81).
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One of the key questions concerning renal fibrosis is the origin of
myofibroblasts. The previously accepted notion that myofibroblasts are solely
derived from activated local fibroblasts is no longer valid. The evidence
suggests a multitude of origins to form a population of myofibroblasts in the
kidney. Lin et al. described pericytes and perivascular fibroblasts as the
predominant source of myofibroblasts in a mouse model of obstructive uropathy
(82). Others have shown that a significant proportion of myofibroblasts derive
from tubular epithelium via epithelial to mesenchymal transition (EMT) (83-85),
a process where epithelial cells lose their epithelial adhesion molecules E-
cadherin and zonula occludentes protein, and gain mesenchymal features
including a fibroblast shape and expression of fibroblast-specific-protein (FSP).
Furthermore, endothelial cells can also transition into activated fibroblasts via a
similar process, endothelial-to-mesenchymal transition. This was demonstrated
in three different mouse models of renal fibrosis: unilateral ureteric obstruction
(UUO), DN, and a model of Alport syndrome with collagen IV a3 chain
knockout. The proportion of activated fibroblasts with endothelial origin was
determined by endothelial marker CD31 coexpression, or endothelial lineage
tracing using Tie2-Cre;R26R-stop-EYFP transgenic mice (86). These
experiments suggest that up to 50% of a-SMA expressing cells have endothelial
origins. Other sources of myofibroblasts include bone marrow fibrocytes (85)

and local proliferation of resident fibroblasts (87).

Intrinsic renal cells also play important roles in renal fibrosis — in particular
glomerulosclerosis. As mentioned previously, mesangial expansion is one of the
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earliest histological changes seen in diabetes. Its presence has also been
correlated with progressive glomerulosclerosis (88-89). Mesangial cells have
been shown to gain myofibroblastic features (90) and over-produce ECM in
response to the diabetic environment (91-93). They also contribute to increased
tissue oxidative stress with increased reactive oxygen species generation.
Furthermore, mesangial cells contribute to renal injury by secreting pro-fibrotic
factors (PDGF, TGF-B1) and pro-inflammatory cytokines that have a paracrine
effect on glomerular cells such as podocytes and endothelial cells (89), and
attract an inflammatory infiltrate including macrophages that further exacerbate
glomerular injury. Conversely, injury to either endothelium (94) or podocytes
(95) have been shown to induce mesangial expansion — thus illustrating the
interdependence of intrinsic renal cells in response to injury. The role of other
renal cells in fibrosis is further illustrated by evidence suggesting the binding of
albumin to receptors on tubular cells and subsequent endocytosis can induce

kidney fibrosis and inflammation (96).

1.4.2.2 Molecular mechanism of renal fibrosis

One of the quintessential cytokines that orchestrates fibrosis is TGF-f1. It is a
multi-purpose cytokine with reported functions in: the inhibition of epithelial and
endothelial proliferation; stimulation of leukocyte chemotaxis and ECM
production (75). TGF-B1 exerts its effects by binding to type Il receptor directly
or indirectly via type Ill receptor. Type | receptor is then recruited and

transphosphorylated, which then phosphorylates Smad 2 or 3 and ultimately
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binds to Smad 4. The Smad complex is then moved in to the nucleus where it
up-regulates gene transcription of pro-fibrotic factors (71, 97). There are also
TGF-B1 independent pathways of inducing fibrosis (98). Several stimuli
increase the production of TGF-B1 in diseased kidneys such as angiotensin Il
(99), PDGF (72), MCP-1, free radicals, glycated albumin, low density
lipoprotein, leptin and high glucose (75). Functionally, TGF-B1 stimulates
mesangial cells and myofibroblasts to produce ECM proteins (71) whilst
reducing the degradation of ECM by modulating collagenase, heparinase,
plasminogen activator inhibitor type 1 (PAI-1) and tissue inhibitor of
metalloprotease. It has an autocrine effect to increase its own production by
mesenchymal and infiltrating cells to potentiate the fibrosis response.
Furthermore, TGF-B1 induces both epithelial and endothelial-to-mesenchymal

transition (100).

Total inhibition of TGF-B1 to prevent fibrotic diseases has resulted in a lethal
pro-inflammatory phenotype in mice (101). This is because TGF-B1 also has
anti-inflammatory functions. Selective and sub-total inhibition of TGF-1, have
been shown to reduce renal fibrosis, although the results are variable (102).
Given these limitations, it would seem appropriate to target more specific
downstream signalling pathways including Smad7, PDGF (72, 103), CTGF (73,
104) and insulin-like growth factor (93) to attenuate the actions of TGF-1 on
fibrosis. Alternatively, TGF-B1 can be antagonised by increasing endogenous
anti-fibrotic factors such as hepatocyte growth factor (67, 105), bone
morphogenic protein-7 (86) and relaxin (106-107). These factors are reduced in
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fibrotic kidneys, and increasing their levels can suppress development of renal

injury (103, 107-108).

Figure 1.1 Mechanisms of renal fibrosis
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1.4.2.3 Fibrosis in diabetic nephropathy and glomerulonephritis

In DN, one of the earliest pathological changes is the thickening of the GBM,
which is the result of ECM accumulation. As fibrosis progresses, nodular
glomerulosclerosis and tubulointerstitial fibrosis develop and are the defining
features of advanced diabetic nephropathy (7, 89). Strategies to reduce the

effect of fibrosis and improve the outcomes of experimental DN include:
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blockade of TGF-B either by reducing kinase activity (109), at the receptor level
(110), or SMAD signalling using N-acetyl-seryl-aspartyl-lysyl-proline (111);
inhibition of osteopontin (112); inhibition of MKKS3, which is the upstream kinase
of the pro-inflammatory and pro-fibrotic p38MAPK (40); inhibition of PAI-1 (113);
blockade of CTGF using antisense oligonucleotides (114); inhibition of
transglutaminase enzyme which is important in stabilising elements of the ECM
(115); and promoting activated protein C, the levels of which are depleted
during DN and have been shown to increase renal fibrosis and apoptosis (94,
116). More recently, a clinical study using the anti-fibrotic agent pirfenidone has
shown some promise in maintaining renal function in diabetic patients (117).
This trial was based on experimental studies showing that pirfenidone, reduces

mesangial expansion and ECM gene expression in mice with DN (118).

Anti-fibrotic therapies have also been shown to suppress the development of
GN. For example, pirfenidone can reduce glomerulosclerosis and kidney fibrotic
gene expression independent of changes to blood pressure in a model of anti-
GBM GN (119). Similarly, treatment with neutralising anti-TGF- monoclonal
antibody inhibits renal fibrosis in an anti-Thyl model of GN (120). Evidence also
suggests that inhibiting the renin-angiotensin-aldosterone axis is a strategy for

reducing kidney fibrosis in both DN and GN, and this will be reviewed later.
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1.4.3 Role of apoptosis in progressive kidney disease

Apoptosis is a cellular process involved in normal physiological cell turnover
and in cell depletion in response to pathological stress and injury. In diseased
kidneys, apoptosis contributes to the depletion of podocytes and tubular cells,
which leads to albuminuria and tubular dysfunction. When unopposed and
persistent, apoptosis of these cells will lead to the eventual loss of renal

function.

What differentiates apoptosis from necrosis — another mechanism of cell death
— is mainly the lack of cellular swelling. Apoptosis is a genetically programmed
process that causes cleavage of cytoskeletal proteins, resulting in the collapse
of sub-cellular components, condensation of chromatin, karyorrhexis and
culminating in cellular shrinkage. There are two major converging activating
pathways of apoptosis: an extrinsic death-receptor pathway that is initiated by
ligation of tumour necrosis factors; and the intrinsic mitochondrial pathway that
pivots on the balance between pro and anti-apoptotic Bcl2 proteins. Either
pathway will trigger a cascade of caspases 3, 6 and 7 that ultimately lead to
proteolysis and apoptosis. These pathways are not mutually exclusive, as
caspase 8 activation following death-receptor ligation has been found to

activate the mitochondrial pathway of apoptosis (121).

19



1.4.3.1 Apoptosis in diabetic nephropathy

Diabetes mellitus creates a microenvironment where there is an increased
presence of oxidative stress, inflammatory cytokines, activation of the
angiotensin-aldosterone system, advanced glycosylation end products and
glucose degradation products — all of which have pro-apoptotic properties. High
glucose has been shown to promote the mitochondrial pathway of apoptosis in
renal tubular cells by increasing levels of the pro-apoptotic molecule Bax, while
down-regulating anti-apoptotic molecules (122). More recently, brain acid-
soluble protein 1 (BASP1) has been isolated as an important protein for
mitochondrial apoptosis in diabetic nephropathy. BASP1 is normally expressed
in tubular cells and podocytes and has roles in regulating nuclear transcription,
including suppression of Wilm’s tumour-1 protein. In diabetic conditions, renal
BASP1 expression and protein is increased, while small interfering RNA

mediated blockade of BASP1 protected tubular cells from apoptosis (123).

To counter overwhelming apoptosis, anti-apoptotic Bcl2 family proteins such as
Bcl2 and Bcl-xL act to oppose pro-apoptotic Bax and Bak. This balance of Bcl2
proteins dictates whether a cell survives or dies. Another mechanism of cell
survival in diabetic nephropathy is by maintaining sufficient growth factors. It is
accepted that growth factor starvation will lead to cell death and this has been
linked to over-expression of Bim — a member of the pro-apoptotic Bcl2 family
(124). Reductions in vascular endothelial growth factor (VEGF) and epidermal
growth factor (EGF) expression are known to correlate with increased

proteinuria in DN (125), suggesting that starvation of these cytokines may lead
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to apoptosis. VEGF is normally expressed by the endothelium, including in the
glomerulus, and is required to maintain vascular physiological functions.
Multiple isoforms of VEGF are also expressed by glomerular epithelial cells,
with roles in determining podocyte survival (126). Maintaining normal levels of
EGF has also been shown to reduce tubulointerstitial apoptosis and improve

renal function in human kidney diseases including DN (127).

Intrinsic pathway of apoptosis by ligation of the death-receptor also plays a
major role in kidney disease. Ligands for the death-receptor include cytokines of
the TNF superfamily. For example, ligation of TNF-a or Fas to its respective
death receptors will trigger caspase 8, thus activating the apoptotic cascade.
These ligands are up-regulated by high glucose and oxidative stress, and
contribute to DN (128-129). A gene profiling study of human diabetic kidneys
revealed that TNF-related apoptosis-inducing ligand (TRAIL) and death
receptors, Fas and osteoprotegerin, were all highly expressed (130). TRAIL
expression can be increased by pro-inflammatory cytokines such as interferon-y
(IFN-y) or TNF-a and directly promote apoptosis of intrinsic renal cells (131).
Furthermore, renal expression of TRAIL correlated with the degree of renal

dysfunction, proteinuria and histological changes in DN (130).

1.4.3.2 Apoptosis in glomerulonephritis

Glomerulonephritis is an inflammatory condition that sees a dramatic elevation

in the expression of pro-inflammatory cytokines such as TNF-a. There is also
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evidence that GN shifts the balance between pro and anti-apoptotic proteins
toward the former, by down-regulating Bcl2 in human IgA nephropathy (132).
These findings suggest that both the intrinsic and extrinsic pathways of
apoptosis are activated in GN. In fact, depending on the type of GN, apoptosis
can either be beneficial or detrimental. During acute glomerular inflammation,
apoptosis is required to clear infiltrating or non-viable cells in order to limit the
extent of renal damage. This mechanism has been observed in human renal
biopsy studies of post-streptococcal GN (133) as well as rat models of anti-
GBM GN (134-135) where infiltrating neutrophils and macrophages underwent
apoptosis to prevent overwhelming renal inflammation. Furthermore, apoptosis
is important in reducing the extent of fibrosis by reducing cell proliferation in

areas of glomerular scarring during the convalescent phase of nephritis (136).

In contrast, apoptosis also contributes to pathology during GN. Similar to DN,
apoptosis contributes to podocyte and tubular cell depletion and subsequently
leads to proteinuria and renal impairment. Furthermore, injury to podocytes and
their reduction in number have been implicated as a mechanism for
glomerulosclerosis (137). Mesangial cells have also been found to undergo
apoptosis when co-cultured with activated macrophages harvested from rats
with anti-GBM GN (138). Inhibition of apoptosis by modulating the balance of
pro and anti-apoptotic molecules has been attempted for various kidney disease
models (anti-GBM GN, UUO). In experimental GN, caspase inhibitors have
been shown to suppress renal inflammation, fibrosis and proteinuria, but not
loss of renal function (139-140).
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1.4.4 Balancing physiology and pathology

It is important to understand that mechanisms facilitating the progression of
kidney disease (i.e. inflammation, apoptosis and fibrosis) also have a role in
normal physiology. One example is wound healing after soft tissue injury.
Inflammation is required to recruit the necessary cells from the circulation to
resist infection, and also to direct reparative processes such as scar formation,
which requires ECM deposition from myofibroblasts. Therefore, targeting any of

these disease mechanisms can be complex and may need to be limited

1.4.5 Molecules that regulate inflammation, apoptosis and fibrosis

Molecular mechanisms that facilitate inflammation, apoptosis and fibrosis have
become attractive targets for therapeutic exploration. For example, some
chemokines (i.e. osteopontin) have been shown to be both pro-inflammatory
and fibrotic. Diabetic mice lacking the osteopontin gene develop less renal
injury compared to wild type diabetic mice (112). Similarly, elements of the
renin-angiotensin-aldosterone system have been shown to be potent inducers

of inflammation, apoptosis and fibrosis (141).

1.5 Renin-angiotensin-aldosterone axis

The renin-angiotensin-aldosterone axis is a vital system that regulates salt,
water and blood pressure. It probably allowed vertebrates to move out of the

ocean and survive on land (142). In the setting of hypovolaemia or
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hyponatraemia, a concerted neurohumoral stimulus is generated at the
juxtaglomerular apparatus of the kidney, where baroreceptors, B-adrenergic
nerves and the macular densa cells all play a role in renin release. Renin is an
aspartyl-protease whose only known role is to act on the leucyl-leucine bond of
rodents or leucyl-valine bond in humans of angiotensinogen to release
angiotensin | (143). Angiotensin | is then cleaved by the angiotensin converting
enzyme into a biologically active octapeptide, angiotensin Il. This hormone is
responsible for vasoconstriction, increasing sympathetic activity and
aldosterone secretion — culminating in salt and water retention and elevation of

the blood pressure.

1.5.1 Angiotensin Il and the kidney

The roles of angiotensin Il (Angll) on renal development and pathophysiology
have been thoroughly examined. Angll is important in renal genesis and as
such, its inhibition during fetal development causes teratogenicity.
Physiologically, activation of angiotensin receptor AT; results in systemic
vasoconstriction and subsequent elevation of blood pressure. It also causes
intra-renal vasoconstriction, with a preference for the efferent arteriole, thus
augmenting the intra-glomerular pressure and glomerular filtration. Angiotensin
Il is also implicated in pathology. It has pro-fibrotic effects on the heart,
vasculature and the kidneys. Upon binding to the AT; receptor, Angll up
regulates CTGF (144) and increases matrix production and collagen deposition

in rat blood vessels. These fibrotic effects involve both TGF-B1-dependent and
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independent mechanisms, since Angll can directly activate RhoA proteins (145-

146) or Smad proteins to induce a fibrotic response (147).

Angiotensin Il also has pro-inflammatory properties. Rats infused with Angll had
increased expression of chemokines such as MCP-1 and regulated upon
activation: normal T cell expressed/secreted (RANTES), leading to the
development of a prominent leukocyte infiltrate in the glomerulus and
interstitium (146). This effect was mediated by activation of nuclear factor-xB
(NF-xB) pathways (148). Other in vitro and in vivo studies have shown Angll to
enhance adhesion molecules including ICAM-1 (149) and vascular cell
adhesion molecule type 1 expression (150). Moreover, ACEi have been shown
to reduce infiltrating leukocytes and preserve renal function in multiple models

of kidney disease (151).

1.5.2 Aldosterone breakthrough

Inhibition of Angll by means of ACEi or ARB has been accepted as first line
therapy for diabetic and non-diabetic kidney diseases, as detailed earlier.
However, multiple studies have shown patients who are on Angll inhibitors can
develop high circulating aldosterone levels. This phenomenon has been called
aldosterone breakthrough and can affect 10-53% of patients receiving Angll
inhibitors (152-153). The mechanism has not been fully elucidated, but may be
related to non-ACE pathways of Angll formation by chymases, which bypasses
the effect of ACEi and lead to angiotensin escape-induced aldosterone
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production (154). However, a systematic review of the existing literature found
similar incidences of aldosterone breakthrough, regardless of whether ACEi or
ARB usage (152). Regardless of the cause, aldosterone breakthrough has been
associated with worse cardiac remodelling (155), impaired myocardial
performance during stress (156), higher proteinuria in diabetes (153) and

accelerated the loss of renal function (157-158).

1.5.3 Mineralocorticoids and their physiological role in the kidney

First identified over 50 years ago as the electrocortin hormone, aldosterone is
the only physiological mineralocorticoid hormone in humans. It is synthesised
by the aldosterone synthase enzyme CYP11B2 by converting corticosterone in
the zona glomerulosa layer of the adrenal cortex (Table 1.4). The production of
aldosterone is regulated by Angll, low serum potassium and the
adrenocorticotropic hormone. The major organ targets of aldosterone are the
kidney and the colon, where it exerts important physiological roles. The principal
action of aldosterone is sodium and water reabsorption and potassium excretion
in epithelial cells that line the distal convoluted tubule and collecting ducts of the
kidney and also that of the distal colon. Aldosterone is vital for the survival of
land living vertebrates to maintain hydration. Mice with mineralocorticoid
receptor (MR) gene deficiency are mineralocorticoid unresponsive, which

causes salt and water wasting and subsequent death 10 days after birth (159).
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Table 1.4 Biosynthesis of aldosterone.

Cholesterol

l side chain cleavage enzyme

Pregnenolone

l 3B-hydroxysteroid dehydrogenase
Prog esterone

l 21-hydroxylation
11-deoxycorticosterone

l 11B-hydroxylase (CYP11B1)

Corticosterone

l aldosterone synthase (CYP11B2)

11-hydroxy-corticosterone

l aldosterone synthase (CYP11B2)

Aldosterone

Adapted from Cortinovis et. al., Ther Adv Cardiovasc Dis, 2009. (160)



1.5.4 The mineralocorticoid receptor

The MR is a member of the steroid nuclear receptor family of ligand-dependent
transcription factors (161-162). It contains 3 principal domains which are
common to all receptors of this family: N-terminal domain; a central DNA-
binding domain and a hinge region linking to the C-terminal ligand binding
domain (LBD). The LBD of the human MR is structurally similar to the
glucocorticoid, androgen and progesterone receptor. For this reason, agonists
or antagonists of MR have a certain extent of cross reactivity with these
receptors. When not occupied, the MR is in a transcriptionally inactive
conformation coupled to its chaperones heat shock protein hsp90, hsp70,
immunophilin FKBP-59 and cyclophilin CYP40. Upon aldosterone ligation, MR
separates from its chaperone proteins, undergoes conformational change and
translocates to the nucleus for transcription. In epithelial cells, this results in an
increased expression of the apical epithelial sodium channel, the basolateral
Na'/K'-ATPase pump, and intracellular kinases such as serum and
glucocorticoid-regulated kinase 1 (Sgkl) and serine/threonine protein kinase
(163). The end result is the promotion of salt and water conservation at

specialised epithelial cells found in the renal distal tubule and the colon.

1.5.5 Non-genomic effects of the mineralocorticoid receptor

Rapid MR-mediated functions exist that cannot be explained by classic genomic
mechanisms. These non-genomic actions have a rapid onset and offset within

minutes, and are not blocked by transcription inhibitor actinomycin D or protein
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synthesis inhibitor cycloheximide (164-165). Non-genomic effects involve
activation of second messenger pathways and may even utilise a membrane
receptor separate to MR (166). Rapid non-genomic actions have been identified
in various organs including kidney, colon, vascular endothelium and the heart.
From a renal perspective, physiological actions of aldosterone such as Na'/K*
handling or vasoconstriction have rapid response within minutes of an
aldosterone infusion, suggesting activation of non-genomic pathways (167).
Non-genomic MR activation has also been found to have deleterious effects on

non-epithelial cells, which will be described later.

1.5.6 Ligands for the mineralocorticoid receptor

Ligands for the MR include aldosterone, cortisol, cortisone and
deoxycorticosterone. In fact, the majority of MR in vivo is ligated by cortisol, due
to the relative abundance of this circulating hormone compared to aldosterone.
Fortunately cortisol has very weak potency to activate the MR, thus rendering
the receptor inactive. It is only in epithelial cells where the enzyme 1183-
hydroxysteroid dehydrogenase type 2 (11B8-HSD2) is co-expressed that
aldosterone can bind to MR. This is due to 118-HSDZ2'’s ability to convert cortisol
to cortisone, which has less MR affinity. More recently, the small molecule
GTPase Racl has been identified as a novel non-ligand dependent activator of
MR (168). Racl, a member of the Rho family of GTPase, has been shown to
activate MR and cause proteinuria, podocyte injury and subsequent

glomerulosclerosis in Arhgdia-/- mice, which lack RHO-dissociation inhibitor-a.
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Treatment of Arhgdia-/- mice with a Racl inhibitor or a MR antagonist
significantly attenuated renal injury, thus confirming Rac1’s interaction with MR

(142).

1.5.7 Mineralocorticoid receptor antagonists

Existing MR antagonists available for clinical use include spironolactone and
eplerenone. Eplerenone is a more specific antagonist of MR and lacks the
adverse effects which spironolactone has on the endocrine system (e.g.
gynaecomastia and menstrual irregularities). Other identified compounds such
as RU 26752 and RU 28318 are also potent MR antagonists, but have only
been tested in animal models and in vitro experiments (162). More recently,
dihydropyridine calcium channel antagonists have been noted to have MR
antagonist activity (169). This effect was mediated by a competitive binding to
the MR LBD, as well as a reduction of co-activator SCR1. However, the
concentration required to achieve adequate MR blockade was up to 40-fold the
recommended dosage for usual antihypertensive use — thus limiting clinical use
of dihydropyridines as MR antagonists. Mineralocorticoid receptor antagonists
are clinically used as a diuretic, because they oppose salt and water
reabsorption at the distal convoluted tubules and the collecting ducts of the

nephron.
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1.5.8 Mineralocorticoid and angiotensin Il receptor cross-talk

More recently, studies have demonstrated an inter-dependence of the MR and
angiotensin Il receptor. Pathological effects of Angll on the heart and the kidney
have been shown to be mediated by the MR, even in the absence of circulating
aldosterone (170). The converse also holds true, as aldosterone-induced
inflammatory cytokine expression was reduced by small-interfering RNA to the
Angll receptor (171). These factors illustrate the incomplete renal protection
afforded by Angll inhibition and support a role for adjunctive therapy with MR

antagonists.

1.6 Mineralocorticoids and kidney disease

Recent studies have identified some of the pathological roles of MR activation
on diseases affecting the heart, blood vessels and the kidneys. As alluded to
earlier, mineralocorticoids such as aldosterone have pro-inflammatory, pro-
fibrotic and pro-apoptotic properties. From the perspective of the kidneys,
aldosterone not only regulates salt and water, it can also exert pathological
effects through the MR in cells other than the tubular epithelial cells. The
following section summarises the effects of aldosterone on non-epithelial renal

cells which promote renal injury.
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1.6.1 Mineralocorticoid excess and their impact on the kidney

In humans, observational studies have shown that patients with a condition of
primary aldosterone excess such as Conn’s syndrome have a significant
association with proteinuria (172) and reduced renal function (173-174)
compared to those with only essential hypertension. Furthermore, aldosterone
excess has been associated with adverse cardiac remodelling and subsequent
diastolic dysfunction (175), which was patrtially reversible after surgical resection
of the adrenal tumour. Since then, several non-epithelial tissues have been
found to express MR, including cardiomyocytes (176), vascular endothelial and
smooth muscle cells (177), neurons of the hippocampus (178) and adipocytes
(179). Research into non-epithelial MR activation has yielded much insight into

the pro-inflammatory, pro-fibrotic and apoptotic properties of aldosterone.

1.6.2 Pathological role of MR signalling in kidney cells

Many cells that populate the kidney such as mesangial cells, podocytes, renal
fibroblasts and macrophages have been shown to express MR (162). These
cells even have the ability to generate aldosterone by expressing aldosterone
synthetase, thus allowing them to activate their MR in an autocrine/paracrine
manner, independent of circulating aldosterone. Furthermore, the concentration
of aldosterone achieved by local synthesis may be much higher than that of the
circulation (180-181). Therefore, an understanding of the cellular effects of MR

activation is important in order to develop future treatment strategies.
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1.6.2.1 Aldosterone and podocytes

Podocytes are specialised epithelial cells of the GBM that forms part of the
apparatus required for glomerular filtration. Proteinuric diseases such as DN
and membranous nephropathy result in podocyte damage, leading to loss of the
filtration barrier, culminating in inappropriate loss of plasma proteins such as
albumin. Proteinuria is not only a marker for glomerular disease, it is also
associated with worse renal outcomes and cardiovascular morbidity. MR
expression has been identified in podocytes, indicating that these cells are
potential targets of aldosterone (182). Currently, there is little known about how
podocytes respond to activation of their MR. In one animal model study
involving aldosterone infusions, evidence of podocyte damage was identified by
the loss of nephrin and podocin - structural proteins found only in podocytes. In
this study, aldosterone-induced podocyte injury was associated with an
increased generation of reactive oxygen species via the NADPH oxidase
pathway and Sgkl activation, suggesting that these pathways may be involved

in the injury process (182).

Apoptosis appears to be a mechanism by which aldosterone causes podocyte
loss. This was demonstrated in an experiment using cultured podocytes, where
aldosterone treatment led to a dose and time dependent increase in apoptosis.
This effect was mediated through an increase in pro-inflammatory p38MAPK
signalling and the suppression of the survival signalling pathway
phosphoinositide 3 kinase/Akt (183). In vivo evidence of aldosterone-induced

podocyte loss has been seen in a model of renal injury caused by subtotal
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nephrectomy. In this study (182), 5/6 nephrectomised rats developed podocyte
loss, hypertrophy of remaining podocytes and proteinuria. These abnormalities
were partially reversed with either quinapril or spironolactone alone, or
abolished with combination therapy. These results also suggest that MR
activation contributes to podocyte damage during hyperfiltration of the kidney

injury.

Another potential mechanism by which aldosterone contributes to proteinuria is
by reducing production of structural proteins that bind podocytes to the GBM.
Integrin-af is a protein that serves this crucial purpose. Diabetic rats have
reduced levels of integrin-af which correlate with podocyte loss. In contrast,
diabetic rats treated with spironolactone have normal integrin-aff expression
and are protected from podocyte loss (184). A similar process of podocyte loss
has been observed in diabetic patients (185). It is thought that podocytes lose
adhesive properties, and gain a fibroblastic phenotype such as the expression
of fibroblast-specific protein-1, through epithelial mesenchymal transition (185).
Furthermore, aldosterone has also been implicated in glomerular hypertrophy
and hyperfiltration in early DN, as spironolactone was able to attenuate
glomerular surface area (184). Given that glomerular hypertrophy has also been
linked to mechanical stress and subsequent podocyte loss (142), it provides
indirect evidence that aldosterone can reduce podocyte numbers through

mechanical stretch.
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1.6.2.2 Aldosterone and renal fibroblasts

Several in vitro experiments in renal fibroblasts have confirmed the pro-fibrotic
effects of aldosterone. Aldosterone has been shown to activate rat renal
fibroblasts and promote the synthesis of collagen I, Il and IV (186). This effect
was mediated through the MR and rapid non-genomic activation of extracellular
signal-regulated kinases (ERK1/2), a member of the MAPK signalling pathway.
Furthermore, aldosterone increases production of PAI-1 and CTGF, which
promote a pro-fibrotic environment by reducing matrix degradation (187) and
enhancing ECM accumulation (188). Fibroblasts have also been shown to
express aldosterone synthase, suggesting that aldosterone can be generated
locally independent of the adrenal gland in an autocrine/paracrine manner

(188).

1.6.2.3 Aldosterone and mesangial cells

Several experiments have highlighted the pathological role of aldosterone on
mesangial cells of the kidney. An in vitro study has shown that aldosterone
promotes cultured mesangial cell apoptosis at supra-physiological
concentrations (189). In this study, apoptosis was markedly attenuated by
administration of eplerenone, and also by a NADPH oxidase inhibitor. This
suggests that mesangial apoptosis occurs in response to MR-induced oxidative
stress. Furthermore, aldosterone promoted Bad de-phosphorylation, which
reduced the availability of survival factors such as Bcl-2, resulting in an

environment that favours apoptosis. In contrast, aldosterone at near
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physiological levels can act as a mitogen. This was shown in cultured rat and
human mesangial cells, where aldosterone exposure led to an increase in

mesangial proliferation through activation of the MR and ERK1/2 (190-191).

Mesangial cells have also been shown to contribute to glomerular inflammation
and fibrosis when exposed to aldosterone. This was demonstrated in cultured
rat mesangial cells, where aldosterone stimulated NFkB activity via Sgk1 and
led to enhanced expression of CTGF (192) and pro-inflammatory cytokines
(31). Similar to renal fibroblasts, aldosterone also induced mesangial cell gene
expression and protein synthesis of the pro-fibrotic cytokine PAI-1 (187, 193).
Others have shown that aldosterone promotes fibronectin production in
mesangial cells via activation of ERK1/2 (194) and TGF-1/Smad2 pathways
(195). Aldosterone can also alter the phenotype of cultured mesangial cells to
exhibit myofibroblastic features (90). Much like EMT occurring in tubular
epithelial cells of the kidney, mesangial cells acquire a-SMA, actin
polymerisation and hypertrophy after exposure to aldosterone. Furthermore,
aldosterone increases mesangial cell production of ECM such as collagen |, llI
and IV. These aldosterone-induced fibrotic effects were abolished by
eplerenone, suggesting that they are dependent on MR activation (90). In
addition, mesangial cells are capable of aldosterone synthesis, which indicates

the possibility of autocrine/paracrine activation of MR (195).
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1.6.2.4 Aldosterone and tubular cells

Tubular epithelial cells express MR (196) and excessive activation of tubular
MR during disease can induce responses which facilitate inflammation,
apoptosis and fibrosis. For example, proximal tubular cell (PTC) apoptosis was
enhanced in a dose and time dependent manner in cultured human tubular cells
treated with aldosterone (196). Aldosterone also increased tubular expression
of the pro-apoptotic molecule Bad, and tubular production of reactive oxidative
species. These effects were dependent on MR, as spironolactone prevented the
apoptotic response. Another study by Fan et al. demonstrated aldosterone’s
effect on the senescence of human PTC (197). In this study, aldosterone up-
regulated expression and staining of senescence-associated B-galactosidase
and p53 via the MR. These changes led to reduced proliferation of cultured

PTC, as p53 over-expression is associated with cell cycle arrest and apoptosis.

Similar to other intrinsic renal cells, tubular cells also contribute to renal
inflammation and fibrosis after exposure to aldosterone. Aldosterone enhanced
NFkB and Sgk1 signalling and up-regulated expression of the pro-inflammatory
cytokines PAI-1, MCP-1 and IL-1B in principal cells from distal tubules (198).
Human PTC has also been shown to undergo EMT and obtain myofibroblastic
features through activation of the MR and ERK1/2 signalling (199).
Furthermore, MR activation by aldosterone has been shown to increase CTGF
expression and lead to enhanced collagen synthesis in PTC (200). Collectively,
these experimental findings shed light on the pluripotent role of the tubular cell

in both renal physiology and renal pathology.
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1.6.2.5 Aldosterone and macrophages

Human mononuclear cells including monocytes/macrophages express the MR
as well as aldosterone synthase (201). This suggests that mononuclear cells
are also capable of activating MR through an autocrine/paracrine mechanism.
Aldosterone-induced activation of MR increases expression of proinflammatory
cytokines (TNFa, MCP-1 and PAI-1) in human monocytes (201-202). MR
activation in these cells also increases protein expression of p22phox, a marker
of NADPH derived oxidative stress (202). Similar findings have been identified
in mouse macrophages. Thioglycolate-elicited macrophages from the
peritoneum of wild type mice have been shown to have increased expression of
classical M1 macrophage proinflammatory cytokines following MR activation
(203). In contrast, macrophages isolated from the peritoneum of mice with
myeloid MR deficiency, were found to have increased expression of M2
macrophage markers (eg. Yml, Fizzl, Msr2) compared to wild type

macrophages.
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Table 1.5 Effects of MR activation in renal cells

Cell type Species  Effect Outcome Reference

Fibroblast

NRK-49F Rat 1 ERK1/2 mRNA Increased collagen (186)
1 Collagen protein synthesis

NRK-49F Rat 1 PAI-1 protein Reduced ECM (187)
1 TGF-B1 protein degradation
| Matrix degradation

NRK-49F Rat 1 NFkB activation Promoted collagen (204)
1 Osteopontin protein synthesis
1 Collagen mRNA

Primary Rat 1 SGK1 mRNA Increased CTGF (188)
1 ROS (NADPH oxidase)
1 CTGF mRNA

Podocyte

MPC Mouse 1 ROS (mitochondrial) Enhanced oxidative (205)
| PPARYy co-activator stress

MPC Mouse 1+ SGK1 mRNA Enhanced oxidative (182)
1 ROS (NADPH oxidase)  stress and podocyte
| Nephrin, podocin mRNA injury

Primary Rat 1 apoptosis staining Increased podocyte (183)
| PI3-k/Akt activity apoptosis
1 p38MAPK activation

Primary Rat | Integrin-a3 protein Loss of podocytes (184)

due to reduced
adhesion

Mesangial cell

RMC Rat 1 NFkB & SGK1 activation Increased fibrosis and (192)
1 ICAM protein inflammatory potential
1 CTGF protein

RMC Rat 1 Rho-kinase activity Facilitated (90)
1 a-SMA mRNA myofibroblast trans-
1 Collagen mRNA differentiation

RMC Rat 1 PAI-1 protein Reduced ECM (187)
1 TGF-B1 protein degradation
| Matrix degradation

Primary Human 1 TUNEL apoptosis Enhanced apoptosis (189)
1 Bad activity

RMC Rat 1 ROS (NADPH oxidase) Increased oxidative (206)

stress
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Cell type  Species Effect Outcome Reference
Tubular cell
HKC Human 1 ERK1/2 activity Promoted EMT and (199)
1 a-SMA mRNA collagen synthesis
1 Collagen mRNA
PTC Human 1 Bad activity Enhanced apoptosis (196)
1 ROS (mitochondrial) and oxidative stress
PTC Human 1 B-galactosidase, p53 Increased cell (297)
| SIRTI senescence
Primary Rat 1 SGK1 mRNA Pro-inflammatory (198)
1 NFkB activity
1 MCP-1, IL-18 mRNA
Macrophage/Monocyte
Primary Human 1 TNFa and MCP-1 Pro-inflammatory (201)
protein
Primary Human 1 ROS (NADPH oxidase) Enhanced oxidative (202)
1 PAI-1 protein stress
Primary Mouse 1 TNFa, IL-12 mRNA Pro-inflammatory (203)
1.6.3 MR antagonists in animal models of kidney disease
Activation of the MR by aldosterone or other ligands such as

deoxycorticosterone in the setting of a high salt diet causes renal injury in
rodents. This was demonstrated in uninephrectomised rats that were given
deoxycorticosterone and salt. These rats developed interstitial fibrosis
accompanied with a macrophage infiltrate and evidence of increased oxidative
stress, while eplerenone treatment normalised collagen deposition (207).
Similarly, rats administered aldosterone/salt also developed histological renal
injury, as well as proteinuria and this was markedly attenuated by eplerenone
treatment (208). Eplerenone has also been shown to reduce proteinuria and
renal vascular injury without lowering blood pressure (209).
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1.6.3.1 MR antagonists in experimental diabetic nephropathy

Several experimental studies have linked MR activation to the pathogenesis of
nephropathy in both type 1 and type 2 diabetes mellitus. Otsuka Long-Evans
Tokushima Fatty rats with type 2 diabetes developed albuminuria,
glomerulosclerosis, increased expression of MCP-1, TGF-B1, as well as an ED-
1 positive macrophage infiltrate. These changes, except for the ED-1 infiltrate,
were abrogated by spironolactone treatment without lowering blood pressure
(31, 210). Another model of type 2 diabetic nephropathy using obese db/db
mice showed that eplerenone reduces not only the glomerular hypertrophy,
mesangial expansion and albuminuria, but also the macrophage infiltrate (211).
These changes were in association with a reduction in the expression of renal
osteopontin but again, independent of blood pressure lowering. Antagonists of
MR have also been efficacious in reducing the severity of type 1 diabetic
nephropathy. In models of streptozotocin-induced type 1 diabetic nephropathy,
MR antagonists have been shown to reduce albuminuria, glomerular ECM
deposition, inflammatory infiltrates (211-212) and expression of cytokines TGF-
B1, PAI-1 (213) and CTGF (200). Furthermore, in diabetic rats, spironolactone
provided protection against podocyte apoptosis, through reducing caspase-3

and Bcl-2 activity (214).

In addition, the diabetic milieu could also enhance MR signalling by increasing
renal MR (211) and aldosterone synthase (214). These changes could
potentially amplify the deleterious effects of MR signalling in diabetic kidneys

and support the use of MR antagonists.
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1.6.3.2 MR antagonists in experimental glomerulonephritis

Given that MR signalling is associated with kidney macrophage accumulation, it
is of no surprise that MR is involved in inflammatory diseases such as
glomerulonephritis. In a study of murine lupus nephritis, NZB/W F; mice
developed aggressive glomerulonephritis with typical features of human class
IV nephritis such as leukocytic infiltrate, mesangial expansion and crescent
formation, proteinuria and double stranded DNA autoantibodies (215).
Treatment with spironolactone attenuated proteinuria, histological injury,
crescent count, and expression of inflammatory and apoptotic genes such as
IFN-y, BLys and TRAIL. Again, these changes were blood pressure
independent. Curiously, despite a reduction in the titres of autoantibodies to
DNA, there were no changes to the glomerular deposition of immune

complexes on immunofluorescence.

MR anatgonists have also been shown to exhibit reno-protective effects in anti-
GBM GN. In mouse model of accelerated anti-GBM GN, eplerenone treatment
attenuated albuminuria, glomerulosclerosis, mononuclear infiltration, as well as
inflammatory cytokine expression MCP-1 and IL-6 (216). Further evidence of
the pro-inflammatory, proliferative and fibrotic roles of MR signalling could be
demonstrated in anti-thy 1.1 nephritis — a model of mesangial proliferative GN.
Rats treated with MR antagonists had reduced renal inflammation with reduced
macrophage infiltrate and MCP-1 expression (217). Furthermore,
immunostaining of proliferating cells (Ki-67+) and fibrotic markers (TGF-B1, a-

SMA) were also reduced by MR blockade (218).
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1.6.4 MR antagonists in clinical practice

Two landmark trials in clinical medicine, the RALES (219) and EPHESUS (220)
studies have demonstrated the benefits of MR blockade in patients with
cardiovascular disease. The former investigated the outcomes of adding MR
antagonist spironolactone to patients with advanced heart failure who were
already receiving ACEi. It found that the addition of MR antagonist on top of
ACEi conferred further cardiovascular mortality benefits. Similarly, the
EPHESUS trial demonstrated the survival benefits of MR antagonist eplerenone
in patients who had cardiac insufficiency as a result of acute myocardial
infarction. These two trials demonstrate that despite blockade of Angll,
aldosterone is still produced and can continue to exert its deleterious effects on

the cardiovascular system.

In comparison, evidence supporting the use of MR antagonists in renal disease
has largely revolved around the management of proteinuria (153, 221-222). In
trials treating patients with kidney disease, MR antagonists have not been
shown to improve mortality or preserve renal function — although these trials
have not had the power or the length of follow up to demonstrate such findings.
Due to this, a systematic review could only conclude that MR antagonists can
be used for reducing proteinuria in renal diseases. This finding is not to be
belittled. Proteinuria itself has been shown to be an independent cardiovascular
disease and mortality risk factor (223), and has been correlated with worse
renal outcomes (224). Put together, these clinical trials demonstrate the benefits

of MR antagonism in cardiovascular and proteinuric kidney diseases in humans.
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1.7 Animal Models of MR-Dependent Kidney Disease

Animal models have allowed rapid expansion of our understanding of the
pathophysiology of MR activation in renal disease. They provide a unique
opportunity to observe consequences of MR antagonism through different
modes of injury to a whole organism, rather than in a single cell. Another
advantage of animal models — in particular — mouse models of kidney disease is
the ability to dissect out specific molecular pathways by means of targeted
genetic deletion, which will be reviewed later. Three distinct murine models of
kidney disease were adopted in this thesis to investigate the pathological role of
MR: i) passive accelerated anti-GBM GN to assess acute kidney injury; ii)
streptozotocin-induced DN to assess chronic kidney injury resulting from type 1
diabetes; and iii) unilateral ureteric obstruction — a model of acute interstitial

renal fibrosis.

1.7.1 Anti-GBM Glomerulonephritis

The murine model of anti-GBM GN is an aggressive form of rapidly progressive
glomerulonephritis. It has two distinct phases: the heterologous and autologous
phases (225-226). During the heterologous phase, antibody raised against the
GBM of the mouse is injected intravenously. This causes a linear deposition
along the GBM that can be detected by immunofluorescence staining. These
antibodies fix complement, and cause a dose-dependent effect on early GBM
injury and albuminuria (226). The autologous phase is more dependent on the

adaptive immune response, where antigen presentation cells recognise the
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planted immunoglobulin and trigger an autoimmune response which includes
generation of specific antibodies by plasma cells and recruitment of effector
cells such as macrophages and lymphocytes. The net effect is further damage
to the glomeruli, often with crescent formation, and also to the tubulointerstitium
(225). This model can be further accelerated by priming the mice with

immunoglobulin from the species used to develop anti-GBM antibodies.

Inflammation in mouse anti-GBM GN is characterised by an early transient
glomerular neutrophil influx (days 0-1), followed by a progressive accumulation
of glomerular and interstitial macrophages and T-cells, which subsides as
kidneys become more fibrotic. Albuminuria appears at the onset of glomerular
injury (day 1) and levels remain similar at days 7 and 14 of disease. Histological
damage correlates with the progression of injury (inflammation, apoptosis,
necrosis, cell proliferation, fibrosis) and leads to the development of glomerular
crescents, tubular atrophy, sclerosis and loss of renal function at day 14 of
disease. This model of murine GN is also strain dependent: C57BL/6 mice that
exhibit a strong Thl-mediated immune response during anti-GBM GN develop
more severe glomerular lesions, but less albuminuria, compared to BALB/c

mice which have a more Th2-driven immune response (227-228).

1.7.2 Streptozotocin-Induced Diabetic Nephropathy

Streptozotocin is a chemical compound composed of glucosamine-nitrosurea

that causes specific toxicity to the insulin producing B-cells of the pancreas
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(229). The resultant exhaustion of B-cells leads to progressive hyperglycaemia,
necessitating exogenous insulin treatment. Several pathological features seen
in this model are similar to those found in human DN. For example,
streptozotocin-induced diabetes causes early glomerular injury (macrophage
infiltration, glomerular hypertrophy, podocyte damage, GBM thickening) which is
associated with microalbuminuria. This disease progresses with the duration
and severity of diabetes, resulting in worsening albuminuria, glomerulosclerosis,
tubular atrophy, tubulointerstitial fibrosis, and declining glomerular function (7).
However, most mouse strains used in these studies are not hypertensive, unlike
many diabetic patients, and therefore, disease progresses more slowly in these
strains and lacks some features associated with human DN such as nodular
glomerulosclerosis. (229). High doses of streptozotocin can cause acute renal
tubular toxicity, independent of the development of diabetes. This can confound
the assessment of diabetic renal injury (230). This acute toxicity effect can be
avoided by using a multiple low-dose regimen (55 mg/kg/day for 5 consecutive
days), rather than a single high dose (>200 mg/kg) (229). Moreover, the degree
of susceptibility to DN differs between strains of mice, i.e. DBA/2 > C57BL/6 >
129/Sv > BALB/c (231). These factors need to be considered in the planning of

experiments in order to obtain consistent results.

1.7.3 Unilateral Ureteral Obstruction Model of Renal Fibrosis

Unilateral ureteral obstruction (UUO) is a surgically-induced model of acute

interstitial kidney fibrosis. It is of particular value, as fibrosis is a common final
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pathway following different renal insults. It mimics the pattern of renal injury
observed after obstructive uropathy in humans, where the predominant
histological finding is tubulointerstitial fibrosis (232). Following anaesthesia, a
laparotomy is performed surgically and a ureter is ligated completely. The
contralateral ureter is sparred and serves as an elegant control. Within 7 days,
profound renal fibrosis is evident in the UUO kidney involving substantial
accumulation of interstitial myofibroblasts, which is accompanied by a
macrophage infiltrate, tubular atrophy and apoptosis. This model is frequently
used for examining the mechanisms of kidney interstitial fibrosis and potential

anti-fibrotic therapies (232).

1.8 Cell selective MR blockade in animal models

The vital role of epithelial MR function on salt and water reabsorption has been
highlighted in studies of mice with MR gene deficiency (159). These mice had
normal prenatal development, but all died 10 days post-partum from
hypovolaemia secondary to overt salt and water wasting. Therefore, in order to
study the specific effects of MR activation on non-epithelial cells, methods of

conferring cell-type specific MR gene deficiency become necessary.

1.8.1 Cre-Lox technology

Cre is a site-specific recombinase that binds to specific sites known as loxP.

Two loxP sites recombine in the presence of Cre, allowing DNA that is cloned
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between two such sites to be removed by Cre-mediated recombination (54). By
crossing mice with loxP sites around the MR gene (MR floxed mice) with other
strains that express Cre under the control of a cell-specific promoter, it is
possible to explore how MR activation in specific cell types contributes to

mineralocorticoid-induced pathology.

1.8.2 Cell selective MR blockade in cardiovascular disease

In a model of myocardial infarction, mice with MR gene deletion in
cardiomyocytes had reductions in adverse cardiac remodelling as determined
by ventricular dilatation and extracellular matrix deposition (176). Importantly,
cardiac contractility and function were substantially preserved post myocardial
infarct (176). Other researchers have shown that mice with MR gene deletion in
myeloid cells are protected from deoxycorticosterone and salt induced
hypertension and cardiac fibrosis despite no reductions in macrophage
infiltration (233). Similarly, mice with myeloid MR deficiency are protected from
cardiac enlargement and remodelling in a model of cardiac fibrosis induced by
NC-nitro-L-arginine methyl ester and Angll (201). Myeloid MR deficiency has
also been found to be neuro-protective. In a mouse study of focal ischaemic
stroke, mice with myeloid MR deletion had a significant reduction in infarct
volume and suppressed activation of macrophages/microglia in the ischaemic
core (234). These studies elegantly demonstrate the cell specific contribution of

MR in cardiac cells and macrophages to contribute to heart and brain injury.
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However, the cell type specific roles of MR signalling in kidney disease remains

to be investigated.

1.9 Aims and hypothesis

In order to reduce the burden of progressive kidney disease and minimise the
complication of hyperkalaemia, an understanding of the relative importance of
MR activation in renal cells is required. This may identify specific cellular targets
for MR blockade, or novel signalling pathways to inhibit, thus reducing the

pathological aspect of MR activation.

1.9.1 Research Aims

1. To examine the effects of aldosterone on the proliferation of cultured

renal fibroblasts and to identify the molecular mechanisms involved.

2. To assess the relative importance of MR activation in macrophages and

podocytes in a mouse model of acute kidney disease.

3. To determine the role of macrophage MR in the progression of chronic

progressive kidney disease.

1.9.2 Research hypothesis

This thesis tests the following hypotheses:
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. Mineralocorticoid Receptor signalling promotes renal fibrosis by inducing

the proliferation of kidney fibroblasts.

. Mineralocorticoid receptor signalling in myeloid cells contributes to the

development of acute inflammation and renal injury in anti-GBM

glomerulonephritis.

. Mineralocorticoid receptor signalling in podocytes contributes to the

development of acute podocyte and glomerular injury and proteinuria in

anti-GBM glomerulonephritis.

. Mineralocorticoid receptor signalling in myeloid cells contributes to the

development of chronic inflammation and renal injury in streptozotocin-

induced type 1 diabetic nephropathy.
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2.1 Abstract

Background/Aims: The mineralocorticoid hormone, aldosterone, has pro-
fibrotic properties which can cause kidney damage. The severity of kidney
interstitial fibrosis is dependent on the accumulation of fibroblasts, which result
largely from local proliferation; however, it is unknown whether aldosterone
stimulates kidney fibroblast proliferation. Therefore, we examined the effects of

aldosterone on the proliferation of cultured kidney fibroblasts.

Methods: Uptake of *H-thymidine and cell number quantitation were used to
determine the proliferative effects of aldosterone on a rat kidney fibroblast cell-
line (NRK-49F cells) and interstitial fibroblasts extracted from the mouse
kidneys after unilateral ureter obstruction. The role of different mitogenic
signalling pathways in aldosterone-induced proliferation was assessed using

specific inhibitors of receptors and kinases.

Results: Physiological levels of aldosterone induced a doubling of proliferation
of kidney fibroblasts (p<0.0001), which was inhibited by pre-treatment with the
mineralocorticoid receptor (MR) antagonist, eplerenone. Aldosterone-induced
fibroblast proliferation was dependent upon the kinase activity of growth factor
receptors (PDGFR and EGFR). Notably, PDGF ligands were not involved in
aldosterone-induced PDGFR activation, indicating receptor transactivation.
Aldosterone-induced fibroblast proliferation also required signalling via PI3K,

JNK and ERK pathways, but not TGF-B1R.
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Conclusion: Aldosterone ligation of MR in kidney fibroblasts results in rapid
activation of growth factor receptors and induction of PI3BK/MAPK signalling,
which stimulates proliferation. This suggests that increased levels of
aldosterone during disease may promote the severity of kidney fibrosis by

inducing fibroblast proliferation.
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2.2 Introduction

Increased levels of aldosterone promote fibrosis in the heart and kidneys (1);
however, it is unclear whether these profibrotic effects are simply an indirect
consequence of aldosterone-induced hypertension or a direct effect of

aldosterone on fibroblasts via the mineralocorticoid receptor (MR).

Studies in hypertensive rats demonstrate that MR blockade with eplerenone, at
doses that do not reduce blood pressure, can inhibit renal fibrosis in the
presence or absence of diabetes (2-3). Eplerenone can also reduce renal
fibrosis in diabetic mice which do not develop hypertension (4). These findings
suggest that aldosterone can induce renal fibrosis in the absence of an effect on

hypertension.

In vitro studies indicate that aldosterone can directly promote fibrotic responses.
In kidney fibroblasts, physiological levels of aldosterone (10°M to 10®M) can
enhance production of TGF-p1, PAI-1 and CTGF (5-6) and increase mRNA
levels of collagen and ®H-proline incorporation (7). These findings suggest that

aldosterone may regulate matrix production by fibroblasts.

Aldosterone may also promote fibrosis by increasing fibroblast accumulation. In
diseased kidneys, interstitial fibroblast number is a strong predictor of
progression to end-stage renal failure (8). Aldosterone can induce epithelial to

mesenchymal transition of cultured kidney tubular cells resulting in their
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transformation into myofibroblasts (9). However, regardless of the origin of
kidney interstitial fibroblasts, it is local proliferation of these fibroblasts that is a
major factor driving their accumulation in the diseased kidney (10). Studies
have reported that aldosterone can induce proliferation of cardiac
myofibroblasts (11-12), and that a high level of aldosterone (10M) can induce
the proliferation of a kidney fibroblast cell-line (13). However, it is unknown
whether physiological levels of aldosterone stimulate the proliferation of kidney
fibroblasts, especially primary cells isolated from fibrotic kidneys. Therefore, this
study was devised to examine whether kidney-derived fibroblasts proliferate in
response to aldosterone and to determine the cell signalling mechanisms

involved.
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2.3 Methods

Rat kidney fibroblast cells

A fibroblast cell-line derived from normal rat kidney (NRK-49F) was obtained

from the American Tissue Culture Collection (ATCC, Rockville, MD, USA).

Isolation of fibroblasts from fibrotic mouse kidneys

Interstitial fibroblasts were obtained from fibrotic mouse kidneys after 7 days of
unilateral ureter obstruction (UUQO) (10), in accordance with institutional ethics
guidelines. These fibroblasts have stronger proliferative activity than those
obtained from normal kidneys and more closely represent fibroblasts in
diseased kidneys (14). Dissected kidneys were incubated in collagen-coated
wells in 10% FCS/DMEM/penicillin/streptomycin. The primary outgrowth cells
were trypsinised and subcultured for experiments. Primary cells were cultured
with c-fms antibody (20 pg/ml AFS98) to deplete contaminating macrophages
(15). After 2 weeks, the remaining kidney cells were found to be fibroblasts

based on flow cytometry analysis (see results section).

Cell Proliferation Assays

Kidney fibroblasts were added to 96 well plates (2.5x10° cells/well) in 5%
FCS/DMEM and, after overnight culture, the FCS was reduced to 0.5% for 24 h
to render cells quiescent. After fasting, cells were incubated with and without

stimuli for 24 h in DMEM containing 0.1% BSA and 1%
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insulin/transferrin/selenium supplement (Invitrogen, Grand Island NY, USA).
The stimuli used were aldosterone (Sigma) or rhPDGF-AB (10 ng/mL,
Peprotech, Rocky Hill, NJ, USA). During the last 18 h of culture, *H-thymidine
(0.5 uCi/well, Amersham, UK) was added to the medium. After incubation, cells
were washed and lysed, and the lysate analysed with a B-counter. In some
experiments, cell number was determined by adding a tetrazolium compound
(MTS) to media and measuring its conversion to formazan (Celltiter, Promega,

Madison, WI, USA).

Inhibition of Cell Signalling Pathways

To identify signalling mechanisms involved in aldosterone-induced proliferation,
cells were pre-incubated with various inhibitors for 30 min before stimulation.
Preliminary studies identified the minimal effective dose of these inhibitors and
showed that these doses were not cytotoxic by measuring cellular release of
lactate dehydrogenase (Cytotoxicity Detection Kit, Roche Diagnostics,
Mannheim, Germany). The inhibitors used were: MR antagonist - eplerenone
(Sigma); PDGFR kinase inhibitor - STI-571 (Novartis, Sydney, Australia);
rmPDGFRa/Fc  chimera and rmPDGFRB/Fc chimera (R&D Systems,
Minneapolis, MN, USA); EGFR kinase inhibitor - AG1478 (Calbiochem, La Jolla,
CA, USA); PI3K inhibitor - LY294002 (Calbiochem); JNK inhibitor - SP600125
(Calbiochem); ERK inhibitor - UO126 (Calbiochem); and ALK5/TGF-B1R kinase

inhibitor - SB431542 (Calbiochem).
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Immunoprecipitation and Western Blots

NRK-49F cells were grown in 6 well plates to near confluency and then starved
in 0.5%FCS/DMEM for 24 h. Cells were then incubated in DMEM with 10™M
vanadate in the presence of either aldosterone (10°M or 10®M, Sigma) or
rhPDGF-AB (10ng/mL, PeproTech) or no stimuli for 15, 30 or 60 min. After
stimulation, cells were washed and placed in lysis buffer (1% Triton X-100, 50
mM Tris/HCI pH7.5, 150 mM NaCl, 100 mM NaF, 2 mM EGTA and

phosphatase/protease inhibitor cocktail from Sigma).

For immunoprecipitation studies, cell lysates were incubated with rabbit anti-
PDGF-R[ antibody (sc-432, Santa Cruz Biotechnology, Santa Cruz, CA, USA).
The lysate-antibody solution was then incubated with Protein-G Sepharose, and
bound proteins were released in SDS-PAGE sample buffer. Proteins were
separated by SDS-PAGE and electroblotted onto nitrocellulose membranes.
After blocking with Odyssey buffer (LI-COR, Lincoln, NB, USA), membranes
were incubated with mouse anti-phospho-tyrosine antibody (PY20, Upstate
Biotechnology, Lake Placid, NY, USA) followed by donkey anti-mouse IRDye
800 (Rockland, Gilbertsville, PA, USA). Phosphorylated PDGFR was detected
using the Odyssey Infrared Image Detection System (LI-COR). Blots were
reprobed to determine total PDGFR levels by incubation with rabbit anti-
PDGFRB (sc-432, Santa Cruz) followed by goat anti-rabbit Alexa Fluor 680

(Invitrogen, Carlsbad, CA, USA) and LI-COR analysis.
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For analysis of cell signalling pathway activation, proteins in cell lysates were
separated by SDS-PAGE and electroblotted onto nitrocellulose membranes.
After blocking in Odyssey buffer, membranes were incubated with rabbit
primary antibodies (anti-phospho-ERK 1/2 [Thr202/204], anti-phospho-JNK 1/2
[Thr183/Thyl85] or anti-phospho-Akt [Ser473]; all from Cell Signaling
Technology, Beverly, MA, USA) followed by goat anti-rabbit Alexa Fluor 680
(Invitrogen, Carlsbad, CA, USA). Protein bands were detected using the
Odyssey Infrared Detection System (LI-COR). Protein loading was determined
using mouse anti-a-tubulin (Sigma) followed by donkey anti-mouse IRDye 800

(Rockland).

Real-time quantitative PCR analysis of PAI-1 mRNA levels in NRK-49F

cells

NRK-49F cells were cultured for 8 h in media containing: no additions, TGF-31
(10 pg/mL), or TGF-B1 + ALKS5 inhibitor (5 uM SB431542). Total RNA was then
extracted from NRK-49F cells using Trizol (Invitrogen) and reverse transcribed
with random primers using the Superscript First-Strand Synthesis kit
(Invitrogen). Real-time PCR was performed on a StepOne Real-Time PCR
System (Applied Biosystems, Scoresby, VIC, Australia) with thermal cycling
conditions of 37°C for 10 min, 95°C for 5 min, followed by 50 cycles of 95°C for
15 s, 60°C for 20 s, and 68°C for 20 s. The primer pairs and carboxyfluorescein-
labelled minor groove binding probe used were: Pai-1 (Forward: CAA AAG GTC
AGG ATC GAG GTA; Reverse: ATT GTC TCT GTC GGG TTG T; Probe: TTC

TCT TTG TGG TTC GG). The relative amount of mMRNA was calculated using
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comparative Ct (AACt) method. All specific amplicons were normalized against
18S rRNA which was amplified in the same reaction as an internal control using
commercial assay reagents (Applied Biosystems, Scoresby, VIC, Australia).
Each of the primer/probe sets were pre-tested and determined to have

equivalent PCR amplification efficiencies.

Statistical Analysis

Statistical differences were analysed by Student’s t-test or one way ANOVA.
Data were recorded as mean + SEM and p<0.05 were considered significant.
All analyses were performed using GraphPad Prism 5.0 (GraphPad software,

San Diego, CA, USA). Each experiment was performed 3 times.
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2.4 Results

Aldosterone induces renal fibroblast proliferation by MR signalling

Aldosterone at 10°M and 10®M increased >H-thymidine uptake in NRK-49F
cells by approximately 2-fold; however, no mitogenic effect was seen at 10'M
(Figure 2.1a). Aldosterone also increased the number of NRK-49F cells (Figure
2.1b). Similarly, fibroblasts extracted from obstructed mouse kidneys showed a
2-fold proliferative response to aldosterone at 10®M (Figure 2.1c,d). Pre-
treatment of kidney fibroblasts with 10°M eplerenone prevented the proliferative
effect of aldosterone without altering basal proliferation (Figure 2.1a-d). Flow
cytometry analysis of the fibroblasts isolated from obstructed mouse kidneys
shows that these cells were all myofibroblasts, with expression of fibroblast
specific protein-1 and a-smooth muscle actin, but not cytokeratin C-18 (an

epithelial marker) or CD68 (a macrophage marker) (Figure 2.1e).

Aldosterone-induced fibroblast proliferation requires activation of growth

factor receptors

Pre-treatment of NRK-49F cells with an inhibitor of PDGFR kinase (0.5 uM STI-
571) or EGFR kinase (0.25 pM AG1478) prevented the effect of 10°M
aldosterone on fibroblast proliferation (Figure 2.2a,b), but did not influence
basal proliferation. Immunoprecipitation of PDGFR- from cell lysates of NRK-
49F cells and subsequent western blotting of phosphorylated tyrosine showed
that stimulation with 10°M aldosterone for 30 min increased phosphorylation of

PDGFR-B (Figure 2.2c), suggesting that the receptor was rapidly activated by
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aldosterone. The stimulatory effect of 10°M aldosterone on NRK-49F cell
proliferation was unaffected by pre-treating cells with soluble PDGFR, which
comprised PDGFRa/Fc and PDGFRpB/Fc fusion proteins (2 uM each). In
contrast, the same pre-treatment suppressed the proliferation induced by 10
ng/ml rhPDGF-AB (Figure 2.2d), showing that the soluble PDGFR blocks

ligand-mediated proliferation through the PDGF receptor.

Aldosterone-induced fibroblast proliferation involves activation of PI3K

and MAPKs

The post-receptor signalling mechanisms involved in aldosterone-induced
fibroblast proliferation were examined in NRK-49F cells. Stimulation of NRK-
49F cells with 10®M aldosterone resulted in activation of Akt, JNK and ERK
signalling (Figure 2.3a). We then examined whether specific inhibitors of these
kinases could inhibit aldosterone-induced kidney fibroblast proliferation. The
proliferative effect of 10°M aldosterone on NRK-49F cells was prevented by
pre-treatment with inhibitors of PI3K (3 uM LY294032), JNK (1 uM SP600125)
and ERK (1 uM U0O126), and the doses of inhibitors used had no effect on basal
proliferation (Figure 2.3b-d). Since aldosterone also induces TGF-1 production
by NRK-49F cells, we examined whether signalling via the TGF-BR1 receptor is
involved in this proliferative response. Treatment with an inhibitor of TGF-
BR1/ALKS (5 uM SB431542) did not prevent aldosterone-induced fibroblast
proliferation (Figure 2.3a), although this inhibitor suppressed a TGF-B1-induced
increase of PAI-1 mRNA level at 8 h in NRK-49F cells (PAI-1/18s: no treatment

1.0¢0.1, TGF-B1 14.242.6, TGF-B1+ALK5 1.120.1).
08
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Figure 2.1 Aldosterone induces renal fibroblast proliferation via the

mineralocorticoid receptor

(a) Dose-response effect of aldosterone on *H-thymidine uptake in NRK-49F
cells at 24 h and impact of eplerenone blockade. (b) Effect of aldosterone and
eplerenone blockade on the number of NRK-49F cells. (c) Analysis of
aldosterone-induced *H-thymidine uptake and eplerenone blockade in primary
fibroblasts extracted from mouse UUO kidneys. (d) Effect of aldosterone and
eplerenone blockade on the number of mouse UUO kidney fibroblasts. (e) Flow
cytometry analysis of fibroblasts isolated from mouse UUO kidneys. Compared
to labelling with negative control (NC) antibodies, fibroblasts from UUO kidneys
had strong expression of fibroblast specific protein-1 (FSP-1) and a-smooth
muscle actin (a-SMA), but did not express cytokeratin C-18 or CD68. Graphed

data = mean £ SEM; n =12 (a,c); n = 6 (b,d).
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Figure 2.2 Aldosterone-induced kidney fibroblast proliferation requires

activation of PDGF and EGF receptors

Pre-treatment with inhibitors of (a) the PDGFR (PDGFRI, STI571) and (b) the
EGFR (EGFRIi, AG1478) prevented aldosterone-induced proliferation of NRK-
49F fibroblasts. (c) A western blot of PDGFR- immunoprecipitate from NRK-
49F cell lysate showed that aldosterone increases tyrosine phosphorylation of
the PDGFR-B in these cells. (d) Pretreatment with soluble PDGFR (sPDGFR)
was unable to prevent aldosterone-induced proliferation of NRK-49F fibroblasts.

Graphed data = mean = SEM; n=9 (a,b), n=12 (d).
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Figure 2.2
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Figure 2.3 Aldosterone-induced fibroblast proliferation involves activation

of PI3K/Akt, INK and ERK signalling pathways

Western blotting of NRK-49F cell lysates demonstrates (a) aldosterone-induced
phosphorylation of Akt, JNK1/2 and ERK1/. a-tubulin levels are shown as
loading controls. Pretreatment with inhibitors of (b) PI3K (PI3Ki, LY294002), (c)
JNK (JNKi, SP600125) and (d) ERK (ERKIi, UO126) prevented aldosterone-
induced proliferation of NRK-49F fibroblasts. In comparison, an inhibitor of (e)
TGF-BR1/ALK5S (ALKSi, SB431542) did not suppress aldosterone-induced

fibroblast proliferation. Data = mean + SEM; n= 12 (b); n =9 (c-e).
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Figure 2.3
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2.5 Discussion

Our study has shown that physiological levels of aldosterone induce
proliferation of a kidney fibroblast cell-line and fibroblasts extracted from fibrotic
mouse kidneys, demonstrating a capacity for increased levels of aldosterone to
promote fibroblast accumulation in diseased kidneys. This finding is directly
relevant to kidney disease since previous research has reported elevated
aldosterone levels in plasma and urine of patients with chronic kidney disease

(1) and increased MR levels in diabetic kidneys (4, 16).

Aldosterone-induced proliferation of kidney fibroblasts was found to be
dependent on the activation of specific receptors. Firstly, eplerenone prevented
the proliferative response to aldosterone, indicating that this effect was
mediated by the established cytoplasmic MR. Secondly, aldosterone induced
proliferation required activation of two growth factor receptors, PDGFR and
EGFR. Interestingly, the PDGFR-mediated response was ligand-independent,
indicating that activated cytoplasmic MR was inducing transactivation of the
PDGFR. It is also likely that the induction of EGFR signalling in kidney
fibroblasts is dependent on transactivation, since aldosterone binding of MR
facilitates transactivation of EGFR in other kidney cell types (17-18).
Furthermore, it is possible that transactivation of PDGFR and EGFR may be
linked by heterodimerisation of these receptors, which occurs in vascular

smooth muscle cells (VSMC) resulting in cross-talk (19). Indeed, studies with
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VSMC have identified that aldosterone can stimulate transactivation of both the

PDGFR and EGFR in the presence of low levels of angiotensin Il (20).

This study has revealed critical post receptor signalling mechanisms which
facilitate aldosterone-induced proliferation of kidney fibroblasts. Aldosterone
induced rapid phosphorylation of Akt, JINK and ERK, and blockade of PI3K, JNK
or ERK could prevent the aldosterone-induced proliferative response. Our
finding is supported by studies of Miller glial cells in which ATP stimulates
transactivation of the PDGFR and EGFR and subsequent activation of PI3K and
ERK1/2, resulting in proliferation (21). Aldosterone can also induce proliferation
of cardiac myofibroblasts via activation of the Ras/Raf/MEK1/2/ERK1/2 pathway
(11) and proliferation of mesangial cells by a pathway dependent on activation
of EGFR, PISK and ERK1/2 (18). Our discovery that JNK signalling is also
required for aldosterone-induced renal fibroblast proliferation is supported by
studies showing that PDGF-BB induced proliferation of mesangial cells and

dermal fibroblasts is JNK dependent (22-23).

Previous work shows that aldosterone increases TGF-f1 mRNA levels in NRK-
49F cells (5), and TGF-B1 can stimulate proliferation of NRK-49F cells (24) and
fibroblasts isolated from renal biopsies (25). However, our results indicate that
the proliferative effects of aldosterone on kidney fibroblasts are rapid and

probably precede TGF-B1 production. Furthermore, TGF-B1R blockade did not
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alter aldosterone-induced proliferation in NRK-49F cells. Therefore, aldosterone

does not appear to induce fibroblast proliferation by producing TGF-1.

Aldosterone promotes fibrosis in animal models of hypertensive kidney disease,
glomerulonephritis and diabetic nephropathy (3-4, 26), suggesting that
aldosterone-induced fibroblast proliferation may be an important
pathomechanism in chronic kidney diseases. Our study demonstrates that
aldosterone directly induces the proliferation of cultured kidney fibroblasts via
MR-mediated activation of growth factor receptors and downstream signalling

through PI3K/Akt, ERK and JNK pathways (Figure 2.4).
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Figure 2.4 Proposed mechanism of aldosterone-induced kidney fibroblast

proliferation

Aldosterone binds with cytoplasmic mineralocorticoid receptors resulting in the
transactivation of growth factor receptors, which facilitate activation of PI3K/Akt
and Ras signalling. Activation of Ras induces JNK signalling via Rac and
MEKK4/7 and ERK1/2 signalling via Raf and MEK1/2, which stimulates

expression of genes that promote fibroblast proliferation.
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Figure 2.4
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3.1 Abstract

Background/Aims: Clinical and experimental studies have shown that
mineralocorticoid receptor (MR) antagonists substantially reduce kidney injury.
However, to fully understand the benefits of this therapy, it is important to
identify the specific cellular targets and mechanisms by which MR antagonists
protect against kidney injury. This study used conditional gene deletion of MR
signaling in myeloid cells (MR™/" | ysM®™® mice = MyMRKO) or podocytes
(MR11X padCe = podMRKO) to establish the role of MR in these cells types in

the development of mouse glomerulonephritis.

Method: Accelerated anti-GBM glomerulonephritis was examined in groups of
mice: MyMRKO; PodMRKO; wild type littermates (WT); and WT mice receiving

eplerenone (100 mg/kg/bid, EPL-treated).

Results: At day 15 of disease, WT mice had glomerular crescents (37+5%),
severe proteinuria and a 6-fold increase in serum cystatin-C. MyMRKO,
PodMRKO and EPL-treated mice with glomerulonephritis displayed similar
proteinuria to these disease controls. However, MyMRKO and EPL groups had
a 35% reduction in serum cystatin-C levels and reduced crescent numbers
compared to WT, whereas PodMRKO mice were not protected. The kidney
protection seen in MyMRKO mice was associated with reductions in

macrophage accumulation, gene expression of M1 proinflammatory markers
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(TNF-a, INOS, MMP-12), tubular damage and renal fibrosis, which was similar

in EPL-treated mice.

Conclusion: In conclusion, MR signaling in macrophages, but not podocytes,
contributes to the progression of renal injury in mouse glomerulonephritis.
Selective targeting of MR in macrophages may be able to provide the
therapeutic benefit seen with current systemic MR antagonists without the

associated problems of hyperkalemia.
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3.2 Introduction

Mineralocorticoid receptor (MR) antagonists (eplerenone, spironolactone) are
known to inhibit renal and cardiovascular disease (CVD) by direct blockade of
MR in tissues and by reducing hypertension (1). They can also suppress the
development of kidney damage in animal models of glomerulonephritis and
diabetic nephropathy without affecting blood pressure (2-6). In addition, MR
antagonists provide added protection against proteinuria and loss of renal
function when used with standard anti-hypertensive therapies in treating

patients with diabetic and non-diabetic chronic kidney disease (CKD) (7-9).

The clinical use of MR antagonists is currently limited by the development of
hyperkalemia due to the importance of the MR in tubular regulation of salt
balance (10). This consequence of MR blockade in the distal tubule is most
evident during renal impairment and can require either a reduction in the
dosage of MR antagonist or its withdrawal as a therapy (7-8). The specific renal
cell types which are targeted by MR antagonists to reduce injury during kidney
disease have not been clearly identified. Establishing the identity of these cells
is an important step towards developing more selective inhibitors of MR

signaling which do not interfere with tubular cell function.

Animal studies demonstrate that the protection afforded by MR antagonists in
glomerulonephritis and diabetic nephropathy is associated with reductions in

renal inflammation, proteinuria and glomerular injury (2-3, 5, 11). These studies
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also link MR blockade to specific disease mechanisms such as proinflammatory
cytokine production, leukocyte recruitment and podocyte injury. This suggests
that the major pathological effects of MR signaling may occur in podocytes and

inflammatory cells.

Recent in vitro studies have suggested that MR signaling can induce apoptosis
in podocytes and oxidative stress in macrophages (12-13), which supports a
role for MR signaling in these cell types in kidney disease. In addition, an MR-
deficiency in myeloid cells has been shown to be protective against
cardiovascular injury and ischemic cerebral infarcts by reducing inflammation
and fibrosis (14-16). However, no in vivo studies have identified whether MR
signaling in podocytes or macrophages is specifically important to the

development of kidney disease.

In the current study, we have created mice with a selective genetic deficiency of
MR in myeloid cells or podocytes, and have used these strains to evaluate the
hypothesis that MR signaling in macrophages or podocytes is required for the
development of renal injury in a normotensive model of progressive

glomerulonephritis.
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3.3 Methods

Animal Model

Conditional gene deletion of MR was performed in C57BL/6 mice using the Cre-
LoxP system. Mice with homozygous floxed MR gene were crossed with
littermates expressing Cre recombinase under the control of either a Lysozyme
M promoter (14), to create MR™/"* LysM®®" (MyMRKO) mice lacking MR in
mature myeloid cells (neutrophils, macrophages), or a Podocin promoter (17),
to create MR pod™®" (PodMRKO) mice lacking MR in podocytes. MRoflox
littermates were used as WT controls. The presence of the MR wild type and
MR floxed alleles, and the Cre transgene were determined by PCR analysis of

genomic DNA from tail tips. The genotyping details are presented in Table 3.1.

Table 3.1 Genotyping PCR primer sequences

Target Forward Primers Reverse Primers

AGCAAGAGACAACTGCAGCGTTTTA

MR TTCTTTCCCCAGCTCTACCTTTACGA
ATGTGGAATGTGTGCGAGGCCAGAG

Cre ATGTCCAATTTACTGACCG TTCACTGGTTATGCGGCG

For experimentation, 12 week old female mice (n=8) were pre-immunised
subcutaneously with 1 mg sheep IgG in Freund’s complete adjuvant. Four days
later, glomerulonephritis was induced by intravenous injection of sheep anti-

mouse GBM serum (10 pl/g). Groups were killed after 3 h of disease, to
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examine the initial inflammatory response, or after 15 days of disease, to
examine the progression of renal damage. To compare conditional MR gene
deletion with systemic MR blockade, groups of diseased WT mice were given
eplerenone (100 mg/kg/bid) by gavage, beginning 2 h before disease induction.
All animal experiments were performed in accordance with the guidelines of the

Monash Medical Centre Animal Ethics Committee.

Hematology and Biochemical Analysis

Urine was collected from mice housed in metabolic cages. At day 15,
heparinised blood and serum were collected from anaesthetised mice. White
blood cell counts were determined by a hematology analyser (Cell-Dyn 3700,
Abbott Laboratories, North Chicago, IL). Urine albumin levels were assessed by
ELISA (Bethyl Laboratories, Montgomery, TX). Urine creatinine levels were
determined by the Jaffe rate reaction method. ELISAs were used to measure
serum levels of cystatin-C (BioVendor, Karasek, Czech Republic) and Ig (18).
Levels of K+ or Na+ in plasma or urine were determined by indirect

potentiometry using ion selective electrodes.

Antibodies

Antibodies used in this study were: anti-MR (2136, a gift from Prof. Celso
Gomez-Sanchez, University of Mississippi); anti-CD68 (FA-11, Serotec, Oxford,
UK); anti-Ly6g (Abcam, Cambridge, UK); anti-CD3 (KT3, Abcam); anti-CD41

(Serotec); anti-alpha-smooth muscle actin (a-SMA) (1A4, Sigma, St. Louis,
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MO); anti-cleaved caspase 3 (Cell Signaling, Beverly, MA); anti-Wilm’s Tumor
antigen 1 (WT-1) (Santa Cruz Biotechnology, Santa Cruz, CA); anti-Cre
(Novagen, Madison, WI); fluorescein-conjugated anti-CD11b (BD Biosciences,
San Jose, CA); fluorescein conjugated sheep F(ab)2 fragment to mouse Ig
(Silenus, Melbourne, Australia); and fluorescein conjugated goat F(ab)2

fragment to mouse C3 (MP Biomedicals, Solon, OH).

Isolation of Kidney Macrophages

Kidneys were decapsulated, diced, and incubated with 1 mg/ml collagenase
(Sigma) and 0.1 mg/ml DNase | (Invitrogen, Carlsbad, CA) in Dulbecco's
Modified Eagle Medium at 37°C for 30 min with shaking. Following erythrocyte
lysis, the cells were filtered (70 pum) and incubated with fluorescein-conjugated
CD11b antibody for 30 min at 4 °C before fluorescence activated cell sorting
(MoFlo XDP cell sorter, Beckman Coulter, Brea, CA). Approximately 1.5-2.5 x
10° CD11b+/propidium iodide- cells were isolated from two pooled diseased

kidneys or four pooled normal kidneys.

Real-time PCR

Total RNA was extracted from whole kidney, magnetic-bead isolated glomeruli
(19), or isolated kidney macrophages using Trizol (Invitrogen) and reverse
transcribed with random primers using the Superscript First-Strand Synthesis kit
(Invitrogen). Real-time PCR analysis was performed as previously described

(20). The Tagman probe and primer sequences are listed in Table 3.2.

126



Table 3.2 gPCR probe and primer sequences

Target Probe or Reference Forward Primer Reverse Primer
MR TTTGAGGAGATGAGG | GGTTTTGCTGCTACTG | TGTTGGGACACTTGG
AC AG TGA
CD68 CACAGTTTCTCCCACC | CATGGGAATGCCACA | ACAGTGGAGGATCTT
A ATTTCT GGACTA
TNFa TCACCCACACCGTCA | GGCTGCCCCGACTAC | TTTCTCCTGGTATGAG
G GT ATAGCAATC
. TCTCTGCTCTCAGCTC | ACTACTAAATCTCTCT
iINOS/NOS2 | TCCCTCCCCTCTCTCC CAA cCTCTCC
cCL2 ACAACCACCTCAAGC GACCCGTAAATCTGA CACACTGGTCACTCC
AC AGCTAA TACAGAA
MMP-12 AGTCCAGCCACCAAC | CACAACAGTGGGAGA | AGCTTGAATACCAGAT
A GAAAA GGGATG
Arginase-1 GGAAGGAAGAAAAGG | GCAAGGTGATGGAAG | TCGACATCAAAGCTCA
C AGA GGTGAA
CD206 GTTTGGTTGGATTGA GACAGATATGAACAA TGAACATCTGAGAGT
GG GCATTCC CCTGTCC
TGGTTCTTCTTGGAG GCCAGTCTCAGTTCC
CD163 GGTTTCTTTGTTGTGG GTG TTCTT
CCR7 TGCTGGTGGTGGCTC | GCCTTCCTGTGTGATT | TGGTATTCTCGCCGAT
TC TCT GTAGT
CD3e AGGAACCAGTGTAGA | GCCGAGAACATTGAA | TGGTGTGTAGCAGAC
G TACAAAG GTAGTAG
ATATGGCTCGGACAC | TCCTTCGAGTGACAAA
CCL5 SYBR Green CACTC CACG
CTTCTTCATCAGGACA | CCTCCTCTGTCTCCTT
IL-12B (p40) | CCATTCCTACTTCTCC TCAT CATCTT
Granzyme B CTATGTGGCTGGTTG CAAGAGGACTAGAGC | GCGTGTTTGAGTATTT
G TGTGA GCCCAT
Collagen | GTGGTGTGGTCGGTC | GATCTCCTGGTGCTG | GAAGCCTCTTTCTCCT
T ATG CTCTGA
Fibronectin GGAGAGACAGGAGGA | GCGCTATTACAGAATC | TTGATGGTGGCTGTG
A ACCTA GACTT
PAI-1 TTCTCTTTGTGGTTCG | CAAAAGGTCAGGATC | ATTGTCTCTGTCGGGT
G GAGGTA TGT
TGF-B1 ACAACCAACACAACC GGACACACAGTACAG | GACCCACGTAGTAGA
C CAA CGAT
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Histology and Immunostaining

Formalin-fixed kidney sections (2 um) were stained with periodic acid Schiff's
(PAS) reagent to identify kidney structure and crescent formation, and with
hematoxylin to distinguish cell nuclei. The percentage of glomeruli with
crescents was determined by microscopy. Direct immunofluorescence staining
for glomerular Ig and C3 was performed on 4 pm ethanol-fixed kidney sections
and slides were mounted with DABCO medium (Sigma). Glomerular deposition
was assessed by performing serial 2-fold dilutions of antibody (1:200-1:25600),
on sections and determining the dilution at which specific staining disappears by
fluorescence microscopy. Immunoperoxidase staining for leukocytes (CD68,
CD3, Ly6g) was performed on 2% paraformaldehyde-lysine-periodate (PLP)-
fixed kidney cryostat sections (5 um). Immunoperoxidase staining for MR, a-
SMA, activated-caspase 3, WT-1 and Cre was performed on 10% formalin-fixed
sections (4 um). For detection of activated-caspase 3, WT-1 and Cre, tissue
sections were microwave treated (1000 W) for 12 min in 400 ml sodium citrate
buffer pH6.0 prior to immunostaining. For immunoperoxidase staining, tissue
sections were incubated with 20% normal rabbit serum for 30 min and then
overnight at 4°C with 2-5 pug/ml of primary antibody in 1% BSA. Sections
labelled with leukocyte antibodies were then incubated for 20 min each with
0.6% hydrogen peroxide followed by avidin and biotin block (Vector
Laboratories, Burlingame, CA, USA). After washing in PBS, these sections were
incubated with biotinylated rabbit antibody (anti-rat IgG, Zymed, San Francisco,
CA, USA) for 1 hr followed by ABC peroxidase solution (Vector) for 1 hr and

developed with 3,3-diaminobenzidine (DAB, Sigma) to produce a brown color.
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Sections labelled with antibodies to MR, a-SMA, activated-caspase 3, WT-1 and
Cre were incubated sequentially with 0.6% hydrogen peroxide for 20 min,
peroxidise-conjugated secondary antibodies (swine anti-rabbit Ig, rabbit anti-
mouse Ig from Dako) for 45 min and peroxidise-conjugated anti-peroxidase
(PAP) complexes (rabbit PAP, mouse PAP from Dako) for 45 min, and

developed with DAB.

Glomerular leukocytes and WT-1+ cells were counted at high magnification
(x400) in 20 hilar glomerular tuft cross-sections per animal. Interstitial
leukocytes and activated caspase-3+ cells were counted in 25 consecutive high
magnification (x 400) interstitial fields (representing 30-40% of kidney cortex in
the cross-section) and expressed as cells/mm?. Immunostaining of a-SMA was
assessed as percent area stained within the glomerular tuft or renal cortex
(excluding glomeruli and vessels) by computer image analysis software (Image
Pro Plus, Media Cybernetics, CA, USA). All scoring was performed on blinded

slides.

Statistical Analysis

Statistical differences between two groups were analysed by t-test and
differences between multiple groups were assessed by ANOVA with post hoc
analysis using Tukey’s multiple comparison test. Data was analysed using
Graph Prism 5.0 (GraphPad Software, San Diego, CA) and was recorded as the

mean =+ standard error with p<0.05 defined as significant.
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3.4 Results

Mice with myeloid MR deficiency have normal leukocyte levels and

antibody responses

Deletion of MR in macrophages from MR/ | ysM®® mice (MyMRKO) has
been previously reported by our group (14). MyMRKO mice have normal
circulating levels of white blood cells (wild type-WT 5.2+0.4 x 10%/L vs MyMRKO
5.04¢0.4 x 10°L) with a similar proportion of monocytes (WT 1.4+1.0% vs
MyMRKO 1.3+0.9%) and neutrophils (WT 9.6+0.2% vs MyMRKO 10.9+2.0%).
During the development of glomerulonephritis (GN), MyMRKO mice produced
an equivalent humoral immune response to WT mice, which included equal
levels of circulating anti-sheep Ig and glomerular deposition of mouse Ig and C3

(Figure 3.1).

Myeloid MR deficiency protects mice from declining renal function in anti-

GBM glomerulonephritis

Pre-experimental analysis showed that urinary protein excretion in MyMRKO
mice is equivalent to that seen in normal mice (Figure 3.2A). Induction of GN in
WT mice resulted in the development of proteinuria at day 1 of disease, which
remained elevated at days 7 and 14 (Figure 3.2A). Administration of eplerenone
to WT mice with GN did not affect the development of proteinuria. However,
proteinuria was reduced by 40% in MyMRKO compared to WT mice at day 1 of

disease, but was not different at days 7 or 14 of disease.
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Serum levels of cystatin-C were the same in WT and MyMRKO mice without
kidney disease, indicating that MyMRKO mice had normal renal function (Figure
3.2B). WT mice had a 6-fold increase in the serum level of cystatin-C at day 15
of anti-GBM GN, which was reduced by approximately 35% in both MyMRKO

mice and eplerenone-treated WT mice.

Myeloid MR deficiency reduces kidney damage in anti-GBM

glomerulonephritis

At day 15 of GN, wild type mice had severe histological kidney damage which
included crescents in 37% of glomeruli (Figure 3.3,Table 3.3). In comparison,
MyMRKO mice and eplerenone-treated WT mice had significantly reduced
crescent formation with levels of 26% and 11% of glomeruli, respectively.
Immunostaining analysis identified increased glomerular accumulation of
myofibroblasts in diseased compared to normal WT mice which was diminished

in MyMRKO and eplerenone-treated WT mice (Figure 3.3, Table 3.3).
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Table 3.3 Kidney damage in MyMRKO mice

Anti-GBM glomerulonephritis

Analysis WT MyMRKO WT MyMRKO WT + EPL
Crescents (%) 0 0 37+2 26+1° 11+2%¢
Apoptotic Cells/mm? 0.5+0.2 0.4+0.2 6.0+0.5 2.940.2° 3.7+0.4°

Glomerular Myofibroblasts c c
(% area) 0.51£0.1 0.4+0.1 12.2+1.0 4.4+0.4 5.6£0.5

Interstitial Myofibroblasts 5 .91 92401  53+0.8 1.2¢0.2° 2.4+0.5"¢

(% area)

Collagen | mMRNA/18s 1.1+0.3 2.6+0.2 38+4 165" 16+2°
Fibronectin mRNA/18s 1.1+0.2 2.2+0.2 27+3 17432 18+3°
PAI-1 mRNA/18s 1.2+0.2 2.1+0.4 35+11 18+4 18+2

TGF-B1 mRNA/18s 1.2+0.4 1.3+0.3 4.4+0.6 3.7£0.4 4.9+0.6

Data = mean * standard error.

p<0.05, Pp<0.01, °p<0.001 vs WT with disease. %p<0.05, ®p<0.001 vs MyMRKO
with disease.
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Figure 3.1 Antibody and complement activity in anti-GBM

glomerulonephritis are unaltered by deficiency of MR signaling

(A) Serum levels of mouse anti-sheep Ig are equivalent in WT, MyMRKO and
eplerenone-treated mice with glomerulonephritis. (B) Antibody titration analysis
showed that glomerular deposition of mouse Ig and C3 are the same in WT,
MyMRKO and eplerenone-treated mice with glomerulonephritis. (C)
Immunofluorescence staining shows extensive glomerular deposition of mouse
Ig and C3 after the development of anti-GBM glomerulonephritis, which was
similar in WT, MyMRKO and eplerenone-treated mice (Magnification x 400).

Data (A, B) = mean = SEM; n=8.
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Figure 3.2 Myeloid MR deficiency protects mice from loss of renal function

in anti-GBM glomerulonephritis

(A) Albuminuria was reduced in MyMRKO mice compared to WT and
eplerenone-treated mice at day 1 of anti-GBM disease. However, albuminuria
was similar in each of these groups at days 7 and 14 of disease. (B) At day 15
of anti-GBM disease, there was a 6-fold increase in serum levels of cystatin-C
in WT mice, which was reduced by 35% in MyMRKO and eplerenone-treated

groups. Data = mean + SEM; n=8. *p<0.05 vs WT with disease.
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Figure 3 Myeloid MR deficiency reduces kidney damage in anti-GBM

glomerulonephritis

Histological staining with PAS and hematoxylin shows the kidney structure of
(A) a normal mouse. In comparison, there is severe damage to glomeruli
(crescent formation, sclerosis) and tubules (dilatation, atrophy) in (B) a WT
mouse at day 15 of anti-GBM disease, which is attenuated in (C) a MyMRKO
mouse and (D) an eplerenone-treated WT mouse. Immunostaining of a-smooth
muscle actin was only found in the vasculature in (E) a normal mouse kidney.
However, significant expression of a-smooth muscle actin was seen in
myofibroblasts accumulating in glomerular, periglomerular and tubulointerstitial
regions in (F) a WT mouse at day 15 of anti-GBM disease, which is reduced in
(G) a MyMRKO mouse and (H) an eplerenone-treated WT mouse.
Immunostaining identified small numbers of resident CD68+ macrophages in (I)
a normal mouse kidney. In contrast, there were many infiltrating macrophages
in glomeruli and the interstitium of (J) a WT mouse at day 15 of anti-GBM
disease, which is reduced in (K) a MyMRKO mouse and (L) an eplerenone-
treated WT mouse. At 3 h post disease induction, neutrophil infiltration was
observed in WT mice with anti-GBM disease (N), which is reduced in a
MyMRKO mouse (O) and with eplerenone treatment (P). Magnification: (A-D, I-

P) x400; (E-H) x250.
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Figure 3.3

Normal Anti-GBM GN
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Extensive damage was also found in the tubulointerstitial area of the renal
cortex in mice with GN. Apoptotic cells, identified by immunostaining for
activated caspase-3, were mostly located in the tubulointerstitium in diseased
WT mice; however, their numbers were decreased in MyMRKO mice and
eplerenone-treated WT mice (Table 3.3). Similarly, periglomerular and
peritubular myofibroblasts were frequently observed in WT mice with GN, and
their presence was substantially reduced in MyMRKO mice and eplerenone-
treated WT mice (Figure 3.3, Table 3.3). Quantitative PCR analysis of whole
kidney identified a 30-fold increase in gene expression of collagen I, fibronectin
and PAI-1 in WT mice with GN (Table 3.3). The expression of these profibrotic
genes was about 50% lower in both MyMRKO mice and eplerenone-treated WT
mice. In comparison, the elevated levels of TGF-1 mMRNA seen in the diseased
kidneys of WT mice was not reduced in either MyMRKO mice or EPL-treated

mice with GN (Table 3.3); however, TGF-31 activity was not examined.

Myeloid MR deficiency reduces renal inflammation in anti-GBM

glomerulonephritis

Because MyMRKO mice showed protection from proteinuria at day 1 of GN, we
examined these mice at 3 h after disease induction to identify whether the early
glomerular inflammatory response was affected. Immunostaining demonstrated
that Ly6g-positive neutrophils were scarce in the glomeruli of mice without
disease (WT 0.22+0.05 vs MyMRKO 0.21+0.15 cells/gcs). In comparison, there
was a marked influx of neutrophils in glomeruli at 3 h of disease in WT mice

(3.5£1.1 cells/gcs) which was reduced by 40% in MyMRKO mice (2.1+0.7
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cells/gcs, p<0.05) and eplerenone-treated mice (1.9+0.5 cells/gcs, p<0.05). At 3
h of disease, glomerular macrophages were not significantly increased and
glomerular CD41+ platelets were increased 2-fold but were not different

between WT and MyMRKO strains (data not shown).

At day 15 of GN, neutrophils had returned to normal levels in the glomeruli of
WT mice and were rarely detected in the tubulointerstitium (data not shown). In
contrast, the glomerular and interstitial numbers of macrophages and T-cells
were substantially increased in these mice (Table 3.4). Compared to the WT
mice, MyMRKO mice had a 60-70% reduction in the accumulation of glomerular
and interstitial macrophages at day 15, whereas eplerenone-treated WT mice
were less protected from macrophage infiltration (Figure 3.3, Table 3.4). At day
15, glomerular T-cells were not reduced in MyMRKO mice or by eplerenone
treatment; however, there was a 30% reduction in the number of interstitial T-

cells in both these groups (Table 3.4).

PCR analysis of WT diseased kidneys at day 15 identified a marked increase in
the gene expression of proinflammatory cytokines (TNF-a, iINOS, MMP-12)
associated with a macrophage M1 phenotype, which was reduced in MyMRKO
mice and to a lesser extent by eplerenone treatment (Table 3.4). In comparison,
gene expression of markers of a M2 macrophage phenotype (Arginase-1,
CD206) were increased in diseased WT kidneys but the expression levels were

unchanged in MyMRKO mice or by eplerenone treatment. Further PCR analysis
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found that the gene expression of T-cell-related molecules (CD3e, Granzyme B,
CCL5) were moderately increased in WT kidneys at day 15 of GN; however,
only CCL5 expression was reduced in the MyMRKO mice and eplerenone-

treated mice (Table 3.4).
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Table 3.4 Kidney inflammation in MyMRKO mice

Anti-GBM glomerulonephritis

Analysis WT  MyMRKO ~ wWT  MyMRKO WT + EPL
ggggé’s";“ CcD68 0.15+0.01 0.2240.04 2.0¢0.1 0.9+0.1° 1.4+0.1%¢
gggggs";‘r cDbs3 04+0.1 04+0.1 1.4+01 12+0.1 1.2+0.1
gggggs";‘r LyeG 0.090.03 0.17+0.05 0.12+0.02 0.10+0.01 0.17+0.07
'(’;‘/f)e;fgg)a" CDe8 0.7¢0.1 07401 52+0.6 2.1+0.2° 4.4+0.6°
'(gtee”r :}ﬂﬂz)cm 7+1 8+2 150410 103+11° 103%13°
TNF-o mRNA/18s 12402 1.0+0.2 10.1#1.3 4.1+1.0° 9.0+1.2
NOS2 mRNA/18s 1.1+0.2 0.7#0.1 3.4%05 1.3+0.3" 1.6+0.2°
CCL2 mRNA/18s 1.3+0.4 1.6+0.6 10.0+1.6 4.0+1.4* 7.2+1.3
MMP12 mRNA/18s 1.1+0.2  0.6#0.1 265  7.7+3.1° 7.9+15°
Arginase-1 mRNA/18s ~ 1.3+0.3 1.0:0.3  33+7  25+10  40+l4
CD206 MRNA/18s 12403 09+0.2 5811  32+10 3545
CD3e mRNA/18s 12404 17+0.6 42407 26+1.0 2.1+0.8
IL-128 mRNA/18s 0.8+0.1 1.0+0.2 49+19 40+14 3.5+1.3
Granzyme B mRNA/L8s ~ 1.1#0.3 0.6+0.1 3.6:0.6 2.8+1.3 3.040.6
CCL5 mRNA/18s 1.04¢0.1 0.7#0.1 2.9+0.4 1.3+0.4° 1.2+0.3"

WT = wild type, gcs = glomerular cross-section. Data = mean + standard error.

p<0.05, °p<0.01, °p<0.001 vs WT with disease. %p<0.05, ®p<0.01 vs MyMRKO

with disease.
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Additional phenotyping studies were performed on CD11b+ macrophages
isolated from normal WT kidneys and kidneys obtained from WT or MyMRKO
mice at day 15 of disease. Quantitative PCR analysis showed that macrophage
expression of CCL2, CCR2, NOS2 and CD163 were not different between
these groups. However, in diseased kidneys there was a significant increase of
some M1 (IL-12, MMP-12) and M2 markers (Arginase-1, CD206, CCR7) and a
small decrease in TNF-a (a M1 marker), which was not different between WT

and MyMRKO mice (Table 3.5).

Table 3.5 Kidney macrophage phenotype

Anti-GBM

PCR Analysis WT glomerulonephritis

WT MyMRKO
CD68 mRNA/18s 1.00+0.02  0.90+0.07 1.09+0.15
CCR2 mRNA/18s 1.00+0.05  0.92+0.07 1.06+0.06
CCL2 mRNA/18s 1.00+0.08 1.17+0.16 1.04+0.10
TNF-a mRNA/18s 1.00£0.02  0.59+0.08" 0.68+0.04%
NOS2 mRNA/18s 1.00+0.11 1.18+0.21 0.88+0.20
IL-128 mRNA/18s 1.00+0.04  3.28+0.26° 3.42+0.07°
MMP12 mRNA/18s 1.02+0.10  4.79+0.19° 5.49+0.72°
Arginase-1 mRNA/18s  1.00+0.25 109+9° 99+15°
CD206 mRNA/18s 1.00£0.03  2.41+0.15° 2.47+0.06°
CD163 mRNA/18s 1.00+0.08 1.26+0.23 1.07+0.06
CCR7 mRNA/18s 1.00+0.10  4.40+0.49" 4.44+0.44°

WT = wild type, MyMRKO = Myeloid MR deficiency.
Data = mean * standard error. n = 4.
p<0.01, °p<0.001, °p<0.0001vs WT without disease by ANOVA
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Myeloid MR deficiency does not affect tubular regulation of salt balance

Analysis of serum K+ levels found no evidence of hyperkalemia in MyMRKO
mice or in mice treated with eplerenone (Figure 3.4A). However, when we
assessed urine levels of Na+ and K+, we found that eplerenone treatment
significantly increased the Na+/K+ in urine, whereas urine Na+/K+ remained

similar in WT and MyMRKO mice with and without GN (Figure 3.4B).
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Figure 3.4 Myeloid MR deficiency does not alter salt balance

(A) Plasma levels of K+ were similar in mice with and without anti-GBM
glomerulonephritis, and were not affected by myeloid MR deficiency or
eplerenone-treatment. (B) Urine levels of Na+/K+ were equivalent in WT and
MyMRKO mice with and without disease. In contrast, urine Na+/K+ was
significantly elevated in eplerenone-treated WT mice, indicating that tubular
regulation of salt balance had been affected. Data = mean * SEM; n=8;

**p<0.01, **p<0.001.
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Mice with MR deficiency in podocytes have normal kidney development

Deletion of MR in podocytes in MR™M% pod®®" (PodMRKO) mice was
confirmed by immunostaining in kidney sections and by a 50% reduction in MR
gene expression in isolated glomeruli (Figure 3.5). MR immunostaining was
readily detected in the podocytes of WT mice but was absent in the podocytes
of PodMRKO mice. Additional immunohistochemistry analysis showed that
PodMRKO mice had the same number of WT-1+ podocytes (10.0+0.7cells/gcs)
as normal WT mice (10.0x+0.7cells/gcs) and that their kidney structure was

normal (not shown).

Podocyte MR deficiency does not prevent loss of renal function in anti-

GBM glomerulonephritis

Urine protein excretion and renal function were identical in WT and PodMRKO
mice without disease (Figure 3.6). Induction of anti-GBM GN resulted in the
development of proteinuria in WT and PodMRKO mice which was equivalent at
days 1, 7 and 14 (Figure 3.6A). Similarly, both WT and PodMRKO mice had a
6-fold increase in the serum levels of cystatin-C at day 15 of GN, indicating that

these strains had equal loss of renal function (Figure 3.6B).
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Podocyte MR deficiency does not prevent renal damage in anti-GBM

glomerulonephritis

PAS staining showed that the severity of kidney damage in PodMRKO mice
was similar to WT mice at day 15 of GN (Figure 3.7). PodMRKO mice with GN
had a high proportion of glomeruli with crescents which was not different to WT
mice (Table 3.6). Immunostaining of WT-1 revealed that podocyte numbers
were similarly reduced in WT mice and PodMRKO mice at day 15 of GN
compared to mice without disease (Table 3.6). In addition, immunostaining
demonstrated that the kidney accumulation of myofibroblasts and apoptotic

cells were equivalent in WT mice and PodMRKO mice with GN (Table 3.6).

Table 3.6 Kidney damage in PodMRKO mice

Anti-GBM
Analysis WT PodMRKO glomerulonephritis
WT PodMRKO
Crescents (%) 0 0 37+2 3715
WT-1+ Podocytes/gcs 10.0+0.3 10.0+0.3 3.940.2 4.3+0.2
Apoptotic Cells/mm? 0.54¢0.2  0.5+0.2 6.0+0.5 5.1+0.6

Glomerular Myofibroblasts

0 0.5+0.1 0.5+0.1 12.5+1.0 11.6+£1.2
(% area)

Interstitial Myofibroblasts

0.4+0.1 0.4+0.1 5.3+0.8 6.8+0.8
(% area)

Data = mean + standard error.
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Figure 3.5 MR expression by podocytes is absent in PodMRKO mice

(A) Immunostaining of Cre-recombinase in the podocytes of a
MR"1/bodocin® (PodMRKO) mouse. Immunostaining of serial sections
shows that PodMRKO mice have (B) normal glomerular expression of the
podocyte marker WT-1 (arrows), and that their podocytes are (C) deficient in
MR expression. MR expression is sparred in other glomerular cell such as the
mesangial cells (C). In contrast, MR immunostaining is observed in (D) the
podocytes of a wild type mouse (arrows). Graph (E) shows that MR gene
expression is reduced by 50% in the glomeruli of PodMRKO compared to wild

type mice. Magnification (A-D) x400.
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Figure 3.6 Podocyte MR deficiency does not prevent loss of renal function

in anti-GBM glomerulonephritis

(A) Albuminuria was equivalent in PodMRKO mice compared to WT mice at
days 1, 7 and 14 of anti-GBM disease. (B) At day 15 of anti-GBM disease, the
serum levels of cystatin-C were equally elevated in PodMRKO and WT mice,
indicating a similar decline in renal function. Data = mean * SEM; n=8;

***p<0.001.
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Figure 3.7 Podocyte MR deficiency provides no protection against kidney

damage in anti-GBM glomerulonephritis

Histological staining with PAS and hematoxylin shows the kidney structure of
(A) a normal mouse. In comparison, there is severe damage to glomeruli
(crescent formation, sclerosis) and tubules (dilatation, atrophy) in (B) a WT
mouse at day 15 of anti-GBM disease, which is similar in (C) a PodMRKO

mouse. Magnification x400.
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3.5 Discussion

Our study has demonstrated a pathological role for MR signaling in
macrophages, but not podocytes, in a model of rapidly progressive
glomerulonephritis. This is the first report that in vivo targeting of MR signaling
in myeloid cells can reduce renal injury. Furthermore, we have shown that
blockade of MR signaling in macrophages can achieve a level of renal

protection which is comparable to systemic MR blockade with eplerenone.

MR signaling was found to play a role in the initial immune response in anti-
GBM glomerulonephritis. In this model, the rapid glomerular influx of neutrophils
at 3 h of disease was reduced by 40% in both MyMRKO mice and WT mice
treated with eplerenone. Notably, MyMRKO mice showed a similar reduction in
proteinuria at day 1; however, this protection was not seen with eplerenone-
treatment, suggesting that a more complete inhibition of MR in myeloid cells is
required for this effect. Previous research has demonstrated that a transient
infiltration of neutrophils at the onset of anti-GBM disease is responsible for the
induction of proteinuria but not the progression of injury (21). In addition, we
observed no increase in glomerular macrophages at this stage of disease.
Therefore, our findings suggest that MR signaling in neutrophils may contribute

to the induction of proteinuria in this model.

At day 15 of GN, when a neutrophil infiltrate was no longer present, deficiency

of MR signaling was closely associated with suppression of the macrophage-
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dependent inflammatory response. Compared to WT mice, glomerular and
interstitial macrophages and gene expression of macrophage-related
proinflammatory cytokines were markedly reduced in MyMRKO mice and to a
similar or lesser extent in eplerenone-treated WT mice. In contrast, T-cell
accumulation and activity appeared to be less affected by deficiency of MR
signaling. In anti-GBM disease, MyMRKO and EPL-treated mice had reduced
kidney gene expression of the T-cell chemokine CCL5, but the levels of other T-
cell-related genes (CD3g, IL-128 and Granzyme B) remained similar to WT
mice. In addition, our study found that myeloid MR deficiency had no impact on
the development of antibody responses, indicating that antigen presentation
was not altered. These findings suggest that the effect of MR blockade on
inflammation is primarily through macrophage MR signaling during the

progression of anti-GBM GN.

Myeloid MR deficiency had specific anti-inflammatory effects in anti-GBM GN,
including reducing macrophage recruitment and inhibiting the kidney production
of proinflammatory cytokines associated with a M1 macrophage phenotype. In
comparison, studies in models of CVD and cerebral ischemia have shown that
MyMRKO mice have reduced levels of M1 cytokines and that this can occur
with and without a reduction in macrophage numbers (15-16, 22). Notably,
some of these in vivo studies and experiments using cultured cells have
indicated that a deficiency of MR signaling in macrophages can alter
macrophage gene expression towards a M2 alternatively activated phenotype
(15-16). Our PCR analysis of CD11b+ macrophages isolated from WT and
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MyMRKO kidneys at day 15 of disease found no difference in the M1/M2
phenotype. Thus, the difference in expression of most of these markers in the
diseased kidneys is likely due to changes in macrophage numbers rather than
in their phenotype. In addition, macrophages from diseased kidneys showed a
significant increase of mRNA levels of some M1 (IL-12, MMP-12) and M2
markers (Arginase-1, CD206, CCR7), a small decrease in TNF-a (an M1
marker), and no change a number of other markers (CCL2, CCR2, NOS2 and
CD163) compared to macrophages from normal kidneys. This mixed
macrophage phenotype is consistent with our recent time course study of rat
anti-GBM disease which showed a transition from an M1 phenotype during
acute inflammation to a more M2 phenotype during the fibrotic phase (23).
However, these findings do not rule out the possibility that MR deficiency may
affect the kidney macrophage phenotype at an earlier stage of disease.
Furthermore, it is possible that deletion of MR occurs in some dendritic cells in

MyMRKO mice, which may contribute to protection against anti-GBM GN.

Kidney damage in anti-GBM GN was markedly reduced by myeloid MR
deficiency. The development of glomerular crescents, the accumulation of
myofibroblasts and the gene expression of profibrotic molecules (collagen I,
fibronectin, PAI-1) were all decreased in MyMRKO mice compared to WT mice.
This suppression of profibrotic molecule gene expression indicates a reduction
in TGF-B1 activity, although TGF-B1 mRNA levels were not affected by MR
deficiency/blockade. Eplerenone-treated mice had a similar reduction in
myofibroblasts and matrix gene expression but a greater reduction in crescents
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than MyMRKO mice. This indicates that eplerenone has additional anti-
proliferative or anti-fibrotic effects on parietal epithelial cells to those caused by
blockade of myeloid MR. Our investigation also found that MyMRKO mice and
eplerenone-treated mice were equally protected against declining renal
function, which suggests that macrophage MR signaling is responsible for the
injury-dependent loss of renal function in this model. These findings are
comparable to studies in CVD which show that systemic MR blockade can
reduce histological lesions and fibrosis in the absence of an effect on

hypertension (24).

Protection from renal damage in MyMRKO mice and eplerenone-treated mice
occurred without any reduction in proteinuria at days 7 and 14. In contrast,
eplerenone treatment of a mild form of anti-GBM disease has previously been
shown to reduce proteinuria in mice at these time-points (2). The different
outcome of our study may be due to the rapid development of proteinuria in our
model which plateaus at day 1, rather than developing progressively over 14
days, and involves mechanisms of injury which cannot be suppressed by MR

blockade.

Normal regulation of salt balance appears to be unaffected by myeloid MR
deficiency. In our study, hyperkalemia was not detected in the serum of
MyMRKO or eplerenone-treated mice. However, urine levels of Na+/K+ were

increased in eplerenone-treated mice, but not in MyMRKO mice, suggesting
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that systemic MR blockade was causing tubular dysfunction (25). Therefore,
selective blockade of MR signaling in macrophages has potential for treating

kidney and cardiovascular disease, without disturbing salt regulation by tubules.

In contrast to MyMRKO mice, PodMRKO mice had no protection against renal
injury in anti-GBM GN. Wild type and PodMRKO mice had equivalent
proteinuria during the progression of disease and a similar decline in renal
function. In addition, glomerular and tubulointerstitial damage was the same in
both strains. This indicates that MR signaling in podocytes is not required for
the progression of anti-GBM GN. Previous studies have identified that
aldosterone can induce MR-mediated podocyte injury in cultured cells (26) and
when infused into uninephrectomized rats on a high salt diet (27). Furthermore,
systemic MR blockade reduces podocyte loss or damage in diabetic rats (11-
12). Therefore, our data indicates that podocyte damage in this rapidly
progressive model is mediated by activated myeloid cells rather than a direct
effect of MR signaling on podocytes. It remains to be determined whether this

also applies to chronic glomerular disease.

In conclusion, our study has identified an important role for macrophage MR
signaling in the development of glomerulonephritis. Deletion of MR in
macrophages was effective in suppressing the progression of
glomerulonephritis, suggesting that MR blockade could be targeted specifically

to macrophages to avoid the deleterious consequences of systemic MR
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antagonism on tubular regulation of salt balance. However, further testing is
required to establish the role of macrophage MR signaling in chronic forms of

kidney disease, such as diabetic nephropathy.
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4.1 Abstract

Background/Aims: Current treatments for diabetic nephropathy (DN) are
insufficient to curb the increasing prevalence of end stage renal failure from DN.
Both macrophage accumulation and mineralocorticoid receptor (MR) activation
have been implicated in the pathogenesis of DN. Given that macrophages also
express MR, we examined the contributions of macrophage MR in a model of

DN from type 1 diabetes mellitus.

Methods: Streptozotocin induced type 1 diabetes was induced in groups of
(n=10) mice with selective MR deletions in myeloid cells (KO) and wild type
(WT) counterparts. Mice with progressive hyperglycaemia (n=8 in each group)

were followed for 22 weeks, before being sacrificed for analyses of renal injury.

Results: Both groups of mice developed equivalent diabetes as measured by
fasting glucose and HbAic. At 22 weeks, WT mice developed mild renal injury
with 26.6% increase of cystatin-C and microalbuminuria 73.8 £ 12.0 mg/mmaol,
which were not different to KO mice. Knockout mice had reduced glomerular
infiltration of CD68+ macrophages and also significantly attenuated glomerular
hypertrophy compared to WT mice (2438 + 64 pm? vs. 3458 + 174 pm?,
p<0.0001). Knockout mice also had reduced tubular apoptosis. Despite this,
interstitial macrophage infiltration and its inflammatory phenotype, myofibroblast
accumulation and collagen IV deposition were not affected by myeloid MR

deletion.
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Conclusion: Macrophage MR mediates glomerular hypertrophy during diabetic
nephropathy. Our results also suggest that macrophage MR has a limited role in
renal inflammation and fibrosis during early diabetic nephropathy. Given the
reproducible benefits of systemic MR antagonists in diabetic nephropathy, our
study suggests that investigating targeted MR gene deletion in other renal cells,

such as podocytes, mesangial cells, or fibroblasts, may be warranted.
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4.2 Introduction

Diabetic nephropathy (DN) has overtaken glomerulonephritis and hypertensive
nephrosclerosis to become the most common cause of end stage renal failure
in the developed world. It is characterised by glomerular basement membrane
thickening, mesangial matrix expansion, glomerulosclerosis, which leads to
albuminuria and ultimately the loss of renal function. Current therapies directed
at glycaemic and blood pressure control with agents such as angiotensin
converting enzyme inhibitors or angiotensin receptor antagonists have slowed
the progression of DN. Despite this, up to 40% of diabetic patients still develop
progression of their nephropathy (1). These factors prompt an urgent
improvement in the understanding of the mechanisms of DN so that novel

therapies can be developed.

One of the emerging paradigms of DN treatment involves targeting
inflammatory cells such as the macrophage. Experimental studies have shown
macrophages to accumulate in the kidney during diabetes mellitus (2-3).
Furthermore, the severity of DN can be ameliorated by the inhibition of
monocyte recruitment (4-5) or by reducing macrophage proliferation and
survival (6). Inhibition of osteopontin and protein kinase C have also been
shown to reduce kidney macrophage accrual and improve renal outcomes (7).
Recent human trials using Bardoxolone methyl, an anti-inflammatory/oxidative
stress therapy, have shown some success with reducing renal injury (8);

although concerns over safety have abruptly stopped further investigation.
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Another important mechanism involved in the accumulation of inflammatory
cells is the activation of the mineralocorticoid receptor (MR). The MR is
historically known for salt and water reabsorption in the distal convoluted
tubules of the kidney, as well as the epithelial cells of the colon. However, there
is increasing recognition of the pathological roles of MR activation in tissues
such as the heart, vasculature and the kidneys. Rodent models of DN have
consistently shown MR antagonists such as eplerenone and spironolactone to
offer renal protection (9-12). Furthermore, macrophage infiltration and key
inflammatory cytokines in the kidney were reduced by MR inhibition (10-11). In
addition to modulating inflammation, MR antagonists have also been shown to
reduce glomerular matrix accumulation, interstitial fibrosis and podocyte

apoptosis.

Despite these benefits, MR antagonists can cause salt handling disturbance
and result in hyperkalaemia. Spironolactone can also cause gynaecomastia due
to non-specific antagonism of androgen receptors. These adverse effects often
limit the use of MR antagonists in patients with existing kidney impairment. One
potential solution to avoid these side effects is to target MR signalling in
selective cells. This will ensure that the beneficial aspects of MR antagonism
are maintained, while undesirable MR blockade in tubules is avoided. Cell
selective MR inhibition has been achieved using conditional gene deletion
technology: mice with deletions of MR in cardiomyocytes in a model of
myocardial infarction were protected from progressive cardiac remodelling (13);
MR deletion in macrophage conferred protection in mouse models of cerebral
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vascular disease (14) and deoxycorticosterone/salt induced cardiac fibrosis
(15). Given that both macrophages and MR activation play important roles in

DN, | hypothesised that MR signalling in macrophages is important in the

pathogenesis of DN.
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4.3 Methods

Animal Model

Conditional gene deletion of MR was performed in C57BL/6 mice using the Cre-
LoxP system. Mice with homozygous floxed MR gene were crossed with
littermates expressing Cre recombinase under the control of the Lysozyme M
promoter (16), to create MR/ | ysM©®" (KO) mice that lack MR in mature
myeloid cells such as neutrophils and macrophages. MR jittermates were

Rflox/flox and

used as wild-type (WT) controls. For genotyping, presence of the M
Cre transgenes were determined by PCR analysis of genomic DNA from tail tips
(MR: forward primer TTCTTTCCCCAGCTCTACCTTTACGA, reverse primer
AGCAAGAGACAACTGCAGCGTTTTAATGTGGAATGTGTGCGAGGCCAGAG;
Cre: forward primer ATGTCCAATTTACTGACCG, reverse primer

TTCACTGGTTATGCGGCG).

To induce diabetes, 12 week old male mice (n=10) were given intra-peritoneal
streptozotocin (STZ) for 5 consecutive days at a dose of 55 mg/kg/day. Two
weeks after STZ induction, mice (n=8) with significantly elevated fasting blood
glucose >16 mmol/L were used for experimentation and followed for 22 weeks.
Equal proportion of mice in either strains developed diabetes and the degree of
hyperglycaemia was also comparable. Aged matched non-diabetic WT and KO

mice (n=8) served as controls.
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Mice were housed in cages and maintained on a normal diet at the Monash
Medical Centre Animal Facility (MMCAF Clayton, Australia). Morning fasting
blood glucose via tail vein sampling and fasting weights were obtained weekly,
after withholding chow for 4 hours. Random morning blood glucose and weight
were obtained three times per week in the first 11 weeks of the experiment, and
increased to daily for the remainder of the experiment. Mice with morning
glucose levels >25 mmol/L or losing excessive weight were given protaphane
insulin subcutaneously as well as mash to maintain condition. Urine collections
were performed at weeks 8, 12, 16 and 21 to assess urine albumin excretion.
Glycated haemoglobin (HbAic) was determined from blood samples at weeks

14 and 22 as a measure of chronic glycaemic control.

At week 22, mice were anaesthetised with inhaled isoflurane prior to killing by
cardiac puncture. Serum and plasma were collected and stored in -20°C.
Kidneys and spleen were collected and fixed in 10% (vol./vol.) neutral buffered
formalin, 2% (wt./vol.) paraformaldehyde-lysine-periodate (PLP), or snap frozen
and stored at -80°C. All animal experiments were performed in accordance with

the guidelines of the Monash Medical Centre Animal Ethics Committee.

Biochemical Analysis

Urine was collected from mice housed in metabolic cages for 8 hours. A 24 hour
collection was deemed to be inappropriate due to the condition of the mice.
Plasma cystatin-C and urine albumin were determined by ELISA Kkits

(BioVendor, Karasek, Czech Republic; Bethyl Laboratories, Montgomery, TX,
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USA, respectively). Urine creatinine was determined by the Jaffe rate reaction
method at the Department of Biochemistry at Monash Medical Centre (Clayton,
VIC, Australia). Albuminuria was expressed as urine albumin creatinine ratio
(ACR) to correct for hydration. HbA;c was determined by Haemoglobin A;c

Reagent Kit (Siemens Healthcare Diagnostics, Tarrytown, NY, USA).

Antibodies

Antibodies used in this study were: rat anti-CD68 (FA-11, Serotec, Oxford, UK);
rat anti-CD169 (MCA884, Serotec, Oxford, UK); anti-CD4 (supernatant, a gift
from A/Prof. David Nikolic-Paterson); mouse anti-a-smooth muscle actin (a-
SMA) (1A4, Sigma, St. Louis, MO); rabbit anti-cleaved-caspase 3 (Cell
Signaling, Beverly, MA); mouse anti-proliferating cell nuclear antigen (PCNA)
(M0879, Dako, Carpinteria, CA, USA); goat anti-collagen IV (Southern

Biotechnology, Birmingham, AL, USA).

Histology and Immunostaining

Formalin-fixed kidney sections (2 um) were stained with periodic acid Schiff's
(PAS) reagent to identify kidney structure, and with hematoxylin to distinguish
cell nuclei. Glomeruli size and hypercellularity was determined by Image-Pro
Plus (Media Cybernetics, CA, USA) and microscopy respectively.
Immunoperoxidase staining for leukocytes (CD68, CD3, Ly6g) was performed
on 2% PLP-fixed kidney cryostat sections (5 um). Immunoperoxidase staining

for collagen IV, a-SMA, PCNA and cleaved-caspase 3 was performed on 10%
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formalin-fixed sections (4 um). For detection of cleaved-caspase 3 and PCNA,
tissue sections were microwave treated (1000 W) for 12 min in 400 ml sodium
citrate buffer pH 6.0 prior to immunostaining. Antigen retrieval of collagen IV
utilised a pressure cooker at HIGH setting for 20 min and full pressure for 5 min.
For immunoperoxidase staining, tissue sections were incubated with 20%
normal rabbit serum for 30 min and then overnight at 4°C with 2-5 pg/ml of
primary antibody in 1% BSA. Sections labelled with leukocyte antibodies were
then incubated for 20 min each with 0.3% hydrogen peroxide followed by avidin
and biotin block (Vector Laboratories, Burlingame, CA, USA). After washing in
PBS, these sections were incubated with biotinylated rabbit antibody (anti-rat
IgG, Zymed, San Francisco, CA, USA) for 1 h, followed by ABC peroxidase
solution (Vector) for 1 h, and developed with 3,3-diaminobenzidine (DAB,
Sigma) to produce a brown colour. Sections labelled with antibodies to collagen
IV, a-SMA, PCNA and cleaved-caspase 3 were incubated sequentially with
0.6% hydrogen peroxide for 10 min, peroxidise-conjugated secondary
antibodies (goat anti-mouse Ig, rabbit anti-mouse Ig from Dako) for 45 min and
peroxidise-conjugated anti-peroxidase (PAP) complexes (rabbit PAP, rat PAP,

mouse PAP from Dako) for 45 min, and developed with DAB.

Glomerular cellularity and leukocytes were counted at high magnification (x400)
in 20-30 hilar glomerular tuft cross-sections per animal. Interstitial leukocytes,
cleaved-caspase 3+ and PCNA+ cells were counted in 25 consecutive high
magnification (x 400) interstitial fields (representing 30-40% of kidney cortex in

the cross-section) and expressed as cells/mm?. Immunostaining of a-SMA and
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collagen IV were assessed as percent area stained within the glomerular tuft or
renal cortex (excluding glomeruli and vessels) by computer image analysis
software (Image Pro Plus, Media Cybernetics, CA, USA). All scoring was

performed on blinded slides.

Real-time PCR

Total RNA was extracted from whole kidney using Trizol (Invitrogen) and
reverse transcribed with random primers using the Superscript First-Strand
Synthesis kit (Invitrogen). Real-time PCR was performed (Rotor-Gene 3000
system; Corbett Research, Sydney, NSW, Australia) with thermal cycling
conditions of 37°C for 10 min and 95°C for 5 min, followed by 50 cycles at 95°C
for 15 s, 60°C for 20 s and 68°C for 20 s. The relative amount of mRNA was
calculated using comparative Ct (AACt) method. All specific amplicons were
normalised against 18s rRNA, which was amplified in the same reaction as an
internal control using commercial assay reagents (Applied Biosystems,
Scoresby, VIC, Australia). Each of the primer/probe sets was pretested and
determined to have equivalent PCR amplification efficiencies. The Tagman

probe and primer sequences are listed in Table 4.1.
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Table 4.1 Real-Time RT-PCR probe and primer sequences

Target Probe Forward Primer Reverse Primer

Arginase-1 | GGAAGGAAGAAAA | GCAAGGTGATGGAA | TCGACATCAAAGCTC
GGC GAGA AGGTGAA

MCP-1 ACAACCACCTCAA | GACCCGTAAATCTG | CACACTGGTCACTCC
GCAC AAGCTAA TACAGAA

CD68 CACAGTTTCTCCC | CATGGGAATGCCAC | ACAGTGGAGGATCTT
ACCA AATTTCT GGACTA

Fizz-1 GTTCCCTTCTCAT | CCAGGATGCCAACT | GTTCCTTGACCTTAT
CTGC TTGAATAG TCTCCAC

IDO TGGTCTGGTCTCT | CAGTCCGTGAGTTT | TACTATTGCGAGGTG
GTG GTCATTT GAACTTT

iNOS TCCCTCCCCTCTC | TCTCTGCTCTCAGC | ACTACTAAATCTCTCT
TCC TCCAA CCTCTCC

MR TTTGAGGAGATGA | GGTTTTGCTGCTAC | TGTTGGGACACTTGG
GGAC TGAG TGA

TNFa TCACCCACACCGT | GGCTGCCCCGACTA | TTTCTCCTGGTATGA
CAG CGT GATAGCAATC

Statistical Analysis

Statistical differences between two groups were analysed by t-test and
differences between multiple groups were assessed by ANOVA with post hoc
analysis using Tukey’s multiple comparison test. Data was analysed using
Graph Prism 5.0 (GraphPad Software, San Diego, CA) and was recorded as the

mean =+ standard error with p<0.05 defined as significant.

180



181



4.4 Results

Myeloid MR deletion does not affect the development of streptozotocin

induced diabetes mellitus

Hyperglycaemia as determined by fasting blood glucose developed
progressively and equally between the WT and KO mice 2 weeks post STZ
induction (Figure 4.1a). Despite weight loss early in the disease process, all
mice maintained their weights for the duration of the experiment (Figure 4.1b).
The extent of diabetes mellitus was confirmed by plasma HbA;c at weeks 14

and 22 (Figure 4.1c).

Myeloid MR deletion had no effect on albuminuria and renal function

during early DN

By week 8, both WT and KO mice developed early renal injury as determined
by elevated urine ACR (73.8 + 12.0 and 65.0 = 8.0 mg/mmol respectively, p=ns)
(Figure 4.2a). Loss of renal function also occurred in both groups of mice at the
end of the study (Figure 4.2d). However, no protection was seen in the KO
mice. There was a reduction in ACR towards the end of the study, which
affected predominantly urinary albumin excretion (Figure 4.2b) rather than
creatinine (Figure 4.2c). To explain this reduction, serum albumin was
determined using ELISA. This showed hypoalbuminaemia in both groups of

mice, and helps to explain the pattern of albuminuria (Figure 4.2c).
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Glomerular hypercellularity and hypertrophy were reduced in KO mice

Diabetes induced glomerular changes such as hypercellularity (41.6 + 1.3
cells/gcs) and hypertrophy (3458 + 174 pm?) in the WT mice (Figure 4.3b).
These parameters were significantly reduced in the KO mice (30.0 £ 0.9
cells/gcs and 2438 + 64 pm? respectively) (Figure 4.3d,e). This suggests that
myeloid MR signalling may be involved in inflammatory cell recruitment and

compensatory glomerulomegaly.

Leukocyte infiltration and activation were not affected by MyMRKO during

early DN

To explore the increased cell count in the glomeruli, detection of leukocytes
were performed. Immunostaining for macrophages using CD68 marker
identified an increase in glomerular and interstitial macrophages during DN
(Figure 4.4b). There was a significant reduction in macrophage infiltration in the
glomeruli, but not the interstitium, in the KO mice (Figure 4.4c, Table 4.2).
Despite this, the proportion of activated CD169+ macrophage to total CD68+
macrophage was not different between the WT and KO mice (Figure 4.4d-f,
Table 4.2). Analysis of CD169+ cells also showed that the majority of
macrophages detected in the glomeruli were not activated. There was also the
presence of a small but significant lymphocyte infiltrate in the kidney, which was

not affected by myeloid MR deletion (Table 4.2).
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Table 4.2. Kidney inflammatory infiltrates

Normal DN WT DN KO
Glomerular
CD68+ (cells/gcs) 0.15 + 0.01 3.64 + 0.62° 1.54 + 0.35%¢
CD169+ (cell/gcs) 0.02 £ 0.01 0.61+0.18° 0.40 +0.13%
% activated m® 11.3+6.9 152 +2.5 228+4.4
CD4+ (cell/ges) 0.05 + 0.01 0.13+0.10 0.14 +0.11
Interstitium
CD68+ (cells/mm?) 36.2+15 68.5 + 5.3 72.6 + 8.2°
CD169+ (cells/mm?) 1.7+0.5 58.4 + 6.7° 52.6 + 8.6"
% activated m® 49+1.6 82.6 + 8.6° 71.1+11.82
CD4+ (cells/mm?) 14.0+1.1 27.2 + 2.5 26.0 + 2.7°

gcs = glomerular cross section, m® = macrophage
Data are means = SEM, n=8

4p<0.01, °p<0.001, °p<0.0001 vs. normal mice,
9p<0.05 vs. DN WT mice.
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Kidney expression of typical macrophage inflammatory cytokines (M1) including
TNF-a, iNOS and MCP-1, were increased during DN (Figure 4.5a-c). Given that
others have found MR signalling to polarise macrophage phenotype, alternative
macrophage phenotype markers (M2) were sought. Gene expression of M2
markers such as Arg-1, IDO and FIZZ-1 were not reduced during DN (Figure
4.5d-f). Furthermore, myeloid MR deletion did not alter either M1 or M2 gene
expression during DN (Figure 4.5a-f). Expression of lymphocyte phenotype
markers and function were less up-regulated during DN and also were not

affected in the kidneys of the KO mice (data not shown).

Myeloid MR deletion reduced tubular injury but not renal myofibroblast

and collagen accumulation

Advanced DN is characterised by renal fibrosis. To assess this, immunostaining
for collagen IV and a-SMA+ myofibroblasts were sought for the glomeruli and
the interstitium respectively. Compared to the WT mice, there was an increase
in glomerular collagen, as well as interstitial myofibroblast accumulation during
early DN (Table 4.3). Myeloid MR deletion did not have an effect in reducing
myofibroblast or matrix accumulation (data not represented in a figure due to
overall mild changes). Diabetes mellitus also caused tubulo-interstitial injury as
determined by an increase of cleaved caspase-3+ and PCNA+ cells (Table 4.3).
These changes were attenuated in the KO mice, suggesting a role for

macrophage MR in mediating tubular apoptosis.
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Figure 4.1 Development of diabetes mellitus

Streptozotocin treated WT and KO mice developed equivalent levels of fasting
hyperglycaemia (Figure 4.1a) and glycated haemoglobin - HbA;c (Figure 4.1c).
Despite a drop in fasting weight during the onset of diabetes, all mice
maintained their weights when the level of diabetes remained relatively stable

after week 2 (Figure 4.1b).
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Figure 4.2 Albuminuria and loss of renal function

Early diabetic nephropathy manifested as albuminuria with an elevated urine
albumin to creatinine ratio - ACR (Figure 4.2a), which was mainly driven by a
reduction in albumin excretion (Figure 4.2b) rather than changes in urine
creatinine excretion (Figure 4.2c). Loss of renal function was identified by serum
levels of cystatin-C (Figure 4.2d). Analysis of serum albumin levels found
moderate hypoalbuminaemia in the diabetic mice (Figure 4.2e). The
development of albuminuria, renal dysfunction and hypoalbuminaemia in

diabetic mice were unaffected by deficiency of myeloid MR.
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Figure 4.3 Glomerular changes during diabetic nephropathy

Diabetes induced glomerular damage which was identified by PAS staining.
This damage included glomerular hypercellularity and hypertrophy in the
diabetic WT mice (Figure 4.3b), both of which were markedly reduced in KO

mice (Figure 4.3d,e).
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Figure 4.4 Kidney inflammatory cell infiltration

Diabetic nephropathy is associated with an inflammatory infiltrate that consists
of predominantly macrophages and lymphocytes (b,e,h). Myeloid MR deletion
reduced the glomerular CD68+ macrophage infiltrate (b-c), but did not affect
their activation in terms of CD169 expression (e-f). Lymphocytic infiltration was

also not affected in the KO mice (g-i).

192



CD68

CD169

CDh4

Control

Figure 4.4

DN KO

el
} s
¥ t
.4
LN
A Ta
1 \ &
¢ >
X %+ , ’
- ‘e -
-~
4
<4
&
: e Ja :
X
]
*
) { ¢
? |
It
B i
n i§ 4. % \
= " ¥ -
~7\\ ‘<- : \ D\
I’ : v,
o A o
w9r
A
. PP !
5 7
3 !
& : .
: ar \
‘ e
4 »
7,48

193




Figure 4.5 Inflammatory response in diabetic kidneys

Development of DN produced an inflammatory response which resulted in
increased kidney gene expression of proinflammatory cytokines (TNF-a, MCP-1
and INOS) which are typically associated with a classically activated
macrophage M1 phenotype (Figure 4.5a-c). In contrast, kidney gene expression
of inflammatory markers associated with the alternate macrophage M2
phenotype (Arg-1, FIZZ-1 and IDO) were mostly unaltered (Figure 4.5d-f).
Deletion of myeloid MR did not affect the gene expression of these

inflammatory markers in diabetic or non-diabetic kidneys (Figure 4.5a-f).
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Table 4.3 Histologic assessment of renal fibrosis and tubular injury

Normal DN WT DN KO
Fibrosis
Collagen IV (% gcs) 6.1+1.0 12.9+1.0° 12.9 +0.8°
a-SMA (% area) 0.33+0.04 2.34+0.22¢ 2.19 +0.32°
Tubular injury
(F::;"I'Ii;/erﬂ%” 15.9+ 1.6 76.3+6.7° 47.7 + 5.4
Apoptosis (cells'/mm?)  0.5+0.2 1.9+0.3% 0.9+0.1°

gcs = glomerular cross section, SMA = smooth muscle actin.
Data are means = SEM, n=8.

4p<0.05, °p<0.01, °p<0.001, %p<0.0001 vs. normal mice.
®p<0.05, 'p<0.01 vs. DN WT mice.
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45 Discussion

This study demonstrates a limited role for myeloid MR during the early phase of
DN and has identified some disease mechanisms that are influenced by
myeloid MR signalling in diabetic kidneys. Although the KO mice used in this
study have deletion of MR in macrophages, neutrophils and some dendritic
cells, the kidney leukocyte infiltrate during diabetes results from an innate
immune response that does not appear to involve neutrophils or dendritic cells.
Therefore, the results obtained in KO mice in this study relate mainly to the role

of macrophage MR signalling in diabetic kidneys.

Macrophage MR signalling did not affect the development of diabetes, as both
strains of mice had equally progressive hyperglycaemia. This was later
confirmed on plasma HbA;c testing. Diabetes led to early kidney damage
including glomerular inflammation, glomerular hypercellularity, glomerular
hypertrophy, loss of renal function and microalbuminuria in the WT mice.
Diabetic KO mice had reduced levels of inflammation, cellularity and
hypertrophy in glomeruli — a result that has been demonstrated in studies
utilising the systemic MR antagonist spironolactone (11). Therefore, we have
shown for the first time, that macrophage MR signalling is important in
mediating compensatory glomerular enlargement. The exact mechanism of this
effect cannot be elucidated by the current study; however, it appears that
increased numbers of glomerular macrophages in WT versus KO mice may be

contributing to this response. Previous reports have shown that cytokine
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production and oxidative stress can be induced by MR signalling in renal cells
(17-18). As such, MR deletion in macrophages may have prevented
macrophages from producing factors that stimulate glomerular cell proliferation

or hypertrophy.

In diabetic mice, a decline in renal function was identified in by measuring
serum levels of cystatin-C, which showed no obvious protection in the KO mice.
However, given that there was evidence of compensatory glomerulomegaly and
hyperfiltration only in the WT mice, it is possible that any protective effect

afforded by the myeloid MR deletion may be masked.

Another area where KO mice showed protection during DN was in the
tubulointerstitial compartment. MR is known to play a role in tubular apoptosis
(19) and interstitial fibrosis (20). In our study, DN in the WT mice caused an
increase of tubular apoptosis and proliferation, which were both attenuated in
the KO mice. However, macrophage infiltration in the interstitium was not
reduced in the KO mice, suggesting a role for myeloid MR in mediating tubular
injury, or increased tubular cell turnover in DN. In contrast, there was no
difference in the accumulation of interstitial a-SMA+ myofibroblasts, which is a
predictor for progressive renal fibrosis. Furthermore, glomerular deposition of
collagen IV was not different between the groups of mice with DN. One

explanation for this disparate finding is that our disease model represents an
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early phase of DN, where the extent of renal injury has not progressed to

significant renal fibrosis.

Previous publications using systemic MR antagonists have shown a reduction in
renal inflammation in rodent models of DN for both type 1 and type 2 diabetes
(10-11). In our study, it was an unexpected finding that overall renal
inflammation was not modulated by macrophage MR deletion. Macrophage MR
deletion did have a small effect in reducing glomerular macrophage infiltration;
however this was not observed in the interstitium, where the vast majority of
macrophages were found. Furthermore, the state of activation of existing
macrophages as determined by CD169 immunostaining, as well as gene
expression of classic macrophage inflammatory cytokines TNF-a, iNOS and
MCP-1, showed no difference between WT and KO mice. One possible
explanation for this observation is the variability of the Cre mediated deletion of
MR gene. Unlike aggressive murine models of sepsis or crescentic
glomerulonephritis, where the lysozyme gene is highly active and hence leads
to a near-complete Cre mediated MR gene deletion (21), a chronic disease
such as DN may not provide efficient deletion of the MR gene. Time may also
be an important factor. If the disease was allowed to progress further, the
increased activity of inflammatory macrophages may lead to a higher degree of

Cre mediated MR gene deletion.
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Another important factor to consider is the relative importance of MR signalling
in other intrinsic renal cells. The MR has been identified in mesangial cells (22)
and also epithelial cells such as the podocyte (23). Activation of MR in the
kidney has been shown to increase glomerular inflammation and matrix
deposition leading to glomerulosclerosis and even interstitial fibrosis (24). Our
results suggest that MR signalling in macrophages may only play a limited role
in the pathogenesis of mouse DN. Therefore, it is possible that MR inhibition in

either podocytes or mesangial cells may provide more protection during DN.

Despite progressive hyperglycaemia, albuminuria reduced in both groups of
mice towards the end of the study. This was another unexpected finding. The
results remained unchanged when albuminuria was corrected for hydration by
using the albumin to creatinine ratio. Several factors could contribute to this
finding: i) reduction in renal function could potentially reduce the excretion of
albumin; i) due to chronic disease, hypoalbuminaemia developed, thus
reducing available circulating albumin for excretion; iii) the degree of
albuminuria was small i.e. microalbuminuria, therefore even subtle changes of
renal function or serum albumin could significantly reduce albuminuria; and
lastly iv) STZ may transiently cause tubular injury in the early phase of this
disease model, which may reduce the reabsorption of filtered albumin, hence
manifest as higher initial albuminuria. Our results also showed that there was no
difference in albuminuria between the WT and KO mice during DN. This adds to
the existing body of evidence that suggest macrophages have a limited role in
the development and progression of proteinuria in kidney disease (6).
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Our study is limited by an overall mild severity of disease, which made detection
of any benefits conferred by targeted MR deletion difficult. One possibility for
future studies would be to extend the duration of DN, or use a DN model which
incorporates hypertension. Given that up to 70% of patients with DN have
concomitant hypertension (25), it would be more clinically relevant to examine
the effects of targeted MR deletion in an experimental model which involves
hypertension. Furthermore, the inclusion of a treatment control group using
systemic MR antagonist eplerenone would provide more meaningful
comparisons between targeted versus systemic MR blockade. Unfortunately,
we did not have the resources to provide long term drug therapy. Lastly, in
order to ensure adequate selective Cre mediated deletion of the MR gene in
macrophages, a different promoter such as CD68 or CD11lb may be more

appropriate in a disease model such as DN.

In conclusion, this study identifies a role for macrophage MR in mediating
glomerular hypertrophy and hypercellularity during diabetic nephropathy. It also
suggests that macrophage MR has a limited role in renal inflammation and
fibrosis during early diabetic nephropathy. Given the reproducible benefits of
systemic MR antagonists in diabetic nephropathy, our study suggests that
investigating targeted MR gene deletion in other renal cells, such as podocytes,

mesangial cells, or fibroblasts, may be warranted.
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5 Discussion

5.1 Introduction

The research in this thesis has focussed on examining the cell-type specific
roles of MR signalling in fibroblasts, macrophages and podocytes in the
development of acute and chronic renal injury. Collectively, these results have
demonstrated the pathological effects of MR signalling in these renal cells,
leading to kidney inflammation and fibrosis. This chapter will summarise the
major findings, discuss the impact of these findings and identify potential

directions for further study.

5.2 MR signalling in fibroblasts

5.2.1 Aldosterone-induced proliferation of renal fibroblasts

Work in Chapter 2 of this thesis has demonstrated that MR signalling can cause
proliferation of rat and mouse kidney fibroblasts and particularly those from
fibrotic mouse kidneys. Aldosterone-induced fibroblast proliferation represents a
new mechanism by which MR signalling can activate fibroblasts and promote a
fibrotic response. Our finding is significant because fibroblast proliferation has
recently been recognised as the predominant source of myofibroblast
accumulation in the diseased kidney (1). This may have relevance to a number
of kidney diseases including DN (2) and obstructive uropathy (3), which feature
myofibroblast proliferation and in which progression is dependent on renin-
angiotensin-aldosterone activity. In addition, this finding suggests that other
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renal cells that have myofibroblast-like properties (e.g. activated mesangial
cells) may also proliferate in response to aldosterone. Indeed, the receptor and
cell signalling pathways induced by MR activation in fibroblasts appear to be

similar to those that are seen in mesangial cells (4).

5.2.2 Cellular pathways mediating MR responses in kidney fibroblasts

Identifying the intracellular mechanisms which mediate aldosterone-induced
fibroblast proliferation has provided important insight into the MR signalling
pathway. My work has demonstrated that MR-mediated fibroblast proliferation
occurs by a non-genomic pathway involving rapid ligand-independent activation
of growth factor receptors (PDGFR, EFGR) and specific signalling kinases (Akt,
ERK, JNK). Elements of this pathway are also activated in other kidney cells
following stimulation with aldosterone. For example, mesangial cells exposed
to aldosterone had increased proliferation via activation of MR and ERK (4);
while aldosterone treatment to podocytes promoted apoptosis by reducing
survival factor PI3k/Akt (5). If rapidly activated non-genomic pathways are
critical to the pathological effects of MR signalling, then studies like this one will
help to identify downstream mediators of MR signalling which could be targeted

therapeutically.
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5.2.3 Downstream mediators of fibroblast MR signalling as potential

therapeutic targets

As systemic blockade of TGF-f and MR can cause significant adverse effects,
the identification of signalling pathways downstream of MR may provide
potential therapeutic targets. My results demonstrate a reduction in MR-
mediated renal fibroblast proliferation by inhibiting the activity of PDGF and
EGF receptors. Given that these pathways are shared in mesangial cells (4),
blockade of these growth factor receptors may be beneficial in conditions such
as obstructive uropathy, or mesangio-proliferative glomerulopathies such as IgA
nephropathy (6). In fact, blockade of PDGF or its tyrosine kinase signalling
pathways have been shown to reduce fibrotic gene expression by down-
regulating subsequent ERK, Akt phosphorylation in hepatic stellate cells (7).
Similar pathways involving growth factor receptor activation and PI3K/Akt
signalling are also implicated in scleroderma (8), as well as idiopathic
pulmonary fibrosis (9) — systemic diseases characterised by intense fibrosis that
have little therapeutic options at present. These results demonstrate a common,
pro-fibrotic signalling pathway used by fibroblast-like cells in different organs.
Inhibition of these pathways may provide benefits not only in renal fibrosis, but

also in liver and pulmonary fibrosis.

My findings have also demonstrated that JNK signalling mediates the pro-
proliferative effects of MR activation in renal fibroblasts. This result supports
previous suggestions that JNK signalling promotes pro-fibrotic responses in

kidney disease, which has been observed in other renal cells such as tubular
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epithelial cells (10) and mesangial cells (11), as well as animal models of renal
fibrosis (12). Inhibition of JNK signalling in a rat UUO model of obstructive
uropathy significantly reduced matrix deposition and myofibroblast accumulation
(13). IJNK signalling was also identified in myofibroblasts during the late, fibrotic
stages of rat anti-GBM GN (14). In contrast, JNK inhibition did not appear to
affect glomerular or tubulointerstitial fibrosis during early stages of type 1
diabetes and hypertension (15). Put together, these experimental findings
suggest both ERK and JNK signalling are potential targets in reducing renal

fibrosis during certain renal diseases.

5.2.4 Identifying the importance of fibroblast MR signalling in

progressive kidney diseases

What remains to be determined is whether MR signalling in fibroblasts is a
substantial component of the pathological effect of MR signalling in progressive
kidney disease. Specific gene deletion of MR signalling in fibroblasts is now
possible with the availability of mice expressing Cre under the control of a
fibroblast specific promoter (e.g. pro-ai(l) collagen), which would target
collagen | producing cells such as the fibroblast and myofibroblast. This could
also be conditionally activated in adult mice by tomoxifen (e.g. pro-ai(l)
collagen"/ERT). Once fibroblast selective MR KO mice have been developed,
it will be important to investigate the role of fibroblast MR in appropriate models
of progressive kidney fibrosis including the UUO model of obstructive uropathy,

and the adriamycin-induced model of focal and segmental glomerulosclerosis.

210



The role of fibroblast MR may also be elucidated by using these mice in late

stages of murine DN, and that of anti-GBM GN.

5.3 MR signalling in macrophages

Macrophages are important cells in the pathogenesis of kidney diseases
including DN and GN. Findings from our experiments in Chapter 2 showed that
macrophage MR had a significant role in promoting macrophage accumulation
in the kidney and subsequent renal injury during acute GN. Although previous
studies have shown MR activation to be proinflammatory and pro-fibrotic, our
findings are the first to demonstrate the contribution of macrophage MR
signalling in kidney inflammation during acute GN. Results from Chapter 4 of
this thesis suggest that macrophage MR contributes significantly toward
glomerulomegaly during diabetes — a novel finding that may have implications in

understanding the cellular mechanisms of reactive glomerular change.

5.3.1 Macrophage MR signalling is a major contributor to injury in acute

GN

Findings from Chapter 3 of my thesis looked at the contribution of MR signalling
in myeloid cells (neutrophils and macrophages) in a model of rapidly
progressive GN. Mice with MR gene deletion in myeloid cells had reduced
levels of renal inflammation, crescent formation, tubular damage and interstitial

fibrosis, which resulted in diminished albuminuria during the early stage of
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disease, and protection from loss of renal function later on. In the advanced
stages of anti-GBM GN, which are neutrophil-independent, myeloid MR
signalling played a critical role in orchestrating macrophage accumulation in the
kidney — both in the glomeruli, as well as the interstitium. These results
demonstrate that macrophage MR signalling can promote renal injury by
increasing proinflammatory cytokine expression, glomerular crescent formation,
myofibroblast accumulation, ECM deposition and tubular apoptosis. This finding
is the first to identify a significant contribution of macrophage MR signalling in

acute inflammatory kidney disease.

Systemic treatment with the MR antagonist eplerenone produced similar results
to mice deficient in myeloid MR in a mouse model of anti-GBM GN in terms of
reductions in renal inflammation, fibrosis and apoptosis. However the degree of
benefit was less pronounced with eplerenone treatment in terms of renal
macrophage and myofibroblast accumulation. The difference between drug
treatment and gene deletion was an interesting observation. One might expect
the effects of macrophage MR gene deletion to sit between the effects of WT
and eplerenone treated mice. There are multiple explanations which could
explain these findings. Firstly, the effect of drug treatment is very dependent on
its serum levels, which varies according to bioavailability, half-life and dosage.
The troughs and peaks of plasma eplerenone, even in steady state, could affect
the degree of MR antagonism. In comparison, once MR is lost in myeloid cells
in MyMRKO mice, the MR deficiency is maintained. My analysis of kidney
macrophages in mice with anti-GBM GN, showed a reduction in macrophage
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MR gene expression of approximately 80%. Therefore, macrophage MR
signalling is more likely to be consistently suppressed in MyMRKO mice
compared to eplerenone-treated mice. Secondly, the dose of eplerenone
administered in our studies (100 mg/kg/day) was derived from previously
published experiments (16-17). Although commonly used, this dose may not
provide complete protection against pathological MR signalling. My
experimental data showed that eplerenone treated mice had normal range
plasma potassium — suggesting that they could potentially tolerate higher

doses, which can be examined in future studies.

5.3.2 Effect of macrophage MR deficiency on macrophage phenotype in

acute GN

Deletion of the MR in macrophages suppressed the kidney expression of
inflammatory markers associated with a classical macrophage M1 phenotype
(e.g. TNF-qa, iNOS) during anti-GBM GN. However, this reduction of M1 markers
correlated with the diminished infiltrate of macrophages, indicating that the
macrophage phenotype may not change substantially in the absence of MR
signalling. Furthermore, when CD11b+ macrophages were isolated from
kidneys at day 15 of anti-GBM disease and characterised, the analysis
demonstrated that the MR-deficient macrophages had a similar phenotype to
the wild type macrophages, which showed a shift towards a M2 phenotype.
Therefore, the shift towards M2 should be seen as a response to the GN

disease process, rather than an effect mediated by the macrophage MR. My
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results are comparable to those described by Frieler et. al. in a mouse model of
cerebral vascular disease (18), where MyMRKO mice had reduced macrophage
and microglia infiltration, attenuated M1 cytokines, and no significant change to
M2 cytokine profile when compared to wild type mice. Taken together, these
results suggest that activation of macrophage MR does not significantly
influence the kidney macrophage phenotype during the advanced stages of
anti-GBM disease. These findings are in contrast to a previous in vitro study
suggesting that the macrophage phenotype was dictated by its MR signalling
(19). However, it is possible that macrophage MR signalling may play a role in
determining the macrophage phenotype at earlier stages of anti-GBM GN or in

other types of kidney disease, which requires further investigation.

An area that requires additional study is the identity of the ligand that occupies
the macrophage MR during kidney inflammation. Both aldosterone and
glucocorticoids can occupy the MR with equal affinity. However due to the
1000-fold higher concentration of glucocorticoids in the circulation, aldosterone
can only occupy the MR in tissues that express 11B-HSD2 (20). Our results
demonstrated that MR activation in macrophages contributes to renal injury
during GN. Given that monocytes and macrophages do not express 113-HSD2,
a reasonable assumption is that the macrophage MR was occupied by
glucocorticoids. In fact, there is evidence that activated macrophages express
11B-HSD1, which  converts inactive cortisone to the active
cortisol/corticosterone (21). However, one also needs to take into account the
environment these macrophages are infiltrating. Almost all cells in the kidney
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have been found to express 11B-HSD2, including: glomerular cells such as
podocytes (22), mesangial cells (23); tubular cells at multiple levels, and the
renal medulla (24). Therefore, it is plausible that the levels of glucocorticoids
seen by kidney macrophages may be influenced by 11B-HSD2 produced
locally. Currently, there is a paucity of information on the identity of the major
ligand responsible for macrophage MR signalling in the kidney, nor the balance
of 11B-HSD isoforms in the inflamed kidney, which may be an area of future

research.

5.3.3 Macrophage MR signalling promotes renal Injury in type 1 diabetes

Previous work has shown both macrophage inhibition and systemic MR
antagonism to attenuate renal injury from type 1 diabetes — suggesting perhaps
a role of macrophage MR in the pathogenesis of DN. Results in Chapter 4
showed macrophage MR to be important in mediating glomerular hypertrophy
and hypercellularity. Other parameters affected by macrophage MR include
glomerular macrophage infiltration and tubulointerstitial apoptosis, which are
similar to our findings in Chapter 3 in the anti-GBM GN model. Despite these
protective findings, there were no obvious benefits of macrophage MR deletion
in terms of loss of renal function, the development of albuminuria and renal
fibrosis.  Furthermore, macrophage MR gene deletion did not alter the
increased levels of proinflammatory cytokine gene expression observed in the
diabetic kidney. These findings would suggest a limited role of macrophage MR

in the progression of DN due to type 1 diabetes.
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The limited protective effects of macrophage MR deletion in DN need to be
interpreted cautiously. Even though diabetes was induced successfully and
resulted in markedly elevated HbAic levels, my model of DN displayed a
relatively mild degree of nephropathy in terms of decline in renal function and
histological injury. Therefore, it is possible that macrophage MR gene deletion
may provide considerably more benefit in a more advanced stage of DN.
Examining the effects of macrophage MR deletion in a more severe model of
DN achieved by either a longer duration of diabetes or by using a model that
incorporates hypertension, or greater genetic susceptibility to diabetic renal
injury may help to overcome this problem. In addition, it is should be noted that
the degree of renal inflammation is relatively mild in chronic DN compared to
acute anti-GBM GN, which may affect the macrophage promoter (LysM) used to
induce expression of Cre-recombinase. Hence, it is possible that the level of
Cre mediated MR gene deletion in the macrophages may be less in diabetic
kidneys compared to anti-GBM GN kidneys, making it more difficult to
demonstrate the importance of macrophage MR signalling in DN. If so, future
studies using the Cre-LoxP system to examine the role of macrophage MR in
DN may need to utilise a different macrophage specific promoter in order to

achieve more complete MR gene deletion in macrophages in diabetic kidneys.

Despite mild and early nephropathy, an obvious benefit in the reduction of
glomerular hypertrophy was observed with macrophage MR KO. Glomerular

hypertrophy is a secondary phenomenon after a reduction in renal filtration. It is
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accepted that glomeruli undergo hypertrophy in the setting of hyperfiltration,
such as following unilateral nephrectomy. With time, hyperfiltration of the
remnant kidney undergoes fibrosis and loss of kidney function. Diabetic kidneys
also demonstrate glomerulomegaly (16, 25). Others have shown activation of
the renin-angiotensin-aldosterone axis (26) and increased oxidative stress by
ROS (27) to cause glomerular hypertrophy. My results show, for the first time,
that macrophage MR is involved in this process, as the MyMRKO mice had
near-complete reversal of glomerular hypertrophy. This finding has implications
for the prevention of progressive kidney disease and FSGS in patients post
unilateral nephrectomy, as well as renal transplant recipients and warrants

further research.

5.4 MR signalling in podocytes

5.4.1 Podocyte MR signalling does not affect the development of injury in

acute GN

Previous in vivo studies involving aldosterone infusion or MR antagonist
treatment have shown that MR activation causes podocyte injury which results
in proteinuria. To examine whether MR expression in podocytes is responsible
for MR-mediated albuminuria, | investigated the development of anti-GBM GN
in mice with specific genetic deletion of MR in podocytes. Before establishing
the GN model, successful deletion of podocyte MR in mice was verified by a
lack of immunostaining of MR on glomerular podocytes and a reduction of MR

gene expression in isolated glomeruli. Despite lacking podocyte MR signalling,
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the PodMRKO mice exhibited podocyte injury and albuminuria comparable to
WT mice with GN. Moreover, the development of renal impairment, crescent
formation, markers of renal inflammation and fibrosis, were all independent of
podocyte MR signalling. Our experimental findings were unexpected, as injury
to podocytes has previously been shown to cause albuminuria and

glomerulosclerosis (28).

Several reasons can help explain my observations. Firstly, previous evidence
supporting the involvement of MR in podocyte injury and proteinuria was
obtained from models of aldosterone excess, hypertension or models of type 1
diabetes. Although these animal models are dependent on inflammation for
their pathogeneses, inflammation is slow to progress and only plays a limited
role. This contrasts to the murine accelerated anti-GBM GN model, where acute
inflammation is the predominant disease mechanism and causes widespread
renal injury that often results in renal failure and death by 3 weeks.
Furthermore, studies in this thesis have shown that most of the MR-dependent
renal injury in the anti-GBM GN model is due to myeloid MR signalling.
Therefore, the contribution of podocyte MR signalling in models of acute

inflammatory kidney disease may be limited.

Secondly, podocyte injury during anti-GBM GN may arise from MR activation in
other renal cell types. Anatomically, podocytes along the glomerular basement
membrane are supported by the mesangial cell network. Disruption of the
glomerulus by inflammation can result in the rupture of Bowman’s capsule, or

crescent formation that can lead to mesangial cell injury, and subsequent
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podocyte loss. Mesangial cells are also capable of generating Angll, pro-
inflammatory cytokines and promote local oxidative stress (29) that can affect
neighbouring podocytes and promote apoptosis (30). My studies in the anti-
GBM GN model only examined the direct effects of deleting MR signalling in
podocytes, and thus, damage to podocytes from MR signalling in neighbouring
kidney cells was not prevented. However, it is noteworthy that eplerenone
treatment did not suppress albuminuria in mouse anti-GBM GN, suggesting that
MR activity may not be important for podocyte damage in this antibody-

dependent form of acute GN.

Even though podocyte MR deletion did not prevent progression of GN, this
result is novel and has significant implications. It demonstrates that the
pathological importance of MR signalling in specific cell types may vary with
different renal diseases and that MR antagonism is not required in all cells.
Other renal cells that warrant further investigation of selective MR blockade

include mesangial cells and renal fibroblasts.

5.4.2 Podocyte MR signalling may be important for glomerular injury in

other kidney diseases

Podocyte MR signalling may have more relevance in chronic diseases affecting
the kidneys. Previous studies have demonstrated the importance of MR
signalling in contributing to podocyte injury and proteinuria — such as in models

of STZ-induced diabetic nephropathy (31), and exposure to high salt and
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aldosterone (32). Both these models contribute to mild inflammation over
several weeks or months, and generate enhanced oxidative stress in the
kidneys. Therefore, it is possible that injury to podocytes in these models is due
to the effects of oxidative stress, rather than direct destruction from infiltrating
inflammatory cells. One method of evaluating this hypothesis would be to
develop models of STZ-induced DN in mice with podocyte MR deletion, and
examine for changes in albuminuria, podocyte injury (i.e. loss of podocytes or
podocyte proteins), and glomerulosclerosis. Animal models of hypertension-
associated renal injury may also be important in determining whether podocyte
MR plays a major role in the pathogenesis of proteinuria. This could be
achieved by administering excessive levels of mineralocorticoid-salt to
PodMRKO mice, or by establishing models of renal injury in PodMRKO mice

with genetic hypertension due to deletion of endothelial nitric oxide synthase.

Another subset of kidney disease that may involve podocyte MR includes the
nephrotic syndromes — in particular, membranous nephropathy. MR antagonists
have been shown to reduce proteinuria in patients with nephrotic syndrome who
were already on ACEi (33). Experimental studies indicate that MR activation
leads to increased kidney Rho-kinase signalling (34), and that Rho-kinase
activation result in podocyte cytoskeletal disruption and subsequent proteinuria
(35). Therefore, inhibition of podocyte MR may reduce the extent of podocyte
injury during nephrotic syndrome. This could be examined in a murine model of
Heymann nephritis or other models of immune-mediated podocyte injury (35),
using PodMRKO mice.
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5.5 Study limitations

It is important to acknowledge the potential limitations of the results arising from
this thesis. In Chapter 2, the optimal dose of aldosterone used to stimulate
NRK-49F cells or primary kidney fibroblasts was sometimes 10-fold higher than
that observed in the circulation. Therefore, these levels may not be
representative of conditions in vivo. However, given that multiple cells within the
kidney have been shown to express aldosterone synthase, the possibility of
high aldosterone concentrations in diseased kidneys cannot be excluded.
Furthermore, disease conditions have also been shown to increase the
expression of MR on kidney cells, indicating a greater likelihood of ligand-
receptor interaction. Another issue influencing the interpretation of my in vitro
studies is that cultures of a single cell type in plastic wells may yield results that
are considerably different to those that occur in a mixed cell cultures, or in an in
vivo environment. These issues may be partially addressed by future studies
examining co-cultures of fibroblasts and other renal cell types, such as tubular

cells or podocytes, in matrix-coated wells.

In Chapters 3 and 4, gene KO mice were given anti-GBM GN and DN to assess
the relative importance of MR signalling in selective cell types. Cell selectivity
was achieved by the Cre-LoxP technology, which is a widely used and validated
method. However the degree of MR gene deletion achieved in the selected cells

during disease was difficult to quantify. For example, the deletion of MR in
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myeloid cells was dependent on the promoter LysM, which is up-regulated
during active infection or inflammation. The extent of Cre-mediated deletion of
MR is therefore dependent on the degree of LysM up-regulation. Hence, it is
possible that not all myeloid cells will have adequate MR gene deletion during
mild inflammatory states, resulting in incomplete MR blockade. This effect may
not be obvious in the model of anti-GBM GN; however in the model of DN,
incomplete MR blockade may lead to reduced renal protection. Furthermore,
the exact contribution of MR from macrophages, neutrophils or sub-populations
of dendritic cell leading to renal injury during GN is difficult to determine. This is
due to the shared expression of LysM in these cells. Our assumption that
macrophage MR was predominantly responsible for the pathological effects
targeted in MyMRKO mice in anti-GBM disease was based on our
understanding of the pathogenesis of this disease model, which has been well
characterised and reviewed extensively in the literature. Despite this, further
experiments are required — perhaps through different techniques of selective
macrophage MR inhibition as described earlier — to specifically demonstrate the

role of macrophage MR during GN.

Animal models utilised in this thesis were chosen for their reproducibility, as well
as laboratory expertise. In Chapter 4, the resultant DN was mild, and may have
contributed to the limited benefits achieved with myeloid MR deletion. Future
studies examining the cell type specific roles of MR in diabetic kidney disease

will require optimisation of DN models to identify the best disease conditions
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and time points, in order to assess the impact of selected gene deletions on

particular features of disease.

In this thesis, | used eplerenone for systemic blockade of MR, which is widely
used in clinical practice. However, the use of eplerenone has some limitations.
Even though eplerenone is a more specific inhibitor of the MR than
spironolactone, it is of lesser potency in terms of competing for the receptor
(36). Findings obtained in the anti-GBM GN studies (Chapter 3) demonstrated
that the degree of renal protection obtained with eplerenone was sometimes
less than that obtained with myeloid MR deletion, suggesting that that systemic
MR blockade was incomplete. Therefore, it would be a reasonable assumption
that higher doses of eplerenone may provide greater renal protection —
especially when our results showed no evidence of hyperkalaemia.
Furthermore, from a pharmacokinetic point of view, eplerenone may have
provided more efficacy if it was allowed to reach steady state prior to the
induction of GN. This could have been achieved by giving an initial calculated

loading dose, or allowing five half lives of eplerenone to reach steady state.

5.6 Human translation

The Achilles heel of all laboratory studies is the applicability of novel results in
the treatment of kidney disease in patients. Positive findings in Chapter 2,
where aldosterone stimulated fibroblast proliferation in rodents, may not apply

directly to fibroblasts of a human. In order to translate our cell culture results,
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similar experiments must be carried out using fibroblasts sourced from people.
This can be examined using primary human dermal fibroblasts, which are
available commercially, or could be harvested from patients with specific
medical conditions such as diabetes or existing kidney disease. Another
potential source could be fibroblasts obtained from rejected transplanted
kidneys, although this would be technically challenging. Whatever the source,
primary human fibroblasts would require characterisation of their phenotype:
proliferative potential, generation of ECM, and also to confirm the expression of
MR; before being able to test the effect of aldosterone. Subsequent receptor
activation and intracellular signalling pathways may also differ between rodents

and humans — although these generally are highly conserved between species.

The ability to translate my animal model findings to patients is somewhat limited
by the lack of effect of myeloid MR deletion on the development of albuminuria
in models of anti-GBM GN and STZ-induced type 1 DN. In contrast, most
clinical studies examining the effects of MR antagonist treatment in kidney
disease have identified a reduction in albuminuria as the primary outcome (37).
This discrepancy may be explained by differences in the nature of the kidney
diseases examined in animal and clinical studies. In my mouse model of
accelerated anti-GBM GN, albuminuria developed acutely at day 1 and
maintained a similar level throughout the disease. Neither eplerenone nor
deficiency of MR in podocytes or myeloid cells provided any substantial
protection to the development of albuminuria, suggesting that MR signalling was
not a critical contributor to the acute podocyte injury seen in this model. In
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comparison, eplerenone blockade has been shown to be protective against
models of GN and DN that progress more slowly (16, 38) and chronic kidney
disease in patients (37). In my DN model, albuminuria was not progressive and
was not affected by myeloid MR deficiency, which suggests that renal injury in
this model was probably too mild to see any benefit of cell-specific or systemic
MR blockade; however, eplerenone treatment was not investigated in this
model. These findings emphasize the importance of using disease models that
have a similar pathological progression and measurable endpoints to those

seen in clinical trials.

Involvement of the MR-mediated pathology during GN is demonstrated in
Chapter 3, where both macrophage-selective and systemic MR antagonism
reduced overall renal injury by inhibiting inflammation and fibrosis. These
results support a role for the use of MR antagonists as an adjunct therapy for
patients with GN, particularly when conventional therapies (ACEi or ARB) are
insufficient to prevent disease progression. Given the current availability of
systemic MR antagonists, randomised controlled clinical trials could be set up to
examine the effects of MR antagonists alone, or in combination with ACEi,
during GN. The obvious concern is hyperkalaemia; however our results suggest
— at least in mice — that the doses of MR inhibitor required for renal protection
are smaller than that is required to induce hyperkalaemia. Furthermore, newer
classes of MR antagonists with reduced affinity for renal tubular cell MR, and
thus have reduced theoretical risk of hyperkalaemia, are already being trialled in
experimental studies (39). Results from this thesis also suggest that specific
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targeting of myeloid MR can be effective in reducing the extent of kidney injury
during GN without affecting tubular function. This may lead to the future
development of therapeutic drugs or drug delivery systems that allow cell

selective MR antagonism.

5.7 Future perspectives

Based on the results of this thesis, further investigations are required to assess
the effectiveness of single cell MR inhibition in other kidney diseases, as well as

to explore methods of delivering cell selective MR blockade.

As described earlier, cell selective MR blockade in fibroblasts and podocytes
should also be examined in models of renal fibrosis and DN respectively.
Another experiment of interest is the assessment of MyMRKO mice during
ischaemic reperfusion injury (IRI). MR antagonists have been shown to abolish
the extent of injury during IRI, whether it was given pre-injury, or post (40-41).
Given that macrophages also play a role in the acute inflammatory response
post IRI (42), as well as contributing towards renal fibrosis late in the disease
process (43), an experiment using mice with selective macrophage MR

inhibition may provide insight into the role of macrophage MR in IRI.

My thesis findings are unique in that, for the first time, | have been able to

discern the roles of MR activation in selective kidney cells during kidney
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disease. Similar techniques have led to exploration of cell specific MR deletions
in cardiac and cerebrovascular disease. These findings will help to provide a
foundation for cell selective MR blockade, which allows avoidance of salt
disturbance, and will benefit patients, not only with renal disease, but also
cardiovascular diseases in general. To achieve this goal, newer therapeutics

require a drug design that will promote cell selectivity.

There are multiple potential strategies for selectively delivering MR antagonists
to macrophages. One example is the use of liposome delivery systems (44),
which capitalises on the innate ability of the macrophage to phagocytose
liposomes — which can be loaded with drugs such as MR antagonists. Another
method is to taking advantage of scavenger receptors that are unique to
macrophages. Therapeutics can be attached to molecules that are designed to
specifically engage activated macrophage expressing scavenger receptors (45-
46). This approach has been shown to accurately target macrophages
responsible for the pathogenesis of atherosclerosis (46). Both these techniques
have the potential to achieve macrophage selective MR antagonism during
disease, without affecting tubular MR activity or the function of resident tissue

macrophages.

Developments in novel non-steroidal MR antagonists have also seen
improvements in reducing endocrine side effects as well as reducing effects on

tubular MR (39). This could facilitate a broader use of combined therapies which
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utilise both MR antagonists and ACEi, and potentially overcome the effects of

aldosterone breakthrough.

An alternative method of reducing the deleterious effects of MR activation is by
targeting downstream signalling pathways. It is likely that some of the MR-
activated cell signalling pathways involved in the pathological effects mediated
by macrophages, podocytes and fibroblasts will not be required for MR
regulation of normal tubular function. Once identified, these pathways could
potentially be blocked by specific inhibitors and provide an alternate therapeutic

strategy for preventing the pathological effects of MR in kidney diseases.
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Abstract

Background/Aims: The mineralocorticoid hormone, aldo-
sterone, has pro-fibrotic properties which can cause kidney
damage. The severity of kidney interstitial fibrosis is depen-
dent on the accumulation of fibroblasts, which result largely
from local proliferation; however, it is unknown whether al-
dosterone stimulates kidney fibroblast proliferation. There-
fore, we examined the effects of aldosterone on the prolif-
eration of cultured kidney fibroblasts. Methods: Uptake of
3H-thymidine and cell number quantitation were used tode-
termine the proliferative effects of aldosterone on a rat kid-
ney fibroblast cell line (NRK49F cells) and interstitial fibro-
blasts extracted from mouse kidneys after unilateral ureter
obstruction. The role of different mitogenic signalling path-
ways in aldosterone-induced proliferation was assessed us-
ing specific inhibitors of receptors and kinases. Results:
Physiclogical levels of aldosterone induced a doubling of
proliferation of kidney fibroblasts (p < 0.0001), which was
inhibited by pre-treatment with the mineralocorticoid re-
ceptor antagonist, eplerenone. Aldosterone-induced fibro-

blast proliferation was dependent upon the kinase activity
of growth factor receptors [platelet-derived growth factor
receptor (PDGFR) and epidermal growth factor receptor].
Notably, PDGF ligands were not involved in aldosterone-in-
duced PDGFR activation, indicating receptor transactivation.
Aldosterone-induced fibroblast proliferation also required
signalling via PI3K, JNK and ERK pathways, but not via the
transforming growth factor-p, receptor. Conclusion: Aldo-
sterone ligation of the mineralocorticoid receptor in kidney
fibroblasts results in rapid activation of growth factor recep-
tors and induction of PI3K/MAPK signalling, which stimu-
lates proliferation. This suggests that increased levels of al-
dosterone during disease may promote the severity of kid-
ney fibrosis by inducing fibroblast proliferation.

Copyright © 2012 5. Karger AG, Basel

Introduction

Increased levels of aldosterone promote fibrosis in the
heart and kidneys [1]; however, it is unclear whether these
pro-fibrotic effects are simply an indirect consequence of
aldosterone-induced hypertension or a direct effect of al-
dosterone on fibroblasts via the mineralocorticoid recep-
tor (MR).
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Studies in hypertensive rats demonstrate that MR
blockade with eplerenone, at doses that do not reduce
blood pressure, can inhibit renal fibrosis in the presence
or absence of diabetes [2, 3]. Eplerenone can also reduce
renal fibrosis in diabetic mice which do not develop hy-
pertension [4]. These findings suggest that aldosterone
can induce renal fibrosis in the absence of an effect on
hypertension.

In vitro studies indicate that aldosterone can directly
promote fibrotic responses. In kidney fibroblasts, physi-
ological levels of aldosterone (107 to 10-* m) can enhance
the production of transforming growth factor (TGF)-B,
plasminogen activator inhibitor (PAI)-1 and connective
tissue growth factor [5, 6] and increase mRNA levels of
collagen and *H-proline incorporation [7]. These find-
ings suggest that aldosterone may regulate matrix pro-
duction by fibroblasts.

Aldosterone may also promote fibrosis by increasing
fibroblast accumulation. In diseased kidneys, interstitial
fibroblast number is a strong predictor of progression to
end-stage renal failure [8]. Aldosterone can induce epi-
thelial to mesenchymal transition of cultured kidney tu-
bular cells resulting in their transformation into myofi-
broblasts [9]. However, regardless of the origin of kidney
interstitial fibroblasts, it is the local proliferation of these
fibroblasts that is a major factor driving their accumula-
tion in the diseased kidney [10]. Studies have reported
that aldosterone can induce proliferation of cardiac myo-
fibroblasts [11, 12] and that a high level of aldosterone
(1077 M) can induce the proliferation of a kidney fibro-
blast cell line [13]. However, it is unknown whether phys-
iological levels of aldosterone stimulate the proliferation
of kidney fibroblasts, especially primary cells isolated
from fibrotic kidneys. Therefore, this study was devised
to examine whether kidney-derived fibroblasts prolifer-
ate in response to aldosterone and to determine the cell
signalling mechanisms involved.

Methods

Rat Kidney Fibroblast Cells

Afibroblast cell line derived from normal rat kidney (NRK49F)
was obtained from the American Tissue Culture Collection
(Rockville, Md., USA).

Isolation of Fibroblasts from Fibrotic Mouse Kidneys

Interstitial fibroblasts were obtained from fibrotic mouse kid-
neys after 7 days of unilateral ureter obstruction (UUO) [10], in
accordance with institutional ethics guidelines. These fibroblasts
have stronger proliferative activity than those obtained from nor-
mal kidneys and more closely represent fibroblasts in diseased

Aldosterone Induces Kidney Fibroblast
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kidneys [14]. Dissected kidneys were incubated in collagen-coated
wells in 10% FCS/DMEM/penicillin/streptomycin. The primary
outgrowth cells were trypsinized and subcultured for experi-
ments. Primary cells were cultured with colony-stimulating fac-
tor receptor antibody (20 pg/ml AFS98) to deplete contaminating
macrophages [15]. After 2 weeks, the remaining kidney cells were
found to be fibroblasts based on flow cytometry analysis (see Re-
sults).

Cell Proliferation Assays

Kidney fibroblasts were added to 96-well plates (2.5 x 10°
cells/well) in 5% FCS/DMEM and, after overnight culture, the
FCS was reduced to 0.5% for 24 h to render cells quiescent. After
fasting, cells were incubated with and without stimuli for 24 h in
DMEM containing 0.1% BSA and 1% insulin/transferrin/seleni-
um supplement (Invitrogen, Grand Island, N.Y., USA). The stim-
uli used were aldosterone (Sigma) or recombinant human plate-
let-derived growth factor (thPDGF)-AB (10 ng/ml; Peprotech,
Rocky Hill, N.J., USA). During the last 18 h of culture, *H-thymi-
dine (0.5 p.Ci/well; Amersham, UK) was added to the medium.
After incubation, cells were washed and lysed, and the lysate ana-
lysed with a B-counter. In some experiments, the cell number was
determined by adding a tetrazolium compound (MTS) to the me-
diaand measuring its conversion to formazan (Celltiter, Promega,
Madison, Wisc., USA).

Inhibition of Cell Signalling Pathways

To identify signalling mechanisms involved in aldosterone-
induced proliferation, cells were pre-incubated with various in-
hibitors for 30 min before stimulation. Preliminary studies identi-
fied the minimal effective dose of these inhibitors and showed
that these doses were not cytotoxic by measuring the cellular re-
lease of lactate dehydrogenase (Cytotoxicity Detection Kit, Roche
Diagnostics, Mannheim, Germany). The inhibitors used were:
MR antagonist — eplerenone (Sigma); PDGF receptor (PDGFR)
kinase inhibitor - STI-571 (Novartis, Sydney, Australia); recom-
binant mouse PDGFRa/Fc chimera and recombinant mouse
PDGFRB/Fc chimera (R&D Systems, Minneapolis, Minn., USA);
epidermal growth factor receptor (EGFR) kinase inhibitor —
AGI1478 (Calbiochem, La Jolla, Calif., USA); PI3K inhibitor -
LY294002 (Calbiochem); JNK inhibitor — SP600125 (Calbio-
chem); ERK inhibitor - UQ126 (Calbiochem); and ALK5/TGF-B,
receptor (TGF-B,R) kinase inhibitor — SB431542 (Calbiochem).

Immunoprecipitation and Western Blots

NREKA9F cells were grown in 6-well plates to near confluency
and then starved in 0.5% FCS/DMEM for 24 h. Cells were then
incubated in DMEM with 10~* M vanadate in the presence of ei-
ther aldosterone (10-* or 10-* M; Sigma) or thPDGEF-AB (10 ng/ml;
Peprotech) or no stimuli for 15, 30 or 60 min. After stimulation,
cells were washed and placed in lysis buffer (1% Triton X-100, 50
mM Tris/HCL, pH 7.5, 150 mm NaCl, 100 mm NaF, 2 mm EGTA
and phosphatase/protease inhibitor cocktail from Sigma).

For immunoprecipitation studies, cell lysates were incubated
with rabbit anti-PDGFR antibody (sc-432; Santa Cruz Biotech-
nology, Santa Cruz, Calif., USA). The lysate-antibody solution
was then incubated with protein G-Sepharose, and bound pro-
teins were released in SDS-PAGE sample buffer. Proteins were
separated by SDS-PAGE and electroblotted onto nitrocellulose
membranes. After blocking with Odyssey buffer (LI-COR, Lin-
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coln, Nebr., USA), membranes were incubated with mouse anti-
phospho-tyrosine antibody (PY20; Upstate Biotechnology, Lake
Placid, N.Y., USA) followed by donkey anti-mouse IRDye 800
(Rockland, Gilbertsville, Pa., USA). Phosphorylated PDGFR was
detected using the Odyssey Infrared Image Detection System (LI-
COR). Blots were reprobed to determine total PDGFR levels by

elle Nephron Exp Nephrol 2012;120:e114—e121

incubation with rabbit anti-PDGFRB (sc-432; Santa Cruz) fol-
lowed by goat anti-rabbit Alexa Fluor 680 (Invitrogen, Carlsbad,
Calif., USA) and LI-COR analysis.

For analysis of cell signalling pathway activation, proteins in
cell lysates were separated by SDS-PAGE and electroblotted onto
nitrocellulose membranes. After blocking in Odyssey buffer,
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membranes were incubated with rabbit primary antibodies [anti-
phospho-ERK1/2 (Thr202/204), anti-phospho-JNK1/2 (Thr183/
Thy185) or anti-phospho-Akt (Ser473); all from Cell Signaling
Technology, Beverly, Mass., USA] followed by goat anti-rabbit Al-
exa Fluor 680 (Invitrogen). Protein bands were detected using the
Odyssey Infrared Detection System (LI-COR). Protein loading
was determined using mouse anti-e-tubulin (Sigma) followed by
donkey anti-mouse IRDye 800 (Rockland).

Statistical Analysis

Statistical differences were analysed by Student’s t test or one-
way ANOVA. Data were recorded as the mean * SEM, and p<
0.05 was considered significant. All analyses were performed us-
ing GraphPad Prism 5.0 (GraphPad software, San Diego, Calif.,
USA). Each experiment was performed 3 times.

Results

Aldosterone Induces Renal Fibroblast Proliferation by

MR Signalling

Aldosterone at 10-? and 10-* m increased “H-thymi-
dine uptake in rat kidney fibroblasts (NRK49F cells) by
approximately 2-fold; however, no mitogenic effect was

Aldosterone Induces Kidney Fibroblast
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seen at 107 M (fig. 1a). Aldosterone also increased the
number of NRK49F cells (fig. 1b). Similarly, fibroblasts
extracted from obstructed mouse kidneys showed a
2-fold proliferative response to aldosterone at 1078 M
(fig. 1c, d). Pre-treatment of kidney fibroblasts with
10-¢ M eplerenone prevented the proliferative effect of al-
dosterone without altering basal proliferation (fig. la—d).
Flow cytometry analysis of the fibroblasts isolated from
obstructed mouse kidneys shows that these cells ex-
pressed fibroblast-specific protein 1 and a-smooth mus-
cle actin (a myofibroblast marker), but not cytokeratin
C-18 (an epithelial marker) or CD68 (a macrophage
marker) (fig. le).

Aldosterone-Induced Fibroblast Proliferation Requires

Activation of Growth Factor Receptors

Pre-treatment of NRK49F cells with an inhibitor of
PDGFR kinase (0.5 pm STI-571) or EGFR kinase (0.25
M AG1478) prevented the effect of 10~° M aldosterone on
fibroblast proliferation (fig. 2a, b), but did not influence
basal proliferation. Immunoprecipitation of PDGFR{
from cell lysates of NRK49F cells and subsequent West-
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Fig. 3. Aldosterone-induced fibroblast
proliferation involves activation of PI3K/
Akt, INK and ERK signalling pathways.
Western blotting of NRK49F cell lysates
demonstrates aldosterone-induced phos-
phorylation of Akt, JNK1/2 and ERK1/2
(a). a-Tubulin levels are shown as loading
controls. Pre-treatment with inhibitors of
PI3K (PI3Ki, LY294002) (b), INK (JNKI,
SP600125) (c) and ERK (ERKi, UO126) (d)
prevented aldosterone-induced prolifera-
tion of NRK49F fibroblasts. In compari-
son, an inhibitor of TGF-B,R/ALK5S (AL-
K5i, SB431542) (e) did not suppress aldo-
sterone-induced fibroblast proliferation.
Dataare themean * SEM;n=12(b);n=9
(c-e). Veh = Vehicle; Aldo = aldosterone.
#* p < 0.01;*** p < 0.001.
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ern blotting of phosphorylated tyrosine showed that
stimulation with 10~* M aldosterone for 30 min increased
phosphorylation of PDGERB (fig. 2c), suggesting that the
receptor was rapidly activated by aldosterone. The stimu-
latory effect of 10~ M aldosterone on NRK49F cell prolif-

el18 Nephron Exp Nephrol 2012;120:e114-€121

eration was unaffected by pre-treating cells with soluble
PDGER, which comprised PDGFRa/Fc and PDGFRB/Fc
fusion proteins (2 p.M each). In contrast, the same pre-
treatment suppressed the proliferation induced by 10
ng/ml thPDGF-AB (fig. 2d), showing that the soluble
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Fig. 4. Proposed mechanism of aldoste-
rone-induced kidney fibroblast prolifera-
tion. Aldosterone binds with cytoplasmic
MRs resulting in the transactivation of
growth factor receptors, which facilitate
activation of PI3K/Akt and Ras signalling.
Activation of Ras induces JNK signalling
via Rac and MEKK4/7 and ERK1/2 signal-
ling via Rafand MEK1/2, which stimulates
expression of genes that promote fibro-
blast proliferation.
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PDGEFR blocks ligand-mediated proliferation through
the PDGFR.

Aldosterone-Induced Fibroblast Proliferation Involves

Activation of PI3K and MAPKs

The post-receptor signalling mechanisms involved in
aldosterone-induced fibroblast proliferation were exam-
ined in NRK49F cells. Stimulation of NRK49F cells with
10~% M aldosterone resulted in activation of Akt, INK and
ERK signalling (fig. 3a). We then examined whether spe-
cific inhibitors of these kinases could inhibit aldoste-
rone-induced kidney fibroblast proliferation. The prolif-
erative effect of 10~ Maldosterone on NRK-49F cells was
prevented by pre-treatment with inhibitors of PI3K

Aldosterone Induces Kidney Fibroblast
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(3 M LY294032), INK (1 v SP600125) and ERK (1 pMm
U0126), and the doses of inhibitors used had no effect
on basal proliferation (fig. 3b—d). Since aldosterone also
induces TGF-B; production by NRK-49F cells, we exam-
ined whether signalling via the TGE-B,R receptor is in-
volved in this proliferative response. Treatment with an
inhibitor of TGF-B;R/ALKS5 (5 wM SB431542) did not
prevent aldosterone-induced fibroblast proliferation
(fig. 3a), although this inhibitor suppressed a TGEF-B;-
induced increase in PAI-1 mRNA level at 8 h in NRK-49F
cells (PAI-1/18S: no treatment 1.0 = 0.1, TGF-B; 14.2 +
2.6, TGF-B; + ALK5 1.1 * 0.1; for supplementary mate-
rials, see www.karger.com/doi/10.1159/000339500).
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Discussion

Our study has shown that physiological levels of aldo-
sterone induce proliferation of a kidney fibroblast cell
line and fibroblasts extracted from fibrotic mouse kid-
neys, demonstrating a capacity for increased levels of al-
dosterone to promote fibroblast accumulation in dis-
eased kidneys. This finding is directly relevant to kidney
disease since previous research has reported elevated al-
dosterone levels in the plasma and urine of patients with
chronic kidney disease [1] and increased MR levels in di-
abetic kidneys [4, 16].

Aldosterone-induced proliferation of kidney fibro-
blasts was found to be dependent on the activation of spe-
cific receptors. Firstly, eplerenone prevented the prolif-
erative response to aldosterone, indicating that this effect
was mediated by the established cytoplasmic MR. Sec-
ondly, aldosterone induced proliferation and required ac-
tivation of two growth factor receptors PDGEFR and
EGEFR. Interestingly, the PDGFR-mediated response was
ligand independent, indicating that activated cytoplas-
mic MR was inducing transactivation of the PDGFR. It is
also likely that the induction of EGFR signalling in kid-
ney fibroblasts is dependent on transactivation, since al-
dosterone binding of MR facilitates transactivation of
EGFR in other kidney cell types [17, 18]. Furthermore, it
is possible that transactivation of PDGFR and EGFR may
belinked by heterodimerization of these receptors, which
occurs in vascular smooth muscle cells resulting in cross-
talk [19]. Indeed, studies with vascular smooth muscle
cells have identified that aldosterone can stimulate trans-
activation of both the PDGFR and EGFR in the presence
of low levels of angiotensin IT [20].

This study has revealed critical post-receptor signal-
ling mechanisms which facilitate aldosterone-induced
proliferation of kidney fibroblasts. Aldosterone induced
rapid phosphorylation of Akt, INK and ERK, and block-
ade of PI3K, JNK or ERK could prevent the aldosterone-
induced proliferative response. Our finding is support-
ed by studies of Miiller glial cells in which ATP stimu-
lates transactivation of the PDGFR and EGFR and
subsequent activation of PI3K and ERK1/2, resulting in
proliferation [21]. Aldosterone can also induce prolif-
eration of cardiac myofibroblasts via activation of the
Ras/Raf/MEK1/2/ERK1/2 pathway [11] and prolifera-
tion of mesangial cells by a pathway dependent on acti-
vation of EGFR, PI3K and ERK1/2 [18]. Our discovery
that JNK signalling is also required for aldosterone-in-
duced renal fibroblast proliferation is supported by
studies showing that PDGF-BB induced proliferation of

el20 Nephron Exp Nephrol 2012;120:e114-e121

mesangial cells and dermal fibroblasts are JNK depen-
dent [22, 23].

Previous work shows that aldosterone increases TGF-
B1 mRNA levels in NRK49F cells [5] and TGF-B; can
stimulate proliferation of NRK49F cells [24] and fibro-
blasts isolated from renal biopsies [25]. However, our re-
sults indicate that the proliferative effects of aldosterone
on kidney fibroblasts are rapid and probably precede
TGF-B; production. Furthermore, TGF-B;R blockade
did not alter aldosterone-induced proliferation in NRK-
49F cells. Therefore, aldosterone does not appear to in-
duce fibroblast proliferation by producing TGF-;.

Aldosterone promotes fibrosis in animal models of hy-
pertensive kidney disease, glomerulonephritis and dia-
betic nephropathy [3, 4, 26], suggesting that aldosterone-
induced fibroblast proliferation may be an important
pathomechanism in chronic kidney diseases. Our study
demonstrates that aldosterone directly induces the pro-
liferation of cultured kidney fibroblasts via MR-mediated
activation of growth factor receptors and downstream
signalling through PI3K/Akt, ERK and JNK pathways
(fig. 4).
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