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Abstract

Proteinuria is clearly associated with the progression of chronic kidney disease
(CKD) but the mechanisms underlying this relationship remain unclear. Recent
evidence suggests that altered proximal tubular (PT) handling of filtered
proteins may significantly modulate urine protein excretion and progressive
renal disease. Megalin and neonatal Fc receptor (FCRn) are endocytic receptors
responsible for the PT reabsorption of glomerular ultrafiltered proteins by
receptor-mediated endocytosis (RME) and transcytosis, and are expressed on
the luminal surface of the PT. This study aimed to investigate the expression
and turnover of megalin and FcRn in proteinuria, and the possible mechanisms
underlying down-regulation of expression of these receptors.

In protein overload proteinuria (POP), the PT expression of megalin and FcRn
were both downregulated compared to control animals. In addition, significant
amount of both receptor were detected in the urine of proteinuric animals. This
reduction in megalin and FcRn protein expression was accompanied by a
significant increase in the urinary excretion of plasma proteins including the
most abundant albumin. Increased expression and activity of both matrix
metalloproteinase (MMP) and gamma secretase (y-secretase) was evident in
proteinuric animals and was paralleled with the urinary excretion of both
megalin and FcRn.

Megalin was previously identified to undergo regulated intramembrane
proteolysis (RIP). RIP includes the MMP-mediated cleavage of the extracellular
domain of megalin which in turn excreted into the urine, and the subsequent
cleavage of the intracellular domain by y-secretase. A synthetic inhibitor of
MMPs, batimastat (BB-94) significantly reduced urinary excretion and also
preserved the PT expression of megalin. In addition, inhibition of MMPs
appeared to be antiproteinuric by markedly reducing urinary excretion of
albumin and plasma proteins. The urinary excretion of FCRn was also reduced
in BB-94 treated animals but the mechanism of this reduction was not clear.
Further, BB-94 treatment preserved PT expression of FcRn in proteinuric
animals.

The POP model was developed to investigate the degree of tubulointerstitial
damage in experimental animals. Injury was detected in the interstitium of
proteinuric animals with significant increases in inflammatory markers including
tumour necrosis factor alpha (TNF-a), interleukin-6 (IL-6) and the transforming
growth factor-beta (TGF-B) as well as interstitial collagen deposition and
marked interstitial infiltration of macrophages (F4/80). Blockade of MMP in
proteinuric animals significantly reduced the expression of these markers in the
kidney and abrogated the progression of interstitial inflammation and fibrosis.



In summary this is the first study to correlate the reduced expression of megalin
and FcRn, and the urinary excretion of these receptors with the increased
cellular activity of MMP and the possible occurrence of RIP in vivo. Inhibition of
MMP could be of great importance in treating proteinuria and the progression of
tubulointerstitial inflammation and fibrosis, the most characteristic features of
CKD.
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1 Introduction

1.1 The kidney structure

The kidneys are paired bean-shaped organs that are located below the ribs
external to the peritoneal cavity on the posterior abdominal wall on each side of
the vertebral column. Each human kidney is approximately 10 cm in length, 5
cm in width and 2.5 cm in thickness. The approximate weight of human kidney
is 125 to 170 g in adult male and from 115 to 155 g in the adult female. The
structure of the kidney is the three distinct area, the outer renal cortex where the
urine production occur contains renal corpuscles, segments of the proximal and
distal convoluted tubules, as well as portions of the collecting ducts, the inner
renal medulla where the urine collection occur consists of specialised segment
of the nephron, the Loops of Henle, associated vasculature (vasa recta and
venulae recta) and the collecting ducts, and the third part is the renal capsule
that surrounds the internal structures of the kidney. Located to the middle of
each kidney in the concave notch away from the cortex there is the renal hilum
where the renal artery and vein, lymphatics and nerve plexus, and renal pelvis
and ureter enter and exit the kidney (Figure 1.1) (van Leeuwen and Bladh,
2016).

Renal Capsule

Calyces
Renal Pelvis

Renal Artery

N

Renal Hilum Medulla

Cortex

Figure 1.1. Structure of mammalian kidney depicting the important parts.
(Modified from Guyton, A. C. and Hall, J. E., 2000. Textbook of Medical
Physiology. Philadelphia WB Saunders Company).
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1.2 Kidney anatomy

The kidneys perform a number of important functions and play a crucial role in
maintaining acid-base homeostasis through the excretion of waste products,
regulation of body fluid volume and composition, and production and secretion
of hormones and enzymes such as erythropoietin and renin that regulate blood
pressure, calcium balance and production of red blood cells. Blood carrying
waste products is filtered in the kidney to produce a primary filtrate which is then
modified in the nephron to produce the final urine. This section will focus on the

most important components of nephron system.

1.3 The nephron

The nephrons are tiny tubules numbering more than one million in each human
kidney (van Leeuwen and Bladh, 2016). Nephrons constitute the major part of
the kidney cortex, and represent the functional and structural unit of the kidney
(Taal et al.,, 2011). The nephrons consist of the renal corpuscle filtering unit,
consisting of the glomerulus and the glomerular (Bowman’s) capsule, and the
renal tubule including the proximal tubule, loop of Henle, distal tubule and

collecting duct system (Figure 1.2).

The glomerulus is composed of capillaries supplied by an afferent glomerular
arteriole with a relatively higher diameter, and drained by an efferent glomerular
arteriole (Figure 1.3) (Koeppen and Stanton, 2012). The blood plasma is filtered
through the glomerular capillaries or capillary bed due to the higher hydraulic
pressure in these capillaries and the intrinsic permeability of the glomerular wall,
into the Bowman’s- or urinary-space that is located between the glomerulus and
the Bowman’s capsule (Mirpuri and Patel, 2000). The Bowman’s capsule is a
cup-shaped, double-layered epithelial wall that surrounds the entire glomerulus
and extend to the beginning of the PTs (Dudek, 2006).
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Figure 1.2: Schematic diagram of the nephron system.

1.3.1 Glomerular filtration barrier

The kidney glomerular filtration barrier (GFB) is composed of, from the capillary
lumen to the urinary space: endothelial cells and associated glycocalyx, the
glomerular basement membrane (GBM), and the podocytes with their “slit
diaphragms” (Figure 1.4) (Menon et al., 2012). The GFB has reported to have a
surface area of around 0.203 mm?in human kidney (Guasch and Myers, 1994)
and 0.184 mm? in the rat kidney (Shea and Morrison, 1975).

Glomerular endothelial cells are attached to the GBM that is covered by
podocytes on its opposite surface. The presence of different cells and
components in GFB together maintain the integrity and patency of the barrier, to
permitting, under normal conditions, passage only of small and midsize
molecules such as water, and restricting the passage of macromolecules such
as proteins. In addition to size-selective permeability, GFB has a charge-
selective property that also limits the free passage of macromolecules into the
urinary space (Chang et al., 1975, Ohlson et al., 2001). According to previous
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research, distortion of the components of any layer of the GFB has been linked
to proteinuria (Kalluri, 2006, Jarad and Miner, 2009).

Loss of GFB integrity often results in increased filtration of macromolecules
such as albumin and the appearance of glomerular proteinuria (Menon et al.,
2012). The herein described model of protein overload proteinuria (POP) is
associated with the increased glomerular permeability to proteins such as
albumin. Once filtered however the presence of receptors for ultrafiltered
macromolecules on the proximal tubular epithelial cells (PTEC) may further
modify the composition of the glomerular filtrate and determine the quality and

quantity of the final proteinuria.
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Figure 1.3: Schematic diagram of the renal glomerulus. Taken from Toblli et al.
(2012).

1.3.1.1 Endothelial cells

The endothelium of glomerular capillaries is characteristic and differs from other
capillary endothelia by having large fenestrations constituting 20-50% of the
entire endothelial surface (Figure 1.5) (Bulger et al., 1983, Haraldsson et al.,
2008).
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Figure 1.4: Structure of the glomerular filtration barrier (GFB). GFB forms the
sieve between the blood and urinary space through which initial filtrate (urine) is
formed (arrows). (A) Schematic diagram showing the components of GFB; the
fenestrated endothelial cells, the three layers of the GBM, and the podocytes.
The silt diaphragm is the highly specialised structure between the podocytes
that forms the final barrier in the system to loss protein. LRE = Lamina rara
externa, LD = Lamina densa, LRI = Lamina rara interna. (B) Transmission
electron micrograph of the rat glomerular capillary loop showing the three layers
of GFB. Taken from Pavenstadt et al. (2003). US = Urinary Space, P =
Podocytes, GBM = Glomerular basement membrane, EC = Endothelial cells,

GC=Glomerular capillary.



The fenestrated area contains pores, or fenestrae, that in human kidney range
from 70 to 100 nm in diameter (Pollak et al., 2014). These pores are freely
permeable to water, small solutes and small proteins but do not allow large
proteins, red blood cells, white blood cells and platelets to pass (Taal et al.,
2011).

Originally the endothelium was not regarded as a major component of the GFB
(Menon et al., 2012) because of the large diameter of its pores which exceed
that of albumin which has a diameter 3.6 nm (Haraldsson et al., 2008). However
recent studies have revealed that the entire endothelium of glomerular
capillaries is coated with a gel-like layer called endothelial cell surface layer
(ESL) (Jeansson and Haraldsson, 2003, Jeansson and Haraldsson, 2006). The
ESL is composed of glycocalex and glycoproteins which are both synthesised
and expressed by the endothelium itself. This is highly negatively charged and
minimises the filtration into Bowman’s space of positively charged molecules
such as albumin (Sorensson et al., 2003, Koeppen and Stanton, 2012). The
ESL projects around 200 nm into the capillary lumen thus further preventing
albumin and other small proteins from moving towards the capillary pores and
reaching the urinary space (Jeansson and Haraldsson, 2003). Recent studies
have shown that disruption of ESL by hyaluronidase and adriamycin treatment
leads to proteinuria in experimental animals, indicating the importance of this

layer in the GFB (Hjalmarsson et al., 2004, Jeansson et al., 2009).

Endothelial pores
or fenestrates

Figure 1.5: Fenestration area of the glomerular endothelium. Taken from Bulger
et al. (1883).



1.3.1.2 Glomerular basement membrane

The visceral epithelial, or podocyte, layer of Bowman’s capsule (urinary space)
and the endothelial layer of glomerular capillaries (vasculature) are separated
by a thick network (300-350 nm) layer called glomerular basement membrane
(GBM), the extracellular matrix component of the GFB (Comper et al., 1993,
Miner, 2012). The GBM is composed of three layers, the middle thick lamina
densa consists of type IV collagen, entactin (nidogen) and laminin, and the two
thinner lamina rara interna from the endothelial side and the lamina rara externa
from the podocyte layer (Taal et al., 2011, Pollak et al., 2014). The last two thin
layers contain heparan sulfate proteoglycans (perlecan, collagen XVIII, and
agrin) and measure approximately 20-40 nm in thickness (Jgrgensen, 1966).
The presence of these negatively charged proteins in the structure of GBM is an
important filtration barrier to plasma proteins. In the absence of heparan sulfate
side chains removed by enzymatic digestion in vitro, for example, the
permeability of GMB to ferritin (Kanwar et al., 1980) and bovine serum albumin
(Rosenzweig and Kanwar, 1982) has shown to be increased, suggesting the
role of these glycosaminoglycans in determining the charge-selectivity of GBM
to plasma proteins. This property of GBM is also detected in studies that show
the distribution and pattern of ferritin and dextran are restricted to the
subendothelial side of GBM in normal rats and dramatically changed after
treatment with puromycin to induce proteinuria (Farquhar and Palade 1960,
Caulfield and Farquhar, 1975). Further, it has been demonstrated that perlecan
deficient mice are more susceptible to develop proteinuria when overloaded
with protein (Morita et al., 2005).

Laminin especially laminin B2 is another basic component of the GBM that plays
an important function in the GFB. This is clear from Lamb2”’ mice as these
animals showed mild proteinuria at birth without any changes in the
endothelium and podocyte initially (Jarad et al., 2006), but thereafter urinary
albumin excretion increases significantly, the podocyte foot processes become
effaced, and the mice died about 1 month after birth (Miner et al., 2006). In
conditions such as membranous nephropathy (MN) and diabetic nephropathy
(DN), the thickness of GBM is altered (Wasserstein, 1997, Adler, 2004).



1.3.1.3 Podocytes

The visceral epithelial layer of Bowman’s capsule consists of terminally
differentiated glomerular podocytes. Podocytes are attached to the collagen,
fibronectin and laminin components of the GBM via asp1 integrins and support

the glomerular capillary loop of the Bowman’s space (Adler, 1992).

The glomerular podocytes pose long finger-like processes, called foot
processes (FP) or pedicles that extend toward the capillary loop and
interdigitate with each other to enwrap the glomerular capillaries (Mundel and
Kriz, 1995, Pavenstadt et al., 2003). The FP of podocytes are separated by
apparent filtration slits of approximately 25-60 nm wide and bridged with a thin
diaphragm called the filtration slit diaphragm (SD) (Taal et al., 2011, Koeppen
and Stanton, 2012) (Figure 1.6). This filtration slit and the luminal membrane of
the podocyte are covered with a thick, negatively charged coat containing
podocalyxin and other proteins essential for the GFB (Huang and Langlois,
1985, Sawada et al., 1986).

Many other proteins in FP and SD, such as nephrin, NEPH-1 and P-cadherin,
function as a barrier restricting the passage of macromolecules such as albumin
into the urinary space (Koeppen and Stanton, 2012). In addition to these
proteins, ZO-1, CD2AP, podocin are important proteins that maintain the
integrity and correct function of the SD (D’Amico and Bazzi, 2003). For
example, congenital nephrotic syndrome (NS) of the Finnish type is caused by
mutation in NPHS1, the gene encoding nephrin, suggesting that this protein is
crucial for normal function or structure of the GFB (Kestila et al., 1998).
Furthermore, inactivation of nephrin in mice results in dramatic changes in
podocyte structure including effaced FP and loss of SD as well as enlargement
of Bowman’s space and tubular dilation (Putaala et al., 2001). Moreover,
mutation in NPHS2 gene which is responsible for encoding the protein podocin,
are the principal cause of autosomal recessive (Machuca et al., 2009) and both
familial and sporadic NS (McKenzie et al., 2007), and podocin absence in mice
leads to focal segmental glomerulosclerosis and albuminuria due to foot

processes effacement (FPE) (Mollet et al., 2009).



A further component of the GFB is the SD. The relationship of the FPE, a
condition where the architecture of the podocyte foot projections are distorted or
retracted (Menon et al., 2012), with proteinuria is under the debate. In patients
with IgA nephropathy, it has been demonstrated that increased proteinuria is
found with the increased ratio of effacement of the podocyte FP (Tewari et al.,
2015) suggesting that normal structure of these projections play an important
role in retaining plasma proteins. Similarly, in DN the FP of glomerular
podocytes are greatly effaced and correlated with albuminuria (Adler 2004).
Conversely, van den Berg et al. (2004) have reported that podocyte FPE is not
correlated with proteinuria. In this study, treated patients with prednisolone that
are with minimal change nephrotic syndrome (MCNS) significantly ameliorated
podocyte FPE compared to non-treated patients, but there was no significant
difference in proteinuria in both conditions as well as IgA nephropathy that
exhibited more effacement than treated MCNS patients.
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Figure 1.6: The structure of the slit diaphragm and podocyte foot process

showing important proteins. Taken from Kerjaschki (2001).



1.3.2 The proximal tubule

The initial glomerular filtrate enters the urinary space and then enters the
proximal tubule (PT), a 14mm length, narrow tubule lined with a single layer of
cuboidal epithelial cells (Taal et al., 2011). The PT is composed of two distinct
segments, the convoluted and the straight tubules (Maunsbach, 1966). The
convoluted PT located in the cortical labyrinth, begins at the urinary pole of the
glomerulus where the parietal layer of Bowman’s capsule ends, and extends to
the straight portion of the PT in the medullary rays of the cortex and outer
medulla (Verlander, 1998). The PT is, morphologically, further subdivided into
three distinguishable segments which are the S1, S2 and S3 (Figure 1.7A&B)
(Maunsbach, 1966).

The epithelial cells in S1, the initial part of the convoluted portion, have
numerous microvilli located to the luminal surface that increase the surface area
of the PT and form the brush border membrane in the PT. The cells are tightly
connected and attached to each other at the basolateral membrane through
invaginations extending from the apical to the basal surface. These
invaginations contain many elongated mitochondria that are different from thus
found in the other segments, and prominent apical endocytic vesicles and
lysosomal compartments can also be seen in the S1 of the PT (Welling and
Welling, 1975, Taal et al., 2011).

The S2 occupies the last part of the convoluted portion and comes directly
before the straight portion of the PT. Ultrastructurally, there is no difference
between S2 and S1, however the cells in this segment are less tall and have
shorter apical microvilli and brush border compared to those in S1. The
basolateral plasma membrane invaginations are less prominent, and the cells
have fewer small mitochondria and reduced number of lysosomal
compartments and apical endocytic vesicles compared to the cells in S1. In
addition, near to the cell basal membrane numerous cytoplasmic projections
called micropedici can be observed which result from the shallow of membrane

invaginations (Verlander, 1998, Taal et al., 2011).
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S3 constitutes the last part of the straight portion of the PT. The cells in S3 are
easily recognised and differentiated from the cells in S1 and S2 by lacking or
less complicated basolateral membrane infoldings. They have fewer small
mitochondria, apical endocytic vesicles and lysosomal elements (Verlander,
1998). Compared to the other segments, the length of brush border in this
segment appears to be varied in various species. For example, the rat S3 has
tall brush border, in the rabbit is fairly short and human kidney S3 contains
intermediate brush border (Taal et al., 2011).

A particularly notable feature is the higher number and large size of
mitochondria in the first segment of the PT compared to the other segments.
Thus, it appears that the S1 is the place that reabsorption and transport are

more active than the later segments of the PT (Ross et al., 1995).

In the nephron, the most vulnerable portion is the PT because it performs the
majority of kidney function and occupies the greatest area of the cortical tissue
(Bakoush et al., 2001). It therefore requires more oxygen to yield adequate

metabolic energy for use solute transport.

In the PT, proteins and peptides bind to the PT brush border and are
reabsorbed from glomerular filtrate by receptor-mediated endocytosis (RME)
(Christensen et al., 1998). Reabsorbed proteins are then cleaved at the amino
side of hydrophobic amino acids by enzymes present in the brush border
including membrane metallo-endopeptidase (NEP; neutral endopeptidase,
kidney-brush-border neutral proteinase, enkephalinase, EC 3.4.24.11)
(Connelly et al., 1985, Inoue et al., 2003).
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Figure 1.7: (A) Schematic diagram of the three segments of the proximal tubule.
(B)Transmissinon electron microscopy showing the ultrastructure of the three
segments of the proximal tubule cells in the rat kidney.Taken from (Mills, S.E.,
2007. Histology for pathologists, 3rd Edition. Philadelphia), Zhuo and Li (2013).

1.4 Mechanisms of proteinuria

Proteinuria can be caused either by excess glomerular filtration of plasma
proteins due to altered permselectivity of the GFB (glomerular proteinuria), or by
reduced re-absorption of normally filtered low molecular weight (LMW) proteins
by PT cells (tubular proteinuria).

1.4.1 Glomerular proteinuria

Glomerular proteinuria can be associated with alterations in one or all the three
different levels of GFB, the endothelial cells, the GBM or the podocyte.
Proteinuria due to change in the endothelium structure is clearly seen in the
most common disease in women during pregnancy called pre-eclampsia, which
is characterised by glomerular endotheliosis and loss of endothelial fenestrate
(Lafayette et al., 1998). Numerous studies have confirmed that pre-eclamptic
patients have different levels of proteinuria which in some reach nephrotic-

range proteinuria (3.7 g/dl) and continues to increase (peak urine
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protein/creatinine ratio 9), indicating the significance of endothelium in
proteinuria in these patients (Stillman and Karumanchi, 2007). This relationship
between proteinuria and endothelial damage has also been noticed in pregnant

rats with pre-eclampsia (Maynard et al., 2003).

In terms of GBM, there are conditions that show the importance of the
components of this structure in proteinuria. For example, mutation in one of the
genes that encodes collagen IV may alter the structure of the GBM and this is
clearly observed in Alport’s syndrome that shows extensive GBM lamellations,
fragmentations, and progressive glomerulosclerosis (Hudson et al.,, 2003,
Sugimoto et al., 2006). Patients with this genetic disorder also have proteinuria
and haematuria mainly due to these abnormalities in the GBM (Sugimoto et al.,
2006). In mice, deficiency in the genes encoding collagen chains results in GBM
thinning and proteinuria with podocyte FPE (Kalluri and Cosgrove, 2000, Miner
and Sanes, 1996). Nail-patella syndrome is another genetic disorder caused by
impaired function of the transcription factor LMX1B which leads to deterioration
in the collagen IV structure and subsequent NS (Morello et al.,, 2001).
Proteinuria is one of the characteristic feature of the ILK knockout (KO) mice
because these animals have incorrect assembly in the GBM matrix components
(El-Aouni et al., 2006).

Proteinuria exists in all the conditions related to the glomerular podocyte
damage. Disruption of SD and FPE are most common in podocyte injury and
perhaps the main causes of protein particularly albumin leakage in glomerular
damage. Nephrin, among others, is considered as the most important protein in
the composition of the glomerular podocyte that plays important role in the
correct makeup of the SD. In diseases associated with nephrin abnormalities
such as in Finnish-type congenital NS where the gene responsible for nephrin is
mutated, the slit pores are disrupted and as a result proteinuria is massively
developed (Ruotsalainen et al., 1999, Tryggvason, 1999). In MCNS, reduction
of nephrin protein leads to enlargement of SD followed by massive non-
selective proteinuria (Tojo and Kinugasa, 2012). Podocyte actin cytoskeleton is
also crucial for the correct assembly of SD. Different models of podocyte injury
with proteinuria have shown the abnormality of actin and reduction of SD
molecules (Lee et al., 2004, Otaki et al., 2008, Greka and Mundel, 2012). Mice
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with Cdc42 deficiency in their podocyte, one of the GTPases in Rho family that
regulate actin cytoskeleton, develop heavy proteinuria associated with SD
abnormality (Scott et al., 2012). All these studies indicate that abnormalities in
the components of the GFB lead to abnormal passage of plasma proteins and
in the absence of tubular function significant amount of these proteins may
leave and found in the urine. In later section the importance of tubular

dysfunction in determining final proteinuria will be described.
1.4.2 Tubular proteinuria

Tubular proteinuria is defined by the urinary excretion of significant amount of
LMW proteins due to impaired tubular reabsorption of these proteins in the PT.
LMW proteins such as ai- and B2-microglobulin, retinol-binding protein (RBP),
urine protein 1 and B2-glycoprotein | (Norden et al., 2000) are normally filtered
by the glomeruli because of their smaller size, charge and glomerular
permeability to LMW proteins. On the other hand, intermediate and high
molecular weight (HMW) proteins are largely retained by the glomeruli and only

small amounts are found in the glomerular filtrate.

It has been demonstrated that using metabolic inhibitors to inhibit proximal
reabsorption of filtered proteins (Maack et al., 1979, Sumpio and Maack, 1982),
the glomerular sieving coefficient for lysozyme, a 14 600 molecular weight
endogenous protein found in circulating plasma, is about 0.75 in both rat
(Maack, 1975) and dog (Maack and Sigulem, 1974) comparing to the 0.01 for
albumin estimated in the initial portion of the PTs by direct puncture method
(Oken and Flamenbaum, 1971, Lewy and Pesce, 1973). These findings indicate
that proteins of low molecular size can easily pass through GFB compared to

the intermediate protein size such as albumin.

There is an agreement that normal glomeruli filter aloumin but in a nephrotic
range (Russo et al., 2007, Comper, 2008) and this amount is largely reabsorbed
by the PTs (Marshansky et al., 1997, Tojo and Kinugasa, 2012). Numerous
studies have demonstrated that tubular dysfunction may cause urinary excretion
of significant amount of albumin. Russo et al. (2007) found that impairment of

tubular function leads to albuminuria in nephrotic rats. Similarly, in patients with
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acute tubular necrosis albuminuria is resulted from defective reabsorption of this

protein by the endocytic receptors (West et al., 2006).

Furthermore, in proteinuric animals despite increasing glomerular permeability
of circulating protein, it appears that the damage to tubulointerstitium
determines the final proteinuria (Eddy, 1989, Eddy et al., 2000, Landgraf et al.,
2014). Similarly, rats with (cy/+), a model for autosomal-dominant polycystic
kidney disease develop proteinuria and that was due to the loss of endocytic
machinery and tubular dysfunction (Obermidiller et al., 2001). According to Gibb
et al. (1989), urinary excretion of albumin, RBP, and N-acetyl-beta-D-
glucosaminidase are all increased significantly in patients with early DN and
that was present with tubular abnormalities indicating the loss of endocytic

reabsorption of these proteins.

In addition, the fundamental role of tubular dysfunction in developing proteinuria
can also be shown in genetic disorders. For instance, the reduced tubular
function in Fanconi syndrome is clearly demonstrated by several studies, and
the most important is that this genetic disorder is always accompanied by
proteinuria indicating the positive link between proteinuria and tubular
dysfunction (Leheste et al., 1999, Norden et al., 2001, Lang, 2009). Decreased
resorption of proteins from glomerular filtrate can also be acquired and caused
by tubulointerstitial damage. In this case tubular or interstitial injury prevents the
PTs to reabsorb LMW proteins leading to tubular proteinuria (Viswanathan and
Rani, 2016).

1.5 Renal handling of protein

Several techniques and studies have demonstrated that, in normal humans,
urine contains a small amount of proteins. This is most likely because filtered
proteins are reabsorbed effectively by PTEC. Deterioration in glomerulo-tubular
balance may lead to loss large volume of essential proteins and excrete into the
urine. For example, proteinuria results from glomerular damage and severe

tubulointerstitial injury which may lead to adverse clinical outcomes.
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1.5.1 Glomerular filtration of albumin

Under normal conditions, in addition to small molecular weight proteins,
macromolecules such as albumin (66 kDa) and transferrin (81 kDa) are filtered,
but in small amounts by glomeruli (Christensen et al., 2012). Various techniques
have been identified to measure the amount of albumin which is normally found
in the glomerular filtrate. According to these techniques, including
micropuncture of rats and dogs, the concentration of albumin in the ultrafiltrate
is between 1 and 50ug/ml which equates to 170 mg and 9 g/24h in normal
humans (Birn and Christensen, 2006). The fractional filtration of albumin
estimated by micropuncture in rats, is the concentration ratio between proximal
tubular filtrate and blood and ranges between 0.0005 and 0.0007 (Tojo and
Endou, 1992, Lund et al., 2003). The fractional filtration of albumin in humans is
about 0.0001 (Norden et al., 2001).

Mogensen and Solling (1977) calculated the minimum albumin concentration in
glomerular filtrate to be 281 ug /min, corresponding to about 400 mg/24h whilst
blocking tubular albumin uptake with lysine in humans. Similarly, inhibition of
tubular albumin reabsorption by lysine in rats led to the excretion of
approximately 2.5-25 mg/24h, which equates to 0.7—7 g/24h in humans (Tencer
et al., 1998, Thelle et al., 2006).

Micropuncture and inhibition of tubular albumin uptake are considered to be
conventional techniques and largely depend on immunoassay for detecting
albumin in the urine. A significant amount of albumin fragments are detected in
the urine rats and humans using radiolabelled albumin and high-performance
liquid chromatography. These fragments are thought to result from degradation
of filtered albumin by proximal tubular cells. Standard urinalysis by
radioimmunoassay does not detect these fragments in the urine (Comper et al.,
2004, Osicka et al., 1997, Gudehithlu et al., 2004). Thus, according to the
findings of these studies; a significant amount of albumin is filtered and

subsequently reabsorbed by PTECs.
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1.5.2 Tubular reabsorption of proteins

Although the GFB is highly permselective, some proteins do enter the
glomerular filtrate. However the urine is almost free from protein, as a
consequence of these proteins being effectively reabsorbed by PTEC
(Christensen et al., 2012). Under normal conditions, only small amount of
albumin, the most abundant protein in the circulation, can pass through GFB
due to size and charge selectivity of the barrier towards proteins of intermediate
and HMW. Whereas, the passage of LMW proteins (40,000 D and radius lower
than 30 A) is not restricted by the glomerular barrier and reach the proximal
lumen freely. The majority of these proteins that enter the proximal lumen are
reabsorbed by RME in the PT and back to circulation and only traces are found
in the urine (D’Amico and Bazzi, 2003).

This protein reabsorption including albumin and other macromolecules by the
PTEC occurs via endocytosis. During endocytosis, small plasma membrane
invaginations are formed at the microvillar base and these invaginations contain
some tubular fluid in which molecules are dissolved. The endocytic
invaginations break away from the membrane and form early endocytic vesicles
which subsequently transport their contents to the sorting endosomal
compartment. From early endosomes, the cargo is transported to the lysosomal
compartment where receptor-ligand dissociation occurs due to falling pH.
Reabsorbed proteins my either by transcytosed to the opposite pole of the cell,
or subject to proteolysis with reabsorption of constituent amino acids. Receptors
are trafficked back to the apical membrane via recycling endosomes (Gekle,
2005) (Figure 1.8).

There are two main types of endocytosis, fluid-phase endocytosis and RME
(Conner and Schmid, 2003). In the PT, fluid-phase endocytosis seems to be
less important (Park and Maack, 1984). For example, inulin infused into animals
is freely filtered by the glomerulus and is reabsorbed by fluid-phase endocytosis
in the PT. High levels of urinary inulin excretion indicates that fluid-phase
endocytosis is an inefficient process (Gekle, 2005).

RME, on the other hand, is an important and efficient mechanism of protein
uptake in the PT and is essentially involved in the reabsorption of tubular
albumin (Gekle, 2005). Identification of two different binding sites for albumin in
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OK cells is an important evidence supporting the idea that this protein is mostly
reabsorbed by RME (Brunskill et al., 1997). The endocytic process of albumin is
very well documented by electron microscopy. The presence of numerous gold
particles which are bound to plasma membrane and mostly restricted to the
plasma membrane invaginations indicates the uptake of gold-albumin in OK
cells (Brunskill et al., 1996).

It has been identified that RME is subdivided into three types according to the
vesicle formation which are clathrin-coated endocytosis, caveolae-mediated
endocytosis, and clathrin- and caveolae-independent endocytosis (Conner and
Schmid, 2003, Mukherjee et al., 1997, Schmid, 1997).
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Figure 1.8: Schematic diagram showing both endocytosis mediated by megalin,
cubilin and amnionless, and transcytosis mediated by FcRn. Taken from
Christensen and Birn (2013).
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1.6 Tubular receptors for endocytosis of proteins

The brush border of the PT possesses receptors that function to reclaim
glomerular filtered proteins by both RME and transcytosis. This section will
briefly describe the expression, structure and importance of these receptors in

the kidney.

1.6.1 Megalin
1.6.1.1 The structure of megalin

Megalin is a giant glycoprotein member that belongs to the low-density
lipoprotein receptor (LDLR) protein family (Motoyoshi et al., 2008). It is highly
expressed at the apical surface of many absorptive epithelia, including PTEC in
the kidney, the small intestine, the parathyroid gland and the visceral yolk sac.
Megalin is composed of a very large extracellular domain consisting of four
clusters of cysteine-rich ligand-binding repeats, perhaps constituting the ligand
binding region. These clusters are separated by 17 epidermal growth factor
(EGF) type repeats and 8 spacer regions containing YWTD repeats, which are
responsible for the dissociation of ligands in an acidic endosomal compartment
and receptor recycling to the surface membrane. In addition, megalin contains a
single transmembrane domain (23 amino acids), which links the extracellular
part to a short cytoplasmic domain of 209 amino acids (Marzolo and Farfan,
2011) (Figure 1.10).

The cytoplasmic tail (CT) of megalin contains several regions, including more
than one Src-homology-3 (SH3) and one Src-homology-2 (SH2) recognition
sites as well as two NPXY motifs and one NPXY-like motif (Christensen and
Birn, 2002). NPXY motifs can mediate the binding of CT to adaptor proteins
which in turn, regulate receptor trafficking and signaling functions. In addition to
the NPXY motif, the CT of megalin contains NQNY motif, with unknown function
(Marzolo and Farfan, 2011).
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1.6.1.2 Megalin cytoplasmic tail and its phosphorylation role

Several binding sites for adaptor proteins have been identified within the CT of
megalin that not only regulate receptor trafficking but also may function as
signalling molecules (Marzolo and Farfan, 2011).

NPXY motifs are engaged by adaptor proteins, the first and third NPXY motifs
are necessary for endocytosis whereas the second NPXY motif is very
important for apical sorting and targeting (Takeda et al., 2003). Disabled 2 (Dab
2) (Oleinikov et al., 2000) and autosomal recessive hypercholesterolemia (ARH)
(Shah et al. 2013) are adaptor proteins in the cytoplasm they interact with the
NPXY motifs of the CT of megalin. In addition to protein interaction motifs,
several potential phosphorylation sites within the CT of megalin have been
identified for protein kinase C (PKC), protein kinase A (PKA), casein kinase-2
(CK-Il) and glycogen synthase kinase-3 (GSK3) (Yuseff et al., 2007). Megalin is
highly and constitutively phosphorylated at a PPPSP motif by GSK3 (Yuseff et
al., 2007).

Phosphorylation of megalin tail depends on a PPPSP motif and GSK3 activity
(Yuseff et al., 2007). This motif is well conserved in megalin sequences of
different species (Marzolo and Farfan, 2011). A significant reduction in megalin
phosphorylation has been observed in a PPPSP motif mutant receptor (Yuseff
et al., 2007). The regulation of megalin recycling and trafficking is strongly
related to the phosphorylation of PPPSP motif and GSK3 activity. Yuseff et al.
(2007) emphasise that the PPPSP motif and GSK3 activity are very important
for megalin phosphorylation to occur, and also found that both PPPSP motif
phosphorylation and GSK3 activity negatively regulate receptor recycling. On
the other hand, the internalization rate and endocytosis of megalin receptor is
not affected by the PPPSP motif phosphorylation and GSK3 activity (Yuseff et
al., 2007). Although some of the physiological events of megalin tail

phosphorylation are defined, it still not fully understood.
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1.6.1.3 Regulated intramembrane proteolysis

Regulated intramembrane proteolysis (RIP) plays an important role in the
regulation of a large number of transmembrane proteins (Lal and Caplan, 2011,
Medina and Dotti 2003). In the presence of various functional sheddases
including MMPs and the intramembrane multiprotein gamma secretase as
presenilin-1, the substrates of RIP are sequentially cleaved to release an
extracellular domain and a small intracellular fragment called intracellular
domain (ICD). RIP was first described in the receptor involved in cholesterol
metabolism called sterol regulatory element binding protein by Brown and
Goldstein in 1997. Brown and Goldstein (1997) found that this transmembrane
protein undergoes a series of regulated proteolytic cleavages leading to the
formation of ICD which translocates to the nucleus and involves in the
transcriptional regulation of the specific genes of both fatty acids and
cholesterol metabolism. Further, RIP is also best described and studied in
Notch, a single 300 kD membrane receptor important for the development of
brain, and amyloid precursor protein (APP) previously (Andersson et al., 2011,
Lichtenthaler et al., 2011) . Lichtenthaler et al. (2011) have shown that RIP of
APP produces an extracellular domain and ICD, and further processing of the
extracellular domain owing to the production of a short peptide corresponding to
the reminder of the extracellular domain after cleavage and parts of the
intracellular domain. Evidence are available showing that the amyloid
peptides from APP cleavage are involved in the onset and progression of
Alzheimer’s disease (Murphy and LeVine lll, 2010, Xu et al., 2016). It seems
that Notch receptor is subjected to similar proteolytic cleavage as in APP and
the products of this cleavage have now identified in cell fate in various tissues in
both vertebrates and invertebrates similarly (Andersson et al.,, 2011,
Biemesderfer, 2006).

RIP may be involved in the regulation of specific gene expression in the PTEC.
Receptor function may be linked to gene transcription via the evolutionarily
conserved process, RIP.

RIP of megalin occurs both constitutively and as a result of receptor-ligand
interactions. The RIP process involves receptor ectodomain cleavage by PKC-
dependent MMPs and subsequent cleavage of cytoplasmic tail fragment from
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the remaining transmembrane region of the receptor by the y-secretase family
of proteases. In most instances the released C-terminus is considered to
regulate the expression of specific genes after translocation to the nucleus and
interaction with other regulatory molecules (Zou et al.,, 2004, Li et al., 2008,
Yuseff et al., 2007, Biemesderfer, 2006).

Recent studies have shown that megalin is indeed subject to RIP as described
above. Biemesderfer (2006) showed that the megalin ectodomain is cleaved by
PKC-regulated, metalloprotease-mediated, ectodomain shedding to release a
cytosolic receptor fragment termed membrane-associated C-terminal fragment
(MCTF). MCTF then becomes a substrate for y-secretase. Gamma-secretase
then cleaves MCTF and forms a new fragment termed the megalin intracellular
domain (MICD) (Figure 1.9) (Li et al., 2008).

To determine whether RIP of megalin may be involved in the regulation of PT
gene expression, Li et al. (2008) designed a study of transfected MCTF
(tMCTF) or transfected MICD (tMICD) overexpression in opossum kidney
proximal tubule (OKP) cells. In this study the data showed that megalin protein
expression significantly decreased, indicating the crucial role of MICD in the
regulation of specific gene expression in the OKP cells (Li et al., 2008).

There is some evidence that RIP of megalin might occur in proteinuric patients.
The presence of significant amounts of megalin extracellular domain in the urine
of patients with DN and albuminuria is a good indicator of RIP of megalin and
this is not seen in patients with non-albuminuric diabetes (Thrailkill et al.,
2009b).
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Figure 1.9: Mechanism of megalin ectodomain shedding (RIP). The first step (1)
is the ligand binding to megalin and it is believed to be critical in the process.
After ligand binding, the PKC-dependent MMP activation cleaves the
ectodomain (N-terminus) of megalin and excreted into the urine (2). The
remaining intracellular domain of megalin (MCTF) become a substrate to y-
secretase activity (3). Gamma secretase activity cleaves the MCTF and
produces soluble megalin intracellular domain (MICD) (4) that translocates to
the nucleus and activates transcription factors of specific gene having role in
megalin gene expression regulation. Compound E can inhibit the activity of y-
secretase and prevent the cleavage of MCTF. MCTF = megalin C-terminus
fragment, Compound E = an inhibitor of y-secretase activity, MMP = matrix
metalloproteinase. Modified from Biemesderfer (2006).
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1.6.1.4 The biological role of megalin

The importance role of megalin during development and throughout adult life
has been studied in megalin KO mice. Megalin deficient mice mostly die
immediately after birth due to severe forebrain abnormalities and lung defects
(Willnow et al., 1996) and megalin clearly has a critical role in the formation of
brain structure (Willnow et al., 1996, Wicher et al., 2005).

In the kidney, megalin plays essential role in vitamin D metabolism and calcium
homeostasis (Nykjaer et al., 2001). Megalin is involved in the reabsorption of
vitamin D binding protein (VDBP), which mediates the endocytosis of this
protein. Following endocytosis, reabsorbed VDBP is directed to the lysosomal
compartment for degradation and subsequent intracellular conversion of 25-
(OH) vitamin D3 to 1,25-(OH)2 vitamin D3 and returning to circulation. This
important function of megalin is clearly observed in megalin KO and/or deficient
mice where significant amounts of VDBP are excreted in the urine, resulting in
the reduction of plasma 1,25-(OH)2 vitamin D3 levels (Kaseda et al., 2011). It is
well-known that calcium homeostasis is regulated by 1,25-(OH)2 vitamin D3.
Therefore, decreased serum levels of 1,25-(OH)2 vitamin D3 in the circulation
as in megalin deficient mice may lead to bone diseases indicating the essential

role of megalin in the calcium homeostasis (Nykjaer et al.,2001).

Megalin can also regulate apoptosis through interaction with protein kinase B
(PKB) in the luminal membrane. In vitro studies of albumin overload have
shown that a significant decrease in the megalin expression at the plasma
membrane is associated with PKB activity and apoptosis (Caruso-Neves et al.,
2006).

In addition, although the role of megalin in proteinuria has been confirmed by a
number of elegant studies, mechanisms of megalin involved in proteinuria still

remain unknown.
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1.6.1.5 Megalin as a receptor for albumin

Disorders in megalin structure and function lead to proteinuria, suggesting a
crucial role for megalin in PT reabsorption of albumin (Christensen and Birn,
2001). Megalin is an endocytic receptor and was initially identified as the
primary antigen in Heymann nephritis, a rat model of human membranous
glomerulonephritis (Kerjaschki and Farquhar, 1982). Its role as a receptor
involved in the reabsorption of tubular albumin by endocytosis has been
proposed by a number of functional studies in rat kidney (Cui et al., 1996).
Studies of megalin deficient and megalin KO mice also supported this
hypothesis. In megalin deficient mice, the presence of albumin in the urine is a
good indicator supporting the critical role of megalin in the retrieval of filtered
albumin. Furthermore, in megalin KO mice, a considerable increase in the
urinary excretion of albumin is observed alongside absent tubular endocytosis
of albumin (Birn et al., 2000). In addition, other studies have used the ability of
receptor associated protein (RAP) to assess megalin-mediated uptake of
albumin. RAP is an intracellular partner of megalin that inhibits the binding of
extracellular ligands to megalin (Birn and Christensen, 2006). Thus it has been
shown that RAP reduces albumin endocytosis due to its inhibition of albumin

binding to megalin (Brunskill et al., 1997).

In PTEC megalin forms a complex with cubilin and they together act as a
scavenger complex for albumin retrieval. In this complex megalin plays an

important role in the internalisation of cubilin-albumin complexes (Gekle, 2005).

1.6.1.6 Regulation of megalin expression

Although the physiological role of megalin has been identified, the mechanisms
of its cell surface expression are still not fully clarified. However, there are
several potential mechanisms that might explain megalin availability at the cell
surface, including the regulation of its protein synthesis, mMRNA levels and

trafficking of megalin to the cell membrane.
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1.6.1.6.1 Regulation of megalin mRNA and protein expression

Megalin expression can be regulated by peroxisome proliferator-activated
receptors (PPARs). PPARs are a group of nuclear proteins that function as
transcription factors. Three PPAR isomers have been identified, PPAR-a, -3
and -y. PPARs heterodimerise with the 9-cis-retinoid X receptor (RXR) and
together form an active heterodimer that binds to a specific DNA regions of
target genes termed peroxisome proliferator response elements which are
located in the promoters of PPAR responsive genes (Cabezas et al., 2011). In
humans, three consensus regions for PPAR binding have been identified in the

megalin promoter (Marzolo and Farfan, 2011).

In vitro and in vivo studies have confirmed that PPAR-a, and -y can regulate
megalin mMRNA and protein synthesis expression. Cultured PTEC treated with
PPAR-a and -y agonists show a significant increase in megalin mRNA and
protein levels. In mouse and rat kidney, megalin mRNA and protein levels can
also be regulated by PPARs (Cabezas et al., 2011).

In addition, vitamin A and vitamin D which are megalin ligands can also regulate
megalin mRNA expression. A considerable increase in megalin mRNA level has

observed in various cells treated with vitamin A and vitamin D (Liu et al., 1998).

1.6.1.6.2 Regulation of megalin cell surface distribution and protein levels

Megalin distribution at the cell surface may be regulated by a number of factors.
Potentially phosphorylation of megalin-CT by GSK3 may regulate expression,
yet definite evidence is lacking. However recent study revealed that megalin
phosphorylation negatively regulates megalin trafficking and recycling to the cell
membrane (Yuseff et al., 2007). In this study, Yuseff et al. (2007) found that
mutation in PPPSP motif and inhibition of GSK3 activity significantly decreases
megalin phosphorylation and positively enhances receptor trafficking and
recycling to the cell surface. Thus, it is likely that megalin cell surface

expression depends at least in part on the phosphorylation of its CT.

A number of other candidates may be involved in the regulation of megalin
protein levels. RAP, a megalin chaperone, appears to be crucial for normal
megalin expression and function (Birn et al., 2000). RAP binds to megalin and

inhibits the binding of other ligands to megalin. Recent studies have
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demonstrated the crucial role of RAP in the regulation of megalin expression by
its chaperone specificity that protects the newly synthesized receptor from
binding other ligands inside the cell (Bu and Marzolo, 2000). In addition, a study
of RAP KO mice has confirmed the importance role of RAP in megalin protein
expression. These animals had less megalin expression (about 23% of normal
megalin expression), and they also exhibited other phenotypes similar to that of
megalin deficiency, including low molecular weight proteinuria (Birn et al.,
2000).

1.6.2 Cubilin

Cubilin, a 460-kDa glycoprotein endocytic receptor, forms a complex with
megalin. Together the megalin-cubilin complex functions to scavenge various
glomerular ultrafiltered proteins, particularly albumin, in the PT (Christensen et
al., 1998, Birn et al., 2000, Christensen and Birn, 2002). Unlike megalin, cubilin
is not a member of the LDLR family and shares a very little homology to this
family (Figure 1.10) (Birn, 2006, Christensen and Birn, 2002).

Cubilin lacks both transmembrane and cytoplasmic domains (Kristiansen et al.,
1999), and therefore its internalisation is entirely dependent on cell surface
availability of megalin (Amsellem et al., 2010). Cubilin is anchored to the plasma
membrane by its N-terminal domain (Kristiansen et al., 1999). The N-terminal
domain 110-amino acid consists of eight EGF-like repeats that contain an
amphipathic a-helix resembling to that of the lipid-binding regions of
apolipoproteins (Moestrup et al., 1998, Kristiansen et al., 1999). This a-helix
structure, on one side, is proposed to contain conserved clustering of
hydrophobic residues that embedded into the lipid bilayer of the plasma
membrane (Kristiansen et al., 1999, Mishra and Palgunachari, 1996, Bernstein
et al., 2000). In addition to hydrophobic residues, the N-terminal region has
potential cysteine palmitoylation site which could also anchor cubilin in the
membrane (Moestrup and Verroust 2001). The N-terminal domain of cubilin is
followed by CUB domains (27 CUB domains), each contains 110-amino acid
modules found in the components of the complement system, such as C1r/C1s,
in the EGF related sea urchin protein (UEGF) and in the bone morphogenic
peptide-1 (BMP-1) (Moestrup et al., 1998, Christensen and Birn, 2002).
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Because of the presence of many potential CUB domains in the cubilin, the
receptor has been shown to bind multiple ligands including intrinsic factor—
cobalamin complex (IF-B12), RAP, albumin, immunoglobulin light chains,
transferrin, haemoglobin, VDBP, clara cell secretory protein, apolipoprotein A-

I/high density lipoprotein (HDL), Ca?* and megalin (Christensen and Birn, 2002).

Cubilin can also interact with amnionless (AMN), the other transmembrane
protein receptor and generate cubilin-amnionless complex. This complex
translocates from the ER to the cell membrane by the small transmembrane
domain in the AMN (Fyfe et al., 2004). Cubilin mis-localisation has been
observed in AMN-deficient cells, suggesting that AMN is responsible for cubilin
direction in the PT (Nielsen et al., 2016). The strong correlation between cubilin
and AMN expression has been detected in megalin-deficient mice as these

animals show very little expression of cubilin (Coudroy et al., 2005).

Like megalin, cubilin is highly expressed on the apical membrane of several
absorptive tissues, such as the renal PTEC (Sahali et al., 1992, Christensen et
al., 1998, Barth and Argraves, 2001), the small intestine (Seetharam et al.,
1981, Yammani et al., 2001), the visceral yolk sac (Sahali et al., 1993, Drake et
al., 2004) and the male reproductive system (Van Praet et al., 2003). The
importance of cubilin is clearly demonstrated in cubilin-deficient mice. In these
mice, cubilin deficiency leads to LMW proteinuria, indicating the critical role of
this receptor in tubular reabsorption of ultrafiltered proteins (Nielsen et al.,
2016). It is very-well known that the correct expression of cubilin is important for
normal functioning of PT and reabsorption of albumin, and it has been reported
that cubilin function loss results in significant albuminuria associated with
decreased albumin endocytosis in experimental animals (Fyfe et al.,, 1991a,
Fyfe et al., 1991b, Xu et al., 1999).

Like cubilin-deficient mice and dogs, mutations in the cubilin gene in humans
leads to Imerslund-Grasbeck disease (IGS), a rare autosomal recessive
disorder characterised by vitamin Bi2 deficiency and LMW proteinuria (Broch et
al., 1984, Aminoff et al., 1999). According to Nykjaer et al. (2001), both in dogs
and human diseases characterised by inherited disorders and mutations in the
CUB gene lead to abnormalities in the biosynthesis and dysfunction of cubilin,

and eventually urinary excretion of 25(OH) vitamin D3 and abnormal vitamin D
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metabolism. Similarly, it is believed that vitamin D deficiency in patients with
early-stage DN is highly associated with dysfunction of either megalin or cubilin
receptor, indicating impaired endocytosis of vitamin D in the kidney of these
patients (Kaseda et al., 2011).

Finally, cell surface expression of cubilin requires the correct expression of
megalin. It has been demonstrated that cubilin expression is significantly
reduced in megalin KO mice, suggesting the role of megalin in the regulation of
cubilin in the PT (Birn et al., 2000).

1.6.3 The neonatal Fc receptor (FcRn)

FcRn is primarily responsible and function in transporting 1gG from the blood of
the mother to that of fetus across the placenta and the proximal small intestine
during pregnancy, and from the milk of the mother to the neonate during the
lactation period (Story et al., 1994, Jakoi et al., 1985, Roopenian and Akilesh
2007). Recent studies indicate that the FcRn can also bind albumin and
maintain on the half-life of aloumin in the serum (Sarav et al., 2009, Chen et al.,
2010, Sand et al., 2015). Quantitatively, IgG and albumin are the two most
abundant proteins in the bloodstream and constitute 80-90% of the total portion
pool (Sand et al., 2015), and thus the importance of FCRn as a receptor for both

protein is apparent.

Structurally, FcRn is a 42-44 kDa transmembrane heterodimeric protein
consisting of a heavy chain containing three extracellular domains (a1, a2 and
a3) homologous to the a-chains of the classical and non-classical Class | major
histocompatibility-complex (MHC) molecules. The extracellular domains are
linked to the short cytoplasmic tail via a single transmembrane domain. The
FcRn also contains p2-microglobulin as a light chain, which non-covalently
binds to the heavy a-chains (Figure 1.10) (Jones, 1972, Simister and Mostov,
1989, Haymann et al., 2000).

Albumin and IgG binding sites have been identified within both heavy and light
chains. According to rat FcRn and IgG binding studies the binding sites for 1gG
lie in the heavy chain particularly a2 domain including aspartic acid 137, an N-
glycan moiety and N terminus of the light chain. (Vaughn et al., 1997). There is

also binding site for IgG located within a pair of histidines in the a3 domain of
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the heavy chain (Raghavan et al., 1994). Studies have shown that mutation in
histidine residues at positions 310 and 435 and replacement with alanine
greatly reduces IgG binding to FcRn (Raghavan et al., 1995, Medesan et al.,
1997, Kim et al., 1999). In addition, the a3 chain contains a binding site for
albumin within the conserved histidine residue (H166) located on the opposite
structural face of the FcRn from that which participates in binding I1gG
(Andersen et al., 2006, Chaudhury et al., 2006). It has been demonstrated that
mutation and replacement of E54 with glutamine, a structure that surrounds the

H166 resulted in low detectable binding of albumin (Andersen et al., 2012).

It seems that pH also plays an important role in the process of IgG and albumin
binding to the FcRn receptor. Numerous studies have reported that both IgG
and albumin have the ability to bind FcRn at acidic pH (6.0-6.5) and loss their
affinity to bind or release at physiological pH (7.4) (Simister and Rees, 1985,
Simister et al., 1996, Chaudhury et al., 2003, Chaudhury et al., 2006, Andersen
et al., 2006). This is most likely to occur at the pH of gut but in the kidney due to
neutral pH at the proximal membrane, the albumin-FcRn binding may occur

inside the acidic endosomes (Dickson et al., 2014).

FcRn is expressed in multiple organs including intestine, mammary gland,
placenta, lung, hematopoietic cells, kidney, liver, brain, eye and skin (Kuo et al.,
2010). In the kidney, FcRn is expressed abundantly on both the podocyte of the
glomerulus and the brush border of the PTEC (Sarav et al., 2009). Glomerular
expression of FCRn is involved in the transcytosis of IgG from the basolateral
side of the podocyte to the urinary space of the glomerulus, thereby preventing
IgG from deposition and also to limit clogging of the filtration barrier
(Roopenian and Akilesh, 2007, Akilesh et al., 2008). The transcytosed IgG then,
at the PT, could interact with FcRn and move back into the circulation
(Kobayashi et al., 2002).

In the PT, FcRn may also participate in albumin reabsorption by transcytosis
(Figure 1.10). As indicated above, albumin binding to FCcRn is pH dependent,
however the pH of the luminal may not facilitate this interaction. It is well-known
that endocytosed albumin dissociates from megalin/cubilin in acidified endocytic
compartments. Dissociated albumin within the endosomal-sorting compartment

may then bind to FcRn with high affinity due to low endosomal pH. Bound
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albumin to FcRn is transcytosed to the basolateral surface and re-enters into
the circulation. This function of FCRn may protect albumin from lysosomal
degradation and help maintain normal serum levels of this protein (Tenten et al.,
2013, Dickson et al., 2014). Indeed, it has been demonstrated that FcRn-
deficient mice are both hypoalbuminemic and hypogammaglobulinemic (Kim et
al., 2006, Roopenian et al., 2003)

Although it is not definitively demonstrated that FcRn is directly involved in the
PT reabsorption of albumin, studies of FcRn-deficient mice have clearly shown
the role of this receptor in albumin retrieval. Sarav et al. (2009) found that
urinary albumin excretion is increased in the FcRn-deficient mice compared to
normal mice. This observation was also confirmed in normal mice transplanted
with FcRn-deficient kidney, indicating the contribution of FCRn in part in albumin
reabsorption (Sarav et al., 2009). In addition, the same study examined the
serum levels of albumin and found that FcRn-deficient mice had lower serum
levels of albumin compared to normal and increased serum levels of albumin

was observed in FcRn-deficient mice received an FCRn expressing kidney.

The effect of ultrafiltered proteins, especially albumin, on the expression of
FcRn in the PT is unknown. The receptor might be subject to loss and
downregulation in diseases associated with kidney because of its continuously

interaction with proteins in the proximal lumen.
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1.7 Tubular toxicity of proteinuria (Figure 1.11)

Proteinuria is characterised by the presence of abnormal amount of HMW and
LMW proteins in the urine. As mentioned in the previous section glomerular
diseases may increase filtration of macromolecules with the freely available
LMW proteins in the proximal lumen. The toxic effects of the majority of these
glomerular ultrafiltered macromolecules including the most abundant albumin,
on the PTECs has been very well documented in cell culture and animal studies
by having roles in activating of transcription and inflammatory cytokines, growth
factors as well as effects on PTEC growth and causing apoptosis. In below the
toxic effect of albumin on the PTEC in cell culture and animal studies are

shown.

1.7.1 Cell culture studies

It is well known that abnormally filtered bioactive macromolecules have a direct
toxicity to the PTEC (Baines and Brunskill, 2008). Albumin, the prevalent protein
in the glomerular filtrate, exerts a toxic effect on the proximal epithelial cells
through activation of signalling pathways and transcription factors. For example,
NF-kB is a transcription factor normally found in the cytoplasm of cell as inactive
form and bound to inhibitory proteins (IkB) (Takaya et al., 2003). Albumin has
found to activate this nuclear factor in PTEC. Activation of NF-kB leads to
translation of NFkB-dependent pro-inflammatory genes such as monocyte
chemoattractant protein-1 (MCP-1) and regulated upon activation, normal T cell
expressed and secreted (RANTES). These chemoattractant molecules increase
the recruitment of inflammatory cells to the interstitium, resulting in release of
potentially deleterious inflammatory cytokines and eventual tubular injury (Reich
et al., 2005). In vitro studies have demonstrated that protein overload enhances
the production of RANTES in the PTEC and a proposed role of this chemotactic
and activating factor in the development of interstitial inflammation and kidney
diseases (Zoja et al., 1998). Wheeler et al. (2011) have shown that activation of
NF-kB and TNF-a gene expression are both associated with albumin overload
in the PTEC, and their contribution in renal inflammation and fibrosis has been
very well-documented in obstructive and DN (Grande et al., 2010, Navarro-

Gonzalez and Mora-Fernandez, 2008).
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Albumin can also stimulate signal transducer and activator of transcription
(STAT). It has been shown that albumin can activate STAT in murine PTEC
(Nakajima et al., 2004). Similarly, stimulation of STAT leads to upregulation of
MCP-1 and RANTES which in turn results in inflammatory cell infiltration and
subsequent tubular damage (Rodriguez-lturbe and Garcia, 2010). Nakajima et
al. (2004) found that STAT activation depends on the generation of reactive
oxygen species (ROS) by albumin in the PTEC. ROS may itself contribute to
the progression of renal disease. Evidence is available that increased albumin
endocytosis by PTEC leads to activation of Racl. Racl is a Rho-family small
GTP-ase, which is responsible for activation of NADPH oxidase and ROS
generation. Recent study has demonstrated that albumin overload increases
the formation of ROS via activation of Racl and NADPH oxidase (Whaley-
Connell et al., 2007).

Pearson et al. (2008) have reported that albumin overload in cultured PTEC
activates signalling pathways such as p38 MAPK and ERK1 and 2, which in
turn increases the production of proinflammatory markers of kidney damage
including IL-6. According to Leonard et al. (1999), regulation of IL-6 synthesis is
greatly dependent on both p38 and ERK/MAPK pathways in the PTEC and
glomerular mesangial cells of the kidney nephron. It is believed that IL-6 may
contribute to renal fibrosis via modulating TGF-f signalling (Pearson et al.,
2008).

Another pathway activated by albumin in the PTEC is mitogen-activated protein
kinase (MAPK). MAPK has shown to be involved in the regulation of MCP-1 and
cell proliferation in PTEC (Takaya et al., 2003,Dixon and Brunskill, 2000).

It has been demonstrated that incubation of human PTEC with human serum
albumin significantly increases the expression of proinflammatory markers (IL-6,
IL-8, TNF-a, CCL-2, CCL-5) as well as a-SMA, and collagen 1V, indicating the
toxic effect of this plasma protein which may result in inflammation and fibrosis
(Wu et al., 2014). Similarly, albumin is able to induce the production of IL-8, a
potent chemokine that play a major role in attracting inflammatory cells
particularly neutrophil to the site of inflammation and also promote angiogenesis

in the PTEC, in human PTEC dose dependently, which occurs via NF-kB—
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dependent pathways through PKC activation and ROS generation (Tang et al.,
2001). These proinflammatory markers, according to Kayama et al. (1997), are
believed to be involved in the pathophysiology of CKD. TNF-a has long been
identified as proinflammatory cytokine to play an important role in tissue

damage and the progression of CKD (Vielhauer and Mayadas, 2007).

In addition to inflammation, interstitial fibrosis is the prognostic indicator of CKD
and it is likely due to the chronic response of PTEC to the increased production
of growth factors such as TGF-B (Zhao et al., 2013). There is evidence that
albumin play a critical role in the activation and expression of this growth factor
in the PTEC. For instance, Diwakar et al. (2007) have demonstrated that
incubation of PTEC (opossum kidney cells and human kidney cell clone-8 cells)
with albumin results in overproduction of TGF-B1. In this study, Diwakar et al.
(2007) have also looked at the role of albumin endocytosis and its interaction
with megalin in the secretion of TGF-B1 and found that there is no correlation
between the amount of TGF-B1 produced by PTEC and the two processes,
suggesting other mechanisms may be involved. Altogether, these studies have
provided strong evidence that albumin overload, the most widely used protein in
tissue culture studies and most abundant protein in glomerular filtrate, is toxic to

the PTEC and may lead to inflammation and fibrosis, the main causes of CKD.

1.7.2 In vivo studies

Animal models of POP, a model of tubulointerstitial injury in experimental
animals, have clearly demonstrated the toxic effects of glomerular ultrafiltered
proteins on the PTEC which may lead to tubulointerstitial inflammation and
fibrosis and ultimately chronic damage. In addition, there are other models of
proteinuria that show the influence of filtered proteins due to glomerular
permeability on the PTEC. In rats treated with increasing doses of bovine serum
albumin (BSA) for two weeks, tubulointerstitial changes has been documented
(Eddy, 1989). At one week, macrophage infiltration into the interstitium was
clearly observed, subsequently followed by T helper and T cytotoxic cells. The
PT showed increased expression of vimentin and increased deposition of
complement component C3 and neoantigens. The severity of tubular damage

was closely associated with proteinuria in these animals (Eddy, 1989). Likewise,
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Landgraf et al. (2014) have found that POP produces significant changes in the
kidney interstitium related with the increased levels of proinflammatory
cytokines, TNF-a and IL-6. Tubulointerstitial fibrosis was detected as evaluated

by marked collagen deposition.

Tubular injury has been reported by Takase et al. (2003) in POP rats. In these
animals reduced tubulointerstitial damage induced by proteinuria was found to
be associated with inactivation of NF-kB, which in turn leads to suppression of

MCP-1, TGF-B and fibronectin in tubulointerstitial injury lesions.

It is well-known that protein overload in mice results in proteinuria, interstitial
inflammation and the development of interstitial fibrosis. Increased protein in the
tubular lumen alters the mRNA levels of matrix genes procollagens a1 (1), a1
(1), and a2 (IV) and TGF-B1 and Timp-1 (Eddy et al., 2000). According to Eddy
et al. (1995), POP in rats leads to activation of tubular NF-kB with interstitial
inflammation and upregulation of MCP-1 and osteopontin (OPN). Yang et al.
(2011) have noticed that mice overloaded with protein shows tubular injury,
increased macrophage infiltration in to the interstitium, assessed by F4/80
immunostaining, and that was associated with increased mMRNA expression of
MCP-1 and TNF-a.

In animal models of progressive proteinuric nephropathies (5/6 nephrectomy
and passive Heymann nephritis), It has been shown that increased urinary
excretion of protein over time is associated with remarkable increase in NF-kB
activity, which is being localised to the PTs (Donadelli et al., 2000). Activation of
NF-kB was paralleled by renal up-regulation of MCP-1 gene expression and
subsequent accumulation of ED-1-positive monocytes/macrophages and CD8-
positive T cells in the interstitium, suggesting that the initial recruitment of
mononuclear cells may occur at least in part by MCP-1 dependent mechanism

in these models.

The relationship between proteinuria and tubulointerstitial nephritis has long
been recognised in puromycin aminonucleoside (PAN) nephrosis model (Tang
et al., 1997). In this model, administration of PAN led to remarkable increase in
MCP-1 and interferon-inducible protein-10 (IP-1 0) mRNA expression after 6-8
days and gradually declined by reaching day 21. The MCP-1 and IP-10 mRNA

expression were mainly localised to the intrinsic tubulointerstitial cells and not to
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infiltrating monocytes or macrophages. The most interesting is that using
neutralising Ab to rat MCP-1 significantly reduced interstitial accumulation of
macrophages and T lymphocytes, supporting the idea that inflammatory

responses in the interstitium is greatly dependent on the MCP-1 mechanism.

The central role for TGF-B in the development of renal fibrosis has long been
identified. TGF-B may contribute to renal scaring through activation of its
downstream Smad signalling pathways (Lan, 2011). TGF-B can also leads to
renal fibrosis through the induction of tubular cell epithelial-mesenchymal
transition (EMT) (Zhao et al., 2013). In experimental animals, POP has been
shown to upregulate the cortical mMRNA and protein levels of TGF-, which in
turn leads to interstitial fibrosis and progressive renal injury (Eddy et al., 1995).
Eddy (2001) believes that the initial inflammatory cells recruited in response to
interstitial injury produced as a result of protein overload may participate in
interstitial fibrosis. Infiltration of monocyte, the main source of TGF-f3, into the
interstitium in POP which might be explained by the recruitment mechanism of
OPN, ICAM-I and VCAM-I expression, indicating the role of inflammatory cell
infiltrate in the tubulointerstitial fibrosis (Eddy et al., 1995).
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Figure 1.11: Mechanisms of protein overload proteinuria leading to tubular
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1.8 Importance of proteinuriain CKD
1.8.1 Correlation between proteinuria and renal failure

A strong correlation between the degree of proteinuria and the risk of
progressive renal failure has been long recognized (Eddy, 2004). Proteinuria
can be either glomerular and/or tubular in origin (Gorriz and Martinez-Castelao,
2012). Glomerular proteinuria appears when excess proteins pass through
damaged or inflamed glomeruli and appear in the urine (Baines, 2010).
Bioactive macromolecules which are present in the glomerular filtrate interact
with PTEC, leading to progression of proteinuric nephropathy. The toxic effect
of these molecules has clearly described such as activation of tubular-
dependent pathways of interstitial fibrosis and inflammation, together with
alterations in PTEC growth, apoptosis and gene transcription. Several animals
and human studies have demonstrated that proteinuria is closely correlated with

renal function loss.
1.8.1.1 Correlation in animal studies
1.8.1.1.1 Remnant kidney

In experimental animals, reduction in kidney mass leads to heavy proteinuria
and progressive renal insufficiency. In these animals, reduction in proteinuria
appears more beneficial because, according to Burton and Harris (1996), there
is a strong correlation between proteinuria and the development of progressive
renal failure. For example, in remnant kidney model, rats on low-protein diet
exhibited less proteinuria and slowed the development of progressive renal
impairment (Williams et al., 1987,El-Nahas et al., 1983). Similarly, rats with a
remnant kidney and treated with angiotensin converting enzyme (ACE)
inhibitors had a slightly different levels of proteinuria compared to controls and a
minimum structural change in the glomeruli and tubulointerstitium (Anderson et
al., 1986). Furthermore, ACE inhibitors can abrogate the development of renal
injury in rats with reduced renal mass via reducing intraglomerular capillary
pressure (Anderson et al., 1985). In another study, they used an alternative
antihypertensive regimen in the treatment of rats with remnant kidney. These

animals, surprisingly, had proteinuria at the same level as controls and
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histological images of the glomerular structure and tubulointerstitium were

similar to that as controls (Burton and Harris, 1996).

In addition, in the remnant kidney model, reduction in renal mass of rats may
lead to glomerulosclerosis (Shimamura and Morrison, 1975). In these animals,
the remaining glomeruli undergo several morphological and functional changes.
These alterations may lead to increase in single nephron glomerular filtration
rate (GFR) which may result in an increase in the intraglomerular pressure.
Subsequently glomerular injury and eventual sclerosis may develop (Hostetter
et al., 1981). In these animals a strong correlation between glomerulosclerosis
and proteinuria has been detected (Williams and Coles 1994). Likely, Williams
et al. (1987) proposed that protein restriction in diet is more beneficial as
described before. There is direct evidence from animal and human studies that
tubulointerstitial injury is more likely to be caused by poor control of systemic
blood pressure which results from proteinuria in remnant kidney (Novick et al.,
1991, Bidani et al., 1990). On the contrary, the better the control of systemic
blood pressure the slower the rate of decline in GFR in the diseased kidney
(Remuzzi et al., 1990). Deposition of complement components in the PTEC has
been detected in remnant kidney, protein overload nephropathy and
aminonucleoside nephrosis as a result of increased glomerular filtration of these
molecules (Eddy, 1989, Abbate et al., 1998). Such observation has been
recorded in patients with non-selective proteinuria and correlates with urinary
complement excretion (Abbate et al., 1999). Over all, in this model, the amount
of proteinuria, the degree of structural damage and the severity of renal

insufficiency all are closely correlated.

1.8.1.1.2 Puromycin aminonucleoside nephrosis model

In  puromycin aminonucleoside (PAN) nephrosis model, a single dose
administration of PAN (15 mg/100g b.w.) to rats may lead to direct toxicity to the
glomerular epithelial cells and the development of nephritic range proteinuria
(Eddy et al., 1991). In these animals a remarkable change in the glomerular
structure has observed. A detachment of podocyte FP from the GBM is the
most prominent effect of PNA (Whiteside et al., 1993). According to Messina et

al. (1987) and Whiteside et al. (1993), there is a positive correlation between
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intensity of proteinuria and separation of podocyte from the GBM. It is clear that
the extent of pro-inflammatory infiltrate and tubulointerstitial damage are closely
correlated with the degree of proteinuria (Jones et al., 1992). Similarly, such
relationship between an increased influx of pro-inflammatory cells such as
macrophages and T lymphocytes into the interstitum and the degree of
proteinuria has reported by Eddy et al. (1991) in PAN nephrosis. Another
possible mechanism of podocyte detachment contributing to the renal
impairment is that separation of these FP may alter the permeability of
glomerular barrier as a result a huge amount of circulating macromolecules
accumulate in the glomerulus and glomerulosclerosis develops, this correlation
was clearly observed in the remnant kidney model in rats (El Nahas, 1989).
Furthermore, according to Eddy and Michael (1988), a single intraperitoneal
injection of PAN to rats produces considerable changes in the interstitium.
Following these alterations, massive proteinuria develops and as a result the
number of mononuclear cells penetrate the interstitium are significantly
increased and hit the peak after 14 days. Therefore, the number of interstitial
cells is greatly related to the degree of proteinuria. Additionally, in the PAN
nephrosis model, rats exhibited a significant decline in GFR related to the extent
of interstitial damage (Eddy and Michael, 1988).

1.8.1.1.3 Protein overload proteinuria

Similarly, in protein overload nephropathy model, intraperitoneal injection of
large amount (1g/day) of BSA to rats may result in heavy proteinuria. There is
no evidence that glomerular and/or interstitial damage is whether due to
immune complex deposition or increased circulating of anti-BSA antibodies in
the glomeruli or the interstitium. As proteinuria increases, there is an influx of
chronic inflammatory cells into the interstitum and an accumulation of
extracellular matrix (ECM) proteins (Eddy, 1989, Eddy et al.,, 1995).
Furthermore, there is a significant increase in renal message for chemotactic
MCP-1 and OPN (Eddy et al., 1995). In addition, Eddy et al. (1995) suggested
that proteinuria is the only causative agent in this model, leading to recruitment
of macrophages and T lymphocytes, with increased matrix protein synthesis
and altered matrix degradation and remodeling participating in the interstitial

fibrogenic process.
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Further study of protein overload shows that injection of BSA to
uninephroctomised rats leads to proteinuria and the development of acute
tubulointerstitial nephritis. There is a significant increase in the number of
macrophages and T lymphocytes in the interstiium in response to
tubulointerstitial inflammation (Eddy et al., 1991). Tubular cell apoptosis also
increases especially in the PTEC as a result of proteinuria (Thomas et al.,
1999).

In experimental study, rats injected repeatedly with protein via i.v develop heavy
proteinuria related to the increased permeability of glomerular properties. The
subsequent toxic effects of filtered proteins are directly appeared on the PTs by
increasing the process of reabsorption and recruitment of macrophages and T

lymphocytes into the interstitium (Zoja et al., 1998).

Finally, incubation of PTEC with overload protein leads to upregulation of genes
which are responsible for encoding of inflammatory cells. In this study, liberation
of the inflammatory substances such as endothelin, chemokines and cytokines
in high amount enhance other inflammatory cells migrate to inflamed area and
fibrogenic reaction leading to renal failure (Zoja et al., 1999).

1.8.1.2 Correlation in human studies

In patients with diabetes the hallmark of DN is proteinuria. In these patients,
proteinuria develops, especially when the GBM loss it's selective-permeability,
which is very common in diabetic kidney disease, for a diverse amount of
proteins (Ruggenenti et al., 1998). Recent studies showed that, in diabetic
patients, inhibition of ACE using different doses of ramipril reduces proteinuria
through diminishing the size of large non-selective pores in the GFB (Morelli et
al., 1990, Lewis et al., 1999). In addition, in experimental diabetes ACE
inhibitors reduced intraglomerular capillary pressure and slowed the

development of renal insufficiency (Zatz et al., 1986).

Likewise, patients with type 2 DN are of greater risk of proteinuria. Therefore, in
these patients, reduction in proteinuria especially albouminuria to the lowest level
is of major goal and particularly this is closely associated with the reducing of
the higher risk of renal failure. For example, losartan, which is antiproteinuric

therapy, can effectively reduce the higher risk of renal function loss in patients
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with type 2 DN (De Zeeuw et al., 2004). Losartan has been recognized as an
ACE inhibitor and/or angiotensin Il receptor blocker which, in turn, can slow the

progression of chronic renal failure (Hou et al., 2007).

Similarly, in type-1 diabetic patients the degree of diabetic glomerulosclerosis is
associated with the intensity of proteinuria. It has been known that reducing
proteinuria positively retard the progression of diabetic glomerulosclerosis. This
is because lowering proteinuria might decrease the overflow of plasma
lipoproteins through injured glomeruli (Hebert et al., 1994). For this reason,
captopril has shown a renoprotective effect through decreasing proteinuria and
lowering blood pressure. Recent studies have demonstrated that captopril can
inhibit angiotensin Il formation. It is well-known that angiotensin Il stimulates
formation of growth factors and TGF-B and these factors may lead to collagen
formation and glomerular hypertrophy (Gibbons et al., 1992, Johnson et al.,
1992). Captopril can also reduce proteinuria by its direct or indirect effects on
GFB (Sorbi et al., 1993).

A study of the Modification of Diet in Renal Disease in 840 non-diabetic patients
showed that proteinuria is the strongest predictor of the progressive renal failure
among other baseline factors including serum creatinine, blood glucose, blood
pressure and cholesterol levels (Peterson et al., 1995). In addition, De Zeeuw et
al. (2004) found that baseline proteinuria can increase the riskiness of renal
disease to end point by 5.2-fold, and an 8.1-fold increase risk for progressing to
ESRD.

Overall, the degree of chronic renal insufficiency is closely correlated with the
degree of proteinuria. Both restriction of protein in diet and using antiproteinuric

agents might have a role in the slowing of progressive renal impairment.

1.9 Matrix metalloproteinases

Matrix metalloproteinases (MMPs) are a family of calcium containing zinc-
dependent endopeptidases which are capable of degrading all components of
ECM. These proteinases are also performing important roles, in addition to
physiological and biological process such as embryonic development, tissue
remodelling, cell migration, wound healing and angiogenesis, in diseases such

as tissue ulceration, arthritis and cancer (Jones et al., 2003). Furthermore,
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MMPs are greatly involved in the regulation of various molecules which are non-
ECM including growth factors and their receptors, chemokines, cytokines,
adhesion molecules, cell surface proteoglycans and various other enzymes
(Peng et al., 2012).

Historically, collagenase MMP-1 was the first metalloproteinase discovered in
the tail of tadpole undergoing metamorphosis by Gross and Lapiere in 1962
(Gross and Lapiere, 1962). To date, more than 20 MMPs have been identified
in vertebrates and most of these proteinases are found in human tissues (Visse
and Nagase, 2003). MMPs are also found in the other non-invertebrate
organisms including sea urchins, Caenorhabditis elegans, soybean, and
Arabidopsis thaliana (Nagase and Woessner, 1999), indicating the important
role of these proteinases. In Hydra one MMP has been identified which
regulates the foot process development and cell differentiation (Leontovich et
al., 2000), and in the fruit fly Drosophila melanogaster two MMPs (Dm1-MMP
and Dm2-MMP) have been cloned and sequenced (Llano et al., 2000). MMPs
are classified, according to their structural homology and ability to degrade
substrates, into six different groups which are, collagenases (MMP-1, -8, -13
and -18), the gelatinases (MMP-2 and -9), the stromelysins (MMP-3, -10 and -
11), the matrilysins (MMP-7 and -26), membrane-types (MTs) (MMP-14, -15, -
16, -17, -24 and -25), and others (MMP-12, -19, 20, -21, -22, -23, -27, -28 and -
29) (Whittaker et al., 1999, Overall and Lépez-Otin, 2002, Supuran and
Scozzafaca, 2002, Visse and Nagase, 2003, Verma and Hansch, 2007, Gupta,
2012) .

1.9.1 MMP structure

The basic structure of the MMPs is similar and consists of four distinct domains,
the propeptide domain, the catalytic domain, a linker peptide domain and a
hemopexin (Hpx) domain (Nagase, 1997, Visse and Nagase, 2003). The
propeptide domain contains about 80 amino acids and the PRCXXPD sequence
in this domain is highly conserved. The cysteine “cysteine switch” residue within
this motif maintains the pro-form (inactive from) or latency of these enzymes by
binding to the zinc atoms in the active site and prevents from cleavage (Nagase
and Woessner, 1999). The cysteine-zinc coordination can be cleaved by limited

proteolysis of the pro-peptide, treatment with chaotropic agents or
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organomercurials which in turn activates the enzyme (Van Wart and Birkedal-
Hansen, 1990). There are also several potential furin recognition sites (RX(R/K)
R) on the carboxy terminus of pro-peptide domain in several MMPs, which allow
intracellular activation by furin-like pro-hormone convertases in the Golgi

apparatus (Liu et al., 1997, Molloy et al., 1992, Nagase and Woessner, 1999).

The catalytic domain consists of 170 amino acids, with highly conserved zinc
binding motif HEXXHXXGXXH (Bode et al., 1993). The catalytic zinc in this
motif is supported by three histidine residues which forms a “Met-turn” (Sankari
et al., 2016). The zinc binding motif and the conserved methionine in the
catalytic domain are found in all members of the matrixin. In addition to catalytic
zinc, MMPs have non-catalytic zinc and calcium ions to protect the tertiary
structure of the enzyme, and the calcium ions play an important role in the
expression of MMPs (Lovejoy et al., 1994, Zhang et al., 1997). The catalytic
domain in all MMPs except MMP-7, -23 and -26, is linked to the Hpx domain by
a proline-rich linker known as the hinge region (Peng et al., 2012).

1.9.2 MMP activation and expression

Initially, MMPs are produced and secreted in latent proenzyme form and then
depending on the extracellular events they will be activated and changed to
active-form (active MMPs) (Obermiiller et al., 2001, Loffek et al., 2011). When
released, MMPs can be activated by the already activated MMPs (Murphy et al.,
1999) or other proteolytic enzymes (Ahmed, 2009). MMP-2 and MMP-9, among
the other MMP species, are responsible for the cleavage of collagen types,
especially collagen 1V, and laminin, the basic components of tubular basement
membrane (Catania et al., 2007). MMP-2 is mostly secreted by fibroblasts and
endothelial cells, while MMP-9 is released by inflammatory cells (Corbel et al.,
2001, Chadzinska et al., 2008).

Under normal conditions, MMPs are expressed at low levels and are tightly
regulated via interactions between their activators and inhibitors (Ahmed, 2009,
Tokito and Jougasaki, 2016). The expression of these peptidases has shown to
be increased in response to high albumin doses in culture supernatants of

podocytes (Fang et al., 2009). Similarly, in vitro albumin overload can induce
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overexpression and activation of MMP-9 in the proximal epithelial cells (PECs)
via the activation of P44/42 MAPK pathway (Zhang et al., 2015).

Eddy et al. (2000) found that the expression of MMP-9, the most expressed
MMP with MMP-2 in the kidney, is increased modestly but not significantly in
the kidney of proteinuric mice compared to control animals. It has also been
shown that MMP-2, MMP-8 and MMP-9 levels are increased in the urine and
serum of patients with DN, indicating that these endopeptidase enzymes may
be involved in the progression of DN (Gharagozlian et al., 2009, Lauhio et al.,
2008, Romanic et al., 2001, Tashiro et al., 2004, Thrailkill et al., 2009a, Van der
Zijl et al., 2010). Further, upregulation of MMPs especially MMP-2 and MMP-9
has been reported in animal models of focal segmental glomerulosclerosis
(FSGS), lupus nephritis and Thy-1.1 nephritis, a model for
membranoproliferative glomerulonephritis (Liu et al., 2006, Tveita et al., 2008,
Mitani et al., 2004).

Despite the great involvement of MMPs in degrading the ECM proteins in the
kidney, these studies suggest that high levels of these endopeptidases may
contribute to the development of various kidney diseases.

1.9.3 The beneficial effect of MMP inhibition in animal models

Overexpression or activation of MMPs have been shown to be associated with
various kidney diseases. Using animal models of acute kidney injury (AKI), it
has been demonstrated that the expression and activity of MMP-2, MMP-7 and
MMP-9 are increased in kidney tissues exposed to ischemia reperfusion injury.
Physiologically, inhibition the activity of MMPs in AKI models ameliorates the
progression of acute tubular injury (ATI) and improves renal dysfunction at 24h
(Kunugi et al., 2011).

Furthermore, inhibition of the MMPs activity has been widely used in animal
models to treat various types of diseases. For example, in a rat model of
autosomal-dominant polycystic kidney disease (cy/+) inhibition of MMP activity
significantly reduced cyst numbers and kidney weight (Obermdller et al., 2001).
In addition, in a mouse model of ischemic acute kidney injury (AKI) inhibition of
MMPs activity significantly reduced reperfusion AKI (Kunugi et al., 2011).
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The blockade of MMP-2 and MMP-9 in a murine model of bleomycin-induced
pulmonary fibrosis was effective in reducing pulmonary fibrosis in mice (Corbel
et al., 2001). Other studies have shown the importance of MMPs inhibitor in
reducing the growth of tumours (Watson et al., 1996, Low et al., 1996, Prontera
et al.,, 1999). Together, these findings suggest that MMPs inhibition might be

important in the treatment of several of diseases.

As mentioned above, the extracellular domain of megalin can be cleaved by
MMPs, therefore inhibition of these endocytic enzymes could be a useful
strategy to prevent ectodomain shedding of megalin, and possibly FcRn (Figure
1.12). The importance of MMP inhibition in RIP has been reported in in vitro
studies. MMP inhibitor Ill, a synthetic inhibitor of MMP, has shown to decrease
the formation of megalin carboxylterminal fragment (MCTF) effectively. The
MCTF is believed to be produced after the ectodomain shedding of megalin
(Zou et al., 2004). Based on this, in order to investigate whether the inhibition of
MMP activity may effectively reduce ectodomain shedding of both megalin and
FcRn in mice, we used a synthetic inhibitor batimastat (BB-94).

Remains intact and the
cell surface expression

may not arter§
Prevents from being

) oycreted into urine
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Figure 1.12: Proposed mechanism of MMP inhibition and protection of megalin
ectodomain shedding. MMP blockade may prevent megalin ectodomain
shedding and excretion into the urine which in turn may preserve cell surface
expression of the receptor. The subsequent activation of y-secretase and MCTF

cleavage may not occur. BB-94= Broad spectrum MMP inhibitor, /4 = inhibition.
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1.9.4 Mechanisms of MMP in kidney diseases

Several mechanisms may explain the contribution of MMPs to kidney diseases.
Tan et al. (2010) and Cheng and Lovett (2003) have demonstrated that MMP-2
and MMP-9, the most expressed MMPs in the kidney, are involved in the
progression of renal fibrosis through the induction of tubular cell epithelial-
mesenchymal transition (EMT). The fact that MMP-2 and MMP-9 are
responsible for the EMT is the collagen and laminin component of the tubular
basement membrane (Lenz et al., 2000). Another possible mechanism of MMPs
leading to kidney fibrosis is that products of collagen degradation have
chemotactic properties for neutrophils and are also able to stimulate MMP-9
production (Xu et al., 2011). Furthermore, it has been long recognised that
TGF-B and fibroblast growth factor (FGF)-2-bnding proteins are components of
ECM proteins and are released during ECM degradation (Benezra et al., 1993,
Falcone et al., 1993, Taipale et al., 1992), which in turn, may regulate cell
migration and induce EMT. Several other roles have been determined for MMPs
in renal fibrosis such as destruction of the basement membrane, angiogenesis,
cell migration, cell-cell adhesion and cell apoptosis (Gialeli et al.,, 2011,
Morrison et al., 2009). Finally, recent studies have demonstrated that MMP-9 is
able to cleave OPN, a potent macrophage chemoattractant; which in turn
activates transforming growth factor-beta (TGF-B), a key inducer of renal
fibrosis (Zheng et al., 2009, Tan et al., 2013).

1.10 Synthetic Inhibitor batimastat

Batimastat, also known as BB-94, is a potent broad spectrum and widely used
MMP inhibitor. This synthetic low molecular weight inhibitor, blocks the activity
of MMPs by directly binding to the Zn?* ion in the active site of these enzymes
(Brown, 1995, Beckett et al., 1996, Wojtowicz-Praga et al., 1997). Batimastat
could also regulate MMPs at the transcriptional level by interfering with the
signalling pathways of MMP production. It has been demonstrated that
batimastat can reduce the activation of ERK1/2, p38 MAPK and AP-1 pathways
in skeletal muscle of mdx mice, which in turn reduces the production of MMP
(Kumar et al., 2010). Activation of other transcription factors such as NF-kB and

STAT by various stimuli may lead to an increase in MMP expression (Fanjul-
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Ferndndez et al., 2010) , and reducing the activity of these transcription factors
using different MMP inhibitors reduces the production of MMPs (Figure 1.13).

Batimastat was the first synthetic inhibitor used in clinical trials as an anti-
cancer drug (Fingleton, 2007, Fingleton, 2008). BB-94 has been used in various
animal models of kidney diseases and in clinical trials to treat cancer and
prevent the growth of tumour in adult populations (Obermiuller et al., 2001,
Novak et al., 2010, Kunugi et al., 2011, Rasmussen and McCann, 1997, Wang
et al., 1994). In addition, very low toxicity has been reported in animals treated
with BB-94 (Wojtowicz-Praga et al., 1997).
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Figure 1.13: Schematic diagram showing signalling pathways of MMP synthesis
by various stimuli and inhibition of MMP production by different MMP inhibitors,
including batimastat. Modified from http://www.selleckchem.com/products/bb-
94.html.
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1.11 Aims and objectives

The strong correlation between proteinuria and the development of CKD
showed by the previous investigators was the driving concept behind this thesis.
Therefore, the current work was aimed to investigate the possible molecular
mechanisms of proteinuria in proteinuric animals. To do this, a mouse model of
POP was first established and the effect of protein overload on the expression
of PT receptors including megalin and FcRn was studied. After this, a mouse
model of POP and matrix metalloproteinase inhibitor (MMPI) was developed in
order to determine whether this inhibitor can preserve the apical expression of

these endocytic receptors and prevent proteinuria in proteinuric animals.
1.12 Hypothesis

In proteinuria altered expression of endocytic receptors is a central response in
the PT. Altered expression of PT endocytic receptors is a maladaptive response
to proteinuria and manipulating this process may potentially abrogate
proteinuric nephropathy.

The specific objectives were:

e To study the effect of POP on the expression of endocytic receptors in
the kidney of proteinuric mice.

e To determine the fate of endocytic receptors in proteinuric mice.

e To study the effect of MMP on the cell surface distribution of megalin and
FcRn in the kidney of proteinuric mice.

e To investigate whether MMP inhibition could prevent proteinuria and
influence megalin and FcRn expression in the PT of proteinuric mice.

e To study the importance of MMP blockade in the reducing
tubulointerstitial inflammation and fibrosis in the kidney of proteinuric

mice.
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2 Materials and Methods

2.1 Materials
2.1.1 Experimental animals

Eight to ten week-old male BALB/c mice weighting 25-30 g were purchased
from Charles River Laboratories. Upon arrival, mice were weighed, ear marked
and caged in groups of four or five in standard housing. They were housed in a
room with controlled temperature and a 12/12h light/dark cycle. Mice were fed
standard diet and allowed to drink tap water ad libitum. Animals were cared for
according to the guidelines of Home Office. All animal procedures were
performed in accordance with the Animal (Scientific Procedures) Act 1986
research with approved laboratory practice protocols and assurance methods.

2.1.2 Chemicals, reagents and solutions

All chemicals used were of analytical grade and purchased from Thermo Fisher
Scientific (Loughborough, UK), Sigma-Aldrich (Poole, UK), Acros Organics
(Geel, Belgium), Invitrogen Life Technologies (Paisley, UK), Promega
(Southampton, UK) and Santa Cruz Biotechnology (Heidelberg, Germany).
Analytical-grade reagents were obtained from Sigma-Aldrich (Poole, UK) and
Fisher Scientific (Loughborough, UK). Solutions for immunohistochemistry (IHC)
and histological studies were purchased from Sigma-Aldrich (Poole, UK), Vector
Laboratories (Peterborough, UK), Santa Cruz Biotechnology (Heidelberg,
Germany), Abcam (Cambridge, UK), and Thermo Scientific Fisher
(Loughborough, UK). Solutions for western blot (WB) analysis were bought from
National Diagnostics (Atlanta, USA), Sigma-Aldrich (Poole, UK) and Bio-Rad
Laboratories (Watford, UK). The full details of the chemicals, reagents and

solution used in this study can be found in Table 2.1.

50



Table 2.1: Chemicals,

reagents and solutions

immunohistochemistry and western blot analysis.

used

throughout for

Chemicals, Reagents and Solutions

Product Code

Company

Bovine serum albumin (BSA) BP9705-100 Fisher Scientific
Batimastat SML0041-25MG Sigma-Aldrich
Ammonium Persulfate (APS) A/P470/46 Fisher Scientific
Sodium Chloride PB358-212 Fisher Scientific
Albumin Standard PJ208811 Thermo Scientific
OCT Embedding Medium 125ml 03804806 Thermo Scientific
PVDF Transfer Membrane 88518 Thermo Scientific
Sodium dodecyl sulfate (SDS) L3771-100G Sigma
Trizma Base T1503-1KG Sigma
Glycine G8898-1KG Sigma
Potassium Chloride P-3911 Sigma
Potassium Phosphate P-5379 Sigma
Protease Inhibitor Cocktail P8340-1ML Sigma
Albumin from Bovine Serum A7511-5G Sigma
Phenylmethanesulfonyl fluoride P7626 Sigma
(PMSF)
Sodium Citrate Tribasic S4641-1KG Sigma-Aldrich
Skim Milk Powder 70166-500G Fluka
Sodium Phosphate Dibasic 448140010 ACROS
ORGANICS
DTT P/N Y00147 Invitrogen
TagMan Universal Master Mix Il, with 4440038 Applied

UNG

Biosystems
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AMV Reverse Transcription System A3500 Promega

RIPA Lysis Buffer System Sc-24948A Santa Cruz
Biotechnology

ECL Western Blotting Detection RPN2106 GE Healthcare

reagents

2-Mercaptoethanol M6250-100ML Sigma-Aldrich
DPX mountant 44581 Sigma-Aldrich
Glycerol G6279 Sigma
2-Propanol 19516-500ML Sigma
Folin-Ciocalteu's phenol F9252 Sigma
Tetramethylethylenediamine (TMED) T9281-25ML Sigma
Triton X-100 T-8532 Sigma
Dimethyl Sulfoxide (DMS) D-8418-50ML Sigma
Acetic Acid, minimum 99% A6283 Sigma
Tween 20 P1379-250ML Sigma-Aldrich
Xylene X/0200/17 Fisher scientific
Isopentane P/1030/08 Fisher Chemical
Chemical Store,
Methanol - Leicester
University
Chemical Store,
Absolute Ethanol _ Leicester
University
Hydrogen peroxidase solution H3410-500ML Sigma-Aldrich
R.T.U Horse Radish Peroxidase SA-5704 Vector
Streptavidin Laboratories
Zymogen Developing Buffer LC2671 Novex
Zymogen Renaturing Buffer LC2670 Novex
. . . 161-0443, 161- _
Bio-Rad silver stain Bio-Rad

0444,161-0445,
161-0447

Laboratories




Santa Cruz

LSAB Staining System G3014 Biotechnology
Acetic Acid Solution ab150681 abcam
Picro Sirius Red Solution ab150681 abcam
20% SDS Solution EC-874 National
Diagnostics
ProtoGel EC-890 National
Diagnostics
Brilliant Blue R Concentrate B8647-1EA Sigma
Eosin Y Solution Alcoholic HT110132-1L Sigma-Aldrich
Haematoxylin Solution GHS132-1L Sigma-Aldrich
Ponceau S Solution P7170-1L Sigma-Aldrich
Methyl Green H-3402 Victor Laboratories
PageBlue Protein Staining Solution 24620 Thermo Scientific
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2.1.3 Antibodies

The primary antibodies used throughout these studies for IHC and WB analysis
(Table 2.2) are listed below. Primary antibodies were purchased from
Proteintech (Manchester, UK), Bioss (Woburn, USA), OriGene (Rockville, USA),
Abcam (Cambridge, UK), Aviva Systems Biology (San Diego, USA), Sigma-
Aldrich (Darmstadt, Germany) and Santa Cruz Biotechnology (Heidelberg,
Germany). Secondary antibodies (Table 2.3) were bought from Dako (Glostrup,
Denmark), Sigma-Aldrich (Poole, UK) and Santa Cruz Biotechnology
(Heidelberg, Germany).

2.1.4 TagMan gene expression assays

The TagMan gene expression assays used in these studies were purchased
from Thermo Fisher Scientific (Loughborough, UK) and are listed in Table 2.4.

2.1.5 Commercial kits

ELISA kits for urinary megalin and FcRn were purchased from MyBioSource
(San Diego, USA). ELISA kit for urinary albumin was bought from Bethyl
Laboratories (Montgomery, USA). ELISA kits for TNF-a and TGF-B were
obtained from R&D Systems (Abingdon, UK). Creatinine assay kit was provided
by BioAssay Systems (Hayward, USA). Kits for IHC were purchased from
Vector Laboratories (Peterborough, UK). MMP assay kit was obtained from
Abcam (Cambridge, UK). Coomassie plus assay kit was purchased from
Thermo Scientific (Loughborough, UK). Picrosirius red staining kit was provided
by Abcam (Cambridge, UK). The full details for assay kits used in these studies
can be found in Table 2.5.
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Table 2.2: Primary antibodies used in immunohistochemistry and western blot

analysis
Target Host Specificity Product Company
Antibody code
LRP2 Rabbit Human, Mouse | 19700-1-AP Proteintech
Human, Mouse,
FCGRT/FcRn Rabbit Rat, Dog bs-13151R Bioss
Human, Mouse,
MMP-3 Rabbit Rat TA300812 OriGene
MMP-7 Rabbit Mouse, Human ab5706 Abcam
Human, Mouse, Aviva Systems
MMP-9 Rabbit Rat OABBO00316 Biology
Mouse, Rat,
Presenilin-1 Rabbit Human ab65293 Abcam
B-actin Mouse Mouse A-5441 Sigma-Aldrich
Santa Cruz
F4/80 Rabbit Mouse, Rat Sc-25830 Biotechnology
Santa Cruz
TNF-a Goat Mouse, Rat Sc-1349 Biotechnology
. Mouse, Rat, Santa Cruz
TGF-B Rabbit Human Sc-7892 Biotechnology
IL-6 Rabbit Mouse, Rat | Sc-1265-R | ,oonta Cruz

Biotechnology
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Table 2.3: Secondary antibodies used in immunohistochemistry and western

blot analysis
Antibody Product Code Company
Polyclonal Swine Anti-Rabbit
Immunoglobulins/Biotinylated Swine F(ab’)2 E0431 Dako
Goat Anti-Rabbit Immunoglobulin _ _
(Peroxidase Conjugated) A-6154 Sigma-Aldrich
Goat Anti-Mouse Immunoglobulin . .
(Peroxidase Conjugated) A-4416 Sigma-Aldrich
Donkey Anti-Goat IgG (HRP-Conjugated) Sc-2020 Santa Cruz
y 9 U9 Biotechnology
Donkey Anti-Goat IgG/ Biotinylated G30114 Santa Cruz
Biotechnology

Table 2.4: TagMan gene expression assays used in gPCR analysis

Target Species | TagMan Assay ID Reference ID Company
Gene
LRP2 Mouse | Mm01328171_m1 | NM_001081088.1 | Thermo Fisher
Scientific
Fcort Mouse | MmO00438885 gl NM_010189.3 | Thermo Fisher
Scientific
MMP3 Mouse | MmO01168406 g1 | NM 010809.1 | Thermo Fisher
Scientific
MMP7 Mouse | Mm01168419 m1 | NM_010810.4 | Thermo Fisher
Scientific
MMP9Q Mouse | MmO01240563_gl | NM_013599.3 | 'hermo Fisher
Scientific
GAPDH Mouse | Mm99999915 g1 | NM_001289726.1 | Thermo Fisher
Scientific
F4/80 Mouse | Mm00802529 m1 | NM_010130.4 | Thermo Fisher

Scientific
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Table 2.5: Supplier information for assay Kkits.

Commercial Kit Target Product Company
Code

Mouse Albumin Mouse Urine Albumin | E99-134 Bethyl
ELISA Kit Laboratories
QuantiChromT'V' Mouse Serum and DICT-500 BioAssay
Creatinine Assay Kit Urine Creatinine Systems
Coomassie Plus Mouse Urine and 23236 Thermo
(Bradford) Assay Kit Tissue Protein Scientific
RNeasy Plus Mini Total RNA 74134 Qiagen
Kit Purification and

Isolation
LRP2 ELISA Kit Mouse urine megalin | MBS068632 MyBioSource
FCGRT ELISA Kit Mouse urine FcRn MBS937874 MyBioSource
MMP Activity Assay | \guse tissue MMPs
Kit (Fluorometric- Activity ab112146 Abcam
Green)
Mouse TNF-a ELISA | Mouse tissue TNF-a DY410-05 R&D Systems
KIT
Mouse TGF-B1 Mouse tissue TGF-f | DY1679-05 R&D Systems
ELISA Kit
Avidin/Biotin Blocking IHC SP-2001 Vector
Kit Laboratories
Diaminobenzidine Vector
(DAB) Peroxidase IHC SK-4100 Laboratories
Substrate kit
Picro-Sirius Red Collagen deposition ab150681 Abcam

Stain Kit
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2.2 Methods
2.2.1 Unilateral nephrectomy

After an acclimatisation period of one week after arrival, eight-week old mice
were subjected to unilateral nephrectomy. Unilateral nephrectomy was
performed in a surgical theatre room in the animal house under anaesthesia

(2.5% isoflurane in 1.5L/min oxygen).

Nephrectomy was carried out as described previously (Amann et al., 2000,
Amann et al., 2001). The left kidney was exposed through a flank incision and
then the renal vein, artery and ureter were all carefully ligated at the hilus using
6/0 polyglactin suture. The kidney was then excised. The muscle and skin were
then closed separately using 6/0 polyglactin suture. Nephrectomised animals
were monitored, pain scored according to the standard sheet, and injected daily
intramuscularly with analgesics (meloxicam (5mg/kg) and buprenorphine
(0.1mg/kg) for 5 days). The mice were allowed to recover completely (7 days)
after surgery before starting BSA administration.

2.2.2 Experiment 1: Protein overload proteinuria model (Figure 2.1)

A mouse model of protein overload was used to induce proteinuria as described
previously (Eddy, 1989, Ishola et al., 2005). Nephrectomised mice were injected
with low endotoxin bovine serum albumin (BSA) for 14 days. BSA dissolved in
1ml of saline was administered by intraperitoneal (i.p) injection in increasing
doses starting from 2mg/g body weight (bw) on day 1, to a maximum dose of
15mg/g bw on day 6 which was thereafter maintained. Control animals were
received equal volumes of saline (1ml/animal). BSA solution (40%) was

prepared using sodium chloride 0.9% (normal saline).

2.2.3 Experiment 2: Protein overload proteinuria plus batimastat (BB-94)

model (Figure 2.2)

Proteinuria was induced in nephrectomised mice as described above.
Proteinuric animals also received i.p injections of BB-94 30mg/kg, for two weeks
starting on day 1 of BSA administration. A 30mg/kg dose of BB-94 was used in
previous studies in mice and prepared as a suspension of 3 mg/ml in

phosphate-buffered saline containing 0.01% Tween 80 (Corbel et al., 2001,
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Kumar et al., 2010). Control animals received an equivalent volume of vehicle

only.

2.2.4 Collection of urine and blood

Mice were placed individually in metabolic cages for 24h urine collection one
day before sacrifice. To prevent the degradation of proteins in the urine, 25pul of
protease inhibitor was placed in the urine collection tubes. Collected urines
were then measured and transferred to microcentrifuge tubes and kept on ice.
After that, they were centrifuged at 13,000 rpm for 5 min at 4°C to remove any
excess debris. After centrifugation, the supernatants were transferred to a new

2 ml microcentrifuge tubes, labelled and stored at -20°C for later analysis.

Blood samples were collected from anaesthetised mice by cardiac puncture. An
18 gauge (40x1.2mm) hypodermic needle was inserted through the diaphragm
into the heart and approximately 0.75 ml of blood was drawn into a 2.5 ml sterile
syringe. Blood samples were then transferred to 2ml microcentrifuge tubes and
incubated on ice/or at room temperature for 30-60 min and allowed to clot. The
blood samples were then centrifuged at 13,000 rpm for 5 min at 4°C. Separated
serum was then collected and transferred to fresh microcentrifuge tubes,
labelled and stored at -20°C for serum total protein and serum creatinine

measurement.

2.2.5 Animal killing and tissue collection

At the end of the experiment, animals were killed by cervical dislocation. Then
kidneys were removed and transferred to a petri dish containing cold PBS. The
kidneys were then carefully decapsulated and cut longitudinally with a sharp
scalpel blade into two equal halves. Half of the kidney was preserved in 10%
formalin for immunohistochemical and histological studies and the other half
was processed further to remove cortical tissues. The cortices were snap-frozen
in an isopentane bath on dry ice and then stored at -80°C for WB analysis and
RNA isolation.
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Figure 2.1: Schematic diagram showing the model of protein overload

proteinuria in wild type BALB/c mice.
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Experiment 2
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Figure 2.2: Schematic diagram showing the model of protein overload

proteinuria+BB-94 in wild type BALB/c mice.
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2.2.6 Preparation of urine for megalin and FCRn determination

Frozen urine samples were thawed and centrifuged at 17,000xg for 15 min at
4°C to remove whole cells, large membrane fragments and other debris from
supernatants. The supernatants were further centrifuged at 200,000xg for 1h at
4°C to obtain low-density protein pellets (Pisitkun et al., 2004, Simpson et al.,
2008). Both supernatants and pellets were collected. The supernatants were
dialysed as described previously (Norden et al., 2002). A volume of urine
equivalent to 2.5 pmol creatinine was dialysed (D9277-100FT dialysis tubing
cellulose membrane; Sigma-Aldrich, Dorset, UK) for 3h in a cold room, with
vigorous stirring, against 1L of 50 mM ammonium bicarbonate (A6141; Sigma-
Aldrich), with one change after 1h. Dialysed urine samples were then collected
from dialysis tubes and transferred to new microcentrifuge tubes. After that,
dialysed urines were lyophilised to dryness in a freeze drier (ThermoSavant, -
45°C, 70 microbars for overnight). Lyophilised urines were then resuspended in

0.25 ml of 50 mM ammonium bicarbonate buffer and stored at -20°C.

Pellets were resuspended in the same volume of 50 mM ammonium
bicarbonate buffer as the original urine volume and dialysed as described

above.

2.2.7 Urine analysis
2.2.7.1 Determination of protein concentration

The urine protein concentration was determined in 24h urine samples by
Bradford protein assay, according to the manufacturer’s instructions. Ten
microliters of standards (50, 100, 200, 400 and 800 pg/ml) or diluted urine
samples were added in duplicate to the wells of the 96-well microplate (FX9200;
Alpha Laboratories Limited, Leicester, UK). 300ul of Coomassie plus reagent
were added to the wells and the plate was shaken by hand for 30 sec. The plate
was incubated at room temperature for 10 min. The optical density of the
samples and standards was measured at 595 nm using a plate reader (TECAN,
infinite F50) and plotted against standard (BSA) concentrations to create a
standard curve. The standard curve was used to determine the protein

concentration in urine samples.
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2.2.7.2. SDS-PAGE of urinary protein

Urinary proteins were separated according to their molecular size using SDS-
PAGE. In short, 1ul urine samples, normalised to urine creatinine, was applied
to 10% SDS-PAGE and electrophoresed at 100 volts for approximately 1h. Two
micrograms of BSA was also loaded as a positive control. Separated proteins
were then visualised by staining the gel with Page blue protein staining solution
(11852174; Thermo Fisher Scientific, Dublin, Ireland). To determine the
molecular size of analysed proteins in the urine, a molecular weight protein

marker was used as standard in the gel.

2.2.7.3 SDS-PAGE of urinary megalin

Lyophilised urines, which were resuspended in 0.25 ml of 50 mM ammonium
bicarbonate buffer, were mixed with 0.25 ml loading buffer (62.5 mM Tris-HCI
(pH 6.8) with 5% sodium dodecyl sulfate, 10% glycerol, and 0.003%
bromphenol blue) and heated at 40°C for 30 min. Twenty five pl were loaded
onto a 4% SDS-PAGE and electrophoresed at 100 V for approximately 2h and
30 min in 25 mM Tris, 0.192 M glycine. After that, the gel was stained with Page
blue protein staining solution for overnight at room temperature and then

destained with distilled water for 5 min with two changes.

2.2.7.4 Determination of urine albumin concentration

Mouse albumin ELISA kit (Cat. No. E99-134) was used to determine albumin
concentration in 24h urine samples, according to the manufacturer’s
instructions. Standards (mouse albumin) or diluted urine samples (1:1000 in
D.W) were pipetted in duplicate into the wells of the 96 well plate pre-coated
with anti-mouse albumin antibody and incubated at room temperature for 1h.
After incubation, the plate was washed 4 times with the provided wash solution.
After washing, 100ul of mouse albumin detection antibody were added to the
wells and the plate was incubated at room temperature for 1h. After removing
any unbound substances, 100 pl of avidin conjugated horseradish peroxidase
(HRP) solution A were added to the wells and the plate was incubated for 30
min at room temperature. Following the last wash and removing any unbound
avidin-enzyme reagent, 100 pl of TMB substrate solution was added to the wells

and the reaction was stopped immediately when the blue colour developed. The
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intensity of blue colour was measured at 450nm using plate reader (TECAN,
infinite F50). Obtained optical densities were used to create a standard curve

and determine the concentration of aloumin in the urine samples.

2.2.7.5 Determination of urine megalin concentration

The concentration of megalin was determined in 24h urine samples using a
microplate solid phase quantitative sandwich ELISA (LRP2 ELISA Kit,
MBS068632, My-Biosource, USA), according to the manufacturer’s instructions.
Briefly, 50ul of sample diluent, standards (31.2, 62.5, 125, 250, 500 and 1000
ng/ml of recombinant full-length protein expressed in E. coli) or undiluted urine
samples were pipetted into duplicate into the wells of a 96-well microplate pre-
coated with rabbit polyclonal antibody specific for LRP2 (pre-coated microplate
wells contained both capture and detection antibodies). After adding standards
and urine samples, 100 ul of HRP-conjugated mouse anti-rabbit LRP2 antibody
was added to the wells and the strip covered plate was incubated at 37°C for 1
h.

After incubation, the microplate was washed with 1X wash solution (one volume
of wash solution (20X) diluted in 19 volumes of distilled water) four times and
dried by inverting and blotting onto a paper towel. After removing any unbound
avidin-enzyme reagent, 50ul of chromogen solution A and 50ul of chromogen
solution B (substrates) were added to the wells successively. The microplate
was then protected from light and incubated at 37°C for 15 min. The reaction
was stopped by adding 50ul of stop solution to each well. The microplate was
read at 450 nm with a microplate reader (TECAN, infinite F50) and optical
density measurements were plotted against standard (BSA) concentrations to
create standard curve. The standard curve was used to determine megalin

concentration in urine samples.
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2.2.7.6 Determination of urine FcRn concentration

The concentration of FCRn was determined in 24h urine samples using mouse
IgG receptor FcRn large Subunit P51 ELISA Kit, according to the
manufacturer's instructions. A 100 pul aliquot of sample diluent, standards (23.5,
47. 94, 187.5, 375, 750 and 1500 pg/ml of recombinant full-length protein
expressed in E. coli) or urine samples were pipetted in duplicate into the wells
of a 96-well microplate pre-coated with antibody specific for FcRn. The plate
was then covered with an adhesive strip and incubated at 37°C for 2h. After
removing any unbound substances, the plate was incubated with biotinylated
antibody (1X) at 37°C for 1h (100 ul/well). After washing with 1X wash buffer
three times, 100 pl of avidin conjugated horseradish peroxidase (HRP) (1X) was
added to the wells and the strip covered plate was incubated at 37°C for 1 hr.
Following a wash to remove any unbound avidin-enzyme reagent, 90 pl of TMB
substrate was added to the wells and the plate was incubated in dark for 30 min
at 37°C. After the yellow colour developed, the reaction was stopped by adding
50 pl of stop solution to the wells.

The intensity of yellow colour was measured at 450nm with a plate reader and
the optical densities were used to make standard curve. The standard curve
was then used to determine the concentration of FCRn concentration in the

urine samples.

2.2.7.6.1 Preparation of wash buffer (1X)

To prepare 1X wash buffer, 20 ml of concentrate wash solution (25X) were

diluted in 480 Nanopure water to obtain 500 ml of 1X wash solution.
2.2.7.6.2 Preparation of biotin-antibody (1X)

1X biotin-antibody was prepared as follows: 10 pul of biotin-antibody were diluted

in 990 ul of biotin-antibody diluent to make a 100-fold dilution.
2.2.7.6.3 Preparation of HRP-avidin (1X)

1X HRP-avidin was prepared as follows: 10 pl of HRP-avidin was diluted in 990
pl of HRP-avidin diluent to obtain a 100-fold dilution.
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2.2.8 Analysis of serum
2.2.8.1 Determination of serum creatinine

Serum creatinine was determined using quantitative colorimetric creatinine
assay (DICT-500; Universal Biologicals LTD, Cambridge, UK), according to the
manufacturer's instructions. Thirty microliters of diluted standard (2mg/dL) or
serum samples were added in duplicate to the wells of the 96-well standard
plate. Then, 200ul of working reagent were added to the wells quickly and
mixed gently. The plate was then incubated at room temperature and optical
densities were taken at 1 min (OD1) and after 5 min (OD5) at 490 nm. The
concentration of Serum creatinine was determined by using the following

equation:

ODsampLE 5 — ODsamPLE 1

Creatinine Con. = X2 (mg/dL)
ODstp5 — ODstp 1

2.2.8.2 Determination of total serum protein

Total serum protein was determined by Bradford protein assay (Bradford,
10741945, Fischer Scientific Ireland Ltd.), according to the manufacturer's
instructions. Ten microliters of standards or diluted serum samples were applied
in duplicate to the wells of the 96-wll plate. After that, 300 pl of Coomassie plus
reagent were added to the wells and mixed with a microplate shaker for 30 sec.
The plate was then incubated for 10 min at room temperature. The intensity of
the blue colour was measured at 595 nm using plate reader. Optical densities
were used to make a standard curve and to determine serum protein

concentration.

2.2.9 Preparation of homogenate from mouse renal cortex

The renal capsule was removed and the cortex was dissected away from the
medulla. The cortex was then homogenised in RIPA buffer containing PMSF
(10pl/ml), sodium orthovanadate solution (10ul/ml) and protease inhibitor
cocktail solution (20ul/ml) using four strokes of the homogenizer at maximum
speed for 10 sec each. Homogenisation was performed on ice to reduce protein

degradation. The homogenates were centrifuged at 10,000 g for 10 min at 4°C.
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The supernatants were carefully collected and transferred to a fresh Eppendorf
tube and stored at -20°C for protein expression studies.

2.2.10 Determination of protein concentration in kidney homogenates

The protein concentration in kidney homogenates was determined by Bradford
protein assay. 10ul of standards or kidney homogenates were pipetted in
duplicate into the wells of the 96-well standard plate. 300ul of Coomassie plus
reagent were then added to the wells and the plate was shaken by hand for 30
sec. The plate was incubated at room temperature for 10 min. After incubation,
produced blue colour was measured at 595 nm using plate reader and the
measurements were plotted against standard concentrations to make a
standard curve. The standard curve was used to determine protein

concentration in kidney homogenates.

2.2.11 Western blot analysis

Forty ug of extracted protein from each lysate were mixed with an equal volume
of 2X Laemmli loading buffer (100 mM tris (pH 6.8), 4% SDS, 0.2% bromphenol
blue, 20% glycerol) containing 10% beta-mercaptoethanol and heated for 5 min
at 95°C followed by a brief spin down. Samples were loaded onto 4% (for
detection of megalin) or 10% (for lower molecular weight proteins) sodium
dodecyl sulphate-polyacrylamide (SDS-PAGE) gels and electrophoresed at 100
V for 1h or 2.5h. Separated proteins were transferred onto Immobilon-P® PVDF
transfer membrane (EMD Millipore Corporation, Billerica, MA, USA) using semi-
dry transfer system (400 V, 62.5 mA for 2.30h).

The membrane was then blocked with blocking solution (5% skimmed milk
powder in TBS) for 1h or 2h at room temperature. After blocking, the membrane
was incubated with primary antibody (prepared in %5 milk solution) for
overnight at 4°C or in the cold room, for antibody dilutions see Table 2.6.
Following washing with TBST three times, the membrane was incubated with
secondary antibody (prepared in 5% milk solution) for 1h or 2h at room
temperature. After washing with TBST three times, the membrane was
incubated with ECL reagent (RPN 2106, GE Healthcare) (1 volume reagent A

mixed with 1 volume of reagent B) for 5 min at room temperature.
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Blot images were taken on ChemiDoc™ Touch Gel Imaging System and

analysed using Image Lab software or ImageJ software.

2.2.12 Coomassie blue staining

Once separated, proteins were visualised in SDS-PAGE gels with the use of
Coomassie brilliant blue stain. The gel was incubated in Coomassie stain for 2h
or overnight at room temperature and destained in destain solution
(methanol:H20 (1:1 v/v), glacial acetic acid) to remove excess Coomassie stain

from the gel.

2.2.13 Analysis of western blot images

WB images were analysed using ImageJ software. All images were stored on 8
bit grayscale and the brightness and contrast of images were adjusted using
adjustment tool. The intensity of protein bands was measured in samples from
various experimental conditions. The intensity of the target protein was then
divided by the intensity of the B-actin loading control for that sample. The target
protein to loading control ratio was used to compare target protein abundance in

various samples.

Protein content = Intensity of Target Protein / Intensity of Loading Control
(B-actin)
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Table 2.6: Primary and secondary antibody dilutions for western blot analysis.

Primary Antibody Dilution Secondary Antibody Dilution
LRP2 1:1000 Goat anti-rabbit (HRP) 1:2000
FcRn 1:1000 Goat anti-rabbit (HRP) 1:2000
Presenilin-1 1:2000 Goat anti-rabbit (HRP) 1:4000
MMP-3 1:500 Goat anti-rabbit (HRP) 1:1000
MMP-7 1:2000 Goat anti-rabbit (HRP) 1:4000
MMP-9 1:1000 Goat anti-rabbit (HRP) 1:2000
F4/80 1:1000 Goat anti-rabbit (HRP) 1:2000
TGF-B 1:750 Goat anti-rabbit (HRP) 1:2000
TNF-a 1:750 Donkey anti-goat (HRP) 1:3000
IL-6 1:1000 Goat anti-rabbit (HRP) 1:2000
B-actin 1:2000 Goat anti-mouse (HRP) 1:4000
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2.2.14 Immunohistochemistry

Paraffin embedded kidney sections were deparaffinised by immersing in xylene
(2 x 5 min), and rehydrated in a series of graded alcohols (100% (2x), 90% and
70%) for 5 min each. Sections were then incubated in hydrogen peroxide
solution (2.4ml of 30% hydrogen peroxide in 400ml PBS) for 10 min at room
temperature to quench endogenous peroxidase activity. After that, slides were
transferred to a container containing pre-heated sodium citrate (2.94g sodium
citrate in 1000ml D.W, pH 6.0) and microwaved in an 800 W microwave oven
for 12 min. This step was carried out to unmask the antigen epitopes in order to

allow primary antibody to bind.

Following antigen retrieval, slides were allowed to cool at room temperature for
30 min and rinsed in D.W. To block non-specific binding, sections were
incubated with blocking serum (0.5% BSA, 3% milk powder in 10 % goat serum)
for 1h at room temperature, and then avidin/biotin blocking system was used to
block endogenous biotin. Avidin was applied first for 15 min, followed by rinsing
with PBS; biotin was then applied for 15 min and followed by rinsing with PBS.
Sections were then incubated with primary antibody in a humidified chamber for
overnight at 4°C, for antibody dilutions see Table 2.7. Primary antibody was
replaced by 10% goat serum in negative controls. After washing with PBS three
times, sections, including negative control were incubated with secondary
antibody for 25 min at room temperature. Following washing with PBS three
times, sections were incubated with horseradish peroxidase (HRP) streptavidin

for 25 min at room temperature in humidified chamber.

To visualise bound antibodies, sections were incubated with diaminobenzidine
(DAB) for 3 min at room temperature after three washes with PBS. When the
brown colour developed, slides were quickly washed in tap water (3 x 5 min) to
remove DAB solution from sections. After signal visualization, Slides were
counterstained with haematoxylin for 10 sec, and then washed in running tap
water for 10 min. Slides were dehydrated in increasing grades of ethanol (70%
for 3 min, 90% for 3 min and 100% for 5 min) and cleared in xylene (2 x 5 min).
After dehydration and clearing, slides were mounted with DPX mounting

medium and examined with Olympus Cyto-system microscope (Adrian Building,
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University of Leicester), Olympus microscope in Lab. 227 or Olympus CX41 in
Lab 228.

Table 2.7: Primary and secondary antibody dilutions for immunohistochemistry.

Primary Dilution Secondary Antibody Dilution
Antibody

LRP2 1:200 Swine anti-rabbit (Biotinylated) 1:400
FcRn 1:100 Swine anti-rabbit (Biotinylated) 1:200
Presenilin-1 1:50 Swine anti-rabbit (Biotinylated) 1:200
MMP-3 1:100 Swine anti-rabbit (Biotinylated) 1:200
MMP-7 1:100 Swine anti-rabbit (Biotinylated) 1:200
MMP-9 1:100 Swine anti-rabbit (Biotinylated) 1:200
F4/80 1:100 Swine anti-rabbit (Biotinylated) 1:200
TGF-B 1:50 Swine anti-rabbit (Biotinylated) 1:100
TNFa 1:50 Donkey anti-goat (Biotinylated) 1:100
IL-6 1:100 Swine anti-rabbit (Biotinylated) 1:200
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2.2.15 Analysis of immunohistochemical images

Analysis of digital images was performed using ImageJ software. To quantify
IHC staining, images were opened with ImageJ software and converted to 8 bit
grayscale using image tool. In order to measure the intensity of DAB staining
accurately in various experimental conditions, the threshold of images was set
to a similar pixel using threshold settings. After thresholding, the area of DAB
staining in the images was measured automatically by entering the threshold
values using plugin and macros tools. ImageJ software measured the intensity
of IHC staining as the percentage of the stained area. For each experiment, the
DAB staining of 30 images was measured. Comparison between the intensity of

IHC staining in different conditions was made using GraphPad prism 6.0.

2.2.16 TGF-B scoring

The intensity of TGF-B staining was scored blinded and classified into 4 levels:
0: no staining, 1: weak staining, 2: mild staining, 3: moderate staining, 4: intense
staining (Coppola et al., 1998, Culhaci et al., 2005).

2.2.17 Histological analysis
2.2.17.1 Haematoxylin and eosin (H&E) staining

Morphological changes in mouse kidneys were evaluated using H&E staining
method. In brief, paraffin embedded kidney sections were dewaxed in xylene (2
x 5 min) and rehydrated in a series of graded alcohols (100%, 90% and 70%)
for 2 min each. After rinsing with D.W, slides were stained with haematoxylin
(Gill No. 1, GHS132-1L, Sigma-Aldrich) for 8 min then washed in running tap
water for 5 min. Sections were then differentiated in 1% acetic alcohol for 30
sec and blued in 0.2% ammonia water for 30 sec to 1 min. After washing in
running tap water for 5 min, slides were stained with acidified aqueous eosin
solution (Eosin Y, HT110132-1L, Sigma-Aldrich) for 30 sec to 1 min. Slides
were then dehydrated through 95% alcohol for 2 min and 100% alcohol (2 x 2
min) then cleared in xylene (2 X 5 min). After dehydration and clearing, slides
were mounted with DPX mounting medium and examined under Olympus CX41

microscope in Lab 228.
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2.2.17.1.1 Analysis of H&E images

Tubulointerstitial injury was evaluated and scored following H&E staining. Ten
non-overlapping fields at x200 magnification from each section were captured
using Olympus CX41 microscope and digital camera (Q Imaging MicroPublisher
5.0 RTV) with identical illumination and exposure. According to the previous
studies, tubulointerstitial injury was scored as follows: 4 for severe tubular
damage; 3 for moderate tubular damage; 2 for mild tubular damage; 1 for small
focal areas and 0 for normal tubules (Takase et al., 2003, Guan et al., 2013). In
addition, tubular damage was scored independently and blind by two
researchers in the infection, immunity and inflammation department. The scores

were then statistically analysed with GraphPad prism 6.0 using unpaired t-test.

2.2.17.2 Sirius red staining

To detect collagen deposition in kidney sections, sirius red staining was
performed. Shortly, paraffin embedded kidney sections were dewaxed in xylene
(2 x 5 min) and rehydrated in alcohol solutions (100% (2X), 95% (2X), 70% and
50%) each for 2 min. After rinsing with D.W, sections were stained with
haematoxylin for 8 min and washed for 10 min in running tap water. Slides were
then incubated in picrosirius red solution (Picro-Sirius Red Stain Kit, ab150681,
Abcam) for 60 min at room temperature, then rinsed quickly in 0.5% acetic acid
solution (2 x 10 sec). After removing most of the water from slides by physical
shaking, slides were dehydrated in absolute alcohol (3 x 1 min) then cleared in
xylene and cover-slipped using mounting (DPX) medium. Collagen deposition

was examined using Olympus CX41 microscope in Lab 228.

2.2.17.2.1 Analysis of sirius red staining images

Ten non-overlapping fields at x200 magnification from each section were
captured with Olympus CX41 microscope and digital camera (Q Imaging
MicroPublisher 5.0 RTV) with identical illumination and exposure. Analysis of
captured images was performed using ImageJ software. The images were
stored on 8 bit grayscale and the threshold was set using colour adjustment
tool. After threshold was adjusted, the intensity of stained particles was
determined with plugins software. The results were expressed as a percentage

of the stained area and statistically analysed by unpaired t-test.
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2.2.18 Determination of transforming growth factor beta-1 (TGFb-1)
concentration in kidney homogenates

The concentration of TGFb-1 was determined in kidney homogenates using a
mouse TGF-f ELISA kit (R&D Systems, DY1679-05), according to the
manufacturer’s instructions. The wells of a 96-well plate were coated with 100pl
of capture antibody (mouse anti-TGFb-1 diluted in PBS to a concentration of
2mg/ml) then sealed and incubated for overnight at room temperature.

After gently aspirating the liquid from the wells, the plate was washed with wash
buffer (0.05% Tween 20 in PBS, pH 7.2-7.4) three times. To remove excess
wash buffer from the wells, the plate was inverted and carefully blotted onto a
paper towel several times. The plate was then blocked with the blocking buffer
(5% Tween 20 in PBS, pH 7.2-7.4) (300 pl/well) for 1h at room temperature.
Following incubation, the wells were then gently aspirated and washed three
times with wash buffer. After removing excess wash buffer from the wells, 100pl
of samples (kidney homogenates with protein concentration adjusted to 25ug)
or standards (31.3, 62.5, 125, 250, 500, 1000 and 2000 pg/ml of recombinant
mouse TGFb-1 prepared in reagent diluent) were added to the wells in duplicate
and the plate was sealed and incubated at room temperature for 2h. Following a
second aspiration and wash step, 100ul of detection antibody (biotinylated
chicken anti-TGFb-1 diluted in reagent diluent to a concentration of 0.25ug/ml)
were added to the wells and the plate was incubated for 2h at room

temperature.

The plate content was then aspirated and the wells were washed with wash
buffer three times. After removal of excess wash buffer from the wells, 100ul of
streptavidin-HRP working dilution (1:2000 in diluent reagent) were added to the
wells. The plate was then incubated in dark for 20 min at room temperature.
After the last aspiration and wash step, the remaining wash buffer was removed

from the wells by inverting and blotting the plate onto a paper towel.

To visualise bound antibodies, 100ul of substrate solution tetramethylbenzidine
(TMP) were added to the wells and the plate was incubated in dark for 20 min at

room temperature. The enzymatic reaction was stopped by adding 50ul of stop
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solution (2 N H2SO4) to each well. The plate was read at 450nm using plate
reader (TECAN, infinite F50).

2.2.19 Determination of tumour necrosis factor-a (TNF-a) concentration in

kidney homogenates

A mouse TNF-a ELISA kit (R&D Systems, DY410-05) was used to determine
the concentration of TNF-a in kidney lysates. The plate was prepared as
described in the previous section (2.2.19). Standards (recombinant mouse TNF-
a), capture antibody (goat anti-mouse TNF-a), detection antibody (biotinylated
goat anti-mouse TNF-a) and streptavidin-HRP were all prepared in the same

way as TGF- and according to the manufacturer’s instructions.

2.2.20 Total RNA isolation and purification

RNA was isolated from mouse kidney tissues using RNeasy® plus Mini Kit (50)
(74134, QIAGEN, GmbH, Hilden, Germany) according to the manufacturer’s
instructions. Kidney cortices (30mg) were homogenised in 600 pl buffer RLT
containing beta-mercaptoethanol (B-ME) (10ul/1lml) and reagent DX (prevent
foam formation during homogenization) using four strokes of the homogeniser
at maximum speed for 10 sec each. The homogenates were then incubated for
2h on ice on a shaker. After incubation, the homogenates were centrifuged for 3
min at maximum speed. The supernatants were carefully collected and
transferred to gDNA eliminator spin columns placed in 2 ml collection tubes
then centrifuged for 30 sec at 10,000 rpm. After discarding the spin columns,
350 pl of 70% ethanol were added to the collection tubes containing flow-
throughs and mixed well by pipetting. After that, 700 pl of the flow-
through/ethanol were transferred to RNeasy spin columns placed in 2 ml
collection tubes and centrifuged for 15 sec at 10,000 rpm. After discarding the
flow-throughs from collection tubes, 700 pl of buffer RW1 were added to the
RNeasy spin columns and centrifuged for 15 sec at 10,000 rpm. The flow-
throughs were again discarded, and the spin columns were placed into
collection tubes. To wash the spin columns membrane, 500 pl of buffer RPE
were added to the RNeasy spin columns and centrifuged for 15 sec at 10,000
rom. The second wash of the spin columns membrane was performed at the

same speed for 2 min. The RNeasy spin columns were transferred to new 1.5
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ml collection tubes and 30-50 pl of RNase-free water were added directly to the
spin columns membrane. To elute RNA, the RNeasy spin columns were

centrifuged for 1 min at 10,000 rpm.
2.2.21 RNA integrity and quantification

The quality and quantity of RNA were determined using the Agilent 2100
Bioanalyzer system (Agilent Technologies, Inc., 76337 Waldbronn, Germany).
In brief, purified RNA samples (1 pl) were applied to an RNA Nano Chip pre-
loaded with RNA Gel-Dye mixture and run on an Agilent 2100 Bioanalyzer for
25 min or following the manufacturer's instructions. RNA with RNA integrity

number (RIN) more than 6 were considered to be pure.

2.2.22 Reverse transcription reaction

Firs-strand cDNA synthesis from total RNA was carried out using the AMV
reverse transcriptase system (Reverse Transcription System, A3500, and
Promega, USA), according to the manufacturer's instructions. Briefly, 1ug of
total RNA was transferred to a sterile RNase-free microfuge tube and incubated
at 70°C for 10 min. After incubation, the tube was centrifuged briefly and placed
on ice. To prepare a 20 pl transcription reaction, the following components (4 pl
of 25mM MgClz, 2 pl of reverse transcription 10X buffer, 2 ul of 10 mM dNTP
mixture, 0.5 ul of recombinant RNasin ribonuclease inhibitor, 0.6 pl of AMV
reverse transcriptase, 1 ul of Oligo (dT) 15 primer and 7.9 pl of RNase free
water) were mixed and added to the first tube containing RNA. The reaction
was then incubated at 42°C for 15 min, then heated for 5 min at 95°C and

incubated on ice for 5 min for direct use or stored in -20°C for later use.

2.2.23 Quantitative real-time PCR (qPCR)

gPCR was conducted using an Applied Biosystems 7500 fast gPCR according
to the standard procedures. qPCR reactions contained 10 pl TagMan Universal
PCR Master Mix, 1 ul of specific TagMan® Gene Expression Assay Mix, 4 ul
cDNA template and RNase free water to make a final volume of 20ul. After
initial hold at 50°C for 2 min and initial denaturation at 95°C for 10 min, gPCR
reactions were run for 40-55 cycles consisting of denaturation at 95°C for 15

sec and annealing/extension at 60°C for 60 sec. All samples were analyzed in
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duplicates. The negative control contained water instead of cDNA. To
compensate differences in the amount of RNA input and the efficiency of
reverse transcriptase, transcript abundance of the housekeeping gene, GAPDH

was also quantified.

Results were calculated using 7500 Software v2.0.6, Applied Biosystems and
Microsoft Office Excel 2007. The Ct values of the housekeeping gene were
used to normalize the Ct values of control and treatment samples. The Ct
values of GAPDG were not changed by treatments. Relative changes in mRNA

abundance was quantified using the 2-22¢t method.

2.2.24 MMP assays

Fold difference in MMP enzymatic activity was determined using the MMP
activity assay kit (Fluorometric-Green, Abcam, ab112146), which measures the
activity of a variety of MMPs, including MMP-1,2,3,7,8,9,10,11,12,13 and 14.
Briefly, 50ul of kidney lysates with the protein concentration adjusted to 25ug,
was pipetted in duplicates into the wells of 96 well plate and incubated for 15
min at room temperature. 50 pl of MMP green substrate solution was then
added to each well and the plate was then covered and incubated at room
temperature for 1h in the dark. The plate was read at an excitation 490 nm and
an emission 525 nm using VarioskanFlash plate reader. The RFUs were then

used to compare the MMPs activity between the groups.
2.2.25 Data analysis

The data were statistically analysed using GraphPad prism 6.0 and 7.0
(GraphPad Software, Inc., California, USA). All data are reported as mean *
SEM. To determine between group differences, unpaired t-test or analysis of
variance (ANOVA) with Tukey’s multiple comparisons test was performed.

Statistical significance was accepted at p < 0.05.
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3 Expression of Tubular Protein Receptors in Normal and
Proteinuric Mice

3.1 Introduction

Prolonged proteinuria may have an important contribution to the progression of
CKD due to chronic loss of the kidney function. In the kidney ultrafiltered
proteins from glomeruli are largely reabsorbed by RME and therefore they are
protected from being excreted into the urine. The most involved receptors in this
process are the large receptor megalin and its co-expressed FcRn (Christensen
and Birn, 2001, Christensen et al., 2009, Tenten et al., 2013, Sand et al., 2015).
There is no clear data showing that these receptors are affected in POP or even
in normal state their expression has not been studied clearly previously.
However in vitro studies and in other diseases like DN or animal models of CKD
the expression of megalin has shown to be downregulated in the PT. It has
been demonstrated that the expression of megalin is downregulated in the
PTEC incubated with high albumin concentrations in vitro (Caruso-Neves et al.,
2006, Cabezas et al., 2011).

In animal models of kidney disease the expression of megalin has been shown
to be downregulated in the PTECs. For example, in diabetic rats, the
expression of megalin is reduced and this was accompanied by decreased
reabsorption of albumin in the PTECs (Akihiro et al., 2003). Megalin expression
is also found to be down regulated in aged rats, as LMW proteinuria has been
detected in these animals (Odera et al., 2007). Further, in a transgenic mouse
(RenTg mic) model which exhibits characteristic features of CKD, the
expression of megalin is down regulated alongside the expression of other
proteins (Huby et al., 2009). In rats with early stages of DN, increased urinary
excretion of LMW proteins are associated with decreased megalin expression
and function (Tojo et al., 2001).

Therefore, the main objective of this chapter is to study the expression and
shedding of megalin and FcRn in the kidney of normal and proteinuric mice in a

mouse model of POP.

78



3.2 Results
3.2.1 Effects of POP on kidney function

The effect of POP on serum creatinine levels is shown in Figure 3.1. As
demonstrated, the concentration of serum creatinine was increased significantly
in POP mice (40.22 £ 1.57 pmol/L) compared to saline-injected control mice
(25.34 £ 1.76 pumol/L). These data indicate that POP reduces kidney function in

uni-nephrectomised mice.
3.2.2 Effects of POP on serum total protein concentration

The effect of POP on serum total protein concentration is shown in Figure 3.2.
Administration of 15mg/g BSA for 14 days caused a significant increase in
serum total protein concentration (39.71+ 2.71 mg/ml) in comparison to saline-
injected controls (23.89 + 0.78 mg/ml).
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Figure 3.1: Effect of POP on serum creatinine level in uni-nephrectomised mice.
Serum creatinine levels were measured in saline-injected control mice or POP
mice. Results are expressed as mean + SEM of 5 mice per group. * P < 0.05

compared with saline-injected control group (t test).
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Figure 3.2: Effect of POP on serum total protein level in uni-nephrectomised
mice. Serum total protein levels were measured in saline-injected control mice
or POP mice. Results are expressed as mean = SEM of 5 mice per group. * P <

0.05 compared with saline-injected control group (t test).
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3.2.3 Proteinuria in mice following unilateral nephrectomy with POP

To determine whether POP had an effect on kidney function and induced
proteinuria in mice, the protein concentration was measured in the urine of
saline-injected controls and POP mice using Bradford protein assay. The
protein concentration in the urine was normalised to urine creatinine
concentration. Following BSA overload at day 14, uni-nephrectomised mice
exhibited significantly increased proteinuria (132 + 12.87 mg/mg creatinine) to
levels significantly greater than those seen in uni-nephrectomised, saline

treated mice (43.43 + 1.39 mg/mg creatinine) (Figure 3.3A).

To further investigate whether megalin and FcRn ligands were found in the
urine of BSA treated mice, urine samples normalised to 2ug creatinine were
electrophoresed on 10% SDS-PAGE and the gel was stained with Coomassie
blue for the detection of separated proteins. Large quantities of both high and
low molecular weight proteins were evident in the urine of BSA treated mice
(Figure 3.3B). Saline-treated controls had very low levels of high and low
molecular weight proteins in their urine (Figure 3.3B). More specifically, at
approximately 66 kDa a very clear band was identified which was at the same

molecular size of albumin loaded as a positive control (Figure 3.3B).
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Figure 3.3: Urinary protein excretion in saline-treated control and POP mice.
A) Quantitative measurement of proteinuria in saline-injected control mice and
POP mice. Results are expressed as mean £ SEM of 5 mice per group. *P<0.05
compared with saline-treated control group (t test). B) Representative SDS-
PAGE analysis of urine samples from saline-treated control mice and POP mice

stained with Coomassie blue. Asterisk indicates albumin band.
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3.2.4 Protein expression of megalin in the kidneys of POP mice

To determine whether megalin protein expression is affected by POP, kidney
tissues from saline-injected control and POP mice were analysed using WB and
IHC. WB results revealed a significant decrease in megalin protein expression
in POP mice (0.31 £ 0.12 relative intensity) compared to saline-injected control
mice (2.38 £ 0.25 relative intensity) (Figure 3.4B). Figure 3.4A shows megalin
bands in kidney tissue from saline-treated control and POP groups. The anti-
LRP-2 antibody recognised protein bands at approximately 600 kDa. The
megalin bands in the POP group were very faint in comparison to very
prominent megalin bands in saline-treated control group. The intensity of
megalin bands was determined using ImageJ software, and normalised to the
intensity of B-actin bands (Figure 3.4B).

To confirm WB results, IHC analysis was performed. Figure 3.5 shows kidney
localisation and expression of megalin in saline-treated control and POP mice.
As demonstrated, megalin is mostly expressed at the apical membrane of the
PTEC. The brown staining which represents megalin expression was very weak
in POP group (Figure 3.5C) compared to very strong megalin staining in saline-
injected control group (Figure 3.5B). No megalin staining was detected when
the primary antibody was omitted as a negative control (Figure 3.5A). To
quantify megalin expression, the intensity of brown staining was measured
using ImageJ software (Figure 3.6). According to ImageJ analysis, megalin
expression was decreased significantly in POP group (3.41 + 0.52 % stained

area) compared to saline-treated control group (8.33 £ 1.08 % stained area).

Both WB and IHC results showed that POP has a significant negative effect on

the protein expression of megalin in the PT of the kidney.
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Figure 3.4. Effect of POP on renal megalin protein expression in uni-
nephrectomised mice. A) Expression of megalin in kidney tissues from mice
treated with BSA or saline was evaluated by western blot analysis. B)
Densitometric analyses for megalin are presented as the relative ratio to $-actin.
Results are expressed as mean = SEM of 3 mice per group. * P < 0.05

compared with saline-treated control mice (t test).
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Figure 3.5: Expression of megalin in the cortex of kidneys from saline-injected
control and POP mice. Representative photomicrographs showing megalin
localisation and expression in the kidney of saline-injected control mice (B) or

POP mice (C). (A) Negative control without primary antibody. Scale bar: 100um.
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Figure 3.6: Quantification of renal megalin staining in saline-treated control and
POP mice. Megalin staining was performed 14 days after BSA administration
and quantified using ImageJ software and expressed as (%). Results are
expressed as mean = SEM of 5 mice per group. * P < 0.05 compared with

saline-treated control group (t test).
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3.2.5 mRNA expression of megalin in the kidney of POP mice

To determine whether the levels of megalin mMRNA are altered in the PTs of uni-
nephrectomised mice treated with BSA, quantitative PCR (gPCR) analysis was
used. Total RNA was isolated from kidney tissues of saline-treated control and
POP mice (n=5 each group). The threshold cycle (Ct) values were determined
using 7500 software system (Applied Biosystems) and normalised by
subtracting the Ct values of the GAPDH. Figure 3.7 shows megalin mRNA
expression expressed as fold change. Surprisingly, the mRNA expression of
megalin was significantly increased (2.87 = 0.29 fold increase) in POP mice
compared to saline-treated control mice. These results indicate that down-
regulation of megalin protein evaluated by WB and IHC analysis is not related to

the mMRNA levels in the kidney.

In order to exclude contamination by genomic DNA as an explanation for these
results, the quality of RNA was checked by 2100 expert_Eukaryote Total RNA
Nano system. The integrity of RNA in all samples is shown in Table 3.1. The all
samples showed a high purity range of 6.2-9.3 and even in most of the samples
the integrity of RNA was very close to the standard RNA integrity number (RIN)
10. In addition, gel electrophoresis revealed that RNA degradation was entirely
absent in all of the samples and two clear bands at approximately of 18S and

28S ribosomal RNA were visualised (Figure 3.8).

Table 3.1: RNA integrity number in 10 samples from mouse kidney analysed by
2100 bioanalyzer (Agilent Technologies).

Samples 1 2 3 4 5 6 7 8 9 10

RIN 9 9.1 9 92 | 73 | 86 | 9.3 9 6.2 | 8.6
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Figure 3.7: Effect of POP on renal megalin mRNA expression in uni-
nephrectomised mice. Megalin mRNA levels were determined in saline-treated
control mice or POP mice using gPCR analysis. Results are expressed as
mean = SEM of 5 mice per group. * P < 0.05 compared with saline-injected

control group (t test).
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Figure 3.8: Gel electrophoresis of total RNA isolated from mouse kidney. Two
clear bands in each sample were detected at 18S and 28S ribosomal RNA.
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3.2.6 Urinary excretion of megalin in saline-treated control and POP mice

To investigate whether POP leads to urinary excretion of megalin, urine
samples from saline-injected control and POP mice were analysed for the
presence of megalin using ELISA. Figure 3.9 shows megalin excretion into the
urine of saline-treated control and POP mice. The concentration of megalin in
urine samples was normalised to urinary creatinine. As shown, BSA
administration to uni-nephrectomised mice for two weeks caused a significant
increase (1.26 + 0.24 pg/mg creatinine) in urinary megalin excretion in
comparison to the very low levels of megalin detected in the urine of saline-

injected control animals (0.04 + 0.01 pg/mg creatinine).

To support the ELISA results, silver staining and WB analysis were performed.
Unfortunately, none of the above techniques was able to show clear results of
megalin excretion in the urine of mice. Results of WB analysis and silver
staining are shown in Figure 3.10. Rabbit polyclonal anti-LRP2 antibody
recognised very faint bands at approximately 600 kDa, corresponding to the
same molecular size of megalin (Figure 3.10A). These bands were only found in
the urine of POP animals. In addition, silver staining revealed very faint bands
at different molecular weights below 600 kDa (Figure 3.10B). Altogether, these
data indicate that reduced megalin protein expression in POP animals might be

caused by increased urinary excretion of megalin in these animals.
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Figure 3.9: Urinary excretion of megalin in saline-treated control and POP mice.
Urinary megalin excretion was determined in saline-injected control mice or
POP mice using ELISA. Results are expressed as mean + SEM of 5 mice per

group. * P < 0.05 compared with saline-treated control group (t test).
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Figure 3.10: PAGE and WB of urine from saline-treated control and POP mice.

Representative western blot (A) and silver staining (B) showing urinary megalin

excretion in saline-treated control mice and POP mice. Very faint bands were

detected in the urine of POP mice. No bands were detected in the urine of

saline-injected control animals.

93



3.2.7 Protein expression of FcRn in the kidneys of saline-treated control
and POP mice

In order to determine the effects of POP on FcRn protein expression in PTEC,
kidney tissues from saline-treated control and POP mice were analysed using
WB and IHC. WB results showed that FCRn expression was significantly
decreased in POP mice (0.33 + 0.11 relative intensity) compared to saline-
treated control mice (1.04 + 0.13 relative intensity). Figure 3.11A shows FcRn
bands in saline-injected control and POP mice. FcRn antibody recognised
protein bands at approximately 42 kDa. The intensity of FCRn bands in each
sample was analysed using ImageJ and normalised to the intensity of B-actin
bands (FcRn to B-actin ratio) (Figure 3.11B).

To confirm WB results, IHC analysis was performed. Figure 3.12 shows kidney
localisation and expression of FCRn in saline-treated control and POP mice. As
demonstrated, FcRn is expressed in both the glomeruli and the PTs of mouse
kidney. The brown staining representing FCRn expression in PT was very weak
in POP group (Figure 3.12C) compared to the much more prominent FcRn
staining in saline-treated control group (Figure 3.12B). No FcRn staining was
detected in the negative control sections where primary antibody was omitted
(Figure 3.12A).

To quantify FCRn expression, staining was measured using ImageJ software
(Figure. 3.13). Using ImageJ, the expression of FcRn was decreased
significantly in POP group (1.08 = 0.07 % stained area) compared to saline-
treated control group (4.67 + 0.47 % stained area). Both WB and IHC results

confirmed that POP reduces FcRn protein expression in the PTs of the kidney.
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Figure 3.11. Effects of POP on renal FcRn protein expression in uni-
nephrectomised mice. A) Expression of FcRn in kidney tissues from mice
treated with BSA or saline was evaluated by western blot analysis. B)
Densitometric analysis for FcRn are presented as the relative ratio to -actin.
Results are expressed as mean = SEM of 4 mice per group. * P < 0.05

compared with saline-injected control group (t test).
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Figure 3.12: Expression of FcRn in the cortex of kidneys from saline-treated
control and POP groups. Representative photomicrographs showing FcRn
expression and localisation in the kidney of saline-injected control mice (B) or
POP mice (C). (A) Negative control without primary antibody. Scale bar: 100um.
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Figure 3.13: Quantification of renal FCRn staining in saline-treated control and
POP groups. FcRn staining was performed 14 days after BSA administration
and quantified using ImageJ software and expressed as (%). Results are
expressed as mean = SEM of 5 mice per group. * P < 0.05 compared with

saline-treated control mice (t test).
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3.2.8 MRNA expression of FcRn in the kidney of POP mice

Quantitative PCR analysis was used to determine whether the mRNA levels of
FcRn are altered in the PT cells of POP mice. Figure 3.14 shows the mRNA
levels of FcRn expressed as fold change. As shown, the mRNA levels of FCRn
were increased significantly in POP group (2.29 + 0.19 fold increase) compared
to saline-treated controls. Based on gPCR results there was no correlation

between the protein and gene expression of FcRn in POP mice.
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Figure 3.14: Effect of POP on renal FcRn mRNA expression in uni-
nephrectomised mice. FcCRn mRNA levels were determined in saline-treated
control mice or POP mice using qPCR analysis. Results are expressed as
mean = SEM of 5 mice per group. * P < 0.05 compared with saline-injected

control group (t test).
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3.2.9 Urinary excretion of FcRn by proteinuric mice

ELISA was used to determine whether the urine of POP mice contained the
FcRn receptor. Urine samples from 5 saline-treated control animals were also
analysed for the presence of FcRn. Figure 3.15 shows the amount of FcRn
excreted into the urine of uni-nephrectomised mice. The concentration of FCRn
in the urine was normalised to urinary creatinine. As shown, urinary excretion of
FcRn was significantly increased in BSA-treated animals (1.62 + 0.32 ng/mg
creatinine) compared to saline-treated controls (0.3 £ 0.08 ng/mg creatinine). To
confirm ELISA results, WB analysis was also performed. However, WB analysis
was not able to show any immunoreactivity between anti-FcRn antibody and the

FcRn protein if found in the urine of animals.
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Figure 3.15: Urinary FCcRn excretion in saline-treated control and POP mice.
Urinary FcRn excretion was determined in saline-injected control or POP mice
using ELISA. Results are expressed as mean £ SEM of 5 mice per group. * P <

0.05 compared with saline-treated control group (t test).

101



3.3 Discussion

The results of the present study demonstrate that the expression of endocytic
receptors are reduced at the apical membranes of the PTEC in proteinuric mice.
In the current work, POP produced similar phenotypic results as described in
the previous studies in mice (Eddy et al., 2000, Donadelli et al., 2003, Ishola et
al., 2005), with a small rise in serum creatinine and an early significant rise in
urinary protein excretion. Despite the presence of other mouse models such as
adriamycin model that cause proteinuria by damaging the glycocalex layer of
glomerular endothelial cells (Jeansson et al., 2009), the POP model is closely
associated with tubulointerstitial damage and is a non-immune and non-
glomerular injury model (Eddy et al., 1995). In addition, the POP model allows
to study the effect of ultrafiltered proteins such as albumin on the protein
expression of endocytic receptors more effectively due to increased

transcapillary movement of albumin into the urinary space.

In the present study, animals were injected with low endotoxin BSA to minimise
tubular injury but it could be albumin bound to fatty acids that have more effect
on the tubular damage and kidney injury (Kamijo et al.,, 2002, Thomas et al.,
2002).

The effect of protein overload on megalin and FcRn expression appeared after
14 days of BSA administration. The protein downregulation of both megalin and
FcRn was observed in PTEC of proteinuric animals. Whereas, the mRNA
expression of megalin and FcRn are increased in the PTEC. Both receptors are
detected in the urine of proteinuric mice in significant amount compared to

saline-treated control animals.

In both proteinuric patients and animal models of kidney disease, increased
urinary excretion of megalin has been documented by the previous researchers.
In patients with early DN, the extracellular domain of megalin is detected in the
urine and with the progression of this disease or in progressive DN the majority
of megalin found in the urine is the full-length form of megalin (Thrailkill et al.,
2009b, Ogasawara et al.,, 2012). In a mouse model of typel diabetes, the
expression of proximal tubular receptor megalin was reduced (Coffey et al.,

2015). In diabetic Goto-Kakizaki rats, the PT expression of megalin is reduced

102



and was attenuated by the sulfonylurea and gliquidone, which also reduces
proteinuria in these animals (Ke et al., 2014).

Despite the tubular protein expression of megalin remained unchanged, strong
correlation between urinary excretion of megalin and both proteinuria and
severity of glomerular injury was recorded in IgA nephropathy (Seki et al.,
2014). It appears that megalin expression, like in IgA nephropathy, did not alter
in patients with MN ((Seki et al., 2014). Megalin was also observed in the urine
of proteinuric dogs alongside other proteins in a model of Alport disease (Vinge
et al., 2010).

Although these studies indicate that the increased urinary megalin excretion is
associated with proteinuria-induced tubular injury (Remuzzi, 1999, Baines and
Brunskill, 2011) in several proteinuric diseases, some proximal tubular disorders
showed no correlation with the urinary loss of this receptor. In Fanconi
syndrome produced as a result of nephropathic cystinosis, in addition to
abnormal tubular functioning, the expression of megalin seemed not affected in
the proximal tubular segments (Wilmer et al., 2008), and in both Dent’s disease
and Lowe syndrome urinary excretion of megalin showed no difference

compared to normal individuals (Norden et al., 2002).

In contrast to the present study, Hathaway et al. (2015) have reported that
megalin mRNA is downregulated in the kidney of Akita diabetic mice that are
genetically modified to over-express TGFB1. Our finding of increased megalin
MRNA levels in proteinuric mice may be explained by the age difference and
the duration of proteinuria in these animals compared to the Akita diabetic mice.
In their study, Hathaway and colleagues used Akita mice that were 40 weeks,
diabetic with a long duration of proteinuria, whereas the current work employed
BALB/c mice that were 11 weeks, non-diabetic and proteinuric for two weeks.
Therefore, the increased megalin mRNA expression in the early proteinuria

could likely be downregulated in the later disease.

The expression of FcRn in the PTEC has been described previously (Haymann
et al.,, 2000), and the role of this receptor in the transcytosis of albumin and
immunoglobulin by podocytes and in the PT has only recently been identified
(Tenten et al., 2013, Sand et al., 2015), therefore mice lack FcRn show
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significant albuminuria. There are currently no data available on the modulation

of this receptor in proteinuria, nor on urinary excretion of FCRn.

Although the mechanisms of megalin gene expression regulation in proteinuric
kidneys are not clear yet, this receptor appears to be positively regulated at
both gene and protein expression in the PTEC by peroxisome proliferator-
activated receptor (PPAR) transcription factor a and y (Cabezas et al., 2011). It
was demonstrated, using agonists of PPAR a and y the reduced expression of
megalin gene and protein in the PTEC of proteinuric rats was upregulated
indicating the role of PPAR a and y in the regulation of megalin at the PT
(Cabezas et al., 2011). However other studies showed activation of PPAR vy in
the PTEC in proteinuric conditions (Arici et al.,, 2003) which give a good
explanation for the upregulation of megalin mRNA expression in the kidney
samples from POP mice. The expression of FcRn may be regulated through
different inflammatory mediators in various tissues (Kuo et al., 2010), but
currently there is no evidence showing the regulation of this receptor in the

kidney under proteinuric conditions.

The reduced expression of megalin at the apical membrane of the PTEC could
also be related to the significant urinary loss of this receptor. Megalin like other
large transmembrane receptors has shown to undergo RIP (Lal and Caplan,
2011, Zou et al., 2004). In this process, the extracellular domain of megalin is
cleaved by the PKC-regulated MMP activity and released into the urine, and
leaves an intracellular domain which become a substrate for y-secretase to form
a soluble intracellular domain that may involve in the regulation of
transcriptional genes (Zou et al.,, 2004, Li et al., 2008, Yuseff et al., 2007,
Biemesderfer, 2006). Therefore, the presence of significant amount of megalin
in the urine of POP mice, and the overall reduction of this receptor despite the
increased mMRNA expression in the PTEC observed in the current work could be
explained by the RIP of megalin.

The existence of protein in the urine, particularly albumin is considered to be the
result of both glomerular permselectivity and tubular reabsorption and this topic
is under the debate (Comper et al., 2008, Peti-Peterdi, 2009, Dickson et al.,

2014). There is currently evidence that inhibited tubular re-absorption of filtered
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proteins contributes significantly to proteinuria in disease suggesting that losing
glomerular permselectivity is not the only reason for increased urinary excretion
of proteins (Comper et al.,, 2008, Dickson et al., 2014). Although the present
study could not distinguish between the increased glomerular leakage and / or
decreased PTEC re-absorption of proteins via megalin and FcRn, reduced
tubular re-absorption of filtered proteins as a result of reduced expression of
these endocytic receptors could likely be a part of the increased protein

particularly albumin in the urine of proteinuric mice.

Finally, the results demonstrated that the expression of endocytic receptors are
downregulated in the PTEC of proteinuric animals by the proposed mechanism
RIP, but there might be other mechanisms such as phosphorylation of megalin
cytoplasmic tail could regulate the protein and gene expression of these
receptors particularly megalin in the PTEC of POP animals.
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3.4 Summary

In this chapter, the expression and urinary shedding of endocytic receptors by
PTEC are presented. As demonstrated the urinary shedding of the major
endocytic receptors for glomerular filtered proteins is increased in proteinuric
mice resulting in reduced expression of megalin and FcRn at the apical
membrane of the PT. The results presented herein are very similar to the
previously published data in human with the possible link between the urinary
excretions of these receptors to the mechanisms of their downregulation in the
PT. In addition, urinary excretion and reduced expression of endocytic receptors
are best correlated with the urinary excretion of filtered proteins such as

albumin in proteinuric mice.
3.5 Conclusions

¢ POP led to a significant reduction in renal function.

e Increased glomerular filtration of plasma proteins due to protein overload
produced significant change in the protein and gene expressions of
endocytic receptors, megalin and FcRn in the PTEC.

e Parallel with increased urinary protein excretion, significant amount of
megalin and FcRn in the urine of proteinuric mice may contribute to the

reduced apical membrane expression of these receptors in the kidney.
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4 Expression and Shedding of Proximal Tubular Receptors and

the Effect of Matrix Metalloproteinase Inhibition in Proteinuria

4.1 Introduction

In the previous chapter, the results have demonstrated that megalin and FcRn
are markedly reduced in the kidney PT of proteinuric mice. Likely, the previous
investigators have noticed the downregulation of these receptors especially
megalin in the kidney of proteinuric and diabetic animals. Cabezas et al. (2011)
have shown that megalin was downregulated in the Kidney of proteinuric mice.
In diabetic rats, the expression of megalin is reduced and this was accompanied
by decreased reabsorption of albumin in the PTEC (Akihiro et al., 2003). In rats
with early stages of DN, increased urinary excretion of LMW proteins are

associated with decreased megalin expression and function (Tojo et al., 2001).

Recent studies have also reported that megalin is shed in significant amount
into the urine of patients with DN. In type 2 diabetes, both full length and
ectodomain part of megalin were found in the urine in large quantities and
increased urinary megalin excretion was parallel with increased albuminuria in
these patients (Ogasawara et al., 2012). Similarly, megalin shedding is
aberrantly increased in type 1 diabetes and was associated with increased
albuminuria (Thrailkill et al., 2009b). In addition, the urine from patients with IgA
nephropathy and MN contained high amounts of megalin (Seki et al., 2014).

The PT downregulation and presence of megalin in the urine of proteinuric
animals and humans might be linked to RIP of this receptor in the kidney, which
has been studied by previous researchers (Biemesderfer, 2006). There is no
evidence that RIP occurs in proteinuric conditions, therefore the aim of the
present work was to investigate whether RIP is activated in the POP model.
Because RIP is dependent on MMP activity, the objectives were to: 1. study
whether MMP activity is increased in POP and if so, 2. whether inhibition of
these enzymes could protect ectodomain shedding and preserve cell surface

expression of megalin in POP.
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4.2 Results
4.2.1 Effect of POP on MMP activity in uni-nephrectomised mice

To determine whether POP activated renal MMPs, extracted proteins from
kidney tissues were analysed for MMP activity using a fluorometric protein
assay. The protein concentration in all the samples was adjusted to 25ug.
Figure 4.1 shows the effect of POP on the MMP activity in mouse kidney. BSA
administration resulted in a significant increase (1483 + 69.51 RFUs) in MMPs

activity compared to saline-treated controls (550.9 + 26.39 RFUS).
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Figure 4.1: Effect of POP on MMP activity in uni-nephrectomised mice. MMP
activity was measured in saline-treated control mice or POP mice using a
fluorometric assay. Results are expressed as mean = SEM of 5 mice per group.

* P < 0.05 compared with saline-treated control group (t test).
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4.2.2 Effect of POP on y-secretase activity in uni-nephrectomised mice

In order to investigate whether POP increased the level of y-secretase, kidney
tissues from saline-treated control and POP mice were analysed for the

presence of presenilin-1 (PS-1) using WB and IHC.

WB results revealed a significant increase in PS-1 expression in POP mice
(0.96 + 0.09 relative intensity) compared to saline-injected control mice (0.25 +
0.09 relative intensity). Figure 4.2A shows PS-1 bands in saline-treated control
and POP mice. The PS-1 bands are fainter in saline-treated control samples
compared to the PS-1 bands seen in POP samples. The intensity of protein
bands were measured and normalised to the intensity of p-actin bands using

ImageJ software (Figure 4.2B).

To confirm WB results, IHC analysis was performed. Figure 4.3 shows kidney
localisation and expression of PS-1 in the kidney of saline-injected control and
POP mice. In saline-treated control mice, PS-1 staining was very weak (Figure
4.3B), whereas the PS-1 staining in POP mice was more prominent (Figure
4.3C). No PS-1 staining was detected in negative control (primary antibody
omitted) (Figure 4.3A). To quantify the expression of PS-1, the intensity of PS-1
staining was measured using ImageJ software. As shown in Figure 4.4, the
expression of PS-1 was significantly increased (18.89 + 1.02 % stained area) in

POP group compared to saline-treated controls (6.61 + 0.32 % stained area).
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Figure 4.2: Effect POP on renal PS-1 expression in uni-nephrectomised mice.
A) Expression of PS-1 in kidney tissues from mice treated with BSA or saline
was evaluated by western blot analysis. B) Densitometric analysis for PS-1 are
presented as the relative ratio to B-actin. Results are expressed as mean *

SEM of 4 mice per group. * P < 0.05 compared with saline-injected control

group (t test).
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Figure 4.3: Expression of PS-1 in the cortex of kidneys from saline-treated
control and POP groups. Representative photomicrographs showing
immunohistochemical staining of PS-1 in the kidney of saline-injected control
(B) and POP (C) mice. (A) Negative control without primary antibody. Scale bar:
100um.
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Figure 4.4: Quantification of renal PS-1 staining in saline-treated control and
POP groups. PS-1 staining was performed 14 days after BSA administration
and quantified using ImageJ software and expressed as (%). Results are
expressed as mean = SEM of 5 mice per group. * P < 0.05 compared with
saline-injected control mice (t test).
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4.2.3 The effect of the MMP inhibitor BB-94 on serum creatinine levels in
POP mice

The effect of BB-94 treatment on serum creatinie in mice is shown in Figure 4.5.
Saline-injected control mice showed a normal serum creatinine level, whereas
POP mice had a higher level of serum creatinine (90.87+ 5.5 pmol/L) compared
to saline-treatred controls (31.71+ 3.42 pmol/L). Treatment of POP mice with
BB-94 significantly attenuated (44.92 = 3.39 pumol/L) the rise in serum creatinine
in comparison to non-treated POP animals (90.87+ 5.5 umol/L). There was no
significant difference in serum creatinine level between saline-injected control
and POP+BB-94 treated animals.These data confirm that renal function may be
protected by BB-94 treatment.
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Figure 4.5: Effect of MMP inhibitor (BB-94) treatment on serum creatinine level
in proteinuria-induced mice. Serum creatinine levels were measured in saline-
injected control, POP and POP+BB-94 groups. Results are expressed as mean
+ SEM of 4 mice per group. * P < 0.05 compared with saline-injected control
and POP+BB-94 groups (ANOVA).
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4.2.4 Total serum protein concentration in BB-94 treated and non-BB-94

treated mice

As shown in Figure 4.6, mice treated with increasing doses of BSA had higher
but not significant serum total protein concentration compared to saline-injected
controls. In BB-94 treated mice, the total serum protein concentration was

higher than non-BB-94 treated animals.
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Figure 4.6: Effect of BB-94 treatment on serum total protein level in POP mice.
Serum total protein levels were measured in saline-injected, POP or POP+BB-
94 groups. Results are expressed as mean = SEM of 4 mice per group.
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4.2.5 BB-94 treatment reduced urinary albumin and total protein excretion
in POP mice

BSA-injected mice developed significant albuminuria and proteinuria, as
measured by elevated urinary albumin and protein excretion (Figure 4.7A&B).
Both albumin and protein excretion were increased more than nine-fold in the
BSA-treated group compared with saline-treated control group. BB-94 treatment
of BSA-injected mice resulted in a significant reduction in urinary albumin and

protein excretion to control levels.
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Figure 4.7: BB-94 treatment of proteinuria-induced mice decreases urinary
albumin and protein excretion. Albumin (A) and protein (B) concentrations were
measured in the urine of saline-treated control, POP and POP+BB-94 groups.
Results are expressed as mean + SEM of 4 mice per group. *** P < 0.05
compared with saline-treated control group (ANOVA), * P < 0.05 compared
with POP group (ANOVA).
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4.2.6 BB-94 treatment reduced the enzymatic activity of MMP in POP mice

To evaluate whether BB-94 treatment inhibit the enzymatic activity of MMPs in
POP mice, a fluorimetric assay was employed. As shown in Figure 4.8, BSA
administration (15mg/g) to mice significantly increased (1274 + 152.2 RFUSs)
kidney MMP enzymatic activity compared to saline-treated control mice (777.8 +
41.94 RFUs). Treatment of POP animals with BB-94 significantly reduced
(491.3 + 123.9 RFUs) kidney MMP activity compared to POP animals (1274 +
152.2 RFUs). No significant difference in kidney MMP activity was found
between POP+BB-94 group and saline-injected controls. These data confirmed
that synthetic MMP inhibitor BB-94 indeed has an inhibitory effect on MMP
activity in mouse kidney.
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Figure 4.8: Effect of synthetic inhibitor BB-94 treatment on MMPs activity in
proteinuria-induced mice. MMPs activity were measured in saline-injected
control, POP and POP+BB-94 groups. Results are presented as mean + SEM
of 4 mice per group. * P < 0.05 compared with saline-treated control group
(ANOVA), ** P < 0.05 compared with the POP+BB-94 group (ANOVA).
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4.2.7 Assessment of MMP-9 expression in POP mice after BB-94 treatment

It was of great importance to study the expression of MMPs in the kidney
especially as some of these intracellular enzymes have shown to be involved in
RIP of cellular receptors. Because there is no clear evidence which MMP is
responsible for the cleavage of extracellular part of endocytic receptors, we
examined the expression of three different MMPs in kidney homogenates;
MMP-3, MMP-7 and MMP-9. Among these MMPs, MMP-9 showed the greatest

expression in response to BSA overload in mice.

The expression of MMP-9 in mouse kidney was evaluated by WB and IHC. WB
results showed a well-defined band at approximately 92kDa immunoreacting
with polyclonal rabbit MMP-9 antibody. Figure 4.9A shows the bands of MMP-9
in the saline-treated controls, POP and POP+BB-94 animals. Increased MMP-9
expression was evident in kidney homogenates from POP animals but similar
increased expression of MMP-9 was not found in kidney lysates from POP
animals treated with BB-94. Saline-treated control lysates contained a very low
levels of MMP-9.

Quantitative results obtained by means of densitometric analyses are shown in
Figure 4.9B. MMP-9 expression was significantly increased (0.89 + 0.01 relative
intensity) in POP animals when compared with saline-treated control animals
(0.47 £ 0.05 relative intensity). BB-94 treatment of POP animals resulted in a
significant reduction (0.4 = 0.11 relative intensity) in MMP-9 expression. MMP-9
expression was not significantly different in saline-injected controls and
POP+BB-94 treated animals.

To confirm WB results, IHC was performed on kidney sections from saline-
treated control, POP and POP+BB-94 treated animals. As shown in Figure
4.10, immunoreactivity for MMP-9 was prominent in POP sections and highly
restricted to the PTs of the kidney. On the other hand, very weak signals of
MMP-9 were observed in the kidney sections derived from saline-treated control
and POP+BB-94 treated animals. In order to quantify the amount of MMP-9
stained immunohistochemically in kidney sections, ImageJ was employed.
MMP-9 staining in kidney sections from POP mice was higher (6.7 £ 0.21 %

stained area) than in kidney sections from saline-treated control (1.29 + 0.1 %
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stained area) and POP+BB-94 treated animals (1.04 + 0.09 % stained area)
(Figure 4.11). These data confirm that the effect of BSA overload on MMP-9

expression can be reduced with BB-94 treatment in mice.
4.2.8 BB-94 treatment reduced MMP-9 mRNA expression in POP mice

Results demonstrated that BB-94 treatment leads to a marked decrease in
MMP-9 protein expression in the kidney of POP mice. In order to determine
whether MMP-9 expression can also be regulated at the transcriptional level by
BB-94 treatment, the mRNA expression of MMP-9 in the renal cortices from
saline-treated control, POP and POP+BB-94 treated mice was determined

using gPCR.

gPCR results of MMP-9 mRNA expression are shown in Figure 4.12. When
mice were treated with BSA, MMP-9 mRNA levels were significantly induced. In
contrast, when mice treated with BSA and BB-94 , the mRNA expression of
MMP-9 was significantly reduced compared with the BSA treated mice. The
MRNA expression was increased more than 10-fold in POP mice compared to
the saline-treated control group. BB-94 treatment resulted in an apparent 8-fold
reduction in MMP-9 mRNA expression compared to the BSA treated mice.
These results indicate that BB-94 can be used as a regulator of MMP-9 gene

expression.
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Figure 4.9: BB-94 treatment reduced MMP-9 expression in POP mice.
A) Representative western blot for MMP-9 and 3-actin of lysates from saline-
injected control, POP and POP+BB-94 groups. B) Densitometry analysis of
MMP-9 expression in the three groups. Results are expressed as mean + SEM
of 3 mice per group. * P < 0.05 compared with the saline-treated control group
(ANOVA), ** P < 0.05 compared with POP+BB-94 group (ANOVA).
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Figure 4.10: Expression of MMP-9 in the cortex of kidneys from saline-treated
control, POP and POP+BB-94 groups. Representative photomicrographs
showing immunohistochemical staining of MMP-9 in the kidney of saline-
injected control (B), POP (C) and POP+BB-94 (D) groups. (A) Negative control
(without primary antibody). Scale bar: 100pum.
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Figure 4.11: Quantification of renal MMP-9 staining in saline-treated control,
POP and POP+BB-94 groups. MMP-9 staining was performed after BSA or
BSA+BB-94 administration for 14 days. Results are expressed as mean + SEM
of 4 mice per group. * P < 0.05 compared with saline-treated control and

POP+BB-94 groups (ANOVA).
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Figure 4.12: Effect of BB-94 treatment on MMP-9 mRNA expression in POP
mice. The levels of MMP-9 mRNA were determined in saline-treated control,
POP and POP+BB-94 groups. Results are expressed as mean + SEM of 4 mice
per group. *** P < 0.05 compared with saline-injected control group (ANOVA), **
P < 0.05 compared with the POP+BB-94 group (ANOVA).
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4.2.9 BB-94 preserves the expression of megalin in proximal tubules in
mice with POP

In our previous studies it was demonstrated that proteinuria is associated with
reduced megalin expression at PT cell surface.This downregulation was
hypothesised to be related to the RIP of megalin as significant amounts of
megalin were detected in the urine of proteinuric animals. It is well-known that
RIP is dependent on activation of MMPs. Therefore, in order to determine
whether MMPs activity inhibition could prevent the reduction of megalin in
kidney in proteinuria, three groups of four animals were treated with saline, BSA
or BSA+BB-94 for 14 days.

WB results confirmed that proximal tubular expression of megalin was markedly
reduced in POP mice compared to saline-treated controls. In contrast,
BSA+BB-94 treated mice showed a similar expression pattern of megalin in the
kidney as saline-injected control animals, indicating that an important aspect in

the basal reduction of megalin in kidney is mediated by MMP activity.

As shown in Figure 4.13A, rabbit polyclonal antibody to megalin recoginsed a
protein at approximately 600 kDa in kidney homogenates. The amount of
megalin present in the kidney homogentates from POP mice was low, whereas
more intense bands in saline-injected control and POP+BB-94 mice indicate

preserved megalin expression in these animals.

As shown in Figure 4.13B, when quantified, a significant reduction (0.29 £ 0.02
relative intensity) in megalin expression was found in POP mice compared to
saline-treated controls (1.92 = 0.11 relative intensity). Conversely, megalin
expression was not significantly different (1.32 + 0.27 relative intenstity) to
saline-injected controls (1.92 £+ 0.11 relative intensity) after treatment of POP
mice with BB-94. There was a statistical difference between POP (0.29 + 0.01
relative intensity) and POP+BB-94 groups (1.32 + 0.27 relative intensity).

By IHC, in POP sections, megalin expression was absent in many PTs and very
weakly seen in the others (Figure 4.14 C). Saline-treated control sections
showed clear megalin staining in almost all PTs especially those around

glomeruli (Figure 4.14 B). Similar to saline-injected controls, megalin staining
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seemed prominent in POP+BB-94 treated kidney sections (Figure 4.14 D).
When quantified, the intesity of megalin staining was significantly decresed
(8.99 + 0.43 % stained area) in POP animals compared to saline-treated
controls (21.27 + 0.85 % stained area). BB-94 treatment of POP mice
significantely protected megalin expression (19.73 + 0.89). No significant
difference was found in megalin expression between saline-injected controls
and POP+BB-94 treated animlas (Figure 4.15).

4.2.10 The effect of BB-94 treatment on megalin mRNA expression in POP

mice

The effect of BB-94 on megalin gene expression was also studied. Megalin
MRNA expression was significantly increased in POP animals compared to
saline-injected controls as previously observed. In contrast, the mRNA levels of
megalin was not significantly different in POP mice treated with BB-94
compared to saline-treated control animals. There was, on the other hand, a
significant decrease in megalin mMRNA expression in POP+BB-94 treated mice
compared to POP mice, indicating that BB-94 treatment can effectively
normalise megalin gene expression (Figure 4.16).
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Figure 4.13: Downregulation of megalin in POP mice is prevented with BB-94
treatment. A) Representative Immunoblot for megalin and B-actin of kidney
lysates from saline-treated control, POP and POP+BB-94 treated mice. B)
Densitometry analysis of megalin expression in the three groups. Results are
expressed as mean = SEM of 3 mice per group. ** P < 0.05 compared with
saline-injected control group (ANOVA), * P < 0.05 compared with POP+BB-94
group (ANOVA).
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Figure 4.14: Expression of megalin in the cortex of kidneys from saline-treated
control, POP and POP+BB-94 mice. Representative photomicrographs
depicting megalin expression in the kidney of saline-treated control (B), POP
(C) and POP+BB-94 (D) groups. (A) Negative control (without primary
antibody). Scale bar: 100 pm.
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Figure 4.15: Quantification of renal megalin staining in saline-treated control,
POP and POP+BB-94 groups. Megalin staining was performed 14 days after
BSA or BSA plus BB-94 administration. Results are expressed as mean + SEM
of 4 mice per group. * P < 0.05 compared with saline-injected control and
POP+BB-94 groups (ANOVA).

132



Megalin mRNA expression
Fold Chang

Control Proteinuric Proteinuric+BB-94

Figure 4.16: Effect of BB-94 treatment on renal megalin mRNA levels in POP
group. The levels of megalin mMRNA were determined in saline-treated control
mice or POP mice with or without the BB-94. Results are expressed as mean *
SEM of 4 mice per group. * P < 0.05 compared with saline-treated control and
POP+BB-94 groups (ANOVA).
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4.2.11 Assessment of FCRn protein expression after BB-94 treatment in
POP mice

The expression of FCRn was assessed by WB analysis and IHC. WB of mouse
kidney lysates at approximately 42 kDa showed a well-defined band
immunoreacting with rabbit polyclonal FcRn antibody. Figure 4.17A shows the
bands of FcRn in saline-treated controls, POP and POP+BB-94 treated mice.
Reduced FcRn protein expression was evident in the cortical homogenates
from POP mice, but FCRn expression was preserved in kidneys from POP
animals treated with BB-94. Saline-injected control homogenates showed clear
expression of FCRn. Results were quantified by densitometry and are shown in
Figure 4.17B. A significant decrease (0.65 £ 0.08 relative intensity) in FCRn
expression was found in POP animals compared to saline-treated controls (1.41
+ 0.12 relative intensity), but in contrast, when POP mice treated with BB-94,
the expression of FCRn was maintained (1.15 + 0.12 relative intensity)

compared with POP animals (0.65 + 0.08 relative intensity).

Results of IHC are shown in Figure 4.18. Cortical sections from all mice were
immunostained with anti-FcRn antibody. The intensity of IHC staining for FCRn
was variable in the sections. In POP sections, very weak immunoreactivity of
FcRn was detected in most of the PTs compared to a very strong
immunoreactive signals observed in saline-treated control sections (Figure
4.18C vs 4.18B). A strong immunoreactive signal was observed in number of
the majority of PTs in the kidney sections from POP+BB-94 treated animals
(Figure 4.18D). To quantify the intensity of immunostaining, ImageJ was
performed. As shown in Figure 4.19, the expression of FCRn was significantly
reduced (8.07 £ 0.31 % stained area) in POP animals compared to saline-
treated controls (15.82 + 0.65 % stained area). BB-94 treatment of POP animals
seemed to attenuate FCRn expression significantly (14.71 + 0.69 % stained
area) compared to POP animals (8.07 £ 0.31 % stained area). Proximal tubular
expression of FcRn showed no significant difference between saline-treated
control and POP+BB-94 treated mice (15.82 + 0.65 % vs 14.71 £ 0.69 %

stained area).
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4.2.12 mRNA expression of FCRn receptor in proteinuric mice after BB-94
treatment

gPCR was used to determine whether mRNA of the FcRn receptor is changed
in the PTEC of POP mouse kidneys and treated with or without BB-94. Figure
4.20 shows gPCR results expressed as fold change and normalised to GAPDH.
As shown, a significant increase in mRNA level of FcRn were observed in
kidney cortex of POP mice compared with saline-treated control mice. When
POP mice treated with BB-94, the mRNA level of FCRn was not significantly
decreased compared to POP animals. There was also a significant difference in
FcRn mRNA expression between POP+BB-94 treated animals and saline-

treated control animals.
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Figure 4.17: Downregulation of FcRn in POP mice is prevented with BB-94
treatment. A) Representative Immunoblot for FcRn and (B-actin of kidney lysates
from saline-treated control, POP and POP+BB-94 treated mice. B)
Densitometry analysis of FCRn expression in the three groups. Results are
expressed as mean = SEM of 3 mice per group. ** P < 0.05 (ANOVA) compared
with saline-treated control group, * P < 0.05 compared with POP+BB-94 treated
group (ANOVA).
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Figure 4.18: Expression of FcRn in the cortex of kidneys from saline-treated
control, POP and POP+BB-94 groups. Representative photomicrographs
depicting FcRn expression in the kidney of saline-injected control (B), POP (C)
and POP+BB-94 (D) groups. (A) Negative control (without primary antibody).
Scale bar: 100 pm.
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Figure 4.19: Quantification of renal FCRn staining in saline-treated control, POP
and POP+BB-94 groups. FcRn staining was performed after 14 days of BSA or
BSA+BB-94 treatment. Results are expressed as mean + SEM of 4 mice per
group. * P < 0.05 compared with saline-treated control and POP+BB-94 treated
groups (ANOVA).
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Figure 4.20: Effect of BB-94 treatment on renal FcCRn mRNA levels in POP
mice. The levels of FcRn mRNA were determined in saline-treated control mice
or POP mice with or without the BB-94. Results are expressed as mean + SEM
of 4 mice per group. ** P < 0.05 compared with saline-treated control group
(ANOVA), * P < 0.05 compared with saline-injected control group (ANOVA).
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4.2.13 BB-94 treatment leads to reduced urinary excretion of megalin in
POP mice

In the previous studies POP in mice was associated with increased urinary
excretion of megalin. To investigate whether BB-94 treatment can reduce the
amount of megalin shedding into the urine of POP mice, urine samples from
animals treated with saline, BSA or BSA+BB-94 were analysed for the detection
of megalin by ELISA (Figure 4.21). In accordance with previous results, POP
led to a significant increase (305.5 + 35.77 ng/ml) in megalin excretion in the
urine compared to saline-treated controls (24.32 + 14.02 ng/ml). Administration
of BB-94 to POP mice significantly decreased urinary excretion of megalin
(15.95 £ 6.03 ng/ml), indicating the potential importance of BB-94 in reducing
MMP-mediated megalin cleavage and resulting shedding into urine. There was
no statistically significant difference in P between POP+BB-94 treated animals

and saline-injected control animals in urinary megalin excretion.
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Figure 4.21: Increased urinary excretion of megalin in POP mice is reduced by
BB-94 treatment. Urinary megalin excretion was measured in saline-treated
control mice or POP mice with or without the BB-94. Results are expressed as

mean + SEM of 4 mice per group. * P < 0.05 compared with saline-treated
control and POP+BB-94 treated groups (ANOVA).
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4.2.14 BB-94 treatment leads to reduced urinary excretion of FcRn in POP

mice

In our previous studies it was shown that POP led to increased urinary
excretion of FCRn in POP mice. To determine whether BB-94 treatment can
reduce increased urinary excretion of FcRn, three groups of four animals
received saline, BSA or BSA+BB-94 . The levels of FcRn were evaluated in the
urine of all animals by ELISA. Figure 4.22 shows concentrations of FcRn
present in the urine of all treated mice. Consistent with the first study, POP mice
showed a significant increase (484 + 104.1 pg/ml) in urinary FCRn excretion
compared to saline-treated controls (25.03 + 13 pg/ml). The urinary excretion of
FcRn was significantly decreased (90.28 + 30.95 pg/ml) in POP+BB-94 treated
animals compared to POP animals (484 = 104.1 pg/ml). There was no
significant difference in urinary FCRn excretion between POP+BB-94 treated
animals and saline-treated control mice. These data indicate that BB-94

treatment reduces FcRn from shedding and excretion.
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Figure 4.22: Increased urinary excretion of FCRn in POP mice is reduced by
BB-94 treatment. FcRn was measured in the urine of saline-treated control mice
or POP mice with or without the BB-94. Results are expressed as mean + SEM
of 4 mice per group. * P < 0.05 compared with saline-treated control and
POP+BB-94 treated groups (ANOVA).
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4.3 Discussion

The findings of these experiments clearly show that inhibition of MMPs reduces
proteinuria and preserves the cell surface expression of megalin and FcRn by
PTEC. It is very well-known that MMPs also mediate the cleavage of the
extracellular domain of megalin under certain conditions (Biemesderfer, 2006, Li
et al., 2008, Zou et al., 2004). This megalin domain is responsible for the
reabsorption of a wide range of glomerular ultrafiltered proteins, including
albumin (Caruso-Neves et al., 2006, Christensen et al., 2009, Chang et al.,
2011).

In the absence of the extracellular domain due to shedding, cell surface
availability of these receptors is likely to be reduced thus potentially contributing
to the loss of filtered proteins in the urine. The cleavage of intracellular domain
of megalin, which is processed by gamma secretase, is also believed to be
dependent on the ectodomain shedding of these receptors (Biemesderfer,
2006). This domain of megalin is thought to be highly involved in the regulation
of megalin gene expression. A recent study has demonstrated that increased
megalin mMRNA expression is closely associated with the amount of intracellular
domain of megalin (Li et al., 2008). All the above events could be inhibited by

blocking the activity of MMPs.

Some megalin ligands such as albumin have been shown to effectively increase
the expression and enhance the activity of MMPs. Fang et al. (2009) found that
BSA at different doses can increase both the expression and activity of MMP-2
and MMP-9 in mouse podocytes. Similarly, in vitro albumin overload led to
overexpression and activation of MMP-9 in the glomerular parietal epithelial
cells and this was via the activation of P44/42 MAPK pathway (Zhang et al.,
2015). In a mouse model similar to the present study, protein overload
increased modestly, but non-significantly, the activity of MMP-9 compared to
control mice (Eddy et al., 2000). These observations are consistent with the
results of the current work that show significant increase in MMP-9 activity in
proteinuric animals. This activation of MMP in the kidney of proteinuric mice
may then contributes to the proximal tubular shedding of endocytic receptors. In

addition to MMP-9, the current work showed a modest increase in MMP-3 and
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MMP-7 protein and mRNA expression in proteinuric animals but not in the same

content as MMP-9 (data not shown).

The present results also demonstrate that the activity of y-secretase is
increased in the PT of the proteinuric mice. Thus, enhanced y-secretase activity
may be related to both downstream effect of megalin ectodomain shedding and
protein overload in this model. Immunohistochemical studies showed that PS-1,
the active component of the y-secretase enzymatic complex (Ramdya et al.,
2003), is localised to the renal brush border where megalin is expressed. This
finding is in line with the previous studies showing that high levels of PS-1
protein are enriched in renal brush border membrane vesicles (Zou et al.,
2004).

It was previously demonstrated that the intracellular domain of megalin is
cleaved by y-secretase in vitro (Zou et al., 2004, Li et al., 2008). Although the
current work was not able to study the cleavage of megalin intracellular domain,
increased PS-1 expression may indicate that the process could be occurred in
vivo. It is believed that the intracellular domain of megalin is involved in the
regulation of megalin gene expression in the PTEC (Biemesderfer, 2006).
However, recent study showed that, despite its synthesis in large quantities in
the PTEC, the soluble intracellular domain of megalin does not have correlation
to any of the regulatory processes, including megalin expression, endocytic
retrieval of proteins, or gene expression in the kidney (Christ et al., 2010).

The current results demonstrate that BB-94 reduced both the activity and
expression of MMPs in proteinuric mice. BB-94 is a broad-spectrum MMP
inhibitor that mediates its action by binding to active zinc site on the MMPs
(Beckett et al.,, 1996, Wojtowicz-Praga et al., 1997). The way by which the
majority of MMP inhibitors exert their inhibitory effects is similar. BB-94 contains
hydroxamate (-CONHOH) group that binds to the active site and inhibits the
activity of metalloproteinases (Denis and Verweij, 1997). Previously, studies
have shown that BB-94 reduced and inhibited the activity of MMPs in various
tissues, including lungs and muscle. For example, BB-94 in a dose of
30mg/kg/day reduced the increased activity of MMP-2 and MMP-9 in

bronchoalveolar lavage of mouse in a murine model of pulmonary fibrosis
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induced by bleomycin (Corbel et al., 2001). Similarly, Kumar et al. (2010) found
that the enzymatic activity of MMPs was significantly decreased in skeletal
muscle of mdx mice treated with BB-94. In addition, in vitro BB-94 has shown to
inhibit the activity of gelatinases, gelatinase A and B at the concentrations
greater than 5 uM (Low et al., 1996). Consistent with these studies, the results
of the current work show that BB-94 significantly reduced the increased MMP

activity in proteinuric animals.

Although BB-94 is designed to inhibit the activity of MMPs, mechanisms leading
to decrease the expression of MMPs by this synthetic inhibitor has not been
described yet. Hanemaaijer et al. (2001) suggested that both MMP activation
and synthesis are sensitive to tetracycline, a synthetic inhibitor of MMPs. In
addition, several studies have demonstrated the reduced expression of MMPs
in animals treated with MMP inhibitor or in patients received doxycycline, a
synthetic MMP inhibitor. In rats treated with doxycycline, the increased
expression and production of MMP-9 was reduced after both 7 and 14 days of
doxycycline treatment (Petrinec et al., 1996). Similarly, Curci et al. (2000) have
shown that both increased protein and mRNA expressions of MMP-9 are
significantly reduced in the aneurysm tissues of patients treated with
doxycycline, indicating the effect of this exogenous inhibitor on the production of
MMPs in the aneurysm. According to Liu et al. (2003), the expression of both
MMP-2 and MMP-9 are reduced in cultured human aortic smooth muscle cells
and abdominal aortic aneurysm tissue explants treated with doxycycline at
therapeutic serum concentrations, and in case of MMP-2 reduced protein

expression was associated with the reduced MMP-2 mRNA stability.

In the present study, BB-94 reduced the increased expression of both protein
and mRNA of MMP-9 in proteinuric mice. In addition, BB-94 treatment reduced
the expression of other MMPs such as MMP-3 and MMP-7 in POP mice but not
in the same pattern as MMP-9 (data not shown). The reduced expression of
MMP-9 by BB-94 might be related to the effect of this broad spectrum inhibitor
on the production and synthesis of this proteinase in the kidney. Consistent with
these results, Urso et al. (2012) demonstrated that administration of BB-94
significantly reduced the increased mRNA expressions of MMP-3 (7.2-fold

decrease) and MMP-9 (9.7-fold decrease) in mice subjected to skeletal muscle
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trauma. It appears that BB-94 is also effective in reducing the expression of
MMPs, but the mechanisms of this downregulation still need to be elucidated.

Previous studies have shown that BB-94 is effective in reducing the risk of
developing various kidney diseases such as prevention of cyst formation and
reduction of kidney weight in a rat model of polycystic kidney disease
(Obermidiller et al., 2001), reducing proteinuria in transplanted animals (Ermolli
et al., 2003) and in the lung reduced pulmonary fibrosis induced by bleomycin in
mice (Corbel et al., 2001). In the present study, BB-94 reduced proteinuria and
improved renal function in proteinuric animals suggesting that MMP activity may
be contributing to altered proximal tubular endocytic receptor expression or
glomerular permselectivity in proteinuria. A recent study supports the
antiproteinuric effect of BB-94 by demonstrating that proteinuria are markedly
reduced in hypertensive Dahl salt-sensitive rats and type 2 DN rats treated with
the two newly available MMP inhibitors, XL081 and XL784 (Williams et al.,
2011). Williams et al. (2011) also demonstrated that these proteinase inhibitors
also reduced glomerulosclerosis and renal injury in these animals, indicating
that XL081 and XL784 might reduce proteinuria through reducing glomerular
and renal injury. Conversely Obermiller et al. (2011) found that the urinary
protein excretion was significantly higher in BB-94 treated rats than non-treated
wild type controls. Another study revealed that early inhibition of MMPs is
important to reduce 24h protein in chronic allograft nephropathy (Lutz et al.,
2005).

Inhibiting MMPs with other synthetic inhibitors such as GM6001, improves renal
function in cisplatin-induced injury and salt-sensitive hypertension in
experimental animals (Ramesh and Reeves, 2002, Pushpakumar et al., 2013).
In the first study, reduced blood urea nitrogen due to the effect of MMP inhibitor
GM6001 was associated with the improvement of tubular injury induced by
cisplatin in mice (Ramesh and Reeves, 2002). Moreover, Kunugi et al. (2011)
showed that minocycline and synthetic peptide MMP inhibitor reduced acute
tubular injury and improved renal function by lowering serum creatinine after
24h in mice with ischemic AKI. Consistent with these studies, inhibition of

MMPs using BB-94 reduced serum creatinine in proteinuric animals indicating
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better renal function. Finally, BB-94 treated animals did not show any signs of
major toxicity and all were healthy (Wojtowicz-Praga et al., 1997).

Another important point is that BB-94 reduced the urinary excretion of megalin
in proteinuric mice. In addition, the whole megalin can also be excreted into the
urine under certain conditions. It appears that the majority of megalin found in
the urine of proteinuric mice are the extracellular domain because antibodies
used in determining megalin in the urine are specific to the extracellular domain
of this receptor. Furthermore, inhibition of MMP activity with BB-94 greatly
reduced the amount of megalin in the urine indicating that megalin may be
vulnerable to cleavage and loss from cell membrane under proteinuric
conditions. At least one study has demonstrated the importance of MMPs
inhibition in protecting the cleavage of megalin in vitro. Zou et al. (2004) found
that constitutive ectodomain shedding of megalin can be prevented by several
broad spectrum inhibitors (MMP inhibitor Ill and tumour necrosis factor-a
protease inhibitor-1 and -2) of MMPs activity.

The results demonstrate that BB-94 preserved megalin cell surface expression
in proteinuric mice. Our previous study and this by Cabezas and his colleagues
showed that protein overload caused a significant decrease in megalin protein
expression in the PTs of proteinuric mice (Cabezas et al.,, 2011). Different
mechanisms can regulate the expression of megalin in the PTs exposed to BSA
overload. For example, Cabezas et al. (2011) showed that megalin protein
expression can be regulated by PPARs and using agonists of PPARSs, the
expression of megalin is largely ameliorated. In the present study, megalin
expression might be regulated in the PTEC by MMPs. Both the results of
urinary megalin excretion and protein expression showed that inhibition of
MMPs are essential in preserving megalin at cell surface. Furthermore, urinary
excretion of megalin ligands such as albumin appeared to be reduced in BB-94
treated animals, indicating the better megalin expression in the PTEC. These
observations support that maintenance of megalin expression is important in
reducing proteinuria, and the subsequent renal injury, including inflammations

and fibrosis.

FcRn like megalin has an extracellular domain that might be susceptible to

cleavage by MMPs and then excreted into the urine, however no evidence
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exists suggesting that FcRn undergoes such cleavage. Therefore, although the
results of the present study demonstrate that inhibition of MMP activity
significantly reduced the urinary excretion of FcRn, the mechanism of this effect

is unclear.

Although mechanisms underlying FcRn downregulation in the PTEC are not
described yet, MMPs activity may be involved in the regulation of FCRn protein
expression in the PTEC of proteinuric mice. MMPs, in addition to their role in
degradation of ECM, act on membrane proteins and release them (Van Lint and
Libert, 2017). However, the role of MMPs in the cleavage of FcRn is not
identified. The present study showed that inhibition of MMPs using synthetic
inhibiter BB-94, the expression of FCRn was maintained suggesting that MMPs

may be contributing to the cleavage and regulation of this receptor in the PTEC.

Most interesting is that BB-94 treatment down regulated the mRNA expression
of megalin while it did not affect the mRNA expression of FCRn in proteinuric
mice. In case of megalin, the mechanism of this regulation could be related to
the intracellular domain of this receptor. Previous studies have reported
different roles for intracellular domain in the regulation of megalin mRNA in the
PTs. According to Christ et al. (2010), the soluble intracellular domain does not
have any effect on global gene transcription of megalin using genetically
modified mice. While, Li et al. (2008) found that inhibition of gamma secretase
activity, which is responsible for the intracellular cleavage of megalin, in
transfected megalin intracellular domain cells resulted in an 8- to 10-fold

increase in megalin MRNA expression.

The above evidence suggests that MMPI reduced the activity of MMP in the
PTs rather than kidney glomeruli because this synthetic inhibitor as shown
reduced the PT shedding and preserved the expression of endocytic receptors.
Therefore, the reduced urinary excretion of plasma proteins is likely due to the
effect of MMPI (BB-94) on the availability of megalin and FcRn in the PT.
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4.4 Conclusions

¢ MMPs are major mediators of ectodomain shedding, and their activity is
increased in the kidneys of proteinuric animals.

e The increased expression of PS-1 did not have any effect on the mRNA
expression of megalin and FcRn.

e BB-94 treatment improved renal function in proteinuric animals as the
serum creatinine and proteinuria are both reduced to normal range.

e BB-94 treatment reduced the increased MMP activity and expression in
proteinuric mice.

e Reduced MMP activity decreased urinary excretion of megalin in
proteinuric animals which in turn increased cell surface expression of the
receptor.

e BB-94 treatment reduced FcRn urinary excretion by unknown
mechanism and preserved cell surface expression of FCRn in proteinuric
animals.

e BB-94 treatment reduced megalin mRNA expression by unknown
mechanism but did not change the level of FcRn mRNA significantly.
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5 Matrix Metalloproteinase Inhibitor (BB-94) Reduces Renal

Tubulointerstitial Fibrosis in Proteinuric Mice

5.1 Introduction

The morphological hallmark of progressive chronic renal disease (CKD) is
tubulointerstitial fibrosis and inflammation, which is mainly characterised by
interstitial infiltrate of mononuclear cells and macrophages as well as excessive
accumulation and deposition of ECM proteins in the interstitial space
(Genovese et al., 2014). In all the progressive renal diseases, impaired kidney
function is strongly associated with the severity of tubulointerstitial damage
(Tramonti et al., 2009).

Protein overload is very well known to induce tubulointerstitial damage dose-
dependently in experimental animals. Histologically, the kidneys of these
animals show interstitial macrophage infiltration, tubular atrophy and excessive
ECM deposition in the interstitium (Eddy, 1989, Eddy et al., 1995, Eddy et al.,
2000, Landgraf et al., 2014). Other markers of renal fibrosis such as TGF-3 and
TNF-a also increase in response to BSA overload (Eddy et al., 1995, Okamura
et al., 2013, Wu et al., 2014). In addition, as discussed earlier in this thesis, an
increase in MMP expression and activity was detected in cortical kidney tissues.
However, the role of MMPs in the development of renal fibrosis and
inflammation is not yet clear. The aim of the present study was therefore to
investigate the effect of BB-94 on the development of fibrotic lesions and
interstitial inflammation in a mouse model of POP to induce tubulointerstitial

fibrosis and inflammation.
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5.2 Results

5.2.1 Effects of BB-94 treatment on morphological changes in the kidney
of POP mice

H&E staining was performed to assess tubular injury in mice treated with BSA,
as well as the effects of BB-94 on tissue damage (Figure 5.1). The kidney
structure showed no obvious histological changes in saline-treated control mice
sections. By contrast, sections from BSA treated mice exhibited marked
histological changes. The changes observed included, tubular cell brush border
loss, tubular dilation, intratubular blood cast, interstitial inflammation, acute
tubular necrosis, and fibrosis. Interestingly, BB-94 treatment effectively reduced
tubular lesions in BSA treated mice. Sections were scored according to the
severity of tubulointerstitial scaring after two weeks of BSA and BSA plus BB-94
injections. There was a significant increase (2.76 = 0.14) in tubulointerstitial
scaring score in BSA treated mice compared to saline-treated control animals,
whereas tubulointerstitial injury score was significantly attenuated in POP+BB-
94 treated mice (0.64 + 0.098) (Figure 5.2).

Semiquantitative analysis used herein and described in the materials and
methods is widely used to investigate structural changes in various kidney
conditions. This scoring system allows to measure different parameters at
histological levels, including tubular brush border loss, tubular dilation, and
necrosis. One of the disadvantage of this method is that the scores are

measured in numbers i.e. 1, 2, 3 and 4 and does not count 0.5 etc.
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Figure 5.1: Representative photomicrographs of H&E staining of the kidney of
saline-treated control (A), POP (B) and POP+BB-94 groups. Histological
changes: Tubular brush border loss (===), tubular dilation ()), intratubular
blood cast (—}), interstitial inflammation (==3p) acute tubular necrosis (-})
and fibrosis (==s=). Scale bar: 100 um.
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Figure 5.2: BB-94 treatment attenuated renal tubular injury scores in POP mice.
Nephrectomised mice were treated with saline, BSA or BSA+BB-94 for two
weeks. Results are presented as mean + SEM of 4 mice per group. **P < 0.05
compared with saline-treated control and POP+BB-94 groups (ANOVA), * P <
0.05 compared with saline-injected control group (ANOVA).
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5.2.2 BB-94 treatment reduced collagen deposition in POP mice

Sirius red staining was performed to assess collagen deposition in the kidney of
animals. Collagen deposition was barely detected in renal tissues from saline-
treated control mice (Figure 5.3A). POP mice exhibited an increase in collagen
deposition in the renal cortex (Figure 5.3B), whereas BB-94 treatment was

markedly reduced collagen deposition in the kidney of POP mice (Figure 5.3C).

To quantify renal interstitial fibrosis, the area of collagen staining was measured
using ImageJ. Figure 5.4 shows that renal interstitial fibrosis was significantly
higher (10.15 + 0.68 % stained area) in POP mice compared to saline-treated
control mice (3.66 + 0.19 % stained area). Conversely, BB-94 treatment
significantly reduced (5.15 + 0.14 % stained area) renal interstitial fibrosis in
POP mice. This data indicate that the development of renal fibrosis can be

effectively suppressed by BB-94 treatment.
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Figure 5.3: Representative photomicrographs of sirius red staining showing
collagen deposition in the kidney of saline-treated control (A), POP (B) and
POP+BB-94 (C) groups. Scale bar: 100 pm.
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Figure 5.4: BB-94 treatment reduced collagen deposition in the kidney of POP
mice. Sirius red staining was performed 14 days after BSA or BSA+BB-94
treatment. Results are expressed as mean = SEM of 4 mice per group. ** P <
0.05 compared with saline-injected control and POP+BB-94 groups (ANOVA), *
P < 0.05 compared with saline-treated control group (ANOVA).
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5.2.3 Effect of BB-94 treatment on the interstitial accumulation of
inflammatory cells in mice with POP

WB analysis revealed that POP caused an increase in macrophage infiltration
into the kidney interstitium. While treatment with BB-94 resulted in a markedly
reduced infiltration of macrophage into the kidney interstitium of POP mice.
Figure 5.5A shows a single protein bands at 102 kDa immunoreacting with
rabbit polyclonal F4/80 antibody. The intensity of WB bands was measured
using ImageJ software and normalised to the intensity of B-actin bands (Figure
5.5B).The expression of F4/80 was significantly increased (1.26 + 0.36 relative
intensity) in POP, whereas BB-94 treatment was significantly reduced (0.21 +
0.09 relative intensity) macrophage infiltration in POP mice.

WB results were confirmed by IHC. Mouse kidney sections were
immunostained for macrophage aggregation using rabbit polyclonal anti-mouse
F4/80 antibody. F4/80 staining was very faint and barely detected in kidney
sections from saline-treated control group (Figure 5.6B). By contrast, strong
F4/80 staining was observed in kidney sections from POP mice (Figure 5.6C).
This strong F4/80 staining was not found in kidney sections from POP+BB-94
group (Figure 5.6D). To measure the intensity of interstitial F4/80 staining,
ImageJ software was used (Figure 5.7). There was a significant increase in
macrophage infiltration in POP (10.06 + 0.27 % stained area) compared to
saline-treated controls (0.6 = 0.02 % stained area). Treatment with BB-94
significantly reduced macrophage aggregation in the kidney interstitium (3.31 +
0.11 % stained area). Together with WB results, IHC results revealed that

kidney inflammation can be reduced by BB-94 treatment.
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5.2.4 BB-94 treatment reduced mRNA expression of F4/80 in the kidney of
POP mice

To determine whether the enhanced mRNA expression of F4/80 can be down
regulated in POP, uni-nephrectomised mice were treated with BB-94. The
MRNA levels of F4/80 in the kidney tissues were determined using gPCR
analysis. The obtained Ct values of F4/80 were normalised to a reference gene,
GAPDH. Figure 5.8 shows fold change in F4/80 mRNA expression in the kidney
cortex of POP and POP+BB-94 groups. As shown, the mRNA expression of
F4/80 was significantly increased (about 8.93-fold) in POP mice. Whereas,
treatment of POP mice with BB-94 significantly reduced F4/80 expression
(about 7.46-fold) in the proximal tubule cells. These data indicate that BB-94
can be used to regulate the mRNA expression of F4/80 in the kidney of POP

mice.
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Figure 5.5: BB-94 treatment reduced macrophage infiltration into the kidney of
POP mice. A) Representative WB of F4/80 and (-actin. B) Densitometric
analysis of F4/80 expression. Results are expressed as mean = SEM of 3 mice

per group. * P < 0.05 compared with saline-treated control and POP+BB-94

groups (ANOVA).
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Figure 5.6: Representative photomicrographs showing macrophage infiltration
into renal interstitium assessed by immunohistochemistry of F4/80 in the saline-
treated control (B), POP (C), and POP+BB-94 (D) groups at day 14. (A)

Negative control (without primary antibody). Scale bar: 100 pm.
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Figure 5.7: Quantification of macrophage infiltration in the kidney of saline-
treated control, POP and POP+BB-94 groups. Staining for F4/80 was
performed 14 days after BSA or BSA+BB-94 administration. Results are
expressed as mean = SEM of 4 mice per group. * P < 0.05 compared with

saline-injected control and POP+BB-94 groups (ANOVA).
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Figure 5.8: BB-94 treatment reduced mRNA expression of F4/80 in POP mice.
The mRNA levels of F4/80 were determined in saline-treated control mice or
POP mice with or without the BB-94. Results are expressed as mean + SEM of
4 mice per group. ** P < 0.05 compared with saline-treated control and

POP+BB-94 treated groups (ANOVA).
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5.2.5 Effect of BB-94 treatment on transforming growth factor-beta (TGF-B)
expression in the kidney of POP mice

To determine whether BB-94 treatment could reduce the increased protein
expression of TGF-B in POP, uni-nephrectomised mice were treated with BB-94
up to two weeks, beginning on day 1 of BSA injection. The expression of TGF-3
was assessed in renal cortical tissues using WB analysis, IHC and ELISA. WB
of mouse kidney cortical tissues showed a protein band at approximately 44
kDa immunoreacting with rabbit polyclonal mouse anti-TGF- antibody. Figure
5.9A shows TGF-B bands in saline-injected controls, POP and POP+BB-94
treated kidney lysates. Increased expression of TGF- was evident in kidney
homogenates of POP mice, whereas very low levels of TGF-3 was observed in
POP+BB-94 treated and saline-treated control mice. By ImageJ analysis
(Figure 5.9B), the expression of TGF- was significantly increased in the kidney
of POP mice (1.45 £ 0.12 relative intensity) compared to saline-treated control
mice (0.09 = 0.01 relative intensity). On the other hand, POP+BB-94 group
showed a significant decrease (0.11 £ 0.07 relative intensity) in TGF-

expression compared to POP mice.

To confirm WB results, IHC was performed to evaluate the kidney expression of
TGF-B in POP and POP+BB-94 groups. Strong tubular staining for TGF-$ was
observed in POP group (Figure 5.10C), whereas staining was much less
intense in saline-treated control and POP+BB-94 groups (Figure 5.10B&D).
Semiquantitative scoring revealed a significant increase in TGF-f3 expression in
mice that were challenged with BSA (2.85 £ 0.1). Whereas, the expression of
TGF-B was significantly decreased in POP+BB-94 mice (0.85 + 0.13) (Figure
5.11).

ELISA was also used to measure the concentration of TGF-f3 in mouse kidney
tissues. The concentration of TGF- in all three groups is shown in Figure 5.12.
BSA administration caused a significant increase in TGF-B protein levels (184.6
+ 22.97 pg/100ug protein) compared to saline-treated group (57.86 + 10.99
pg/100ug protein). Whereas, BB-94 treatment was significantly reduced the
protein levels of TGF-B (107.9 + 13.19 pg/100ug protein).
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Figure 5.9: Effects of BB-94 treatment on renal TGF- expression in POP mice.
A) Expression of TGF-f in kidney tissues from mice treated with saline, BSA or
BSA+BB-94 was evaluated by WB analysis. B) Densitometric analysis of TGF-f3
expression. Results are expressed as mean £ SEM of 3 mice per group. ** P <

0.05 compared with saline-treated control and POP+BB-94 groups (ANOVA).
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Figure 5.10: Expression of TGF-B in the cortex of kidneys from saline-treated
control, POP and POP+BB-94 groups. Representative photomicrographs
showing TGF-B expression assessed by IHC in the kidneys of saline-treated
control (B), POP (C) and POP+BB-94 (D) groups. (A) Negative control (without
primary antibody). Scale bar: 100um.
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Figure 5.11: Immunostaining score for TGF- staining in the kidney of saline-
treated control, POP and POP+BB-94 groups. TGF-$ staining was performed
14 days after BSA or BSA+BB-94 treatment. Results are expressed as mean *
SEM of 4 mice per group. ** P < 0.05 compared with saline-treated control and
POP+BB-94 groups (ANOVA), * P < 0.05 compared with saline-treated control
group (ANOVA).
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Figure 5.12: Effects of BB-94 treatment on renal TGF-B levels in POP mice.
TGF-B levels were measured in the kidney of saline-treated control mice or
POP mice with or without the BB-94 by ELISA. Results are expressed as
means + SEM of 4 mice per group. *** P < 0.05 compared with saline-treated
control group (ANOVA), * P < 0.05 compared with POP+BB-94 treated group
(ANOVA).
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5.2.6 Effect of BB-94 treatment on tumour necrosis factor-alpha (TNF-a)
expression in POP mice

Since the expression and release of TNF-a are increased in response to
albumin exposure in podocytes (Okamura et al., 2013) and PTEC (Wu et al.,
2014) and is an indicator of renal inflammation (Vielhauer and Mayadas 2007),
we therefore investigated the effect of BB-94 on TNF-a expression and
production in POP mice. The expression of TNF-a in renal cortical tissues was
analysed by WB analysis, IHC and ELISA. A representative WB is shown in
Figure 5.13A. Rabbit polyclonal anti-mouse TNF-a recognised a major protein
band with an estimated molecular mass of 25 kDa in kidney lysates from saline-
treated control, POP and POP+BB-94 mice. Strong immunoreactivity was
detected in POP group, whereas very faint or undetectable bands in both
saline-treated control and POP+BB-94 treated groups indicated a very weak
immunoreaction. To quantify the protein levels of TNF-a in kidney lysates, the
intensity of protein bands was measured and normalised to the intensity of (3-
actin bands using ImageJ software (Figure 5.13B). TNF-a protein levels were
significantly higher in POP group than in saline-treated control group (1.27 +
0.15 vs 0.1 £ 0.03 relative intensity). The BB-94 treatment of POP mice was
significantly lowered the protein levels of TNF-a (0.22 £ 0.07 relative intensity).

The WB results were confirmed by IHC (Figure 5.14). Renal cortical sections
were immunostained with an antibody specific to mouse TNF-a. Strong
immunolabeling for TNF-a was found in kidney tubules of POP mice (Figure
5.14C), whereas saline-treated control and POP+BB-94 treated mice showed
very weak immunoreactive signals for TNF-a in kidney tubules (Figure
5.14B&D). The intensity of TNF- a staining was measured with a use of ImageJ
software. As shown in Figure 5.15, the expression of TNF- a was significantly
increased in BSA treated mice (7.91 + 0.62 % stained area), whereas BB-94
treatment was significantly reduced the expression of TNF- a (4.15 £ 0.14 %

stained area).
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ELISA was also performed to measure protein levels of TNF-a in the kidney
cortex of saline-treated control, POP and POP+BB-94 treated mice. TNF-a
concentrations in all three groups is shown in Figure 5.16. As demonstrated,
BSA administration caused a significant increase in protein levels of TNF-a
(408.7 £ 46.5 pg/100pg protein) compared with saline-injected control group
(163.6 £ 9.707 pg/100ug protein). Whereas, BB-94 treatment was significantly
decreased the protein levels of TNF-a (266 + 32.83 pg/ug protein) compared to
BSA-challenged mice. Altogether, these results indicate that BB-94 treatment
might be useful in reducing renal inflammation via decreasing TNF-a production

in proteinuric conditions.
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Figure 5.13: BB-94 treatment reduced TNF-a expression in the kidney of POP
mice. A) Expression of TNF-a in kidney tissues from mice treated with saline,
BSA or BSA+BB-94 was evaluated by WB analysis. B) Densitometric analysis
of TNF-a expression is presented as the relative ratio to p-actin. Results are
expressed as mean = SEM of 3 mice per group. ** P < 0.05 compared with

saline-treated control and POP+BB-94 groups (ANOVA).
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Figure 5.14: Expression of TNF-a in the cortex of kidneys from saline-treated

POP and POP+BB-94 groups. Representative photomicrographs

control,

showing TNF-a expression assessed by IHC in the kidneys of saline-treated

control (B), POP (C) and POP+BB-94 (D) groups. (A) Negative control (without

primary antibody). Scale bar: 100um.
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Figure 5.15: Quantification of TNF-a staining in the kidneys of saline-treated
control, POP and POP+BB-94 groups. TNF-a staining was performed 14 days
after BSA or BSA+BB-94 treatment. Results are expressed as mean + SEM of 4
mice per group. ** P < 0.05 compared with saline-treated control and POP+BB-
94 groups (ANOVA), * P < 0.05 compared with saline-injected control group
(ANOVA).
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Figure 5.16: Effects of BB-94 treatment on renal TNF-a levels in POP mice.
TNF-a levels were measured in the kidneys of saline-treated control mice or
POP mice with or without the BB-94 by ELISA. Results are expressed as
means = SEM of 4 mice per group. ** P < 0.05 compared with saline-treated

control group (ANOVA), * P < 0.05 compared with POP+BB-94 treated group
(ANOVA).

174



5.2.7 Effects of BB-94 treatment on interlukin-6 (IL-6) expression in POP

mice

Elevated protein levels of IL-6 may promote the progression of CKD (Kayama et
al., 1997). We therefore assessed protein IL-6 levels by WB analysis and IHC.
WB results revealed that the protein levels of IL-6 were significantly increased in
POP group (1.73 = 0.1 % relative intensity) compared with saline-treated control
group (0.07 £ 0.02 relative intensity). The administration of BB-94 ameliorated
the BSA-induced increase in protein levels of IL-6 (0.26 + 0.13 relative intensity)
(Figure 5.17A&B).

WB results were confirmed by IHC. Mouse kidney sections were
immunostained with rabbit polyclonal anti-mouse IL-6 antibody. Strong IL-6
immunostaining was observed in POP group (Figure 5.18C). While weak-to-
moderate IL-6 immunostaining was seen in POP+BB-94 treated group (Figure
5.18D). The intensity of IL-6 immunostaining was very weak in saline-treated
control group (Figure 5.18B). To quantify the protein levels of IL-6 in kidney
sections, the intensity of brown staining was measured using ImageJ software.
As demonstrated in Figure 5.19, the protein levels of IL-6 was significantly
increased in POP mice (6.71 = 0.52 % stained area), whereas BB-94
administration was significantly reduced the protein levels of IL-6 (2.72 £ 0.15 %

stained area).
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Figure 5.17: Effects of BB-94 treatment on renal IL-6 expression in POP mice.
A) Expression of IL-6 in kidney tissues from saline, BSA or BSA+BB-94 treated
mice was evaluated by WB analysis. B) Densitometric analysis of IL-6
expression is presented as the relative ratio to 3-actin. Results are expressed
as mean = SEM of 3 mice per group. ** P < 0.05 compared with saline-treated

control group (ANOVA), * P < 0.05 compared with POP+BB-94 treated group
(ANOVA).
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Figure 5.18: Expression of IL-6 in the cortex of kidneys from saline-treated
control, POP and POP+BB-94 groups. Representative microphotographs
showing IL-6 expression assessed by IHC in the kidneys of saline-injected
control (B), POP (C), and POP+BB-94 (D) groups. (A) Negative control (without
primary antibody). Scale bar: 100pum.
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Figure 5.19: Quantification of IL-6 staining in the kidneys of saline-treated
control, POP and POP+BB-94 groups. IL-6 staining was performed 14 days
after BSA or BSA+BB-94 treatment. Results are expressed as mean + SEM of 4
mice per group. ** P < 0.05 compared with saline-treated control and POP+BB-
94 groups (ANOVA), * P < 0.05 compared with saline-injected control group
(ANOVA).
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5.3 Discussion

The current studies demonstrate that MMPs play an important role in the
development of renal interstitial inflammation and fibrosis in proteinuria. In
addition, blockade of MMP greatly abrogates the progression of kidney disease
in POP and improves renal function. The results demonstrate that BB-94
significantly reduced interstitial inflammation and fibrosis by decreasing the
expression of proinflammatory cytokines and interstitial infiltration of

macrophages.

MMPs control the structural alterations in collagen and laminin during renal
fibrosis (Zhao et al., 2013). MMPs such as MMP-2, MMP-7 and MMP-9 are the
main proteinases found in the kidney which are responsible for cleavage of
collagen type IV and laminin (Lenz et al., 2000, Sbardella et al., 2012). Collagen
type IV and laminin are the basic components of the tubular basement
membrane (TBM) (Tan and Liu, 2012, Zhao et al., 2013).

Consistent with the current results, Landgraf et al. (2014) showed that collagen
deposition is increased in the kidney interstitium of BSA treated mice after 7
days of administration. In support of the view that activation of MMPs is the
main cause of accumulated collagen in the interstitial space of protein overload
animals detected herein, Du et al. (2012) reported that collagen deposition,
which was prominent in the kidney of mice after unilateral ureteral obstruction
(UUO) is associated with increased MMP-2 and MMP-9 activity in MMP-

2** mice.

Most importantly, increased collagen deposition and other markers of interstitial
fibrosis were not observed in MMP-27~ mice and minocycline-treated MMP-
2** mice, minocycline is an inhibitor of MMP, suggesting that MMPs play an
important role in both renal fibrosis and collagen deposition (Du et al., 2012).
Slusarz et al. (2013) reported that the two collagen genes, Colla2 and Col3al
are elevated in MMP-7 overexpressed NRK-52E cells and in aged rat kidneys
which showed increased MMP-7 expression as well, indicating the role of MMP-
7 in regulating collagen production in the kidney. In agreement with these
studies, blockade of MMP activity in proteinuric animals significantly reduced

collagen deposition and interstitial fibrosis.
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It is widely accepted that collagens, such as type | and Ill are the main
constitutes of different fibrotic lesions and excessive accumulation of these
fibres may lead to alterations in tissue structure and function (Giannandrea and
Parks, 2014). It has been demonstrated that degradation of collagen type IV
and laminin by MMPs contributes to the tubular cell epithelial mesenchymal
transition (EMT) via disruption of TBM integrity and this process has shown to
be involved in the development of renal fibrosis through ECM deposition (Liu et
al., 2006, Zhao et al., 2013). In vitro and in vivo studies have shown that the
EMT is associated with the increased expression of MMP-2 and MMP-9 (Strutz
et al., 2002, Yang et al., 2002). Similarly, renal fibrosis appears to be related
with the MMP-7 induced EMT (Tan and Liu, 2012).

Several investigators have highlighted the important role for MMPs in causing
EMT and renal fibrosis. Du et al. (2012) reported that MMP-2 deficient mice and
minocycline-treated mice exhibit less renal interstitial fibrosis and the EMT
induced molecules are also inhibited in these animals. In obstructive
nephropathy, inactivation of MMP-9 using tissue-type plasminogen activator (t-
PA) deficient mice preserved tubular basement membrane integrity with
reduced tubular cell EMT and renal fibrosis (Yang et al., 2002). The results of
above study are consistent with recent study conducted in MMP-9 KO mice with
obstructive nephropathy (Wang et al., 2010). Therefore, inhibition of MMP
activity in the present study might have similar effects on the EMT and renal

fibrosis.

The results of the present study showed that macrophage infiltration, assessed
by F4/80 immunostaining and WB, significantly increased in the kidney of POP
mice. F4/80 is a specific antigen marker found on the surface of macrophages
(Nishimura et al. 1998) and it is widely used by the previous investigators to
estimate the degree of renal inflammation in POP studies (Abbate et al., 2008,
Donadelli et al., 2003). Previously, protein overload has been shown to increase
macrophage infiltration into the interstitium of proteinuric mice (Eddy et al.,
2000, Landgraf et al., 2014). In the present study, increased macrophage was
shown to be associated with increased MMP activity in proteinuric animals. This
data is consistent with a previous study showing that MMP-2 increases

macrophage infiltration into the kidney of UUO mice and this is possibly due to
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the increased degradation of ECM (Nishida et al., 2007). With inhibition of
MMPs activity the recruitment of macrophages into the kidney was reduced.
Consistent with the current work, Nishida et al. (2007) found that inhibition of
MMP-2 significantly reduced macrophage infiltration and kidney fibrosis in UUO

mice.

The mechanisms by which BB-94 treatment reduces macrophage infiltration
might be similar to those found by others. BB-94 reduces the activity of MMPs
and in turn macrophage infiltration into the kidney interstitium in proteinuric
mice. This might be due to the reduced components of ECM or other molecules
which are chemotactic and play a major role in the attracting of inflammatory
cells such as macrophages into the site of inflammation. For example, MMPs
can increase the number of macrophages through the cleavage of OPN and the
MMP-cleaved OPN has well been defined as a macrophage chemoattractant
molecule (Agnihotri et al., 2001, Takafuji et al., 2007). In obstructed mice,
inhibition of MMPs such as MMP-2 and MMP-9 significantly reduced MMP-
cleaved OPN and macrophage infiltration (Tan et al., 2013), indicating the
involvement of MMP-2 and MMP-9 both in OPN cleavage and the recruitment
of macrophages to the interstitial space. Another study reported that inhibition of
MMPs with minocycline is effective in reducing macrophage infiltration (Du et
al., 2012). In the present work, BB-94 reduced macrophage infiltration in
proteinuric animals and this might be related to the reduced production of
chemotactic molecules such as MMP-cleaved OPN by MMPs. It has also been
demonstrated that BB-94 reduces macrophage infiltration in mice treated with

bleomycin to induce pulmonary fibrosis in mice (Corbel et al., 2001).

Macrophages has long been recognised to play an important role in the
development of renal injury and fibrosis. For example, Henderson et al. (2008)
found that specific reduction of macrophages using CD11b-DTR mice is
associated with the reduced severity of renal fibrosis after UUO in these mice.
Another study demonstrated that depletion of macrophages is linked to the
reduced myofibroblasts and renal fibrosis in UUO mice (Duffield et al., 2005).
Consistent with these observations, the current study showed that reduction in

macrophage infiltration using BB-94 reduced renal fibrosis in proteinuric mice.
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The current study showed that BB-94 markedly reduced TGF- expression in
proteinuric mice. It is well known that TGF-B is a fibrogenic cytokine and plays
an important role in the kidney fibrosis (Zhao et al., 2013, Rodrigues-Diez et al.,
2015). Numerous studies have reported that in the kidney increased TGF-3
expression is associated with interstitial fibrosis (Tamaki et al., 1994, Eddy et
al., 1995). In agreement with the present study, at least two studies have
demonstrated that TGF-B expression is increased in BSA overload mice and
was associated with interstitial fibrosis as collagen deposition was increasingly
detected (Eddy et al., 2000, Landgraf et al., 2014). While TGF-$ is a key
modulator of interstitial fibrosis in these studies, its inhibition might be beneficial
in reducing the development of renal fibrosis. Previously, TGF-B has shown to
induce kidney fibrosis through the induction of tubular cell EMT (Lan, 2003).
Recent study showed that inhibition of MMP-9 reduces TGF-B induced tubular
cell EMT (Tan et al., 2010), indicating that MMPs might be involved in the
regulation of TGF-B in the interstitum or the EMT itself. It has been
demonstrated that MMPs can modulate growth factors and their receptors
(TGF-B, FGF-R1), adhesion molecules, cytokines and chemokines (Catania et
al., 2007, Genovese et al., 2014). Thus, the reduced TGF-3 expression in the
current work might be related to the inhibition of MMPs by BB-94. However, in a
murine model of pulmonary fibrosis BB-94 is failed to reduce TGF-f in the

bronchoalveolar lavage (Corbel et al., 2001).

In addition, macrophages are known to produce and release TGF-B in various
tissues (Nacu et al., 2008, Zhao et al., 2013). Diamond et al. (1994) showed
that the mRNA levels of TGF-B1 is significantly increased in the renal cortex of
UUO mice and was associated with the increased macrophage infiltration to the
interstitium. In the present study, the same correlation was detected between
macrophage infiltration and TGF-3 expression in proteinuric animals. Therefore,
reduced TGF-B in BB-94 treated animals might be related to the reduced

macrophage numbers as discussed earlier.

The results demonstrate that BB-94 dramatically reduced the expression of
TNF-a in proteinuric mice. MMPs have been shown to induce the release of
TNF-a from macrophages and cells, which in turn increases the tissue level of

TNF-a. Haro et al. (2000) demonstrated that MMP-7 expression is essential for
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the release of cytokine TNF-a from peritoneal macrophages. Another study
showed that the release of TNF-a from cells can be inhibited by hydroxamic
acid-based inhibitors (MMP inhibitor), indicating the involvement of MMPs in
increasing the level of this cytokine in the tissue (Black et al., 1997). Consistent
with the present study using inhibitors of TNF-a production such as GM6001
(MMP inhibitor), the serum and kidney protein levels of TNF-a was reduced in

cisplatin induced nephrotoxicity model (Ramesh and Reeves, 2002).

Lee et al. (2009) believes that secreted MMP-9 from macrophages are involved
in tissue destruction and inflammation through proteolytic activation of
cytokines/chemokines and degradation of matrix proteins. In vivo inhibition of
MMPs markedly reduced the increased numbers of inflammatory cells and the
increased mMRNA and protein expression of proinflammatory cytokines such as
IL-1 and TNF-a in both lung tissues and bronchoalveolar lavage fluids in a

murine model of toluene diisocyanate (TDI)-induced asthma (Lee et al., 2003).

The role of TNF-a in kidney inflammation and injury has been well documented.
It has been shown that, both genetic TNF-a deficiency and pharmacological
inhibition of this cytokine attenuate the progression of renal disease by reducing
inflammation and crescent formation in an experimental model of crescentic
glomerulopathy (Karkar et al.,, 2001). Furthermore, in cisplatin-induced
nephrotoxicity, inhibition of TNF-a release appears to be protective against
inflammation and the development of kidney injury (Ramesh and Reeves, 2002,
Ramesh and Reeves, 2003). Similarly, Knotek et al. (2001) found that mice
treated with TNFsRp55, which binds to TNF-a and neutralises it, exhibited
better renal function indicating less inflammation and tissue injury. Consistent
with the above studies, reduced TNF-a expression using MMP inhibitor (BB-94)

attenuates BSA-induced tubular damage in POP model.

Another proinflammatory marker reduced by BB-94 treatment in proteinuric
mice is IL-6. Within the kidney, a significant correlation has been detected
between increased IL-6 expression and kidney injury (Grigoryev et al., 2008). At
least one study showed that IL-6 deficiency protects the kidney from further
injury. In this study, reduced AKI was shown to be associated with reduced

neutrophil accumulation suggesting the role of IL-6 in the recruitment of
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inflammatory cells during inflammation (Nechemia-Arbely et al., 2008). In the
current study, together with the other inflammatory markers, reduction in IL-6

expression appeared more effective in reducing kidney inflammation.

Although no previous works have shown the mechanisms of the effect of BB-94
or other MMP inhibitors on the kidney expression of IL-6, the reduced IL-6
expression in the present work is more likely to be related with the reduced

MMP activity and migration of inflammatory cells and proinflammatory cytokines

Reduced inflammation and fibrosis in MMPI treated mice as evidenced above
could greatly be linked to the reduced proteinuria mentioned in the previous
chapter. A bulk of evidence reveals that proteinuria is the major risk for CKD
which is characterised by the presence of kidney inflammation and fibrosis as

shown here in proteinuric mice.

.
,,-\

Reduces TGF-B Reduces TNF-a Reduces
expression andIL-6 MMP-cleaved
expression OPN ?7?
Reduces EMT l‘

Reduces
Recruitment of
inflammatory cells into
the site of inflammation

Figure 5.20: Mechanisms of MMP inhibition preventing renal tubulointerstitial

inflammation and fibrosis. MMP inhibition abrogates the formation of MMP-
cleaved OPN, a chemotactic molecule having role in the recruitment of
inflammatory cells into the site of inflammation and leading to tubulointerstitial
inflammation. MMP blockade reduces the expression of proinflammatory
cytokines TNF-a and IL-6 and growth factor TGF- which subsequently reduces
inflammation and fibrosis. BB-94 = Broad spectrum MMP inhibitor, OPN =

Osteopontin, EMT = Epithelial Mesenchymal Transformation.
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5.4 Conclusions

e Overall BB-94 treatment ameliorated renal interstitial inflammation
and fibrosis, and prevented the kidney from further damage in
proteinuric animals.

e BB-94 treatment reduced macrophage infiltration into the interstitium
of proteinuric mice.

e BB-94 treatment reduced proinflammatory markers such as TNF-a
and IL-6 in the kidney of proteinuric mice.

e BB-94 treatment reduced collagen deposition and TGF- expression
in the kidney of proteinuric mice.
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6 Thesis discussion

6.1 Thesis Summary

This thesis has demonstrated that megalin and FcRn protein are down-
regulated in the PTEC of proteinuric kidney compared with non-proteinuric
proximal epithelial cells, and this protein down-regulation was largely due to
receptor shedding into the urine while the gene expression of these receptors
was inversely increased in the PTEC exposed to BSA overload. Notably, the
decreased expression of these receptors was associated with the increased
urinary excretion of megalin and FcRn ligands such as albumin; increased
enzymatic activity of metalloproteinases and increased megalin and FcRn

excretion into the urine of proteinuric animals.

By investigating the mechanism of megalin and FcRn protein down-regulation in
proteinuric animals, | have provided an insight into how the cell surface
expression of megalin and FcRn are maintained in the PTEC. | have
demonstrated that increased megalin and FcRn protein expression are
important as in proteinuric animals when the expression and function of these
endocytic receptors are downregulated, the urinary excretion of plasma proteins
are increased. Activation of megalin and FcRn reduced urinary excretion of
plasma proteins indicating the fundamental role of these receptors in normal
reabsorption of glomerular filtered proteins in the kidney. Megalin and FcRn cell
surface maintenance was largely due to the reduced activity of MMP that was
inhibited by a broad spectrum MMP inhibitor (BB-94). Blockade of MMPs
activity reduced megalin and FcRn shedding into the urine of proteinuric mice,

which in turn increased the protein expression of these receptors in the PTEC.
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Figure 6.1: Schematic view of endocytic receptor down-regulation in proteinuria
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Figure 6.2: Schematic view showing how MMPs inhibition preserves cell surface

expression of endocytic receptors in the proximal tubule cells in the kidney.
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In Chapter 5, it is demonstrated that protein overload led to renal
tubulointerstitial fibrosis and inflammation in experimental animals. Increased
filtered proteins in the tubular lumen, in addition to the negative effects on
proximal tubular expression of endocytic receptors, resulted in a marked
increase in proinflammatory cytokines and chemokines (TNF-a, IL-6 and TGF-
B). It also increased the recruitment of inflammatory cells such as macrophage
into the kidney of proteinuric mice. Further, protein overload caused aberrant
collagen deposition in the tubulointerstitial space of proteinuric mice. Finally,
inhibition of MMPs activity in the kidney of proteinuric animals with BB-94
significantly ameliorated renal tubulointerstitial fibrosis and inflammation as the
expression of TNF-a, IL-6 and TGF-B are all decreased; reduced macrophage

infiltration into the interstitial space and decreased collagen deposition.

It is proposed that MMPs contribute to renal fibrosis through the induction of
tubular EMT. In vitro and in vivo studies have demonstrated that MMP-2 and
MMP-9 can cleave the basic components of the tubular basement membrane,
type IV collagen and laminin, and subsequently may lead to tubular EMT and
kidney fibrosis (Cheng and Lovet 2003, Strutz et al., 2002, Yang et al., 2002). In
addition, MMPs play a major role in mediating the TGF-$ induced EMT (Zhao et
al., 2013). This may have a direct effect on the enhancement of TGF-

expression in the kidney, and the increase in kidney fibrosis.

It is of great importance to keep the intracellular activity of MMPs and increased
MMPs activity may lead to collagen deposition in the kidney interstitium. This is
largely because the deteriorated balance between ECM degradation and

synthesis.
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MMPs are involved in interstitial inflammation through the production of
chemotactic molecules and degradation of ECM proteins. OPN is one of the
proteins that cleaves by MMPs and produces MMP-cleaved OPN. This by-
product of MMP has long been recognised to increase the number of

macrophages in the kidney interstitium (Tan et al., 2013).

Inhibition of MMPs , Reduced Tubular EMT
activity 77?7
Reduced collagen Decreased TGF-3, TNF-a NEeUBEeNE L Sle A e 2
o such as MMP-cleaved OPN
deposition and IL-6 levels PO

N/

Reduced interstitial
fibrosis and inflammation

Figure 6.3: Schematic diagram showing how inhibition of MMPs activity reduces

interstitial fibrosis and inflammation.
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6.2 Conclusions

In conclusion, this thesis has demonstrated that the expression of endocytic
receptors megalin and FcRn is greatly altered in the PTEC of proteinuric mice.
The present study has also provided evidence showing that preserving megalin
and FcRn cell surface expression may be of significant clinical importance, as
treatment with MMP inhibitor was able to reduce proteinuria in proteinuric mice.
Subsequent reduction in progressive tubulointerstitial fibrosis and inflammation
has also reported in proteinuric animals and that was probably due to the
reduced proteinuria. Although the expression and function of renal proximal
endocytic receptors is an area of research which is at its inception, it is clear
that megalin and FcRn could be physiological targets for the treatment of

proteinuria and kidney diseases.

6.3 Future Work

e From the data obtained in this thesis, treatment with BB-94 was effective
against proteinuria and reduced tubular injury in only two weeks duration
of disease. Future studies will examine the efficacy of this MMP inhibitor
in the treatment of proteinuria and tubulointerstitial fibrosis and
inflammation in the later disease or long-term condition.

e Future studies examining gene expression of megalin and FcRn in the
kidney tissues exposed to protein overload for longer duration will be
critical to confirm the results of the present study.

¢ Identification of megalin and FcRn forms in the urine of proteinuric
animals will provide more evidence for the mechanism of receptor

shedding into the urine.
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Further investigation into the mechanisms of how the broad spectrum
MMPI (BB-94) reduced kidney fibrosis and inflammation.

The results presented suggest that inhibition of MMPs activity could be a
therapeutic target for the treatment of proteinuria and kidney diseases.
These studies found that MMP-9 is the most candidate responsible for
the tubular events, therefore it is of great importance to use a specific
inhibitor against MMP-9 activity rather than the broad spectrum MMP
inhibitor.

A mouse model of conditional MMP-9 knockout could be useful to study
the effect of this endopeptidase on megalin and FcRn shedding.

MMPI is never successful in treating cancer and tumour due to non-
selectivity, therefore using MMP-9 inhibitor could have better effect on

reducing proteinuria and kidney inflammation and fibrosis.
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7 Appendices

7.1 Appendix A - Buffers and solutions used in this study

PBS:

137 mM NaCl
2.7 mM KCI

10 mM Naz2HPO4
2 mM KH2PO4

TBS buffer:

20 mM Tris-base
100 mM NacCl

TBST buffer:

20 mM Tris-base
100 mM NacCl
0.05% Tween 20

SDS-running buffer:

25 mM Tris-base
192 mM Glycine
0.1% Sodium-dodecyl-sulphate (SDS) (w/v)

2X SDS Gel loading buffer:

100 mM Tris (pH 6.8)

20% Glycerol

4% SDS

0.2% Bromophenol blue
200 mM Dithiothreitol (DTT)
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Transfer buffer:

39 mM glycine

48 mM Tris base
0.375 % SDS (w/v)
20% methanol (v/v)

4% SDS-PAGE gel (10 ml):

5.85 ml H20

1.34 ml 30% Acrylamide

2.6 ml Tris-base (pH 8.8)

0.1 ml 20% SDS

0.1 ml 10% ammonium persulfate (APS)
0.01 ml TEMED

10% SDS-PAGE gel (10 ml):

4.0 ml H20

3.3 ml 30% Acrylamide

2.5 ml 1.5 M Tris-base (pH 8.8)
0.1 ml 20% SDS

0.1 ml 10% APS

0.004 ml TEMED

Coomassie destaining solution:

90% Methanol: Distilled water 1:1
10% Glacial acetic acid

Lysis buffer 2 ml:

1.946 ml PBS

20 pl Triton x-100

20 ul Phenylmethanesulfonyl fluoride (PMSF)
2 ul Pepstatin

2 ul Aprotinin

20 ul Roche Factor
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Citrate Buffer (pH 6.0):
10 mM Tri-sodium citrate (dehydrate)
5% blocking solution:

1 g milk powder
20 ml TBS

Blocking serum:
0.5% BSA
3% Milk powder
10% Goat serum

10% Goat serum:

10 pl Normal goat serum
90 ul PBS
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7.2 Appendix B - Standard curves
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Standard curve for determining protein concentration in mouse urine. The
relative optical density of BSA standards at 595 nm increases with the increase

of BSA concentration. The linear regression was used to calculate the protein

concentration of urine samples.
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7.3 Appendix C - Automated image analysis macro code

Below code for analysing IHC staining was kindly provided by Sami Alghadban,
former PhD student in Lab 228.

/IThe code starts:

dirl ("Choose source directory");

list = (dird);

dir2 = ("Choose destination directory");
(true);

for (i=0; i<list.length; i++) {
path = dirl+list[i];
(path);
titlel= ;
title2 = ;
("Subtract Background...", "rolling=50 light");
("8-bit");
(0, 180);
("Convert to Mask");

("Set Measurements...", "area min max mean area fraction
redirect=None decimal=2");

("Measure");
("tiff", dir2+"Threshold of "+title2+".1iff");

("Results");
("Summarize");
("txt", dir2+title2+" . xIs");
("Close")
("Close All");

/IEnd of the code.
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