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Abstract

Albumin is protein filtered by the glomerulus and subsequently reabsorbed in the
proximal tubule. Reabsorption is mediated at least in part by cubilin-amnionless
(cubam) endocytic receptor complex. Proteinuria is an important renal biomarker
correlated with the poor prognosis of the kidney disease. However, expression
of the cubam complex is not well studied in disease. These studies aimed to
investigate the expression and turnover of the cubam complex in proteinuria and
the effect of matrix metalloproteinase inhibition on the expression of the cubam

complex.

In a mouse model of protein overload proteinuria, cubam complex was
significantly reduced in the proximal tubule associated with a rise of urinary
shedding of both cubilin and amnionless. An increase in renal matrix
metalloprotease activity in proteinuria accompanies the urinary loss of these
receptors. Furthermore, matrix metalloprotease inhibition (MMPI) treatment has
an antiproteinuric effect by reducing urinary proteins excretion in proteinuric
animals. Similarly, MMPI ameliorated cubam endocytic complex shedding in the
urine. In addition, the studies investigated the degree of tubulointerstitial injury
in experimental animals finding an increase in renal proinflammatory cytokines,
inflammatory cell infiltration, collagen and apoptosis in proteinuria reversed by
MMPI. Moreover, cubam complex expression was significantly downregulated in
the proximal tubules of the patients with minimal change disease (MCD),
membranous nephropathy (MN) and focal segmental glomerulosclerosis

(FSGS), consistent with the findings in the mouse models.

In conclusion, this indicates a renoprotective action of MMPI in proteinuric
nephropathies. This may have important clinical implications in the therapeutic

approach to proteinuria.
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Chapter One. Introduction
1.1. Gross anatomy of Kidney

The kidneys are reddish-brown organs, situated in the retroperitoneal space of
the posterior abdominal wall on either side of the vertebral column mainly under
cover of the costal border (Wallace, 1998). On the superior part of each kidney is
the adrenal gland (Richard S. Snell, 2000). Each adult kidney is about 12 cm long,
weigh around 150 g and represents about 0.4 % of total body weight (Cohen,
2006). Also, the kidneys are receiving around 25 % of the cardiac output (Wallace,
1998). The cut surface of the kidney displays into two different regions, the pale
outer region is the cortex, and a darker inner region is the medulla divided into a
series of wedges, called the renal pyramids, which in turn open into the renal
calyces. The renal pelvis is formed by linking the major and minor calyxes and
extends to the upper end of the ureter. The renal columns are connective tissue
extensions that radiate down from the cortex through the medulla to separate into
renal pyramids and renal papillae (Richard S. Snell, 2000, Lote, 2012). The renal
hilum is a slit on the medial surface of each kidney where the renal artery, vein,
lymphatic vessels, renal nerve and renal pelvis enter and exit the kidney (Richard

S. Snell, 2000, Lote, 2012).
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Figure.1.1. Coronal section of the kidney structure, adapted from (Lote, 2012)
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1.2. Nephron structure and functions

The key roles of kidneys are to regulate water and electrolyte balance of the body,
maintain the acid-base balance of the blood and excrete waste products into the
urine (Wallace, 1998, Asanuma et al., 2007). The basic functional unit of kidneys
is known as the nephron. Each human kidney has about 1.3 million nephrons (Kriz
and Elger, 2010). Each of which consists of a renal corpuscle including glomerular
tuft capillaries attached to the mesangium and Bowman’s capsule. The glomerulus
connects to the proximal convoluted tubule that empties into the collecting duct,
which is located in the cortex and separated into superficial, mid-cortical, and
juxtamedullary nephrons (Kriz and Elger, 2010). The tubular part of the nephron
comprises a proximal tubule and a distal tubule connected by Henle’s loop and

collecting duct (Kriz and Elger, 2010).
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Figure.1.2. Schematic diagram of the nephron.

Proximal convoluted tubule (PCT), distal convoluted tubule (DCT), adapted from
(Kriz and Bankir, 1988).



1.2.1. Renal Corpuscle

1.2.1. Renal Corpuscle

The renal corpuscle has a central role in the filtration of blood plasma. It comprises
the glomerular tuft capillaries attached to the mesangium and Bowman’s capsule
and has a vascular pole and a urinary pole (Figurel.3). The vascular pole is the
site where the arterioles from the renal circulation enter and leave the glomerulus.
The urinary pole is where glomerular filtrate leaves the Bowman's capsule and
enters the renal tubule (Kriz and Elger, 2010). The glomerular capillaries, together
with the mesangium, are covered by epithelial cells forming the visceral epithelium
layer of Bowman’s capsule known as podocytes. At the vascular pole, this is
reflected to become the parietal epithelium of Bowman’s capsule. The glomerular
basement membrane (GBM) is developed at the border between the glomerular
capillaries and the mesangium on one side and the podocyte layer on the other
side. While at the urinary pole, the space between both layers of Bowman’s
capsule represents the urinary space which continues as the tubule lumen (Kriz

and Elger, 2010).

In the glomerular tuft, the afferent arteriole directly divides into numerous primary
capillary branches. These capillaries give rise to an anastomosing capillary
network, the glomerular lobule. The efferent arteriole is already created inside the
tuft by the union of capillaries from each lobule (Elger et al., 1998). The glomerular
capillary wall is a living ultrafiltration membrane, comprised of a fenestrated
endothelium, GBM and podocytes with the interdigitated foot processes of
epithelial cells (Deen, 2004). Most glomerular capillaries form bulges towards the

urinary space and are enclosed by the GBM and podocyte layer. The mesangium



is directly bound to the outer aspect of this capillaries tube. This peripheral portion

of the capillary wall represents the filtration area (Kriz and Elger, 2010).
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Figure.1.3. Schematic diagram of the renal corpuscle and juxtaglomerular

apparatus structures.

(1) Distal convoluted tubule. (2) Macula dense. (3) Extraglomerular mesangium.
(4) Bowman's capsule. (5) Parietal epithelium. (6) Matrix and mesangium cell. (7)
Endothelial cell. (8) Glomerular basement membrane. (9) Podocyte. (10) Foot
process, (11) Urinary space. (12) Proximal convoluted tubule, adapted from (Kriz
and Elger, 2010).



1.2.1.1. Glomerular filtration barriers

The glomerular filter consists of three major cell layers which perform a mutual
function of selective ultrafiltration of blood plasma, a fenestrated endothelium, the
glomerular basement membrane (GBM) and the podocytes (Brenner et al., 1978)
(Figure.1.4). This three-layer structure facilitates the passage of plasma, water
and small solutes, whilst preventing the passage of macromolecules such as large
plasma proteins (albumin) (Arif and Nihalani, 2013). Therefore, an increase of
urinary protein excretion might indicate a defect in either one or all of these layers
of the glomerular filtration barrier (Arif and Nihalani, 2013). The glomerular
filtration barrier selects molecules according to their size, shape, and charge. This
allows the free movement of water and small molecules whilst preventing large
macromolecules from reaching Bowman's space (Deen et al., 2001). The
fenestrated endothelium with its glycocalyx, the GBM, and the epithelial filtration
slits are organised in series to form the highly selective sieving filter (Deen et al.,

2001).

Evidence from human and experimental studies using variously sized dextrans,
Ficolls and proteins found that solutes are a restricted in their passage across the
glomerular barrier depending on their molecular size (Chang et al., 1975, Ohlson
et al., 2000, Lund et al., 2003). Theoretical models on glomerular permeability
recognise that a group of small restrictive pores allow for movement of molecules
with a radius close to 45-50 A, but then large pores enable movement of
molecules with a radius around 80-100 A (Haraldsson et al., 2008). Blouch et al
(1997) stated that the sieving coefficient of dextran and Ficoll is about 42 to 44 A
compared with albumin in terms of molecular size (Blouch et al., 1997), where

elongated dextran molecules permeate the membrane more freely than spherical



macromolecules (Blouch et al., 1997, Ruggenenti et al., 1999). Other evidence
also suggests that the shape of molecules may have an essential role in the
filtration of protein cross the glomerular capillary wall (Sumpio and Hayslett,
1985). Horseradish peroxidase has a significantly lower sieving coefficient
compared to dextrans of similar size and charges possible due to their molecular
structure and rigidity (Rennke et al.,, 1978). Ultimately the glomerulus
differentiates molecules on the combined basis of their molecular size, charge,

and shape (Sumpio and Hayslett, 1985).

Loss of GFB integrity often leads to 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 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 may further modify the composition of the

glomerular filtrate and determine the quality and quantity of the final proteinuria.

1.2.1.1.1. Endothelium

Glomerular endothelial cells have transcytoplasmic holes or fenestrations and are
specialized for their distinctive role as essential contributors to filtration across the
glomerular capillary wall (Satchell and Braet, 2009). Fenestrations present a pore
size of 60-80 nm diameter. These cells also possess a gelatinous surface coat
known as the glycocalyx, which consists of proteoglycans and sialoproteins
(Weinbaum et al., 2007). The composition of the glycocalyx in the fenestration is
noteworthy for its permeability properties (Singh et al., 2007). Glomerular filtration
rate depends in part on the fractional area of the fenestrations and its glycocalyx
content (Satchell and Braet, 2009). The size of glomerular EC fenestrations alone

5



is much too large to exclude albumin and other large proteins from the glomerular
filtrate. Therefore, the glomerular capillary wall is not a perfect barrier to
macromolecules and would potentially permit proteins to pass freely into the
glomerular filtrate (Russo et al., 2007, Obeidat et al., 2012). An ultimate size-
selective portion of the glomerular barrier is represented by the podocyte slit
membrane, mainly by a zipper-like arrangement of structures in this membrane
(Rodewald and Karnovsky, 1974). Previous studies found the most charge-
selective barrier may be situated close to the plasma compartment in the
endothelial glycocalyx (Rostgaard and Qvortrup, 2002). Whereas the furthermost
size-selective barrier may be more distally situated (Ohlson et al., 2001).
Measurements of the charge-barrier properties of isolated GBMs revealed a
similar to neutral and negatively charged Ficoll molecules or for native (anionic)
and cationized albumin, which indicates the charge selectivity may be found in

the endothelial glycocalyx (Bolton et al., 1998, Bertolatus and Klinzman, 1991).

Human and animal studies revealed that the glomerular endothelial surface layer
(ESL) prevents macromolecules passage especially albumin which is mainly
excluded from the glomerular filtration barrier (Satchell, 2013). Recent studies
show that microalbuminuria in patients with type 1 diabetes may be associated
with glycocalyx damage (Nieuwdorp et al.,, 2006). Furthermore, adriamycin
administration causes disruption of ESL in mouse glomerular capillaries, in
association with albuminuria and increased glomerular albumin clearance
(Jeansson et al., 2009). Therefore, glomerular endothelial cell fenestrations and

their glycocalyx play an important role in regulating the glomerular filtration barrier.



1.2.1.1.2. Glomerular basement membrane (GBM)

The GBM is originally formed by the glomerular endothelial cells that line the
glomerular capillaries and the podocytes that sit on the opposite side of the GBM
within the urinary space (Miner, 2012). The GBM is a thick network of extracellular
matrix proteins that is an essential part of the glomerular filtration barrier (Suh and
Miner, 2013, Miner, 2012). Itis composed mainly of type IV collagen, laminins and
heparan sulfate proteoglycans, which are produced and secreted by both
endothelial cells and podocytes (Suh and Miner, 2013). The GBM restricts the
passage of plasma proteins across the glomerular filtration barrier (Suh and Miner,
2013). Previous studies have found that mutations in key proteins of the GBM
lead to proteinuria in Alport syndrome and Pierson syndrome (Kruegel et al., 2013,

Matejas et al., 2010).

1.2.1.1.3. Podocytes

Podocytes are cells in the Bowman's capsule that cover the external surface of
the glomerulus capillaries. Podocytes are comprised of cell bodies, major
processes and foot processes which interdigitate with those of neighbouring cells
(Asanuma et al., 2007). The foot processes wrap around the capillaries and leave
slits between them to form a slit diaphragm, and cover the glomerular capillaries
(Reiser and Altintas, 2016). The role of podocytes is dependent on their specific
cell architecture and functions to stabilise the glomerular capillaries and to support
in the barrier function of the glomerular filter through the slit diaphragms (Kriz et
al., 1994, Drumond et al., 1994). Consequently, podocytes form the last barrier to
protein loss, restricting the passage of large macromolecules such as serum

albumin (Asanuma et al., 2007). Podocyte injury may result in effacement of foot



processes and the substantial leak of plasma proteins into the urine (Mundel and

Reiser, 2010)

PC =

sD sD

~-R A AAKIR

GBM —+
. B A _Ja _Aa 2 e
‘\A

E{' EF
1

cL Filtration

Figure.1.4. Schematic diagram of the glomerular filtration barrier.

Podocyte cell (PC), podocyte foot process (FP), slit diaphragm (SD), glomerular
basement membrane (GBM), endothelial cell (EC), endothelial fenestrae (EF),

capillary lumen (CL), adapted from (Kriz and Elger, 2010).



1.2.1.2. Mesangium

The mesangium is a structure that consists of predominantly intrinsic mesangial
cells that resemble contractile endocytic capillary pericytes, embedded in an
extracellular mesangial matrix (Sterzel et al., 1982). Mesangial cells also divide
into extraglomerular or intraglomerular mesangial cells according to their location
relative to the glomerulus. The mesangial cells are irregular in shape with
numerous processes extending from the cell body into the surrounding matrix
(Davies, 1994). The intraglomerular mesangial cells are found between the
glomerulus capillaries and toward the GBM, whereas the extraglomerular
mesangial cells are situated between the afferent and efferent arterioles towards
the vascular pole of the glomerulus (Barajas, 1997, Scindia et al., 2010)
(Figure.1.3). Processes of mesangial cells are dense assemblies of
microfilaments, which contain actin, myosin, and a-actinin. The processes are
attached to the GBM and the juxta-glomerular apparatus either directly or through

the extracellular microfibrillar proteins (Scindia et al., 2010).

The mesangial cells have a contractile ability that constricts the capillary lumen
causing regulation of blood flow into the glomerular tuft (Scindia et al., 2010). This
contractile character enables them to alter the intraglomerular capillary flow and
glomerular ultrafiltration surface area and thereby co-regulate single nephron
glomerular filtration rate (GFR) (Stockand and Sansom, 1998). However, the
indirect change of mesangial function might also disturb the function of GFB and
leads to albuminuria (Zheng et al., 2004). Mesangial cells also have a wide range
of receptors, for example, angiotensin Il (Ang Il), vasopressin, atrial natriuretic
factor, prostaglandins, transforming growth factor B (TGF-B), and other growth

factors (Kriz and Elger, 2010). The mesangial matrix fills the irregular spaces



between the mesangial cells and attaches the mesangial cells to the GBM (Kriz
and Elger, 2010). Their matrix component may directly or indirectly influence
mesangial cell growth and proliferation. It is evident that matrix metalloproteinase
activity and releasing TGF-B from the mesangial matrix contributes to glomerular

sclerosis (Ronco et al., 2007).

1.2.2. Proximal tubule

Renal tubules are an essential part of the nephron and tubular fluid filtered via the
glomerulus (Zhuo and Li, 2013). The proximal tubule (PT) has a fundamental role
in the reabsorption of filtered solutes and water (Zhuo and Li, 2013). It divides into
proximal convoluted tubules and proximal straight tubules. It is distributed into
three segments (S1, S2 and S3) in several animal species, but only the proximal
convoluted and straight tubules are present in the normal human kidney (Kanwar
Nasir M. Khan, 2013). The S1 segment is short, connecting with the Bowman
capsules. The cells of this segment have the highest rate of oxidative metabolism
in the kidney. The S2 segment comprises most of the proximal convoluted tubule
and extends a short distance into the pars recta. Whereas, the vast bulk of the
pars recta consists of the S3 segment (Kanwar Nasir M. Khan, 2013). The PT has
a prominent brush border to support an increase of the luminal cell surface area
and extensive interdigitation by basolateral cell processes to increase the
basolateral cell surface area (Kriz and Elger, 2010). The apical endocytotic
apparatus has a prominent lysosomal system and processes macromolecules
such as albumin that have passed through the glomerular filter (Kriz and Elger,

2010).
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1.3. Mechanisms of proteinuria

1.3.1. Glomerular proteinuria

Glomerular proteinuria can be associated with changes in one or all the three
different levels of GFB, the endothelial cells, the GBM or the podocyte (Menon et
al., 2012). There is evidence that shows the importance of the components of the
GBM structure in proteinuria. For instance, a mutation in one of the genes that
encode collagen IV may alter the structure of the GBM and this is clearly detected
in Alport’'s syndrome, which displays extensive GBM 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 (Hudson et al., 2003). In mice, deficiency
in the genes encoding collagen chains results in GBM thinning and proteinuria

(Miner and Sanes, 1996).

Another study revealed that proteinuria is related to the glomerular podocyte
damage in renal disorders. Disruption of the slit diaphragm and FP effacement are
most common in podocyte injury and possibly the main causes of proteinuria
especially albumin leakage in glomerular damage (Reiser and Altintas, 2016).
Nephrin, among others, is considered the most important protein in the
composition of the glomerular podocyte (Ruotsalainen et al., 1999). For example,
in diseases associated with nephrin abnormalities in Finnish-type congenital
nephrotic syndrome 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 minimal change nephrotic
syndrome, reduction of nephrin protein leads to enlargement of SD followed by

massive non-selective proteinuria (Tojo and Kinugasa, 2012).
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In addition, the podocyte actin cytoskeleton is also essential for the correct
assembly of the slit diaphragm (Ding and Saleem, 2012). Different models of
podocyte injury with proteinuria have revealed the abnormality of actin and
reduction of slit diaphragm molecules (Lee et al., 2004, Otaki et al., 2008, Greka
and Mundel, 2012). For instance, mice with Cdc42 deficiency in their podocyte,
one of the GTPases in Rho family that regulate the actin cytoskeleton, develop
heavy proteinuria associated with slit diaphragm abnormality (Scott et al., 2012).
All these studies indicate that abnormalities in the components of the GFB result
in abnormal passage of plasma proteins and in the absence of tubular function
significant amount of these proteins may leave and are found in the urine. In a
later section, the significance of tubular dysfunction in defining final proteinuria will

be described.

1.3.2. Tubular proteinuria

Tubular proteinuria is described by the urinary excretion of a substantial amount
of low molecular weight (LMW) proteins due to impaired tubular reabsorption of
these proteins in the PT. LMW proteins, for example, a1- and 2-microglobulin,
retinol-binding protein, urine protein 1 and B2-glycoprotein | are normally filtered
by the glomeruli because of their smaller size, charge and glomerular permeability
to LMW proteins (Norden et al., 2000). Conversely, intermediate and high
molecular weight (HMW) proteins are largely retained by the glomeruli and only
small amounts are found in the glomerular filtrate (D'Amico and Bazzi, 2003). It
has been shown 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 14 000 molecular weight endogenous protein

found in circulating plasma, is about 0.75 in rat (Maack, 1975) in comparison with
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the 0.01 for albumin estimated in the early portion of the PTs by direct puncture
method (Oken and Flamenbaum, 1971). These data show that proteins of low
molecular size can easily pass through GFB compared to the intermediate protein

size such as albumin.

It is supposed in nephrotic condition that albumin filtered across the glomerular
capillary wall and this amount of proteins is reabsorbed by the PTs, but if there is
inhibition of the retrieval process in the PTs which may result of albuminuria
(Russo et al., 2007, Comper et al., 2008a, Marshansky et al., 1997, Tojo and
Kinugasa, 2012). Several studies have revealed that tubular dysfunction may
cause urinary excretion of a substantial amount of albumin. For instance, Russo
et al. (2007) demonstrated that impairment of tubular function leads to
albuminuria in nephrotic rats (Russo et al., 2007). Likewise, in patients with acute
tubular necrosis albuminuria is resulted from defective reabsorption of this protein

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

Even though increasing glomerular permeability of circulating protein occurs in
proteinuric animals, it appears that the damage to tubulointerstitium defines the
final proteinuria (Eddy, 1989, Eddy et al., 2000, Landgraf et al., 2014). Also, rats
with (cy/+), a model for autosomal-dominant polycystic kidney disease develop
proteinuria, which is due to the loss of endocytic machinery and tubular
dysfunction (Obermuller et al., 2001a). In accordance with the diabetic patient,
urinary excretion of albumin, retinol-binding protein, and N-acetyl-beta-D-
glucosaminidase are all increased considerably in patients with early diabetic
nephropathy, which arises from tubular abnormalities indicating the loss of

endocytic reabsorption of these proteins (Gibb et al., 1989).
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Additionally, the essential role of tubular dysfunction in developing proteinuria can
also be exposed to genetic disorders. For example, the reduced tubular function
in Fanconi syndrome is clearly revealed by numerous 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). Reduced 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 from reabsorbing LMW proteins
leading to tubular proteinuria (Gorriz and Martinez-Castelao, 2012, Viswanathan

and Rani, 2016).

1.4. Renal handling of protein

Numerous procedures and studies have revealed that, in normal humans, urine
contains only a small amount of proteins. This is most probably because filtered
proteins are reabsorbed efficiently by PT cells. Impairment in glomerulotubular
balance may result in the loss of a large volume of necessary proteins and
excretion into the urine. For instance, proteinuria results from glomerular injury

and severe tubulointerstitial injury which may lead to adverse clinical outcomes.

1.4.1. Glomerular filtration of albumin

In normal conditions, in addition to small molecular weight proteins,
macromolecules such as albumin (66kDa) and transferrin (81kDa) are filtered but
in small amounts by glomeruli (Christensen et al., 2012a). The excretion of
plasma albumin in the urine depends on a composite of glomerular filtration and
tubular reabsorption (Castrop and Schiessl, 2017). 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
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and dogs, the concentration of albumin in the ultrafiltrate is between 1 and
50 pyg/ml which equals 170 mg and 9 g/24hr in the healthy humans (Birn and
Christensen, 2006). The fractional filtration of aloumin estimated by micropuncture
in rats is the concentration ratio between proximal tubular filtrate and blood and
ranges between 0.0005 and 0.0007 (Lund et al., 2003, Tojo and Endou, 1992).
The fractional filtration of albumin in human is about 0.0001 (Norden et al., 2001).
Moreover, the minimum amount of albumin concentration in the glomerular filtrate
is calculated to be 281pg/min corresponding to about 400mg/24 hr whilst blocking
tubular albumin uptake with lysine in humans (Mogensen and Solling, 1977).
Likewise, inhibition of tubular albumin reabsorption by lysine in rats led to the
excretion of approximately 2.5-25 mg/24hr which equates to 0.7-7 g/24hr 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 is detected in the
urine of 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 (Osicka et al.,
1997, Russo et al., 2002, Comper et al., 2004, Gudehithlu et al., 2004). Thus,
according to the findings of these studies; a significant amount of albumin is

filtered and subsequently reabsorbed by PT cells.

1.4.2. 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
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proteins being effectively reabsorbed by PT cells (Christensen et al., 2012a).
Under physiological conditions, only a 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; while the
passage of LMW proteins (40,000 D and radius lower than 30 A) is not restricted
by the glomerular barrier and freely reaches proximal lumen (D'Amico and Bazzi,
2003). The majority of these proteins that enter the proximal lumen are
reabsorbed by receptor-mediated endocytosis in the PT and absorbed proteins
are completely hydrolyzed within lysosomes and the resulting amino acids cross
the contraluminal membrane to return back to circulation and only traces are

found in the urine (D'Amico and Bazzi, 2003).

11.4.2.1. Endocytosis process in proximal tubule

Endocytosis plays a fundamental role in the reabsorption of proteins in the PTs
(Jefferson et al., 2008). Endocytic uptake of proteins consists of nonspecific fluid-
phase endocytosis and receptor-mediated endocytosis (Jefferson et al., 2008).
The apical endocytic apparatus is more complex in the S1 and S2 segments of
the PT (Christensen et al.,, 2012b), and contains coated pits, coated vesicles,
endosomes, lysosomes and dense apical tubules which facilitate membrane and
receptor recycling from endosomes back to the apical plasma membrane
(Christensen, 1982). Small plasma membrane invaginations are formed at the
microvillar base, termed clathrin-coated pits, and contain some tubular fluid and
its solute load of dissolved molecules (Gekle, 2005, Gekle, 1998). The endocytic
invaginations separate from the plasma membrane to create endocytic vesicles
that then deliver their contents to the sorting endosomal (SE) compartment from

where it is transported to the early endosomal compartment and eventually the
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lysosomal (LY) compartment via late endosomes (LE). Some endosomal material
is transported back to the plasma membrane through recycling endosomes (RE)

(Gekle, 2005).

1.4.2.1.1. Fluid-phase endocytosis

Fluid phase endocytosis is non-specific and plays an insignificant role in PT
macromolecules retrieval (Park and Maack, 1984). Contents of this process are
endocytosed at the same concentration as in the extracellular space, indicating
that these contents are not enhanced at the plasma membrane and uptake
increases consistently in relation to the extracellular concentration of the content

(Gekle, 2005, Gekle, 1998).

1.4.2.1.2. Receptor-mediated endocytosis

Receptor-mediated endocytosis requires the specific binding of a ligand to a
receptor in the apical plasma membrane of PT cells (Birn and Christensen, 2006).
The receptor-ligand complex is internalized by invagination of the plasma
membrane-initiated by adaptor molecule-mediated formation of a clathrin
cytoplasmic coat (Goldstein et al., 1979, Robinson, 1994). In clathrin-coated
mediated endocytosis, the adaptor molecules interact with the NPXY motif 17
regions in a number of endocytic receptors (Robinson, 1994) (Figure.l.5).
Internalisation is followed by a detachment of the invaginations from the plasma
membrane to form intracellular vesicles. Then, the cytoplasmic coat detaches, and
vesicles may fuse to form new vesicles. Subsequently, acidification of the

intravesicular lumen leads to detachment of the ligand from the receptor.

Furthermore, the ligand may be transported into lysosomes for storage or

degradation, or otherwise into the cytosol for further processing/transport (Birn
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and Christensen, 2006). Receptors may be either recycled back to the luminal
membranes via a recycling dense apical tubules compartment or transported to
lysosomes for degradation (Christensen, 1982) Tenten et al (2013) postulated
that the presence of a transcytosis mechanism for filtered albumin and 1gG across
tubular cells in a neonatal Fc receptor-dependent manner (Tenten et al., 2013).
For instance, genetic deletion of the neonatal Fc receptor, which rescues albumin
and IgG from lysosomal degradation, abolished transcytosis of transgenic albumin
and IgG in proximal tubular cells. This is evidence of a transcytosis process within
the kidney tubular system that protects albumin and IgG from lysosomal

degradation, permitting these proteins to be recycled intact (Tenten et al., 2013).

Albumin reabsorption in PTs occurs by the receptor-mediated endocytosis
(Figure.1.5). The concentration of albumin at the plasma membrane might follow
interactions with the negative surface charges of adjacent microvilli or from binding
to specific sites (Gekle, 2005). Numerous studies on isolated PT segments and
cells in vitro have identified albumin binding sites on PTs (Park and Maack, 1984,
Gekle et al., 1996, Schwegler et al., 1991, Brunskill et al., 1997). Recognition of
binding sites for albumin in opossum kidney (OK) cells provides important
evidence that this protein is mostly reabsorbed by receptor-mediated endocytosis
(Brunskill et al., 1997). The endocytic process of albumin is visible by electron
microscopy where gold-labelled albumin is seen bound to the plasma membrane
and in intracellular vesicles (Brunskill et al., 1996). Several essential receptors
seem to be involved in receptor-mediated endocytosis and responsible for uptake
of a range of filtered plasma proteins and variety of vitamins in complex with their
binding proteins (Zhai et al., 2000, Christensen et al., 1998b). Most recent

research has established that megalin, cubilin and amnionless are possibly the
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most important receptors in the PT mediating endocytosis (Negri, 2006)

(Figure.1.5).
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Figure.1.5. Schematic diagram showing the endocytosis processes.

Cubam complex and megalin mediated proximal tubular uptake of filtered protein,
adapted from (Birn and Christensen, 2006, Christensen and Birn, 2013).
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1.5. Cubilin-amnionless complex endocytic receptors
1.5.1. Cubilin

Cubilin was initially discovered as the target of teratogenic anti-gp280 antibodies
and consequently revealed to be localised in clathrin-coated of pits in renal PTs
and yolk sac epithelial (Nielsen et al., 1998, Seetharam et al., 1997). It was also
identified as the receptor for the intrinsic factor-vitamin Biz (IF-B12) complex in the
intestine (Seetharam et al., 1981). Seetharam et al.1988 revealed that an IF-B12
binding protein isolated from renal brush borders was identical to the small
intestinal IF-B12 receptor (Seetharam et al., 1988) and later demonstrated IF-Bi2
receptor and gp280 were similar to 460-kDa protein, RAP-binding protein
facilitating endocytosis (Seetharam et al., 1997, Birn et al., 1997). The receptor
was cloned from humans and rats and found to be a 460-kDa glycoprotein
(Kozyraki et al., 1998, Moestrup et al.,, 1998). The cubilin gene is situated on

chromosome 10p12,33-p13 in humans (Christensen and Birn, 2001).

1.5.1.1 Structure of cubilin

Cubilin is divided into three major regions, an amino-terminal region composed of
110 amino acids, a cluster of eight epidermal growth factor (EGF)-like domains
and a cluster of 27 CUB [Complement c1r/C1s, Uegf (epidermal growth factor-
related sea urchin protein) and Bone morphogenetic protein 1 (BMP)] domains
found in the C-terminal part of the protein in that order (Moestrup et al., 1998,
Kozyraki et al., 1998) (Figure.1.6). Cubilin lacks a transmembrane segment and
has no cytoplasmic tail, thus represents a peripheral membrane receptor rather
than an integral component of the plasma membrane. Therefore, for endocytosis,
it interacts with other membrane proteins (Christensen et al., 2012a, Birn et al.,

1997, Moestrup et al., 1998).
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The 27 CUB domains most probably constitute numbers of the ligand-binding
domains (Kristiansen et al., 1999). For instance, the binding site for intrinsic factor-
cobalamin has been placed within CUB domains (5-8), whereas the binding site
for RAP is placed within CUB domains (13-14), and CUB domain (12-17), (22—
27) for megalin (Kristiansen et al., 1999, Moestrup et al., 1998, Amsellem et al.,

2010).

The cluster of EGF repeat-like domains consists of 53 amino acids which are
involved in interactions with many extracellular proteins such as, blood
coagulation factors, complement activation components, development
determination of cell fate, cell adhesion molecules, and connective tissue
structural proteins (Appella et al., 1988). EGF repeats are widely expressed and
contribute to a number of receptor-ligand interactions (Davis, 1990), which might
also be the explanation for some of the binding properties of cubilin. Two of the
EGF repeats in cubilin have a consensus sequence for calcium-binding (Rao et
al., 1995, Selander-Sunnerhagen et al., 1992) and might be involved in the
calcium-dependent binding of RAP or IF-B12 (Birn et al., 1997). In addition, Ca?*

bound to EGF-like domains can stabilise protein structure (Rao et al., 1995).

The amino-terminal region of cubilin is about 110 amino acids regions in length. It
has three remarkable features: a consensus sequence for cleavage by furin, a
putative amphipathic a-helix motif, and a candidate site for palmitoylation
(Verroust and Christensen, 2002). A stretch of amino acids of cubilin situated at
8-12inratand 8-11 in humans matches the consensus sequence Arg-X-Arg/Lys-
Arg for cleavage by the trans-Golgi proteinase furin (Hosaka et al., 1991), which
is involved in activation cleavage of other receptors and enzymes (Willnow et al.,
1996, Bravo et al., 1994). Therefore, the post-translational processing of cubilin
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might include furin-mediated cleavage in the trans-Golgi network (Christensen and
Birn, 2001). Many studies indicated that furin-mediated cleavage is essential for
the transformation of inactive precursor proteins into a bioactive form (Kozyraki et
al., 1998). Cubilin has palmitoylation features that play an important role in the
attachment of membrane proteins to the membrane and in the processing of
certain proteins (Wedegaertner et al., 1993, Evanko et al., 2000). Cubilin may be
functionally a monomer, but once shed from the membrane, the short hydrophobic
region causes self-assembly into homodimer/ homotrimers (Kristiansen et al.,
1999). Alternatively, the amphipathic a-helix motif might be involved in interactions
with phospholipid of the plasma membrane contributing to the attachment of

cubilin at the cell surface with other proteins (Bernstein et al., 2000, Mishra and
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Figure.1.6. Schematic diagram of the cubilin structure.

Amnionless

Special binding sites for amnionless, megalin, vitamin Bi2, receptor-associated
proteins (RAP), adapted from (Moestrup et al., 1998, Kozyraki et al., 1998).
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1.5.1.2. Expression and synthesis of cubilin

Cubilin is highly expressed in the proximal tubular cells of the kidney (Christensen
et al., 1998a), small intestine epithelial cells (Xu and Fyfe, 2000) and visceral yolk
sac (Drake et al., 2004). In the PT cells, the cubilin expression locates on the
apical membrane, alongside other constituents of the coated pit endocytic and
the membrane recycling pathway (Seetharam et al., 1997, Sahali et al., 1988,
Christensen et al., 1998a, Christensen et al., 1998b). A small amount of cubilin is
also recognised in the lysosomes (Christensen et al., 1998b). Cubilin is also
expressed in the S-shaped body through renal development but later expression
is restricted to the PT (Sahali et al., 1993). The post-translational processing of
cubilin is involved through furin-mediated cleavage in the trans-Golgi network.
For example, affinity-purified human cubilin is truncated at a recognition cleavage
site for furin in the amino-terminal region of cubilin (Kozyraki et al., 1998). After
synthesis, cubilin travels to the plasma membrane via the Golgi apparatus where
it undergoes final processing (Kozyraki et al., 1998). Cubilin is also highly
glycosylated with N-linked carbohydrates, which may guide apical sorting in
polarised cells (Scheiffele et al., 1995, Gut et al., 1998). The lack of glycosylation
and a basolateral sorting signalled to the cubilin proteins accumulating in the

Golgi complex of MDCK and CHO cells (Gut et al., 1998).

1.5.1.3. Regulation of expression of cubilin

A little is known about the regulation of cubilin expression. In vitro studies show
that cubilin expression is stimulated by retinoic acid treatment (Hammad et al.,
2000). Although retinoic acid signalling is mediated by retinoic acid receptor
(RARs) and retinoid X receptors (RXRs) (Hurst and Else, 2012), it is still

unidentified whether the cubilin promotor region has RAREs or RXRES, or whether
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the influence of retinoic acid on cubilin expression is utilised through these

receptors (Hurst and Else, 2012).

Transcriptional regulation of cubilin is associated with transcription and activation
by peroxisome proliferator-activated receptors (PPARs). Both PPAR and cubilin
are regulated by DNA methylation or histone deacetylation and inhibition of these
mechanisms increases cubilin mMRNA and protein levels in renal and intestinal cell
lines (Aseem et al., 2013). Cubilin and megalin expression are decreased in
mouse models of acute kidney injury (AKI) and streptozotocin-induced diabetes
(Schreiber et al., 2012, Zhou et al., 2011). Interestingly, in albumin overload
model, it was observed a reduction of megalin expression in the kidney improves
with treatment by either PPARa or PPARYy agonists (Cabezas et al., 2011). This
suggests that cubilin is co-expressed with megalin regulated by PPAR dependent

mechanisms (Aseem et al., 2013).

1.5.1.4. Cubilin ligands

Cubilin is mediated through the uptake of proteins and protein-bound materials
both in the intestine and in the kidneys (Christensen et al., 2013). In the intestine,
intrinsic factor is synthesized by the gastric parietal cells and complexed to Biz in
the duodenum which is a functional ligand for cubilin (Christensen et al., 2013).
Strong evidence shows that cubilin is the physiological receptor for intrinsic factor-
vitamin B12 complexes (Fyfe et al., 2004). Cubilin is crucial for normal reabsorption
of albumin in the renal PT and mediates the uptake of numerous filtered proteins,
lipids, vitamins and hormones resulting in an almost protein-free final urine
(Amsellem et al., 2010, Birn et al., 2000, Zhai et al., 2000, Christensen et al., 2009,

Christensen et al., 2012a).
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Cubilin has other ligands such as vitamin carrier proteins, lipoproteins, immune-
and stress-related proteins and drugs (Christensen et al., 2009). Most of the
ligands have been identified through studies in patients with Imerslund-Grasbeck
syndrome (Storm et al., 2011), urinary excretion studies in mouse (Amsellem et
al., 2010, Weyer et al., 2011) and dog models (Birn et al., 2000, Nykjaer et al.,
2001, Kozyraki et al., 2001). It has been shown that megalin/cubilin-mediated
reabsorption of vitamin D binding protein is responsible for the renal conversion
of 25(0OH) Ds to 1, 25(0OH) 2 D3 in the PT (Nykjaer et al., 2001). Similarly, iron is
taken up by the cubilin-amnionless-megalin-mediated reabsorption of transferrin
and haemoglobin (Kozyraki et al., 2001, Gburek et al., 2002) and cubilin binds to

apolipoproteins A-l, and High-density lipoprotein (Kozyraki et al., 1999).

1.5.1.5. Cubilin interaction with other endocytic receptors

Being entirely extracellular cubilin has no apparent sites for interaction with any
adaptor proteins or other mediators of clathrin-coated endocytosis (Verroust et al.,
2002) (Figure.1.7). Cubilin is binding to other endocytic receptors, which
colocalise at the subcellular compartments of the kidney, the intestine and yolk
sac (Birn et al., 1997). It seems that intracellular internalization and recycling of
cubilin relies on interaction with its partners, megalin and amnionless (Moestrup
et al.,, 1998, Christensen et al.,, 2012a). Megalin, a 600 kDa transmembrane
protein, is a member of the low-density lipoprotein (LDL) receptor family and
present in many epithelial cells, but it is most abundantly expressed in the renal
PT (Negri, 2006). The cytoplasmic tail of megalin contains three NPXY motifs that
mediate clustering in coated pits and also probably have intracellular signalling
functions (Christensen and Birn, 2001). In vitro uptake of the cubilin ligands

transferrin, Clara cell secretory protein, apolipoprotein A-1 and high-density
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lipoprotein are inhibited by anti-megalin antibodies and by megalin antisense
oligonucleotides (Kozyraki et al., 2001, Burmeister et al., 2001, Kozyraki et al.,
1999, Hammad et al., 2000). In addition, following cubilin mediated endocytosis
transferrin is not completely processed in megalin knockout mice, which
accumulate large amounts of transferrin in the PT cells (Kozyraki et al., 2001).
Thus, megalin appears closely involved in the normal endocytic function of cubilin
(Birn et al., 2000). Cubilin is co-localised with amnionless in the renal PT to form
the cubam complex. Amnionless interacts with cubilin at the EGF-type repeats
and this is essential for the translocation of the cubam complex from the
endoplasmic reticulum (ER) to the plasma membrane and then for endocytosis
(Fyfe et al., 2004). Mutation of the amnionless gene in animal models revealed a
defect in the apical expression of cubilin (He et al., 2005, Strope et al., 2004).
Essentially, cubilin is reliant on amnionless and megalin, which bind to cubilin and

are involved in the endocytosis of this receptor (De et al., 2014).
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Figure.1.7. Schematic diagram illustrates cubam complex and megalin.

ARH and Dab2 are involved in the vesicle trafficking binding, to the NPXY motif
present in both megalin and amnionless, but interacting with diverse adaptor
proteins as ARH and Dab2 GIPC bind to actin filaments via Myosin VI (Birn and
Christensen, 2006, De et al., 2014).
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1.5.2. Amnionless

1.5.2.1. Structure of amnionless

Amnionless, a 38-50-kDa protein is important for amnion and primitive streak
development in mice (Tanner et al., 2003, Tomihara-Newberger et al., 1998,
Kalantry et al., 2001). It is a type | transmembrane protein with a cytoplasmic tail
containing two NPXY motifs and a cysteine-rich stretch as the only identified
specific feature of the extracellular domain (Fyfe et al., 2004, Tanner et al., 2003)
(Figure.1.8). The amnionless protein has one transmembrane domain separating
it into two parts: a large part, which is represented by the N-terminal extracellular
region and the small part which is represented by the C-terminal cytoplasmic

region (Tanner et al., 2003).

The extracellular region harbours a cysteine-rich domain and shares similarities
with the cysteine-rich domains found in bone BMP-binding proteins and may play
a role in the modulation of BMP signalling (Tanner et al., 2003). The 453 amino
acid (aa) human amnionless precursor comprises a 19 aa signal sequence
cleavage site, a 338 aa extracellular domain, a 21 aa transmembrane domain, and
a 75 aa cytoplasmic domain. The extracellular domain also contains two potential
N-glycosylation sites and a cysteine-rich VWFC domain (He et al., 2005). The
alignment of amnionless amino acid sequences of human, dog, rat and mouse
has been discovered to show two highly conserved copies of the sequence Phe-

X-Asn-Pro-X-Phe in the cytoplasmic domain (Fyfe et al., 2004).

Amnionless has two putative internalisation signals of the FXNPXF sequence type
within its cytoplasmic domain, which are a signal for internalisation of the receptor
through clathrin-coated pits, and therefore, it might mediate endocytosis of
compounds bound by cubilin (He et al., 2005, Boll et al., 2002). This kind of signal
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closely resembles the FXNPXY signal found in receptors of the low-density
lipoprotein (LDL) receptor superfamily (Chen et al., 1990). This sequence also
founds in AP-2 adaptor protein-binding signal (Phe-X-Asn-Pro-X-Phe) for ligand-
independent internalization via clathrin-coated pits (Tanner et al., 2003, Stolt and

Bock, 2006).

FXNPXY signals mediate endocytosis through interaction with clathrin-associated
sorting proteins (CLASPs) harbouring phosphotyrosine-binding (PTB) domains
(Stolt and Bock, 2006). Also, the CLASPs, Disabled-2 (Dab2) and autosomal
recessive hypercholesterolemia (ARH), have both been found to interact with
FXNPXY signals that directly contact to AP-2, which was initially identified to
mediate internalisation of the LDL receptor, megalin and low-density lipoprotein
receptor-related protein (LRP) (Morris and Cooper, 2001, He et al., 2002). The
novel mechanism of amnionless, via two seemingly functionally redundant
FXNPXF signals, stimulates clathrin-dependent internalisation using the CLASPs
pathway (ARH or Dab2) that leads amnionless to mediate uptake of cubam

ligands (Pedersen et al., 2010).
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Figure.1.8. The schematic diagram shows the amnionless protein structure,
adapted from (He et al., 2005, Fyfe et al., 2004).
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1.5.2.2. Expression and distribution of amnionless

Amnionless is expressed exclusively in the extra-embryonic tissue, visceral
endoderm (VE), during the early post-implantation stages, as well as, in kidney
proximal tubules and small intestinal epithelium (Strope et al., 2004). During fetal
development in the mouse, amnionless is expressed in mesonephric tubules at
E11.5-12.5 and in the metanephric kidney beginning at E14.5. In addition, is
expressed in the fetal intestine is detected at E16.5 (Strope et al., 2004). In the
adult kidney, it is also identified in the outer cortex and the outer stripe of the outer
medulla as well as the apical surface of proximal tubules and small intestine

(Strope et al., 2004).

1.5.2.3. Function and regulation of amnionless

Amnionless localises in epithelial cells of the kidneys (Christensen et al., 1998a),
small intestine (Xu and Fyfe, 2000) and visceral yolk sac (Drake et al., 2004). The
amnionless with cubilin is a partner in a functional complex for endocytosis of IF-
cobalamin and other ligands. In the ileum, the single function of the cubam
complex is to facilitate uptake of dietary vitamin Bi2 in complex with its transport
protein, IF, while cubam complex in the PTs of the kidney is involved in
reabsorption of numerous proteins from the glomerular ultrafiltrate such as
albumin, transferrin, apolipoprotein A—I and vitamin D-binding protein (Birn et al.,
2000, Pedersen et al., 2010). The cubam complex has a significant role during
fetal development in rodents (Sahali et al., 1988, Strope et al., 2004), however,

currently, its role in the human yolk sac is uncertain.

In polarized epithelial cells, amnionless has structures that facilitate membrane
anchorage, biosynthetic processing, trafficking of cubilin to the plasma membrane,

and then supports endocytosis of cubilin ligands and subsequent receptor
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recycling (Fyfe et al., 2004). Cubam complex interactions take place early in the
biosynthetic pathway of the rough endoplasmic reticulum (Fyfe et al., 2004).
Therefore, amnionless interacts with cubilin at EGF-type repeats which is
essential for the translocation of the cubam complex from the endoplasmic
reticulum (ER) to the plasma membrane and then for progress in endocytosis

(Fyfe et al., 2004).

Recent evidence demonstrates that amnionless is essential during biosynthesis
and trafficking of cubilin. An in vitro study found cubam complex to be endocytically
active consequent upon the intracellular endocytic FXNPXF motifs in the tail of
amnionless (Fyfe et al., 2004, Pedersen et al., 2010). Other investigators have
introduced a hypothesis that cubilin and amninoless to allow transfer out of the ER
and subsequent expression as the cubam complex at the apical membrane
(Coudroy et al., 2005). Another study in CHO cells shows co-expression of cubilin
and amnionless is fundamental for the cubam complex to internalize IF-Bi2 (Fyfe

et al., 2004).

Accumulation of cubilin in the early biosynthetic compartment and loss of
expression on the apical membrane has previously been detected in dogs with IF-
cobalamin absorption deficiency (Fyfe et al., 1991b). In this dog, there is no defect
in a cubilin gene, but cubilin cannot localise to the apical plasma membrane (Xu
et al., 1999, Ramanujam et al., 1994). Amnionless mutations most likely affect cell
surface expression of cubilin as posttranslational modifications and apical
membrane expression of cubilin is extremely reliant on proper amnionless function
and localization (Fyfe et al., 1991b, Strope et al., 2004, He et al., 2005, Amsellem

et al., 2010).
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1.5.3. Cubam complex dysfunction in renal disorders

1.5.3.1. Imerslund-Grasbeck syndrome (IGS) in human

Familial selective vitamin B12 (cobalamin, Cbl) malabsorption known as IGS (IGS,
OMIM 261100) is a rare autosomal recessive syndrome, which is usually
presented with failure to thrive, recurrent infections and fatigue along with
megaloblastic anaemia in the early juvenile period (Christensen et al., 2013). IGS
is categorised by selective malabsorption of Cbl from the distal small intestine and
proteinuria, which results from deficient reabsorption of low molecular weight
proteins in proximal tubules of the kidney (Namour et al.,, 2011). It can be
effectively treated by supplementation with regular doses of cobalamin (Grasbeck,

2006).

IGS has also been described with mutations in either the cubilin or amnionless
gene which are located on chromosomes 10 and 14, respectively (Tanner et al.,
2004). These mutations have been recorded in patients from Finland and Norway,
while an increasing number of mutations in both genes are being identified in

eastern Mediterranean countries (Tanner et al., 2004).

It has been found that these different mutants lack the capability to mediate
intestinal absorption of IF- Bi2. For instance, a single amino acid substitution in
CUB domain 8 leads to impairment in IF-Bi2 binding. Another mutation is
represented by gene deletion that leads to a truncation of the receptor in CUB
domain 6, which is characterised by the absence of expression of functional cubilin
(Aminoff et al., 1999, Hauck et al., 2008) as well as mutations in amnionless gene
(He et al., 2005, Fyfe et al., 2004). The cubilin gene was found to be mutated in
Finnish patients with the selective malabsorption of cobalamin and proteinuria
(Aminoff et al., 1999), whereas the amnionless gene in Norwegian and Middle
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Eastern patients also have selective B12 malabsorption with proteinuria (Broch et

al., 1984).

In patients with cubilin deficiency, proteinuria is as a result of defective tubular
reabsorption of filtered proteins such as albumin (Storm et al., 2011). Truncation
of the cubilin receptor might lead to an increase in urinary excretion of the cubilin
ligand vitamin-D binding protein (VDBP) in the Finnish group of patients with IGS.
However, no proteinuria was detected in patients with a single amino acid
substitution within the IF-Bi2 binding site (Nykjaer et al., 2001). Therefore, the
varying proteinuria in these patients supports the hypothesis that different degrees

of albuminuria depend on the type of mutation (Birn and Christensen, 2006).

Interestingly, a mutation in Finnish IGS patients with an amino acid substitution
results in a diverse degree of proteinuria whereas, in gene deletion, proteinuria
was always obvious (Wabhlstedt-Froberg et al., 2003). Also, the urinary excretion
of proteins of those patients was increased concomitant with excretion of cubilin
ligands such as albumin, immunoglobulin light chains, and transferrin and ai- and
B2-microglobulins (Wahlstedt-Froberg et al., 2003). As a consequence, proteinuria
in Finnish IGS patients is due to a defect in tubular reabsorption of proteins due to

a lack of cubilin function (Wahlstedt-Froberg et al., 2003).

In Norwegian patients with homozygous amnionless mutations affecting exons 1-
4 of the amnionless gene-selective malabsorption of vitamin Bi2 and proteinuria
results, suggesting that the 5' end of amnionless is unnecessary for embryonic
development but essential for the absorption of vitamin Bi2 (Densupsoontorn et
al., 2012). Interestingly, no consistent abnormalities in the kidney structure have

been observed in biopsies from patients with IGS; although one patient presenting
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with haematuria had focal mesangial expansion and IgA deposits, similar to IgA
nephropathy (Storm et al.,, 2011). The tubular proteinuria in IGS does not
accompany the progressive loss of kidney function (Grasbeck, 2006). Proteinuria
identified in IGS patients is related to a defect in protein the endocytic pathway,
normally mediated by the cubam complex in the PT (Nielsen and Christensen,

2010).

1.5.3.2. IGS in an animal model

IGS has been observed firstly in the giant Schnauzers family of dogs (Fyfe et al.,
1991a). Locus heterogeneity in IGS was observed early through findings in a
homologous animal model of IGS. Similar to the human disorder, canine IGS is a
disorder categorised by failure to thrive, and selective intestinal vitamin Bi2
malabsorption with proteinuria (Fyfe et al., 1991a). In amnionless, mutations show
that cubilin is expressed in the tissues of IGS affected dogs, but the cubilin does
not fold correctly and is not trafficked to the apical membrane (He et al., 2005).
This suggested that the lack of amnionless expression leads to a defect in a
cubam complex expression. Cubam complex endocytic receptors depend on each
other for trafficking and membrane expression (Fyfe et al., 1991b, Fyfe et al.,

1991a, Xu and Fyfe, 2000).

1.5.3.3. Albuminuria and chronic kidney disease (CKD)

Albuminuria is a biomarker of poor prognosis in patients with renal diseases
(Levey et al., 2011). A defect cubam complex results in a reduction in protein
reabsorption and subsequent proteinuria (Amsellem et al., 2010). Some studies
have highlighted a relationship between cubilin dysfunction and the progression
of kidney disease. In genome-wide association studies, missense single
nucleotide polymorphism (SNP) in the cubilin gene is related to the degree of
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albuminuria among normal European and African populations (Boger et al., 2011).
In addition, cubilin SNPs are associated with microalbuminuria in patients with
type 1 diabetes in the DCCT/EDIC study (Boger et al., 2011). This supports a role

for cubilin in regulating urinary albumin excretion (Christensen et al., 2013).

Alteration in cubilin function has been described in animal models of CKD. In the
remnant rat kidney study established that proteinuria and heavy lipid accumulation
in the PT cells in ESRD animal are associated with strong staining for cubilin (Kim
et al., 2009). As a sequence, it seems that tubular reabsorption of filtered protein-
bound lipid occurs through the cubam complex and megalin by activation of
several signal transduction pathways. These pathways stimulate apoptosis of
tubular epithelial cells and the production of inflammatory and profibrotic
mediators. Ultimately, the lipid accumulation in reduced renal mass might lead to
proteinuria, glomerulosclerosis and tubulointerstitial injury (Kim et al., 2009). An
increased loss of cubilin in type 1 diabetic patients could also contribute to
albuminuria and the deficiency of essential hormones and vitamins (Thrailkill et
al., 2009b). In a mouse model of cystic fibrosis, it was found that a defect in PT
endocytosis causes an increase in urinary excretion of cubilin and proteinuria. This

correlation was recognised also in patients with cystic fibrosis (Jouret et al., 2007).

1.6. Tubular toxicity of proteinuria

Abnormally filtered macromolecules (protein) has direct toxicity on the proximal
tubular epithelial cells (Baines and Brunskill, 2011). Overloading of albumin
exposure in the proximal tubular cells led to the production of a mixture of
chemoattractants, profibrotic agents, matrix protein and vasoconstrictive agents

by the proximal tubular epithelial cells (Baines and Brunskill, 2011) (Figure.1.9).
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In the sections below the toxic effect of aloumin on the proximal tubular epithelial

cells in cell cultures and animal studies are shown.

1.6.1. In vitro studies

Albumin is the predominant protein in the glomerular filtrate and exerts a toxic
effect on the proximal epithelial cells through activation of signalling pathways and
transcription factors. For instance, NF-kB is a transcription factor normally found
in the cytoplasm of the cell as an inactive form and bound to inhibitory proteins
(IkB) (Takaya et al., 2003). Albumin has been found to activate this nuclear factor
in the proximal tubular epithelial cells. Activation of NF-kB leads to transcription 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 the release of potentially

deleterious inflammatory cytokines and ultimate tubular injury (Reich et al., 2005).

In vitro studies have demonstrated that protein overload enhances the production
of RANTES in the proximal tubular epithelial cells and a suggested role of this
chemotactic and activating factor in the development of interstitial inflammation
and kidney diseases (Zoja et al., 1998). Moreover, activation of NF-kB and TNF-
a gene expression are both associated with albumin overload in the proximal
tubular epithelial cells (Wheeler et al., 2011), and their contribution to renal
inflammation and fibrosis has been very well-documented in obstructive and
diabetic nephropathy (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 revealed that albumin can activate STAT in murine proximal
tubular epithelial cells (Nakajima et al., 2004). Likewise, stimulation of STAT leads
to upregulation of MCP-1 and RANTES which in turn results in inflammatory cell
infiltration and consequent tubular damage (Rodriguez-lturbe and Garcia Garcia,
2010). Nakajima et al. (2004) found that STAT activation depends on the
generation of reactive oxygen species (ROS) by albumin in the proximal tubular
epithelial cells. ROS may itself contribute to the progression of renal disease
(Nakajima et al., 2004). The evidence is available that increased albumin
endocytosis by proximal tubular epithelial cells leads to the activation of Racl.
Racl is a Rho-family small GTPase, which is responsible for activation of NADPH
oxidase and ROS generation. A recent study has revealed that albumin overload
increases the formation of ROS via activation of Racl and NADPH oxidase
(Whaley-Connell et al., 2007).

Other studies have found that albumin overload in cultured proximal tubular
epithelial cells activates p38 MAPK and ERK1 and 2 signalling pathways, which
in turn increases the production of pro-inflammatory markers of kidney damage
including IL-6 (Pearson et al., 2008). Consistent with the previous study,
regulation of IL-6 synthesis is greatly dependent on both p38 and ERK/MAPK
pathways in the proximal tubular epithelial cells and glomerular mesangial cells
of the kidney nephron (Leonard et al., 1999). It is believed that IL-6 may contribute
to renal fibrosis via modulating TGF-$ signalling (Pearson et al., 2008). Albumin
is also able to stimulate growth and proliferation of proximal tubular cells that is

dependent on the ERK family of mitogen-activated protein kinase (MAPK). It has
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been shown to be involved in the regulation of MCP-1 and cell proliferation in the

PT cells (Takaya et al., 2003, Dixon and Brunskill, 2000).

It has been demonstrated that incubation of human proximal tubular epithelial
cells 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). Likewise, albumin is able to induce
the production of IL-8, a potent chemokine that plays a major role in attracting
inflammatory cells especially neutrophils to the site of inflammation and also
promotes angiogenesis in the proximal tubular epithelial cells, in human PT cell
dose-dependently, which occurs via NF-kB dependent pathways through PKC
activation and ROS generation (Tang et al., 2001). These proinflammatory
markers are involved in the pathophysiology of CKD (Kayama et al., 1997). TNF-
a has long been recognised as a proinflammatory cytokine to play an important
role in tissue damage and the progression of CKD (Vielhauer and Mayadas,

2007).

There is evidence that albumin plays a critical role in the activation and expression
of transforming growth factor in the proximal tubular epithelial cells. For example,
Diwakar et al. (2007) have demonstrated that incubation of proximal tubular
epithelial cells (opossum kidney cells and human kidney cell clone-8 cells) with
albumin results in overproduction of TGF-B1. This study also observed the role of
albumin endocytosis and its interaction with megalin in the secretion of TGF-1
and found that there is no correlation between megalin and the amount of TGF-
B1 produced by a proximal tubular epithelial cell (Diwakar et al., 2007). Altogether,
these studies have provided strong evidence that albumin overload, the most
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widely used protein in tissue culture studies and most abundant protein in the
glomerular filtrate, is toxic to the proximal tubular epithelial cells and may lead to

inflammation and fibrosis, the main causes of CKD.

1.6.2. In vivo studies

Animal models of protein overload proteinuria, a model of tubulointerstitial injury
in experimental animals, have clearly revealed the toxic effects of glomerular
ultrafiltered proteins on the proximal tubular epithelial cells which may lead to
tubulointerstitial inflammation and fibrosis and eventually chronic damage (Eddy
et al., 2000). In addition, there are other models of proteinuria that show the
influence of filtered proteins due to glomerular permeability on the proximal tubular
epithelial cells. In rats treated with increasing doses of bovine serum albumin
(BSA) for two weeks, tubulointerstitial changes have been recognised (Eddy,
1989). At one week, macrophage infiltration into the interstitium was clearly
detected, consequently followed by T helper and T cytotoxic cells. The PT
presented 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,
Landgraf et al. (2014) have found that protein overload proteinuria produces
substantial alterations in the kidney interstitium related to the increased levels of
proinflammatory cytokines, TNF-a and IL-6. Tubulointerstitial fibrosis was

identified as evaluated by marked collagen deposition (Landgraf et al., 2014).

Tubular injury has been reported in protein overload proteinuria 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 (Takase et al., 2003).
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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 changes the mRNA levels of matrix genes procollagens a1 (l), a1
(1), and a2 (IV) and TGF-B1 and Timp-1 (Eddy et al., 2000). According to protein
overload proteinuria in rats leads to activation of tubular NF-kB with interstitial
inflammation and upregulation of MCP-1 and osteopontin (Eddy and Giachelli,
1995). Another study revealed that mice overloaded with protein display tubular
injury and increased macrophage infiltration into the interstitium, evaluated by
F4/80 immunostaining and that was associated with increased mRNA expression

of MCP-1 and TNF-a (Yang et al., 2011).

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 a significant 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 consequent
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 on MCP-1 dependent mechanism in these models

(Donadelli et al., 2000).

The relationship between proteinuria and tubulointerstitial nephritis has long been
identified in the puromycin aminonucleoside (PAN) nephrosis model (Tang et al.,
1997). In this model, administration of PAN led to a significant increase in MCP-1
and interferon-inducible protein-10 (IP-1 0) mMRNA expression after 6-8 days and
gradually declined on reaching day 21. The MCP-1 and IP-10 mRNA expression
were mainly localised to the intrinsic tubulointerstitial cells and not to infiltrating
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monocytes or macrophages. The most interesting fact here is that using
neutralising Ab to rat MCP-1 considerably reduced interstitial accumulation of
macrophages and T lymphocytes, supporting the idea that inflammatory
responses in the interstitium are greatly dependent on the MCP-1 mechanism

(Tang et al., 1997).

The central role of TGF-B in the development of renal fibrosis has long been
recognised. TGF-B may contribute to renal scarring through activation of its
downstream Smad signalling pathways (Lan, 2011). TGF-3 can also lead to renal
fibrosis through the induction of tubular cell epithelial-mesenchymal transition
(EMT) (Zhao et al., 2013). In experimental animals, protein overload proteinuria
has been shown to upregulate the cortical mMRNA and protein levels of TGF-f,
which in turn leads to interstitial fibrosis and progressive renal injury (Eddy and
Giachelli, 1995). Eddy (2001) believed that the initial inflammatory cells recruited
in response to interstitial injury produced as a result of protein overload may
participate in interstitial fibrosis (Eddy, 2001). Infiltration of monocytes, the main
source of TGF-[3, into the interstitium in protein overload proteinuria which might
be explained by the recruitment mechanism of osteopontin, ICAM-1 and VCAM-I
expression, indicating the role of inflammatory cell infiltrate in the tubulointerstitial

fibrosis (Eddy and Giachelli, 1995).
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extracellular signal-regulated-kinase (ERK), nuclear factor-kB (NF-kB), protein
kinase C (PKC), monocyte chemotactic protein-1(MCP-1), regulated on activation
normal T-cell expressed and secreted (RANTES), reactive oxygen species (ROS),
tumor growth factor-f (TGF-B), P38 mitogen-activated protein kinases
(P38/MAPK), signal transducer and activator of transcription (STAT), adapted

from (Roscioni et al., 2014).
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1.7. Importance of proteinuria in CKD

1.7.1. The prevalence and progression of CKD

CKD has increased worldwide, indicating that it is a significant public health
concern that affects up to 10% of the adult population (EI Nahas, 2005, Levey et
al., 2007). The incidence and prevalence of end-stage renal diseases (ESRD)
have doubled in the last decade and are expected to continue to rise steadily in
the future. In 2001, the annual average cost of therapy for ESRD was $70 - $75
billion internationally. This excludes kidney transplantation (Szczech and Lazar,
2004). The number of ESRD patients is expected to reach over 2 million by 2030,

which may create future budgetary problems (Szczech and Lazar, 2004).

Early intervention of CKD would be essential to reduce the economic burden of
renal replacement therapy. To achieve this, it is important to know which
individuals may progress to renal disease. Identification of risk factors for CKD is
essential such as black ethnicity, older age, low birth weight and a family history
of kidney disease. In addition, factors such as smoking, obesity, hypertension,
proteinuria, anaemia, dyslipidaemia and diabetes mellitus can lead to kidney
disease (Kazancioglu, 2013). Numerous studies in general populations have
observed that low eGFR and elevated albuminuria are accompanied by
cardiovascular disease (Chronic Kidney Disease Prognosis et al., 2010,
Gansevoort et al.,, 2013). Also, the cardiovascular mortality in a high-risk
population is about twofold higher in patients with stage 3 CKD and three times
higher at stage 4 CKD compared to individuals with normal kidney function (van
der Velde et al., 2011). High albuminuria and reduced eGFR are both independent
risk factors for cardiovascular and renal effects in patients with type 2 diabetes

(Ninomiya et al., 2009).
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1.7.2. Correlation between proteinuria and renal failure

A strong association between the degree of proteinuria and progression of renal
failure has been identified (Eddy, 2004). Proteinuria can be either glomerular or
tubular in origin (Gorriz and Martinez-Castelao, 2012). Bioactive macromolecules
which are present in the glomerular filtrate interact with PT cells, leading to
progressive of proteinuric nephropathy (Brunskill, 2004). The toxic effect of these
molecules has clearly defined such as activation of tubular-dependent pathways
of interstitial fibrosis and inflammation, together with alterations in PT cell growth,
apoptosis and gene transcription (Baines and Brunskill, 2011, Birn and
Christensen, 2006). Evidence from animals and human studies have

demonstrated that proteinuria is closely associated with loss of renal function.

1.7.2.1. Correlation in animal studies

1.7.2.1.1. Remnant kidney

In experimental animals, reduction in kidney mass leads to heavy proteinuria and
progressive renal impairment. for example, the remnant kidney is exposed to a
high amount of filtered proteins in the residual part of the nephrons and an
increase of GFR eventually led to the development of proteinuria (El Nahas,
1989a). However, reduction in proteinuria appears more beneficial in these
animals. In the remnant kidney model, rats on the low-protein diet showed less
proteinuria and significantly reduced the development of progressive renal
impairment (El-Nahas et al., 1983). Another study revealed that rats exposed to
a low dietary protein have a beneficial effect on maintaining the renal function in
the remaining renal mass (Williams et al., 1987). Similarly, rats with a remaining

kidney and treated with angiotensin-converting enzyme (ACE) inhibitors showed
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reduced proteinuria and development of renal injury via reducing intraglomerular

capillary pressure (Anderson et al., 1985).

Furthermore, in the remnant kidney model, reduction in renal mass of rats may
result in glomerulosclerosis (Shimamura and Morrison, 1975). In these animals,
the remaining glomeruli undergo various morphological and functional changes,
which result in increases in single nephron glomerular filtration (GFR) and then an
increase in the intraglomerular pressure, consequently, glomerular injury and
ultimate sclerosis may develop (Hostetter et al., 1981). Therefore, a strong
association between glomerulosclerosis and proteinuria has been detected in
these animals (Williams and Coles, 1994). There is direct evidence from animals
and human studies that tubulointerstitial injury is more probable to be triggered by
poor control of systemic blood pressure which consequences from proteinuria in
the remnant kidney (Novick et al., 1991, Bidani et al., 1990). In contrast, the better
control of systemic blood pressure results in the lower the rate of decline of GFR
in the diseased kidney (Remuzzi et al., 1990). Overall, the amount of proteinuria,
the degree of structural renal damage and the severity of renal impairment all are

closely associated.

1.7.2.1.2. Puromycin aminonucleoside nephrosis model

In the puromycin aminonucleoside (PAN) nephrosis model, a single dose
administration of PAN (15mg/100g) to rats may produce direct toxicity to the
glomerular epithelial cells and the development of nephritic range proteinuria
(Eddy et al., 1991). In these animals, a significant change in the glomerular
structure is observed. A detachment of podocyte FP from the GBM is the most
prominent effect of PAN (Whiteside et al., 1993). According to the previous
studies, there is a positive association between proteinuria and separation of
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podocyte from the GBM (Whiteside et al., 1993, Messina et al., 1987). It is clear
that the extent of pro-inflammatory infiltrates and tubulointerstitial injury are closely
associated with the degree of proteinuria (Jones et al., 1992). Likewise, a
relationship between an increased influx of pro-inflammatory cells such as
macrophages and T-lymphocytes into interstitium and proteinuria has described
in PAN nephrosis (Eddy et al., 1991). Another probable mechanism of podocyte
detachment contributing to renal impairment is that separation of this FP may
change the permeability of the glomerular barrier; as a result, an enormous
amount of circulating macromolecules accumulates in the glomerulus and
glomerulosclerosis develops, this association was clearly detected in the remnant

kidney model of rats (El Nahas, 1989b).

Additionally, according to PAN nephrosis model, a single intraperitoneal injection
of the PAN to rats produces a cellular alteration in the interstitium. Following these
alterations, massive proteinuria develops after 14 days of treatment in association
with the mononuclear cells infiltrating into the tubulointerstitial area (Eddy and
Michael, 1988). Thus, the number of interstitial cells is prominently correlated to
the degree of proteinuria. Moreover, the same model displayed a substantial
decline in GFR related to extent of interstitial damage (Eddy and Michael, 1988).
Furthermore, in the PAN model, animals treated with a low-protein diet and
enalapril show significantly reduced in proteinuria and a reduced number of
interstitial macrophages (Eddy et al.,, 1991). Similarly, chronic PAN-induced
nephrosis, rats on dietary-protein restriction showed less proteinuria and reduced

tubulointerstitial injury (Marinides et al., 1990).
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1.7.2.1.3. Protein overload model

In the protein overload proteinuria model, intraperitoneal injection of bovine serum
albumin (BSA) (1g / day) 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 anti-BSA antibodies in the glomeruli
or the interstitium. As proteinuria increases, there is an influx of chronic
inflammatory cells such as macrophages and T lymphocytes into the interstitium
and an accumulation of the extracellular of matrix (ECM) protein (Eddy, 1989,
Eddy and Giachelli, 1995). 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 remodelling contributing to the interstitial fibrogenic development
(Eddy and Giachelli, 1995). Additionally, there is a significant increase in a renal
message for chemotactic MCP-1 and osteopontin in association with the progress

of interstitial inflammation (Eddy and Giachelli, 1995).

Further study of protein-overload displays that injection of BSA to
uninephroctomized 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 interstitium in response to tubulointerstitial
inflammation (Eddy et al., 1991). Tubular cell apoptosis also increases especially
in the PT cells as a result of proteinuria (Thomas et al., 1999). In another
experimental study, rats injected repeatedly with protein via intravenously develop
heavy proteinuria related to the increased permeability of glomerular properties.

Therefore, the toxic effects of filtered proteins directly appear on the PTs by
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increasing the process of reabsorption and recruitment of macrophages and T

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

1.7.2.2. Correlation in human studies

In patients with diabetes, the hallmark of diabetic nephropathy is proteinuria. In
these patients, proteinuria develops, particularly when the GBM loss its selective-
permeability, which is very common in diabetic kidney disease, for a different
amount of proteins (Ruggenenti et al., 1998). Previous studies displayed that in
diabetic patients, inhibition of ACE using different doses of ramipril decreases
proteinuria through diminishing the size of large non-selective pores in the GFB
(Morelli et al., 1990, Lewis et al., 1999). Furthermore, in experimental diabetes
ACE inhibitors reduced intraglomerular capillary pressure and reduced the

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

Similarly, patients with type 2 diabetic nephropathy are at greater risk of
proteinuria. Therefore, in these patients, reduction in proteinuria especially
albuminuria to the lowest level is a major goal and particularly this is closely related
to reducing the risk of renal failure. For instance, losartan, which is antiproteinuric
therapy can effectively decrease the higher risk of renal function loss in patients
with type 2 diabetic nephropathy (de Zeeuw et al., 2004). Losartan has been
identified 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).

Likewise, in type-1 diabetic patients, the degree of diabetic glomerulosclerosis is
correlated with proteinuria. It is known that reducing proteinuria positively delays
the progression of diabetic glomerulosclerosis. This is because lowering

proteinuria might decrease the overflow of plasma lipoproteins through injured
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glomeruli (Hebert et al., 1994). Therefore, captopril has a renoprotective effect by
decreasing proteinuria and lowering blood pressure. Recent studies have
revealed that captopril can inhibit angiotensin Il formation. It is well-known that
angiotensin |l stimulates the formation of growth factors and TGF- and these
factors may lead to collagen formation and glomerular hypertrophy (Gibbons et
al., 1992, Johnson et al., 1992). Captopril can also decrease proteinuria by its

direct or indirect effects on GFB (Sorbi et al., 1993).

A study of the Modification of Diet in Renal Disease (MDRD) 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). Additionally, De
Zeeuw et al. (2004) found that baseline proteinuria can increase the risk of renal
disease to the endpoint by 5.2-fold, and an 8.1-fold rise risk for progressing to
ESRD (de Zeeuw et al., 2004). MDRD study showed that reducing protein intake
and stricter blood pressure control did not significantly alter the rate of decline in
GFR in patients with moderate or severe renal failure (Klahr et al., 1994). Overall,
the degree of chronic renal insufficiency is closely associated with the degree of

proteinuria.

1.8. Matrix metalloproteinases

Matrix metalloproteinases (MMPs) are a large family of zinc-dependent matrix
degradation enzymes (Tan and Liu, 2012). MMPs are extracellular proteins,
which include collagenases (MMP-1, MMP-8, and MMP-13), stromelysins (MMP-
3, MMP-10, and MMP-11), gelatinases (MMP-2, MMP-9), matrilysins (MMP-7,
MMP-26) and membrane-type MMPs (MT-MMPs) (Tan and Liu, 2012). The
physiological function of MMPs is the modulation and regulation of ECM turnover.
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These enzymes act by a direct proteolytic degradation of the ECM proteins via
destroying the collagen meshwork of the ECM and basement membrane
components such as collagen 1V, fibronectin, laminin and gelatin (Woessner,
1991). MMPs are essential for tissue development and homeostasis but also in
controlling several cell behaviours such as cell proliferation, migration,

differentiation, angiogenesis, and apoptosis (Tan and Liu, 2012).

MMPs have a role in cleavage of a wide range of substrates, which consist of cell
surface receptors, adhesion molecules to growth factors and cytokines (Tan and
Liu, 2012): for example, the release of biologically active proteins as cytokines,
growth factors and chemokines from their membrane-anchored proforms (so-
called shedding). Consequently, these protein cleavage effects are modifying the
signalling environment of the cell (Butler and Overall, 2009). Several MMPs and
their inhibitors have unique expression profiles along the nephron regarding
physiological and pathological conditions (Tan and Liu, 2012). For examples,
upregulation of MMP-2, MMP -7, MMP -9, MMP -12, MMP -14 and TIMP-1 are
identified in the glomerulus in renal pathological disorders. While expression of
MMP-1 is reduced in kidney disorders, MMP-2, MMP -3, MMP -7, MMP -9, - MMP
14, and MMP 24 are recognised as upregulated in PCT in kidney dysfunctions

(Tan and Liu, 2012).

1.8.1 MMP structure

The fundamental structure of the MMPs is similar and comprises four distinct
domains, the propeptide domain, the catalytic domain, a linker peptide domain
and a hemopexin (Hpx) domain (Nagase, 1997, Visse and Nagase, 2003, Arnold
etal., 2011). The propeptide domain has about 80 amino acids and the PRCXXPD
sequence in this domain is highly conserved. The cysteine “cysteine switch”
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residue within this motif maintains the pro-form (inactive form) or latency of these
enzymes by binding to the zinc atoms in the active site which 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 organomercurials which in turn activates the enzyme (Van Wart and Birkedal-
Hansen, 1990). There are also numerous potential furin recognition sites
(RX(R/K)R) on the carboxy terminus of pro-peptide domain in various 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 form a “Met-turn” (Cerda-Costa and
Gomis-Ruth, 2014). The zinc-binding motif and the conserved methionine in the
catalytic domain are found in all members of the metzincin (Gomis-Ruth, 2009).
Moreover, catalytic zinc MMPs have non-catalytic zinc and calcium ions to protect
the tertiary structure of the enzyme, and the calcium ions play an essential role in
the expression of MMPs (Zhang et al., 1997, Lovejoy et al., 1994). The catalytic
domain in all MMPs except MMP-7, -23 and -26, is connected to the Hpx domain

by a proline-rich linker known as the hinge region (Peng et al., 2012).

1.8.2 MMP activation and expression

MMPs initially 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) (Obermuller et al., 2001b, Loffek et al., 2011). When released,
MMPs can be activated either by the already activated MMPs or other proteolytic
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enzymes (Murphy et al., 1999, Sternlicht and Werb, 2001). MMP-2 and MMP-9,
among the other MMP classes, are responsible for the cleavage of collagen types,
particularly collagen IV, and laminin, the basic components of tubular basement
membrane (Catania et al., 2007). MMP-9 is released by inflammatory cells,
whereas MMP-2 is mostly secreted by fibroblasts and endothelial cells

(Pittayapruek et al., 2016).

MMPs are expressed at low levels and are closely regulated via interactions
between their activators and inhibitors during normal conditions (Tokito and
Jougasaki, 2016). The expression of these peptidases is increased in response to
high albumin doses in culture supernatants of podocytes (Fang et al., 2009).
Likewise, in vitro albumin overload can encourage overexpression and activation
of MMP-9 in the proximal epithelial cells via the activation of P44/42 MAPK

pathway (Zhang et al., 2015).

Furthermore, the expression of MMP-9, the most expressed MMP with MMP-2 in
the kidney, is increased modestly but not considered in the kidney of proteinuric
mice compared to controls (Eddy et al., 2000). It has also been revealed that
MMP-2, MMP-8 and MMP-9 levels are increased in the urine and serum of
patients with diabetic nephropathy, indicating that these endopeptidase enzymes
may be involved in the progression of diabetic nephropathy (Thrailkill et al., 2007,
Thrailkill et al., 2009a, Gharagozlian et al., 2009, Lauhio et al., 2008, Tashiro et
al., 2004, van der Zijl et al., 2010). Additionally, upregulation of MMPs particularly
MMP-2 and MMP-9 has been demonstrated 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, Steinmann-Niggli et al., 1998). Regardless of the great
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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.

1.8.3. Mechanisms of MMP in kidney disease

Various mechanisms may explain the contribution of MMPs to kidney diseases.
The previous study has 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) (Tan
et al., 2010, Cheng and Lovett, 2003). Therefore, 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). An additional possible mechanism of
MMPs leading to kidney fibrosis is that products of collagen degradation have
chemotactic properties for neutrophils and are also able to encourage MMP-9
production (Xu et al., 2011). Furthermore, it has been long documented that TGF-
B and fibroblast growth factor (FGF)-2-binding proteins are components of ECM
proteins and are released during ECM degradation, which in turn may regulate
cell migration and induce EMT (Benezra et al., 1993, Falcone et al., 1993).
(Benezra et al., 1993, Falcone et al., 1993). Recent studies have also revealed
that MMP-9 is able to cleave osteopontin, potent macrophage infiltration and
induce tubular cell EMT; which in turn activates TGF-3, a key inducer of renal

fibrosis (Zheng et al., 2009, Tan et al., 2013).

Numerous 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). In
accordance with microvasculature, MMPs have a significant role in regulating
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endothelial cell behaviour, vascular wall stiffness/elasticity (Tan and Liu, 2012).
For examples, an increase of perivascular MMP-9 in acute ischemic injury plays
arole in microvascular integrity (Lee et al., 2011). Similarly, dialysed CKD patients
also demonstrated higher levels of MMP-2 /MMP-9 in extrarenal arteries
associated with calcification and loss of elasticity (Chung et al., 2009a). Ultimately,
continuous research is required to provide a further understanding of MMPs

mechanisms in the pathogenesis of kidney disorders.

1.8.4. The beneficial effect of MMP inhibition in animal models

Overexpression or activation of MMPs has been revealed to be correlated with
different kidney diseases. As well as, inhibition of the MMPs activity has been
widely shown in human and animal’s kidney diseases. For example, in animal
models of acute kidney injury (AKI), it has been shown that the expression and
activity of MMP-2, MMP-7 and MMP-9 are increased in kidney tissues exposed to
ischemia-reperfusion injury; while inhibition of the activity of MMPs in AKI models
ameliorates the progression of acute tubular injury and improves renal dysfunction
at 24hr (Kunugi et al., 2011). Furthermore, in a rat model of autosomal-dominant
polycystic kidney disease (cy/+) inhibition of MMP activity significantly reduced
cyst numbers and kidney weight (Obermuller et al., 2001b). Additionally, in a
mouse model of ischemic acute kidney injury (AKI) inhibition of MMPs activity
significantly reduced reperfusion AKI (Kunugi et al., 2011). An inhibitor of MMPs
led to a reduction in vascular permeability following ischemia-reperfusion injury
(Sutton et al., 2005). Similarly, MMP inhibitors ameliorate vascular relaxation in

dialysed CKD patients (Chung et al., 2009b).

The inhibition 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

54



al., 2001). Other studies have revealed the importance of MMPs inhibitor in
decreasing the growth of tumours (Low et al., 1996, Prontera et al., 1999, Watson
et al., 1996). Together, these findings suggest that MMPs inhibition might be an

important target in the treatment of different diseases.

Previous studies showed that transmembrane receptors such as megalin undergo
regulated intramembrane proteolysis (RIP). By this process, megalin is subject to
metalloproteinase-mediated ectodomain shedding regulated by protein kinase-C
and releases the megalin ectodomain into the tubular lumen (Zou et al., 2004,
Biemesderfer, 2006). The importance of MMP inhibition in RIP has been reported
in in-vitro studies (Hooper et al., 1997, Werb and Yan, 1998, Zou et al., 2004).
Cubam complex, on the other hand, is not to be subject to RIP but the complex is
physically close to megalin. This suggests that cubam complex may be affected
by this mechanism. Based on this, in order to investigate whether the inhibition of
MMPs activity may effectively reduce ectodomain shedding of both cubilin and
aminonless in mice, we used a synthetic MMP inhibitor batimastat.

1.8.5. Synthetic inhibitor batimastat

Batimastat, also known as BB-94, is a potent broad-spectrum matrix
metalloproteinase inhibitor (Rasmussen and McCann, 1997). Its mechanism
depends on the inhibition of MMPs activity by the binding of a hydroxamate to the
zinc ion in the active site of MMPs (Botos et al.,, 1996). Batimastat was first
synthetic inhibitor used in clinical trials as an anticancer, anti-invasive and anti-
metastatic drug inhibiting a broad spectrum of MMPs patrticularly MMP-2, MMP-9
and MMP-3 (Prontera et al., 1999, Yamamoto et al., 1998, Parsons et al., 1997,
Zempo et al., 1996, Fingleton, 2007, Fingleton, 2008). It is believed that batimastat

regulates MMPs at the transcriptional level by interfering with the signalling
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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).

Inhibition of MMPs activity by batimastat has been widely used in various animal
models of kidney diseases and in clinical trials to treat cancer and prevent the
growth of a tumour in adult populations (Obermuller et al., 2001b, Ermolli et al.,
2003, Lutz et al., 2005, Kunugi et al., 2011, Novak et al., 2010, Rasmussen and
McCann, 1997). Additionally, very low toxicity has been reported in animals

treated with batimastat (Wojtowicz-Praga et al., 1997, Wang et al., 1994).
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1.9. Aims and objectives

CKD is a global public health problem. The number of patients affected by ESRD
with a decline in renal function has increased internationally and predicted to reach
over 2 million by 2030 which may produce more difficulties with the future budget.
Proteinuria is one of the prognostic factors of deterioration in renal function in a
patient with CKD. In proteinuria, proximal tubular cells are adversely affected by
abnormal filtered proteins, leading ultimately to renal inflammation and scarring.
This creates a pressing need for a better understanding of the molecular
mechanisms of proteinuria. To do this, a mouse model of protein overload
proteinuria was established and the effect of protein overload on the cubam
complex expression was studied. After this, a mouse model of protein overload
proteinuria and matrix metalloproteinase inhibitor (MMPI) was established to
determine whether this inhibitor can preserve the apical expression of cubam
complex and prevent proteinuria in proteinuric animals.

Expression of the cubam complex is not well studied in human proteinuric
diseases. Therefore, human patients’ kidney biopsies from different nephrotic
diseases were investigated to assess change in cubam expression.

1.10. Hypothesis

In proteinuria changes in expression of PT endocytic receptors is a key feature in
the pathophysiology of the disease. Altered expression of PT endocytic receptors
may represent a maladaptive response to proteinuria mirrored by changes in
expression elsewhere in the body. Manipulating this process may be therapeutic

in proteinuric nephropathy.
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The specific objectives of this project are

1. To study the pattern of cubam complex expression in normal wild-type mice

2. To study the effect of the proteinuria on the cubam complex expression and
influence of MMPs on the cubam complex in the kidneys of proteinuric mice.

3. To investigate whether MMP inhibition could prevent proteinuria and influence
on cubam complex expression in proteinuric mice.

4. To study the effect of MMP inhibition in reducing tubulointerstitial inflammation
and fibrosis in the kidney of proteinuric mice.

5. To study the alteration of cubam complex expression in renal biopsies from

patients with nephrotic syndrome.
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Chapter Two
Materials and Methods
2.1. Materials

2.1.1. Chemicals reagents used in buffer solutions

All common chemicals were purchased from Sigma-Aldrich- (Dorset, UK) and
Fisher Scientific- (Loughborough, UK) unless otherwise specified. Glycerol
(Sigma-Aldrich, G6279), Glycine (Sigma-Aldrich, G8898), normal goat serum
(Sigma-Aldrich, G9023), normal donkey serum (Sigma-Aldrich, D9663), normal
swine serum (Vector Laboratories, S4000), potassium chloride (Sigma-Aldrich, P-
9333), potassium phosphate, monobasic (Fisher scientific, 205920025), skim milk
powder (Sigma-Aldrich, 70166), sodium dodecyl sulphate (SDS) (Sigma-Aldrich,
L4390), sodium chloride (Fisher scientific, PB358-212), sodium citrate tribasic
dihydrate (Sigma-Aldrich,S4641), Tris-base (Sigma-Aldrich -T1503), and Tween®

20 (Sigma-Aldrich, P1379).

2.1.2. Immunoblotting

All the materials were purchased from Bio-Rad Laboratories (Hemel Hempstead,
UK), Sigma-Aldrich or Fisher Scientific unless otherwise specified. acrylamide
30% (Proto Gel) (National Diagnostics, EC-890), ammonium persulfate (Sigma-
Aldrich, A3678), Amersham ECL western blotting detection reagent (Scientific
Laboratory, RPN 2106), cellophane Membrane (Bio-Rad Laboratories, 1650963),
Laemmli sample buffer 4x (Bio-Rad Laboratories, 1610747), 2-mercaptoethanol
(Sigma- Aldrich, M3148-100ml), Quick Start bovine serum albumin standard (Bio-
Rad Laboratories, 5000207), precision plus protein standards (Bio-Rad
Laboratories, 1610373), polyvinylidene difluoride membrane (PVDF) (Fisher
Scientific, IPVH00010), resolving gel buffer 1L 1.5 M Tris-HCl (Fisher

Scientific,12794165), SDS solution (20%) (National Diagnostics, EC-874), Tris 1.0

59



M buffer solution PH 6.8 (AVOCADO Research Chemicals, J63831.K2),
tetramethyl-ethylene diamine TEMED (Sigma- Aldrich,T-8133) and lastly, X-ray

film RX NIF sheets 130 mm x 180 mm ( Fisher Scientific, 12705325).

2.1.3. Immunostaining

Materials were bought from Vector Laboratories (Peterborough, UK) and Sigma-
Aldrich (Dorset, UK) and Fisher Scientific (Loughborough, UK) unless otherwise
specified. animal-free blocker (Vector Laboratories, SP-5030), antibody diluent
(Dako, S0809), account differentiating solution (Sigma-Aldrich, A3179-1L), DAPI
(4', 6-Diamidino-2-Phenylindole, Dihydrochloride) (Life Technologies, D1306),
DPX mountant (Sigma-Aldrich, 6522-100 ml), coverslip No.1 glass 22mm x 22mm
(Fisher scientific ,12705325), eosin Y solution (Sigma-Aldrich, HT110132-1L),
haematoxylin solution, gill no 2 (Sigma-Aldrich, GHS232-1L), horseradish
peroxidase streptavidin (Vector Laboratories, SA-5704), H202 hydrogen
peroxidase 30% (Sigma-Aldrich,H1009), prolong™ gold antifade mountant (Life
Technologies , P10144), Scott water (Sigma-Aldrich, S5134) and xylene ( Fisher

scientific, X/0200/17).

2.1.4. Materials used in the gene study

The materials of gene study were bought from Applied Biosystem and Invitrogen
except unless otherwise specified. Adhesive seals absolute gPCR (X50) (Fisher
Scientific, 12144741), 10-20 ul graduated tip one filter tip (sterile) (STAR LAB,
S1120-3810), 200 pl graduated tip one filter tip (sterile) (STAR LAB, S1120-8810),
1000 pul graduated tip one filter tip (sterile) (STAR LAB, S1120-1830), RNase-free
microfuge tube (2.0ml) (Invitrogen, AM12425), RNase-free microfuge tube (1.5ml)

(Invitrogen, AM12400), TagMan universal master Mix Il, with UNG (Applied
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Biosystem, 4440038), TagMan® gene expression assays (Applied Biosystem,
4331182) and Thermo-Fast 96 PCR plate (Fisher Scientific, ABO900P).

2.1.5. Commercial kits

The ready-made kits were purchased from Vector Laboratories (Peterborough,
UK), BioAssay Systems, Universal Biologicals Ltd, (Cambridge, UK) and Bio-Rad
Laboratories (Hemel Hempstead, UK) (see Appendix 1.2).

2.1.6. Polyacrylamide Gels

The 6% resolving gels were prepared from 7.9 ml H20, 30% Acrylamide (3 ml),
1.5M Tris-base pH 8.8 (3.8 ml), 20% SDS (0.15 ul), 10 % ammonium persulfate
(0.15 pl) and TEMED (0.012 pl). While 5% stacking gel made as follows in order
2.1 ml H20, 30% Acrylamide (0.5 ml), 0.5M Tris-base pH 6.80 (38 ml), 20% SDS
(0.03 ul), 10 % ammonium persulfate (0.0.3 ul) and TEMED (0.003 pl). A variety
of pre-cast gels were obtained from Bio-Rad Laboratories and ThermoFisher
Scientific (UK) (see Appendix 1.3).

2.1.7. Antibodies

The antibodies that were applied in the method sections are divided into three
kinds according to the procedures.

2.1.7.1. Antibodies used in Western blot

The primary antibodies were purchased from Santa Cruz Biotechnology, Inc.
(Heidelberg, Germany) such as, amnionless (K-14) goat polyclonal (cat no: sc-
46727), cubilin (A-20) goat polyclonal (cat no: sc-20609), cubilin (T-16) goat
polyclonal (cat no: sc-23644), aquaporin-1 (B-11) mouse monoclonal (cat no: sc-
25287), interleukin-6 (L0E5) mouse monoclonal (cat no: sc-57315), macrophage
F4/80 (C-7) mouse monoclonal (cat no: sc-377009), MMP-3 (1B4) mouse

monoclonal (cat no: sc-21732), MMP-7 (A-5) mouse monoclonal (cat no: sc-
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515703), transforming growth factor-3 (3C11) monoclonal (cat no: sc-130348) and
tumour necrosis factor-a (52B83) monoclonal (cat no: sc-52746). Except for Beta-
actin monoclonal (AC-15) (cat no: ab6276) was purchased from Abcam, UK. Also,
CD26/DPP 1V goat polyclonal (cat no: (AF954), MMP-2 goat polyclonal (cat no:
AF909-SP), MMP-9 goat polyclonal (cat no: AF902-SP) were obtained from Novus
Biologicals, USA. The secondary antibodies were purchased from Dako, UK as
peroxidase-conjugated rabbit anti-goat immunoglobulin (cat no: P044901-2) and
peroxidase-conjugated rabbit anti-mouse immunoglobulin (cat no: P0260).
2.1.7.2. Antibodies used in Immunohistochemistry

Primary antibodies were purchased from Santa Cruz Biotechnology, Inc.
(Heidelberg, Germany) such as, amnionless (K-14) goat polyclonal (cat no: sc-
46727), aquaporin-1 (B-11) mouse monoclonal (cat no: sc-25287), caspase-3 (H-
277) rabbit polyclonal (cat no: (sc-7148), cubilin (A-20) goat polyclonal (cat no: sc-
20609). Interleukin-6 (M-19) goat polyclonal (cat no: sc-1285), macrophage F4/80
(M-300) rabbit polyclonal (cat no: sc-25830), MMP-3 (1B4) mouse monoclonal (cat
no: sc-21732), MMP-7 (A-5) mouse monoclonal (cat no: sc-515703), transforming
growth factor-p (H-112) rabbit polyclonal (cat no: sc-7892), and tumour necrotic
factor-a (M-18) goat polyclonal (cat no: sc-1348), Human cubilin sheep polyclonal
(cat no: AF3700), CD26/DPP IV goat polyclonal (cat no: AF954), MMP-2 goat
polyclonal (cat no: AF902-SP) and MMP-9 goat polyclonal (cat no: AF909-SP)
were brought from Novus Biologicals and R&D Systems, USA. The secondary
antibodies were purchased from Vector Laboratories, Peterborough, UK such as,
biotinylated rabbit anti-goat polyclonal IG (cat no: BA-5000), biotinylated goat anti-

mouse polyclonal IG (cat no: BA-9200), biotinylated rabbit anti-sheep polyclonal
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IG (cat no: BA-6000) but biotinylated swine anti-rabbit polyclonal 1G (cat no:
E0431) purchased from Dako, UK.

2.1.7.3. Antibodies used in immunofluorescences

All immunofluorescences antibodies were obtained from ThermoFisher Scientific,
UK as, goat anti-rabbit IgG (H+L) cross-adsorbed secondary antibody, Alexa Fluor
488 (cat no: A-11034), donkey anti-goat 1IgG (H+L) cross-adsorbed secondary
antibody, Alexa Fluor 568 (cat no: A-11057) and donkey anti-goat IgG (H+L)

cross-adsorbed secondary antibody, Alexa Fluor 488 (cat no: A-11055).

2.1.8. TagMan Gene Expression Assays
All TagMan gene expression assays were used in quantitative polymerase chain

reaction were obtained from ThermoFisher Scientific, UK (see Appendix.1.4).

2.2. Experimental studies

2.2.1. In vivo studies in mice

All animal procedures were subject to institutional ethical review and approved
under UK Home Office Project Licence PPL (PPL60/4438). Male Balb/c mice or
female C57BL/6 mice, eight weeks old, weighing 26-30 g were purchased from
Charles River Laboratories (Harlow, UK) and housed 5 per cage kept in an
environment controlled at 22+2 °C, with relative humidity 60 % and a 12 /12-hour
light/ dark cycle. Mice were fed on standard diet pellets and water ad libitum during

the whole studies.
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2.2.1.1. Characterization of protein receptors expression in normal wild-type

mice

Wild-type mice (C57BL/6, female, age 14 months) were sacrificed by cervical
dislocation. The midline longitudinal incision was made in the anterior abdominal
wall in order to harvest the kidney and small intestine. The small intestine was
recognised between two fixed points, the end of stomach pylorus and the
beginning of the large intestine and excised. Then, the small intestine was opened
longitudinally from end to end and washed 4 times for 5 min with ice-cold PBS.
The small intestinal tissue was cut into small thin pieces, collected in Eppendorf
tubes and stored at -80 °C for further investigations. A further segment of small
intestine was rolled up longitudinally with mucosa, around an orange stick and
carefully placed in 10% formalin fixative prior to paraffin-embedding. The samples
were dewaxed and sections prepared on slides by the histology facility department
of the core biotechnology service, University of Leicester. In terms of renal tissue,
both kidneys were harvested, the renal cortex of one was cut into small pieces,
collected in Eppendorf tubes and stored at -80 °C for further investigations. The
other kidney was placed in formalin fixative prior to paraffin-embedding. The
samples were dewaxed and sections prepared on slides by the histology facility

department of the core biotechnology service, University of Leicester.

2.2.1.2. Protein overload nephropathy
2.2.1.2.1. Unilateral nephrectomy surgery

Male Balb/c mice, eight weeks of age were allowed to acclimatise for 1 week and
then subject to left unilateral nephrectomy, Meloxicam (Metacam) 5mg/kg
analgesia was given for four doses at 24-hour pre- and post-operatively. Mice

were anesthetised with 2.5% isoflurane in 1.5L/min oxygen and local anaesthetic
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bupivacaine (Marcain) was administrated once during the operation. An incision
was made in the left flank in order to expose to the left kidney. The blood vessels
of the left kidney and the ureter were ligated using polyglactin suture (6/0) and the
kidney was excised. Then, the wound was sutured using polyglactin suture (6/0)
and mice allowed to recover for seven days before beginning the protein overload
protocol.

2.2.2.1.2. Bovine serum albumin (BSA) to induce protein overload
proteinuria

Overload proteinuria was induced as described (Fatah et al., 2017).
Nephrectomised animals were divided into two groups, 5 mice in each. One group
received intraperitoneal (IP) injections of low-endotoxin bovine serum albumin
(BSA) (Thermo Fisher Scientific, cat no: 12891630) treatment for 15 days. BSA
was prepared as a 40% solution in saline, the final concentration was determined.
BSA dissolved in 1ml of saline was administered by intraperitoneal (IP) injection
inincreasing doses. On Day 1, a BSA dose was administered to animals beginning
at 2mg/g body weight (BW), increasing subsequently by daily increments of 2mg/g
BW to a maximum dose of 15mg/g BW on Day 6, which then continued at a fixed
dose (15mg/g BW) until Day15. The second group of animals received only IP
injections of the same volume of saline (1ml/animal) and served as non-proteinuric
controls (Figure.2.1).

2.2.2.1.3. BSA to induce protein overload proteinuria plus MMPI treatment
(Batimastat, BB-94)

Proteinuria was induced in nephrectomised mice as described above. In

experiments, the matrix metalloproteinase inhibitor, Batimastat (BB-94) 30 mg/g
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BW, was administered IP each day at the same time as the BSA injections. Control

animals received only IP injections of the equivalent volume of saline (Figure.2.2).

2.2.2.1.4. Collection of samples

At the end of the study, each group of mice were placed in individual metabolic
cages to collect 24 hr urine samples. The urine samples were collected in tubes
containing protease inhibitors (P8340, Sigma-Aldrich, USA) to avoid protein
degradation. Next, urine samples were centrifuged at 10,000xg for 5 min at 4°C to
remove cellular materials, the pellets were also discarded, and the supernatants

were collected and stored at -80 °C for further analysis.

Blood samples were collected by direct cardiac puncture of anaesthetised mice.
Briefly, a hypodermic needle (0.4X12mm) was inserted via diaphragm into the
heart and 0.75ml of blood was withdrawn into a 2.5 ml sterile syringe. Then, blood
samples were transferred to microcentrifuge tubes. The samples incubated on ice
or at room temperature for 30 - 60 min to allow clotting. Then, blood samples were
centrifuged at 10,000xg for 5 min at 4°C. Moreover, the separated serum was
collected and transferred to new microcentrifuge tubes. The samples stored at -
80°C for further investigations. Finally, animals were sacrificed by cervical
dislocation, and various tissues were collected and processed for further
investigation. For future protein and gene studies, tissue samples were stored at
-80°C, whereas, other tissue samples were placed in formalin for future

histological examination.
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Figure.2.1. Schematic diagram illustrated the protein overload proteinuria

experiment.
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Figure.2.2. Schematic diagram illustrated the protein overload proteinuria plus
MMPI treatment experiment.
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2.2.1.3. Adriamycin-induced nephropathy

Male Balb/c mice were divided into groups. One group received an intravenous
injection of a single dose of 10.5mg/kg adriamycin hydrochloride (Sigma, cat no:
D1515), dissolved in 100 pl normal saline for 3 weeks. Control mice were injected
with only normal saline. Three weeks after adriamycin and saline injection, mice
were placed in individual metabolic cages to collect 24 hr urine samples. Samples
of urine were then centrifuged at 10,000xg for 5 min at 4°C to remove cellular
materials, the pellets were also discarded, and the supernatants were collected
and stored at -80°C for further protein analysis. Thereafter, mice were sacrificed
by cervical dislocation, and tissues were harvested and processed for further

analysis.

2.2.2. Human renal biopsy samples

Renal biopsy samples obtained from patients presenting with nephrotic syndrome
due to minimal change disease (MCD) (n=9), membranous nephropathy (MN)
(n=10) and focal segmental glomerulosclerosis (FSGS) (n=9). All patients were
aged 18 years or over, normotensive with a Modification of Diet in Renal Disease
(MDRD) estimated glomerular filtration rate (eGFR) > 60mL/min/1.73 m? and a
urine PCR 350mg/mmol creatinine. Patients were not diabetic, and none were
receiving renin-angiotensin system modifying agents and had not received any
immunosuppressive treatment in the 12 months prior to biopsy. The biopsy
material used in this study was from their first diagnostic biopsy. All biopsies had
been done in the 30 months preceding the study and had been stored for similar
lengths of time under the same conditions in fully accredited NHS clinical
laboratories. Normal tissue was obtained from the unaffected pole of nephrectomy

specimens (n=11) well clear of the tumour margin from age-matched renal cell
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carcinoma patients with normal eGFR. Use of patient biopsy material was

approved by the North Leicestershire Research Ethics Committee.

2.2.3. Determination of biochemical markers

2.2.3.1. Determination of the total protein concentrations in serum and urine
Total protein concentrations in urine and serum were measured based on the
Lowry method, using the Bio-Rad DC Protein Assay Kit (Bio-Rad Laboratories,
UK). The samples were diluted with distilled water (1:20 for urine and 1:200 for
serum). Then, 5 pl of standard (cat no: 500-0207, Bio-Rad Laboratories) and
unknown samples were pipetted into a well of 96-well plate in duplicates. 25 pl of
working reagents were prepared from 20 pl of Reagent S added to 1ml of Reagent
A and also pipetted into 96 well plates in duplicate. Next, 200 pl of Reagent B was
pipetted into wells and the plate incubated for 15 min at room temperature. Colour
development was read using a plate reader at wavelength 595 nm (Infinite
F50/Robotic Absorbance Microplate Readers from Tecan, Magellan™ for F50
data analysis software). The calculation was done by subtracting blank OD from
all the standard OD reading and the optical density plotted against the
concentration of each protein standard and a standard curve was created to
determine the concentration of proteins in samples using Graph Pad Prism 7

(GraphPad Software, La Jolla, California, USA).

2.2.3.2. Measurement of creatinine in urine and serum

Creatinine concentrations in serum and urine samples of experiments were
determined using the QuantiChrom™ Creatinine Assay Kit (BioAssay Systems,
UK). The samples were diluted in distilled water (1:20 for urine and 1:200 for
serum). For urine, 5 pl of urine samples and standards (50 mg/dl) were pipetted
in duplicate into wells of 96-well plate. The working solution was prepared as 50
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pl Reagent A, 50 pl Reagent B and 200 pl of water. Then, 200 ul of working
solution was pipetted into each well. For serum, 30 pl of serum sample and
standard (2 mg/dl) pipetted into a well of 96-well plate in duplicates. The working
solution was prepared as 100 pl of Reagent A and 100 pl of Reagent B. Next, 200
pl of working solution was pipetted into each well. After that, the plate was tapped
gently to mix and immediately read at 520 nm wavelength (ODo) and after 5 min
(ODs). Protein concentrations were calculated from the following equation: sample
concentration= [(ODs sample - ODo sample)/ (ODs standard - ODo standard)] X

standard concentration (mg/dl).

2.2.3.3. Quantification of albumin in urine and serum

Albumin concentrations in serum and urine were estimated using the
QuantiChrom™ Albumin Assay Kit (BioAssay Systems, UK). The albumin
standard was prepared in serial dilutions as 0, 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0 g/dl.
Next, 5 ul of diluted standard or urine or serum samples were pipetted into a well
of 96-well plate in duplicates. After that, 200 ul of working solution was pipetted
into each well with slight mixing and incubated for 5 min at room temperature.
Subsequently, the optical density (OD) was read by using a plate reader at a
wavelength of 570 nm. The calculation was done by subtracting blank OD (water)
reading from the standard protein OD reading. The OD was plotted against
standard albumin concentrations. Finally, the albumin concentrations in the
sample were calculated from the standard curve via Graph Pad Prism 7 analysis

software.

2.2.3.4. Measurement of serum vitamin B1z levels
Vitamin B12 level was measured in the serum samples from both proteinuric mice

and their relevant control group by vitamin B12 ELISA kit (Elabscience, UK). Serum
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samples were thawed for 2 hours and centrifuged. 1ml of sample diluent was
added to the 50 pg/ml stock standard protein to mix and centrifuged at 10,000xg
for 1 min and allowed to stand for 10 min. The standard protein was diluted at 0.0,
0.78, 1.56, 3.125, 6.25, 12.5, 25, 50 pg/ml proteins. 50 ul of each concentration of

standard was added into well of 96 wells plate in duplicate.

Serum samples from proteinuria overload proteinuria model were diluted.
Duplicate 50 ul samples were then added into separate wells of 96 well plate.
Then, 50 pl of a biotinylated detection antibody was immediately added to each
well and incubated for 45 minutes at 37°C. The contents of the well were aspirated
and washed by washing buffer 3 times. Next, 100 yL of HRP conjugate was added
to each well and incubated for 30 min at 37°C. Then, HRP conjugate was aspirated
and plates again washed by washing buffer 5 times. The reaction was visualized
by adding 90 pl chromogenic substrate (TMB) and incubation at 37°C for 15 min
in the dark. The reaction was stopped with 50 pl stop solution and immediately
measured at an optical density (OD) 450 nm using an ELISA plate reader (Infinite
50 Microplate Readers, Magellan™ for F50 data analysis software). The OD
reading of a water blank reading was subtracted from all OD of standards reading
and from experimental samples as well. Vitamin Bi2 concentrations were
calculated by interpolating absorbance against a standard curve using Graph Pad

Prism 7 analysis software.

2.2.4. Preparation of protein in samples

2.2.4.1. Preparation of lysate from tissues

Renal cortex and unfixed segments of the small intestine were homogenized in
RIPA lysis buffer system (Santa Cruz Biotechnology, Germany). The 1ml of RIPA

buffer was prepared by adding 10 ul of 200mM PMSF, 10 ul of 100mM sodium
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orthovanadate, and 20 yl of protease inhibitor cocktail solution. For kidney, 5 mg
- 10 mg of tissue was added rapidly to Eppendorf tubes containing 600 pl of ice-
cold RIPA buffer. The samples were homogenized using an electric homogenizer
(IKAT 18 digital Ultra-Turrax) for 5 min at 50Hz, whilst maintaining the temperature
at 4°C. For small intestine, 15 mg of tissue pieces were placed into 750 pl of ice-
cold RIPA buffer and homogenized by an electric homogenizer for 15 min at 50Hz
whilst maintaining the temperature at 4°C. Samples were then kept on a shaker
with constant agitation for 2 hr at 4°C. Then, lysates were transferred to
microcentrifuge tubes and centrifuged (Heraeus Fresco 17, Thermo Fisher
Scientific) at 10,000xg for 30 min at 4°C. Finally, the supernatants were collected

and stored at -20°C for further proteins analysis.

2.2.4.2. Determination of the protein concentration in tissue homogenates

The protein concentrations in tissue homogenates were determined by the Bio-
Rad DC protein assay kit (Bio-Rad Laboratories, UK). 5 pl of standards or tissue
homogenates were pipetted in duplicate into wells of 96-well standard plate. 25 pl
of reagent solution was then added into the wells of 96-well plate. Then, 200 pl of
reagents B pipetted into wells. The plate was incubated for 15 min at room
temperature. The OD was measured at 590 nm using a 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 tissue

homogenates.

2.2.4.3. Preparation of urine samples
The urine samples were thawed, centrifuged at 17000 g for 15 min at 4°C and the
resulting supernatants were further centrifuged at 200,000g for 1 hour at 4°C to

remove all particulate material. The supernatants were then stored at -20°C. Urine
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samples were dialysed against 3 L of PBS buffer pH 7.4 at 4°C. Briefly. Slide-A-
Lyzer™ Dialysis Cassettes (ThermoFisher, cat no: 66005) were hydrated for 30
min in PBS buffer pH 7.4. A syringe needle was inserted into the gasket via one
of the corner ports and 100 ul urine samples were injected, excess air was
withdrawn and then the needle was removed. The dialysis cassettes were
attached to a floating buoy and placed in the PBS buffer pH 7.4. The urine samples
were dialysed for 4 hr at 4°C, with vigorous stirring, against 3 L of PBS buffer pH
7.4 with one change after 1hr. Samples were then withdrawn from cassettes and

stored at -80 °C for further analysis.

Proteins in urine samples were separated by using ProteoSpin Urine protein
concentration Micro Kit (Norgen. Biotek, cat no: 17400) according to
manufacturers instructions. To concentrate proteins in the samples, 40 pl of
binding buffer A was added to 150 pl urine sample in column tubes and the pH
adjusted to pH 3.5 — 4. The spin columns were placed on collection tubes and 500
pl of wash solution C was added to activate the spin column, followed by
centrifugation for 2 min at 3,300g. Then, 150 pl of the pH-adjusted urine samples
were added to the spin column tubes and centrifuged again for 5 min to bind the
protein to the membrane. The flow-through was then discarded and the spin
column placed on new collection tube. Subsequently, 500 ul of wash solution C
was added to the spin column and centrifuged for 3 min. For protein elution and
neutralization, 9.3 pl of protein neutraliser was added into a 1.7 ml elution tube
and a spin column was then placed into the elution tube. Then, 100 pul of elution
buffer C was added to the columns and centrifuged for 2 min to elute bound

proteins. Then the urine proteins were ready for downstream applications.
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2.2.5. Methods

2.2.5.1. Immunoblotting

2.2.5.1.1. SDS-polyacrylamide gel electrophoresis of proteins (SDS-PAGE)
The 60-80 ug of protein sample was diluted in 4x Laemmli sample buffer (Bio-Rad
Laboratories, UK) and then denatured by heating at 95°C of kidney lysate for 5
min and small intestine lysate for 10 min. Samples containing equal amounts of
protein were loaded alongside the appropriate protein standard molecular weight
markers (Pre-stained Precision Plus, Bio-Rad Laboratories, UK) onto gels and run
at 100-150V using a PowerPac HC power (Bio-Rad, UK) for approximately 1.5-2
hr depending on the percentage acrylamide in the gel, and until the dye front ran
off the bottom of the gel. The gel was transferred onto the PVDF membrane by

using the semi-dry transfer method or stained with Coomassie blue.

2.2.5.1.2. Coomassie staining for SDS-PAGE gels

Coomassie staining to visualise separated proteins in gels was performed using
Coomassie Brilliant Blue R-250 staining kit (Bio-Rad Laboratories, 161-0435).
Gels were stained for 2 hr then the stain was removed and replaced with a
destaining solution (methanol: H20 (1:1 v/v), glacial acetic acid). Gels were
destained overnight on a rocker at room temperature. Next day, gels were
immersed in a fresh destaining solution containing 3% Glycerol for 30 min and
then wrapped in moistened cellophane sheets. Any bubbles between the gel and
the cellophane sheets were expelled, wrinkles in the cellophane smoothed out,

and the gel dried using GelAir drying system.
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2.2.5.1.3. Transfer of proteins separated by SDS-PAGE to PVDF

Proteins separated by gel electrophoresis were transferred onto a PVDF
membrane by using the semi-dry transfer method (Trans-Blot® SD Semi-Dry
Transfer Cell, Bio-Rad). PVDF membranes were activated in 7ml of 100%
methanol for 30 sec and then washed in distilled water for 2 min. Next, a sandwich
was made from filter paper immersed in transfer buffer with 10%
methanol/membrane /gel /filter paper moistened in the transfer buffer, but without
methanol. After this, the proteins were transferred from the gel to the membrane
by applying voltage for 1-2 hr depending on the percentage acrylamide in the gel.
The transfer was confirmed by the transfer of pre-stained Precision Plus molecular

weight markers.

2.2.5.1.4. Membrane blocking and immunoblotting

After semi-dry transfer, the membrane was blocked to prevent antibodies from
binding to the membrane non-specifically and to reduce background. The PVDF
membranes were blocked in 2.5% non-fat milk in Tris/Tween buffered saline
(TBST) for 1 hr at room temperature. Then, membranes were probed with the
primary antibodies (see appendix 1.5) diluted in 2.5% non-fat milk in TBST
overnight at 4 °C. The following day, membranes were washed 3 x 5 min in 25 ml
of TBST. Membranes were incubated by secondary antibodies HRP-conjugated
rabbit anti-goat Immunoglobulin, or rabbit anti-mouse Immunoglobulin (Dako, UK)
diluted 1:2000 in TBST for 2 - 3 hr. After this, the membranes were washed 3 x 5
min in 25 ml TBST. Detection and staining of proteins were performed using
Amersham ECL Western Blotting Detection Reagent (Scientific Lab, UK). A
mixture of enhanced-chemiluminescence (ECL) reagent (1ml of reagent 1 and 1mi

of reagent 2) was applied to the membrane for 3 min at room temperature. Next,
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the reagent was removed, and the membrane was wrapped in Saran Wrap.
Images of ECL treated blots were acquiring using the ChemiDoc T imaging
system (Bio-Rad Laboratories, UK). All blots were performed in triplicate for

samples derived from three or more individual animals.

2.2.5.1.5. Analysis of immunoblot images

Densitometry analysis was performed using ImageJ Software v 1.49 (National
Institutes of Health, USA). The intensity of protein bands was measured in
samples from different experimental conditions and the intensity of the target
protein was then divided by the intensity of either the B-actin or dipeptidyl
peptidase (DPP)-IV loading control for that blot. This target protein/loading control
ratio was used to express relative target protein abundance in the experiments.
Data are presented as the ratio of intensity for the protein of interest/loading
control expressed as a percentage of the corresponding ratio under control

conditions.

2.2.5.2. Histological examination of tissues

2.2.5.2.1. Haematoxylin and Eosin staining

To investigate the morphological changes in tissues from the experimental
animal’s sections of fixed tissue were stained with hematoxylin and eosin (H&E).
The formalin-fixed paraffin-embedded (FFPE) tissue sections were dewaxed 2 X
5 min in the xylene and rehydrated in a series of graded alcohols: 100 % ethanol
twice, 90% ethanol and 70% ethanol once for 5 min each. The slides were then
washed with deionised water for 3xX5 min each. The slides were stained with
Hematoxylin Solution Gill No.2 (Sigma-Aldrich, cat no: GHS232) for 3 min, then
washed in the deionised water. Slides were placed in differentiation account

solution (Sigma-Aldrich, cat no: A31179) for 60 sec followed by a wash in water.
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The slides were placed in Scott’'s Tap Water substitute (Sigma-Aldrich, cat no:
S5134) for 1 min and washed again in water for 5 min. The slides were placed in
95% ethanol for 1 min for destaining and then washing twice with tap water
followed by deionized water for 2 min. The slides were then immersed in Eosin Y
Solution (Sigma-Aldrich, cat no: HT-1101132) from 30 — 45 sec. Slides were then
dehydrated with increasing concentration of serial dilutions of ethanol (70%, 90%,
and 100%) respectively for 3x5 min each and then placed in xylene 3x 5 min. The
slides were mounted by a drop of DPX mounting and covered with a coverslip.
The mounted slides were left to dry overnight and observed under an Olympus

Cytology Microscope using Spectral imaging acquisition software 4.0.

The tubular injury was evaluated in 10 non-overlapping fields at x200
magnification from each section were captured using an Olympus Cytology
Microscope with identical illumination and exposure. According to the previous
studies, the tubular 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 (Guan et al., 2013). In addition, the tubular damage was
scored independently and blind by two researchers in the infection, immunity and

inflammation department. The results presented as a mean = SEM of triplicates

2.2.5.2.2. Immunohistochemistry staining

Four-micron sections from FFPE samples of human kidney biopsies or
experimental mouse kidneys or small intestines were used in the
immunohistochemistry staining. The sections were dewaxed in xylene and
rehydrated in a series of graded ethanol. The sections were treated with 2.4 ml of
30% hydrogen peroxide (Sigma-Aldrich, UK) in 400 ml of PBS, which was
incubated for 10 min at room temperature to block endogenous peroxidase
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activity. To maximise antigen retrieval, the sections were submerged in pre-heated
sodium citrate buffer pH 6 (Sigma-Aldrich, UK) in a pressure cooker for 12 min at
800W in a microwave. The sections were then left to cool at room temperature for
20 min in sodium citrate buffer. Then, the sections were placed in a glass chamber
containing 400 ml of water. To enhance the binding of the antibody to the sections
the slides were kept moistly and then encircled using a PAP pen (ThermoFisher
Scientific, UK). To prevent non-specific antibody binding, sections were blocked
with 100 pl of Animal-Free Blocker (Vector Laboratories, SP-5030) or 100 pl of
Mouse on Mouse (MOM) Blocking (Vector Laboratories, BMK-2202) for 1 hr at

room temperature. Next, the sections were washed with PBS for 3 x 5 min.

To block endogenous biotin and avidin binding, the sections were then treated
with the Avidin/Biotin Blocking System reagent kit (Vector Laboratories, SP-2001).
Three drops of avidin were added to each section and incubated for 15 min at
room temperature. Next, the avidin was drained and the slides washed 3x5 min in
PBS. Immediately, three drops of biotin were added to each slide and incubated
for 15 min at room temperature. Biotin was then drained, and the slides washed
3x5 min in PBS. The sections were then incubated with primary antibodies diluted
in antibody diluent (Dako, UK), or 10 % swine serum or 10 % goat serum in PBS
overnight at 4°C (see appendix 1.6). Negative controls were treated with an
animal-free blocker only. Slides were then washed in PBST for 5 min. The
secondary antibodies were diluted 1:200 dilution in PBS and applied for 30 min
(see appendix 1.6). Then, the sections were washed 3 times with PBS for 5 min.
Then, Streptavidin/Horseradish Peroxidase (SA/HRP) Reagent (Vector
Laboratories, SA-5704) was applied to each section for 25 min. Then, SA/HRP

was drained and the slides washed 3 times 5 minutes in PBS.
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Peroxidase (DAB) Substrate kit (Vector Laboratories, SK-4100,) allowing the
formation of a brown-coloured precipitate at the antigen site. A solution of DAB
was prepared from a one drop of buffer stock solution, two drops of DAB stock
solution and one drop of the hydrogen peroxide solution. These were added to 2.5
ml of distilled water and mixed well. The staining was completed by 3 -10 min
incubation. Then, the DAB solution was drained, and the slides washed 3 x 5 min
in water. Then, sections were quickly counterstained with hematoxylin and for 1
min, before being washed in running water for 5-10 min. The slides were again
submerged in Differentiating Account Solution for 10 sec and washed with tap
water then immersed in the Scott Tap Water for 5 sec before being washed again
in running water for 5-10 min. The slides were dehydrated using 70%, 90%, and
100% ethanol, 3 min for each and then twice in 100% xylene for 5 min. One drop
of DPX (Sigma-Aldrich, UK) was placed in each section and covered with a
coverslip. The mounted slides were left to dry for 3 hr and viewed subsequently
under an Olympus monochrome CCD camera and Olympus Cytology Microscope

using Spectral imaging acquisition software 4.0.

2.2.5.2.2.1. Analysis of immunohistochemistry images

The computerised analysis of the images was performed using macros in ImageJ
analysis software 1.51h (Schneider et al., 2012). The percentage of antibody
staining areas in renal cortex of each section was quantified by colour
deconvolution method using ImageJ, which separates the image colours reliant
on the section staining and a threshold feature demonstrated the selected area
depending on the intensity of staining (Ruifrok and Johnston, 2001, Wang et al.,
2011, Ross, 2014, Varghese et al., 2014, Haub and Meckel, 2015). Photographs

were captured from 20 nonoverlapping fields of renal cortex just under the renal
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capsule around the whole kidney section. Photographs were imported into the
ImageJ. Then, the colour deconvolution plugin was selected from the colour tool.
The image was separated into 3 images colour (Haematoxylin, DAB, and
complimentary) and then background subtracted from the DAB image. The
threshold of images was set to a similar pixel using threshold settings. After
threshold was adjusted and then the intensity of interesting staining (brown
staining area only) was determined by selection analysis plugin of ImageJ. The
threshold of the total area of no staining (adjacent to an interesting area of DAB)

was also determined with the analysis plugin of ImageJ.

The data were calculated using Microsoft Office Excel software (2010) and
according to this equation (IHC stained area = (IHC of the interesting stained
area)/ (total area) multiply by 100%). The average percentages were calculated
that represents the percentage of antibody binding area in the kidney section and

expressed as a (%) per field of view and presented as a Mean + SEM of triplicates.

2.2.5.2.3. Immunofluorescences

FFPE samples were dewaxed in xylene and rehydrated in 100%, 90%, and 70%
ethanol for 5 min. The sections were immersed in 400 ml of distilled water for 10
min. the sections were submerged in pre-heated sodium citrate buffer pH 6
(Sigma-Aldrich, UK) in a pressure cooker for 12 min at 800W in a microwave. The
sections were then left to cool at room temperature for 20 min in sodium citrate
buffer. The sections were placed in a glass chamber containing 400 ml of water.
Slides were kept moist and then encircled using a PAP pen (ThermoFisher
Scientific, UK). Next, sections were blocked with 100 pl of Animal-Free Blocker

(Vector Laboratories, UK) for 60 min at room temperature.
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The sections were then incubated with primary antibodies diluted in antibody
diluent (Dako, UK) and incubated overnight at 4°C (see appendix 1.7). Negative
controls were treated with an animal-free blocker only. The sections were washed
in PBST for 5 min. followed by incubating the sections with Alexa Fluor secondary
antibody diluted 1:100 dilution in PBS with 10% of donkey serum or 10 % goat
serum for 1 hr in the dark at room temperature and then washed 3 x 10 min by
PBST (see appendix 1.7). Next, 100 pl of DAPI 1:1000 dilution (Life Technologies,
UK) was applied to each section for 10 min in the dark and followed by washed in
PBST for 8 min twice. One drop of Prolong Gold Reagent (Life Technologies, UK)
was then added to each section and covered with a coverslip. Mounted slides then
left to dry and stored at 4°C in darkness. Immunofluorescences staining was
viewed under Olympus monochrome CCD camera and Fluorescence Olympus

Cytology Microscope using Applied Spectral Imaging's version 6.

2.2.5.2.3.1. Analysis of immunofluorescence images

The analysis of immunofluorescence (IF) staining was performed by threshold
analysis using ImageJ. The images were captured using a fluorescence Olympus
Cytology Microscope (Applied Spectral Imaging's version 6). Images were
captured from 15 non-overlapping fields of the section of a kidney and then
imported to the ImageJ. The image was split into three channels using a split
channel tool. The images were stored on the 8-bit greyscale. The threshold of
images was set to a similar pixel using threshold settings. After threshold was
adjusted and then the intensity of fluorescence staining was determined by
selection analysis plugin of Imaged. The threshold of the total area of no
fluorescence (adjacent to an interesting area of fluorescence) was also

determined with the analysis plugin of ImageJ.
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The data were calculated using Microsoft Office Excel software (2010) and
calculated as fluorescence area = (the interesting fluorescence area) / (Total area
of no fluorescence) multiply by 100%. The average percentages were calculated
as the percentage of antibody binding area in the section and expressed as a (%)

per field of view and presented as a mean = SEM of triplicates.

The caspase-3 positive cells were examined under Fluorescence Olympus
Cytology Microscope using Applied Spectral Imaging's version 6 and counted in
15 fields of adjacent non-overlapping random field using automatically ImageJ
analysis software 1.51h. The caspase-3 positive cell numbers were expressed as
a (%) of staining per field of view, and the results presented as a mean = SEM of

triplicates.

2.2.5.2.4. Detection of apoptotic cells

Apoptotic cells in the kidney sections were stained using ApopTag Peroxidase In
Situ Apoptosis Detection Kit (Millipore, S7100), according to the manufacturer's
protocol (Newbold et al., 2014). The paraffin-embedded kidney sections were
dewaxed by washing with xylene for three changes for 5 min each, then another
two washes with 100% ethanol for 3 min each, followed by further washes in 95
% ethanol and in 70% ethanol for 3 min each. Lastly, the sections were washed
twice for 2 min in water and one change of PBS for 5 min. To expose DNA, the
tissue sections were pre-treated by applying a freshly diluted solution of
Proteinase K (20 pg/ml) for 15 min at room temperature and the sections were
washed with distilled water twice for 2 min each. Endogenous peroxidase activity
was inactivated by incubating the slides with 3% H202 in PBS for 5 min and

washing twice for 5 min in PBS. Excess liquid was removed by gentle tapping.

83



To detect fragmented DNA, 60 pl of equilibrium buffer was applied to each section
and incubated at room temperature for at least 30 sec. Excess of liquid was
removed. Each section was tapped and 50 pl of a working solution of TdT enzyme
was applied to each section for 1 hr in a humidity chamber. Sections were washed
in stop/wash buffer under agitation for 15 sec and then incubated for another 10
min at room temperature. Next, the sections were washed 2 min 3 times in PBS.
50 pL of HRP-conjugated anti-digoxigenin antibody was applied to each section
and incubated for 30 min at room temperature. The sections were then washed 2
min for 4 times in PBS and then 60 pL of peroxidase substrate (DAB) was added
to each of the sections for 1-5 min at room temperature followed by washing in
distilled water. Subsequently, the sections were counterstained with hematoxylin
solution for 2-4 min and washed in water. Sections were then dehydrated through
graded ethanol solutions and then placed twice in xylene for 5 min and then

mounted with DPX.

Brown coloured apoptotic cells were examined under x400 magnification using an
Olympus light microscope and counted using automatically ImageJ in 20 fields
adjacent non-overlapping random fields. Apoptotic cells were counted, and the
cell numbers were expressed as a number of per field of view, and the results

presented as a Mean + SEM of triplicates.

2.2.5.2.4. Sirius Red staining

In order to determine renal fibrosis, 4 um paraffin-embedded kidney sections were
stained with picrosirius red staining specific for collagen (Junqueira et al., 1979,
Whittaker et al., 1994), according to picrosirius red stain kit (Abcam, ab150681)
protocol. The sections were de-waxed in xylene, rehydrated in a series of graded

ethanol for 5 min and washed 2 min in water. Nuclei were stained by hematoxylin
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solution as described above. Slides were then washed in running tap water for 10
min and then stained with Picro Sirius Red Solution (Abcam, ab150681) for 1 hr.
The acidified water was prepared by adding 5 ml Acetic Acid Solution (0.5 %)
(Abcam, ab150681) to 1 L of distilled water. Slides were washed in two changes
of acidified water for 5 min. Sections were dehydrated in three changes of 100 %
ethanol, followed by two changes of xylene for 5 min. The sections were mounted
in one drop of DPX (Sigma-Aldrich, UK) and left to dry overnight. Finally, the
staining was visualized by Nikon microscope using NIS Elements Advanced

Research, Microscopy Imaging Software.

Sirius Red staining images were examined under x200 magnification using Nikon
microscope and analysis using ImageJ in 10 adjacent non-overlapping random
fields. The images were stored on 8-bit greyscale and the threshold was set using
the colour adjustment tool. After the threshold was adjusted and then the intensity
of the stained was calculated. The results were expressed as % percentage of the
stained area and presented as a mean = SEM of triplicates.

2.2.5.3. Determination of the cubilin and amnionless in urine and tissue by
ELISA

The content of cubilin and amnionless in urine and tissue was determined using
the Mouse Cubilin ELISA Kit (CSB-EL006213MO, General Ltd, UK) or the
Amnionless Mouse ELISA kit (CSB-EL001675MO, Generon Ltd, UK), according
to the manufacturer's instruction. 1ml of Sample Diluent Buffer was added to 500
pg/ml of stock standard protein and mixed by agitation for 15 min. Then, protein
standards were diluted to 0.0, 7.8, 15.6, 31.25, 62.5, 125, 250 and 500 pg/ml
concentrations. 100 pl of diluted protein standards were added into wells of 96

well plate in duplicate. In some experiments, albumin 0.003 gram was added to
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the protein standards and a standard curve was produced under these conditions
to determine whether albumin in the urine may interfere with the ELISA assay

measurements.

Kidney homogenates were diluted 1:10, small intestine homogenates were diluted
1:20 and urine samples were diluted 1:20. Protein receptor excretion was
determined in urine samples, normalized to creatinine concentration from each
group. 100 pl from each sample was pipetted into wells of 96 wells plate in
duplicate. The plate was covered with an adhesive strip and incubated at 37°C for
2 hr. Then, the samples were removed without washing. 100 pl Biotin-antibody
was added to each well and incubated for 1 hr at 37°C. The biotin antibody was
aspirated from the wells and washed with 200 pl of wash buffer for 2 min three

times and plates inverted against clean paper towels.

100 ul HRP-avidin antibody was added to each well and the plate covered with a
new adhesive strip and incubated at 37°C for 1 hr. The HRP-Avidin antibody was
aspirated and wells washed 5x 2 min in wash buffer. The reaction visualised by
adding 90 ul chromogenic substrate (TMB) incubated at 37°C for 30 min in the
dark. The reaction was stopped with 50 ul stop solution and absorbance at 450
nm determined within 5 min using an ELISA plate reader (LT-4500 Microplate
Absorbance Reader, Labtech). The absorbance (OD) of the standard was
subtracted from the OD blank reading and concentrations were calculated via
interpolating absorbance against the standard curve using Graph Pad Prism 7

analysis software.
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2.2.5.4. Quantitative polymerase chain reaction

2.2.5.4.1. Extraction of Ribonucleic acid (RNA) from tissue experiments
RNA was isolated from experimental tissues using RNeasy Mini Plus Kit (Qiagen
Ltd, UK) according to the manufacturer’s instructions (Morse et al., 2006). For
each group, 10 mg kidney or small intestine tissues were homogenized in 600 pl
buffer RTL plus containing beta-mercaptoethanol (10 pl/ml) and reagent DX for 3
min at 50 Hz using an electric homogeniser. The supernatant was transferred to
gDNA eliminator spin columns and inserted into a new 2 ml collection tube. The
tubes were centrifuged at >8000xg for 30 sec before removing the column. A 350
pl aliquot of 70 % ethanol was added to the tubes and mixed by frequent gentle
pipetting. 700 ul of the samples were transferred into RNeasy spin columns and
placed into 2 ml collection tubes. The tubes were centrifuged at >8000xg for 30
sec and the flow-through was discarded. Then, 700 pl of buffer RW1 was added
to the RNeasy spin columns in new 2 ml collection tubes and centrifuged for 15
sec at >8000xg and the flow-through again discarded. 500 pl of buffer RPE was
added to the RNeasy spin columns placed in new 2 ml collection tubes and
centrifuged again at >8000xg for 15 sec, and the flow-through was discarded
again. Finally, 500 ul of buffer RPE was added to spin column again, centrifuged

again at > 8000xg for 2 min.

To dry the membrane, RNeasy spin columns were centrifuged twice at > 8000xg
for 3 min. To elute the RNA, the RNeasy spin columns were transferred to new
1.5 ml collection tubes and 30 pl of RNase-free water was added before
centrifuging the tubes at > 8000xg for 4 min. The spin columns were removed and

the extract RNA in the 1.5 ml collection tubes was stored -80°C for further step.
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Finally, RNA concentration was measured (ng/pl) using a Thermos Scientific

NanoDrop spectrophotometer 1000™ and software, 1000.Version 3.7.1.

2.2.5.4.2. Generation of complementary DNA (cDNA)

Complementary DNA was prepared from the extracted RNA using the Reverse
Transcription System (First-Strand cDNA Synthesis) Kit (Promega Ltd, UK)
according to the manufacturer's protocol. For each sample, 1 pg of RNA
(appropriately adjusted for each sample) was transferred to a 0.5 ml RNase free
tube (on ice) and incubated at 70°C for 10 min. The RNase free tubes were then
centrifuged and incubated on ice. Each reaction mixture comprised 4 pl of 25mM
MgClz, 2 ul of Reverse transcription 10x buffer, 2 pl of dNTP mixture 10mM, 0.5
pul of Recombinant RNasin Ribonuclease Inhibitor, 0.6 pl of AMV reverse
transcriptase, 1 pl of oligo (dT) 15 primer, 1 ug of RNA template (reliant on the
amount and concentration of RNA in the samples of each group) and RNase-free
water to a total reaction volume 20 pl. The reaction mixtures were incubated for
15 min at 42°C at first before the temperature was raised to 95°C for 5 min. The

procedure was completed by incubating at 0-5°C for 5 min.

2.2.5.4.3. Quantitative real-time PCR

Quantitative real-time PCR (gPCR) was performed using TagMan Gene
Expression Assays (Applied Biosystems) (see appendix 1.3). The cDNA was
diluted 1:4 with nuclease-free water. The master mix reactions were prepared
from 10 pl of TagMan Universal PCR master mix Amplification UNE, 1 pul of
TagMan gene expression assay and 4 pl of cDNA. Then, 16 pl of master mix was
added to 4 pl of diluted cDNA (from experiment and control) in each well of the 96
PCR well plate in triplicates. The same amount of master mix was added to 4 ul
of RNase-free water instead of cDNA (negative control) in each well of the 96 PCR

88



well plate in triplicates. After initial hold at 50°C for 5 min and initial denaturation
at 95°C for 10 min, qPCR 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.

Each sample was conducted in triplicate for each TagMan® assay using an
Applied Biosystems 7500 fast qPCR machine and software version 2.0.6. The
results were analyzed according to the method of Livak (2-22€T) (Adamski et al.,
2014) and using Microsoft Office Excel software (2010). The Ct value of the target
gene was normalised to the Ct value of a GAPDH reference gene for both the
experimental sample and control sample. For example, ACT (experiment) was
calculated as Ct (experiment) — Ct (reference, experiment), and ACT (control) was
calculated as Ct (control) —Ct (reference, control). Then, AACT was calculated as

ACT (experiment) - ACT (control) and the relative expression ratio calculated as

2 -AACT .

2.2.5.5. Measurement of matrix metalloproteinase (MMP) activity

2.2.5.5.1. General MMP activity assay

To evaluate the activity of MMPs in protein overload and control kidneys, the MMP
Activity Assay Kit (Abcam, UK) was used according to the manufacturer’s protocol.
First, the 25 pl of kidney lysates and 25 pl of 2 mM 4-aminophenylmercuric acetate
(APMA) solution (1:500) was added to each well of a 96 well plate (ThermoFisher
scientific, M33089) in duplicate and incubated for 10-15 min at 37 °C. 50 pl of
assay buffer alone was added to each well in duplicate for the negative control.
Then, 50 ul of the green substrate solution (1:100) (a broad-spectrum MMP
fluorogenic peptide substrate) was added to each well and the fluorescence signal
was monitored 1 hr after initiating the reaction using a microplate reader with a
filter set for excitation/emission of 490/525 nm (Thermos Scientific Varioskan®
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flash and Skanlt® software version 2.4.1). The fluorogenic activity was calculated
by subtracting the increase in emission of the negative control samples containing

assay buffer only from the samples having kidney samples.

2.2.5.5.2. Zymography

Zymography for the analysis of MMP-2 and MMP-9 activities were performed
using kidney homogenates and urine samples. Briefly, the samples were adjusted
to a uniform protein content of 15 pg in a volume of 10 pl diluted in non-reducing
of 4x Laemmli sample buffer (Bio-Rad Laboratories, UK). Subsequently, 15 pl of
this mixture was loaded into each well of 10% polyacrylamide minigels of 0.75mm
thickness containing 0.1% gelatin (Novex™10% Zymogram Plus and
electrophoresis at constant 150V/cm for 2 hr. After that, the gels were incubated
in Zymogram Renaturing Buffer (ThermoFisher Scientific, cat no: LC2670) for 30
min at room temperature with gentle agitation. This buffer was removed and
Zymogram Developing Buffer (ThermoFisher Scientific, cat no: LC2671) was
added to equilibrate the gel for 30 min at room temperature with gentle agitation
and the buffer was decanted. Then, fresh Zymogram Developing Buffer was
added, and the gels incubated overnight with gentle agitation at 37°C.
Subsequently, zymograms were fixed and zones of lysis were visualized by
staining with Coomassie Blue R250. Molecular weight standards were used for

the assignment of molecular weight.
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2.2.5.6. Statistical analysis

All experiments were conducted in triplicates and the average of data was
calculated from three repeat experiments. All data are expressed as mean = SEM.
The data were analysed for multiple groups by one-way ANOVA and Tukey’s test
for multiple comparisons. Comparisons for two groups were performed by
unpaired student t-test using GraphPad Prism 7 software. The level of statistically

significant difference was considered P <0.05.
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Chapter three

Characterization of the expression of the endocytic receptors in wild-type

mice

3.1. Introduction

The reabsorption of filtered proteins in the kidney tubule and the intestinal
absorption of the intrinsic factor-Bi12 complex both require the multiligand receptor
complex formed by cubilin and amnionless (Christensen et al., 2009, Fyfe et al.,
2004, Nielsen et al., 2016). Cubilin is a 460-kDa multiligand receptor that mediates
endocytosis of the intrinsic factor-Bi2 complex from small intestinal chyme and is
important for renal tubular reabsorption of various proteins present in the
glomerular ultrafiltration (Moestrup et al., 1998, Wabhlstedt-Froberg et al., 2003).
Amnionless is 48-kDa apical membrane protein also expressed in intestinal and
proximal tubule epithelial (Kalantry et al., 2001, Tanner et al., 2003). Cubilin does
not have a transmembrane region, and the binding of its EGF-like repeats with
amnionless a transmembrane protein enables its expression at the plasma
membrane (Coudroy et al., 2005). Recent studies proposed that cubilin and
amnionless function as subunits of a receptor complex called cubam (Fyfe et al.,
2004). The main objective of this chapter is to define the normal pattern of
expression of cubilin in the kidney and small intestine tissues of wild-type mice as
well as the expression of amnionless within the kidney tissue of normal wild-type

mice.
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3.2. Results

3.2.1. Study the cubilin expression in the mouse kidney

The kidney tissue of WT mice was analysed for cubilin expression by
immunoblotting, immunohistochemistry, and immunofluorescence. Cubilin bands
were clearly detected at 460 kDa (Figure 3.1). To complement the
immunoblotting, cubilin expression in FFPE sections of WT mouse kidney was
studied. Figure 3.2 demonstrates the optimisation steps performed to identify the
optimum antibody concentrations and optimum blocking procedures. Ultimately
the optimum detection of cubilin was obtained by blocking for 1 hr with animal-
free blocker, using a 1:800 dilution of A-20 anti-cubilin antibody and a 1:200
dilution of biotinylated rabbit anti-goat antibody. Therefore, these conditions were
used for all subsequent cubilin blots unless otherwise indicated. As revealed in
Figure-3.2B found that brown staining representing the cubilin expression was
localized to the apical membranes of proximal tubular epithelial cells. Cubilin is
mostly located on the apical membrane of proximal tubules with some staining of
the parietal epithelium in glomeruli, close to the tubular pole. Cubilin expression
was also studied by immunofluorescence (IF) in FFPE sections of mouse kidney
(Figure.3.3.). The IF confirms cubilin expression in PT and glomeruli as seen in
the IHC. Overall the IHC and IF results confirm, cubilin expression in PT apical

membrane and parietal epithelium of glomeruli close to the tubular pole.
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Figure.3.1. Immunoblotting analysis of mouse renal cortex for cubilin.

Renal cortex proteins were loaded onto 7.5 % SDS-PAGE gels and blots were
probed with primary antibody cubilin A-20 (1:1000) (Santa Cruz Biotech,
Germany). Lane 1: molecular weight standard, Lanes 2, 3, 4 and 5 loaded protein

concentrations 100 pg/pl and 80 pg/ul. A cubilin band is indicated at 460 kDa
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Figure.3.2. IHC analysis of mouse kidney tissue for cubilin.

Representative photomicrographs showing (A) negative control represents the
normal WT mice treated without the inclusion of primary cubilin A-20 antibody. (B)
Cubilin staining represents the normal WT mice staining by primary antibody

cubilin A20. All photomicrographs, scale bars 100 pm.
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Figure.3.3. IF analysis of mouse kidney tissue for cubilin.

Representative photomicrographs showing Nuclei were stained blue with DAPI
(left panels). Middle panels represent negative control (middle-upper) or anti-
cubilin (cubilin A-20 antibody) red-stained (middle lower). Right-hand panels
represent merged left and middle panels. All photomicrographs scale bar 100 pm.
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3.2.2. Cubilin expression in the mouse small intestine

Expression of cubilin in the small intestine of WT mice was identified the
immunoblotting, IHC and IF. The immunoblotting reveals a cubilin band in the
small intestine at 460 kDa, identical to the expression in kidney tissue

(Figure.3.4).

Cubilin expression in the small intestine tissues of FFPE sections from WT mice
was examined by IHC. Figure.3.5 shows that expression of cubilin was localised
to the absorptive epithelial cells of the small intestine in WT mice. To confirm the

previous results, the cubilin expression in the small intestine was also studied by

IF which demonstrated a cubilin expression pattern identical to that observed with

IHC (Figure.3.6).
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Figure.3.4. immunoblotting analysis of mouse small intestine for cubilin.

Samples were loaded onto 6% SDS-PAGE gels and probed with primary antibody
cubilin A-20 (1:1000) (Santa Cruz Biotech, Germany). Cubilin is detected at 460
kDa. Lane 1 represents a mouse kidney as a positive control for cubilin expression

whereas, lanes 2, 3 and 4 represent small intestine lysate protein.
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Figure.3.5. IHC analysis of WT small intestine tissue for cubilin.

Representative photomicrographs showing (A) Negative control prepared
without the primary antibody. (B) Cubilin staining represents the normal WT mice

staining by the primary antibody. All photomicrographs, scale bars 100 pm.
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Figure.3.6. IF analysis of mouse small intestine tissue for cubilin.

Representative photomicrographs showing nuclei were stained blue with DAPI
(left panels). Middle panels represent negative control (middle-upper) or anti-
cubilin (cubilin A-20 antibody) red-stained (middle lower). Right-hand panels
represent merged left and middle panels. All photomicrographs scale bar 100

pm.
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3.2.3. Study the amnionless expression in the mouse kidney

The kidney tissue of WT mice was analysed for amnionless expression by
immunoblotting, IHC, and IF. The immunoblotting reveals the amnionless band in
the kidney at 48 kDa (Figure 3.7). The amnionless expression in the kidney
tissues of FFPE sections from WT mice was studied by IHC. Figure 3.8 showed
that brown staining representing amnionless expression is mostly situated on the
apical membrane of proximal tubules with some staining of the parietal epithelium
in glomeruli, close to the tubular pole. The IF confirms amnionless expression in
PT and glomeruli as seen in the IHC (Figure.3.9). Overall the IHC and IF results
confirm, amnionless expression in the apical membrane of PT and parietal

epithelium of glomeruli, close to the tubular pole.
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Figure.3.7. Immunoblotting analysis of mouse renal cortex for cubilin.

Renal cortex proteins were loaded onto 10 % SDS-PAGE gel and blots were
probed with primary antibody amnionless (1:1000) (Santa Cruz Biotech,
Germany). Lane 1 molecular weight standard, Lanes 2 and 3 loaded protein

concentrations of 80 micrograms. An amnionless band is indicated at 48 kDa.
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Figure.3.8. IHC analysis of mouse kidney tissue for amnionless.

Representative photomicrographs showing (A) negative control represents the
normal WT mice treated without the inclusion of a primary antibody. (B)
amnionless staining represents the normal WT mice staining by the primary
antibody. All photomicrographs, scale bars 100 pm.
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Figure.3.9. IF analysis of mouse kidney tissue for amnionless.

Representative photomicrographs showing Nuclei were stained blue with DAPI
(left panels). Middle panels represent negative control (middle-upper) or anti-
amnionless (amnionless antibody) stained (middle-lower). Right-hand panels

represent merged left and middle panels. All photomicrographs scale bar 100 pm.
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3.3. Discussion

These present studies were performed to identify the normal pattern of cubilin and
amnionless expression in mouse tissues and to set a benchmark against which
potential changes in expression in disease could be measured. Our studies
achieved well-optimised immunoblotting, IHC and IF for both cubilin and
amnionless expression. However, our present studies exposed that the
expression of both cubilin and amnionless in mouse, localised on the kidney
epithelial cells. In addition, cubilin is expressed on the apical membrane of the
intestine absorptive cells of WT mice. Interestingly, these results are consistent
with previous literature suggesting that both these protein receptors are expressed
in different absorptive epithelial cells such as the kidneys, small intestine and yolk
sac (Wahlstedt-Froberg et al., 2003, Seetharam et al., 1997, Tanner et al., 2004).
Earlier research revealed that cubilin is co-localised with amnionless in the renal
proximal tubule, and interacts with cubilin at EGF-type repeats which is essential
for the translocation of the cubam complex from the ER to the plasma membrane
and then for endocytosis (Fyfe et al., 2004). Coudroy et al (2005) showed evidence
supporting the hypothesis that cubilin and amnionless work mutually in membrane
anchoring and trafficking of the complex to the apical cell surface (Coudroy et al.,
2005). Therefore, the results of this chapter showed that both cubilin and
amnionless are expressed in mouse kidney in the apical membrane of PT and
parietal epithelium of glomeruli, close to the tubular pole. This provides a baseline
to the identification of the pattern of cubilin and amnionless expressions in future

research on the protein endocytic reabsorptive receptors.
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Chapter Four

Expression of Cubilin and Amnionless in Mouse Protein Overload

Nephropathy

4.1. Introduction

Proteinuria is a strong marker for progression of CKD and cardiovascular
morbidity (Gorriz and Martinez-Castelao, 2012). Excess of filtered proteins
interact with PTs and induce interstitial inflammation and fibrosis, leading
ultimately to progressive renal failure (Gorriz and Martinez-Castelao, 2012, Baines
and Brunskill, 2011). Cubilin is an endocytic receptor on the apical cell membrane
of PTs and forms a complex with amnionless. This cubilin-amnionless (cubam)
complex is crucial to the handling of proteins in PTs and intrinsic factor-vitamin B12
complex in the intestine (Amsellem et al., 2010, Fyfe et al., 2004). However, the

expression of this complex has not been studied in proteinuria.

The main objective of this chapter is to investigate the effect of proteinuria on
cubam complex expression and MMPs expressions in mice with protein overload

proteinuria.
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4.2. Results

4.2.1. Effect of protein overload proteinuria on blood and urine biochemistry
The effect of proteinuria on urine biochemistry and protein was determined. The
total urinary protein concentration exhibited a substantial increase in proteinuric
mice to 51.59 £ 3.25 mg/ml compared to 18.3 + 1.8 mg/ml in controls (Figure
4.1A). Mice with proteinuria also demonstrated a reduction in urinary creatinine to
1.13 £ 0.1 mg/dl compared to 2.37 = 0.14 mg/dl of controls (Figure 4.1B).
Moreover, urinary albumin concentration was increased in proteinuric mice to 16.2
+ 1.1 mg/dl in comparison with 2.7 + 0.5 mg/dl in controls (Figure.4.1D). In order
to correct for urinary concentration, the urine protein /creatinine (PCR) ratio was
calculated and found to be 46.71 + 5.3 mg/mg in proteinuric mice, whereas in
control mice urine PCR was 16.05 + 2.01 mg/mg (Figure.4.1C).

Serum biochemistry was also studied in control and proteinuric mice. Protein
injected demonstrated a significant increase in total serum protein concentration
at 24.17+1.3 mg/ml compared to 11.04 + 0.49 mg/ml of controls (Figure. 4.2A).
Serum creatinine levels increased in proteinuric mice to 2.913 + 0.3 mg/dl
compared to 0.83 £ 0.08 mg/dl in controls (Figure.4.2B). Moreover, serum albumin
concentration levels showed a substantial increase in proteinuric mice to 11.1 +
0.5 mg/dl in comparison with 3.2 £ 0.29 mg/dl in controls (Figure.4.2C). Serum
Vitamin Bi2 levels were insignificantly increased in proteinuric mice at 135 + 11.8

ng/ml in contrast to 85 = 11.7ng/ml in controls (Figure. 4.2D).
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Figure.4.1. Urine biochemistry and protein excretions in mice.

(A) Total urinary protein excretion levels in proteinuric and control mice **p < 0.01.
(B) Mouse urinary creatinine concentration **p < 0.01. (C) Mouse urine protein
[creatinine ratio **p < 0.01. (D) Mouse urinary albumin concentration **p < 0.01.

Data are expressed as mean = SEM of 4 mice in each group.

108



B
304 " 5
T *
: = z
]
g 204 E [
[=ar E 2-
+ =
T E -]
TE 10 E i E
2 &
&
o4 04
Control Proteinuria Control Protemiuria
c D
15- * 07
= E
= — g
= 101 o
= o
E E
=] E
= £
= =
- 54
E
: :
w L ’
o

Contral Proteinuria

Control Proteinuria

Figure.4.2 Serum biochemistry and proteins levels in mice.

(A) Mouse total serum protein concentrations in control and proteinuria mice. *p
< 0.05. (B) Mouse serum creatinine levels *p < 0.05. (C) Mouse serum albumin
levels *p < 0.05. (D) Mouse serum vitamin B12 concentrations not significant.

Data are expressed as mean £ SEM of 4 mice in each group.
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4.2.2. Renal histopathology in protein overload proteinuria

Kidney sections from each group were stained with H&E to assess the effect of
protein overload on the renal histology. Proteinuric mice displayed clear kidney
histological abnormalities (Figure 4.3). The sections of a kidney from proteinuric
mice showed tubular injury with brush border loss, cellular swelling, and patchy
tubular dilation, accumulation of tubular lumen casts and acute tubular necrosis.
By contrast, mice control showed no obvious histological changes in the kidney

structure (Figure 4.3).
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Figure.4.3. Kidney histology in proteinuric and control mice.

Kidney injury was assessed in H&E stained kidney sections. (A) Control mice, and
(B) proteinuric mice, displaying loss of brush border in renal tubules (yellow

arrowheads), cast formation (blue asterisk), tubular dilatation (blue arrows), and

blood (green arrowheads). Scale bar 100 pm.
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4.2.3. Effect of protein overload proteinuria on the cubam complex

4.2.3.1. Cubilin expression in the kidney of proteinuric and control mice

To determine whether cubilin protein expression is affected by proteinuria, kidney
tissues from control and proteinuric mice were investigated using immunoblotting.
Figure.4.4A depicts cubilin expression in kidney tissue from control and proteinuria
groups. Cubilin bands at 460 kDa were very faint in the proteinuric mice in
comparison with controls. When quantified, the cubilin expression level was
significantly decreased in proteinuric mice (0.63 * 0.09 relative intensity)
compared to controls (1.44 = 0.1 relative intensity) when normalized to B-actin
(Figure. 4.4B).

To accompany the immunoblotting, FFPE sections of a kidney from control and
proteinuric mice were analysed by IHC. As described earlier (chapter 3. section
3.3.1), cubilin is mostly expressed at the apical membrane of the PTs in normal
mice (Figure 4.5B). In proteinuric mice, expression of cubilin appears considerably
reduced in the apical membrane of the proximal tubules (Figure.4.2.5C) compared
to in control group (Figure 4.5B). Semiquantitative analysis of the sections
revealed a significant decrease in cubilin staining in proteinuric mice (15.7 + 0.7%
stained area) compared to control mice (32.14 £ 0.9% stained area) (Figure.4.5D).
Cubilin expression in kidney cortex from control and proteinuric mice was also
determined by ELISA. This confirmed a significant reduction in cubilin protein in
proteinuric mice (5.7 £ 0.94 ng/ml) compared to controls (13.9 = 0.99 ng/ml)
(Figure.4.6A). Expression of cubilin mRNA in mouse kidney was substantially
decreased in kidney cortex of mice with proteinuria (0.26 + 0.12-fold) in

comparison with control (1.0 £ 0.08-fold) (Figure 4.7). These results confirmed that
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the down-regulation of cubilin protein is associated with a reduction of cubilin
MRNA levels in the kidney.

ELISA was also used to investigate cubilin in the urine of control and proteinuric
mice. The concentrations were interpolated from the standard curve and
expressed in ng/ml. The concentration of cubilin in urine samples was normalised
to urinary creatinine (uCr mg/ml). The urine of proteinuric mice contained a
significantly increased cubilin excretion at 2.00 £ 0.30 ng/mg creatinine compared
to 0.35 + 0.08 ng/mg creatinine for the urine of controls (Figure.4.8A). Urine was
also analysed for cubilin by immunoblotting and this confirmed an excess of cubilin
in the urine of proteinuric mice. No cubilin was identified in the urine of control
mice in comparison with the control of mouse kidney lysate (KL) (Figure.4.8B).
Overall, these data reveal that urinary excretion of cubilin in animals with
proteinuria increased in association with a reduction of cubilin protein expression

in the kidney of proteinuric animals.
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Figure.4.4. Analysis of cubilin protein expression in mouse kidneys by
immunoblotting.

(A) Kidney cortex from control and proteinuria mice was assessed by
immunoblotting for cubilin, each lane represents a kidney sample from a different
animal. Blots stripped and reprobed for B-actin loading control. (B) Densitometric
analysis of cubilin expression for control and proteinuric animals expressed as a

ratio to B-actin, * p <0.05, unpaired t-test, all experiments were done in triplicate.
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Figure.4.5. IHC analysis of mouse kidney tissue for cubilin in control and
proteinuric mice with protein overload proteinuria.

Representative photomicrographs showing (A) Negative control sections from
control animals prepared without primary antibody. (B) Control mice. (C)
Proteinuric mice. (D) Semi-quantitative analysis of cubilin staining. Data are

expressed as mean + SEM, **p <0.01, unpaired t-test test. Scale bars 100 uM.
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Figure.4.6. ELISA determination of the concentration of cubilin in mouse kidney.

Protein samples from kidneys of control and proteinuria mice were examined by
ELISA. The graph represents the cubilin concentration in both groups
expressed as ng/mg kidney cortical protein. Data are expressed as mean + SEM

of 4 mice per group. **p < 0.01, unpaired t-test, ELISA was performed in

triplicate for each sample.
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Figure.4.7. Fold change in cubilin mRNA expression in mouse kidneys of
proteinuric vs. normal mice.

MRNA was extracted from the kidney cortex and subjected to gPCR. Data are
mean + SEM of 5 mice in each group. * p< 0.05. qPCR was performed in triplicate

for each group.
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Figure.4.8. Urinary excretion of cubilin in mouse urine.

(A) Urine samples from control and proteinuric mice normalised to creatinine and
analysed for cubilin by ELISA. Data are mean + SEM of 4 mice in each group. *p<
0.05, unpaired t-test, each symbol represents the mean of 3 replicates. (B)
Representative immunoblot showing urinary cubilin excretion by proteinuric and
control mice in comparison to the control and mouse kidney cortex lysate (KL).
The cubilin band was prominently fragmentation in the urine of proteinuric mice.

All experiments were conducted in triplicate.
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4.2.3.2. Cubilin expression in the small intestine of proteinuric and control

mice

Small intestine from control and proteinuric mice was studied for cubilin
expression by western blotting. A cubilin band in small intestine tissue from
proteinuric and control mice was detected at 460 kDa. Cubilin expression was
similar in both proteinuric animals and controls (Figure.4.9A). When quantified,
cubilin protein expression was not changed in the proteinuric mice (1.158 + 0.041
relative intensity) compared to controls (1.153 + 0.025 relative intensity) when
normalized to B-actin (Figure. 4.9B). Cubilin concentration in the small intestine
of mice was also determined by ELISA. These data confirmed that the amount of
cubilin in the small intestine of proteinuric mice (3.41 £ 0.66 ng/mg) was similar to
the control mice (3.4 £ 0.56ng/mgq) (Figure.4.10).

IHC was also used to investigate cubilin expression in the small intestine of
proteinuric mice. Cubilin expression was typically observed in the apical
membrane of absorptive epithelial cells of the small intestine in control and
proteinuric animals (Figure.4.11). Semiquantitative analysis of the sections
confirmed no significant difference in cubilin expression between control (15.7 *
0.68 % stained area) and proteinuric animals (15.7 + 0.75 % stained area)
(Figure.4.11D). Cubilin mRNA levels were also assessed in the small intestine of
control and protein overloaded animals. Cubilin mMRNA expression of cubilin was
insignificantly reduced in mice proteinuria to (0.82 = 0.12-fold) in contrast with (1
+ 0.04) of control (Figure 4.12). Therefore, the results demonstrate that proteinuric
nephropathy has no adverse impact on the protein expression of cubilin in the

absorptive epithelial cells of the small intestine.
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Figure.4.9. Analysis of cubilin protein expression in mouse small intestine by
immunoblotting.

(A) Small intestine lysates from control and proteinuric mice were studied by
immunoblotting for cubilin. Representative blots are shown in each group. The
lower blots stripped and reprobed for B-actin loading control. (B) Densitometric
analysis of the cubilin expression as a ratio to ($-actin. Data are expressed as
mean = SEM of 5 mice in each group. p = ns, unpaired t-test. All experiments

were performed in triplicate.
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Figure.4.10. Determination of mouse small intestine cubilin by ELISA.

Small intestine protein samples from control and proteinuric mice were examined
by ELISA. Cubilin content is expressed as ng/mg of total small intestine lysates.
Data are mean = SEM of 5 mice per group, p=ns, ELISA was performed in

triplicate for each animal samples.
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Figure.4.11. IHC analysis of mouse small intestine tissue for cubilin.

Representative photomicrographs showing (A) Negative control sections from
control animals treated without primary antibody. (B) Control mice. (C) Proteinuric
mice. (D) Semi-quantitative analysis of cubilin staining. p=ns. All IHC was

performed in triplicate, Scale bars 100 puM.
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Figure.4.12. Fold change of cubilin mRNA in the small intestine of protein overload
proteinuria vs control mice.
Data are expressed as mean £ SEM of 5 animals in each group, p =ns. AllgPCR

was performed in triplicate in each group.
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4.2.3.3. Kidney cubilin expression in adriamycin nephropathy

To define whether cubilin protein expression was altered in another model of
proteinuria, expression in adriamycin nephropathy was studied. By
immunoblotting, cubilin was clearly reduced in proteinuric animals compared to
controls (Figure.4.13 A). When quantified, cubilin protein expression was
significantly decreased in the proteinuric adriamycin treated mice (1.04 + 0.05
relative intensity) compared to controls (1.3 +0.034 relative intensity) when
normalized to B-actin (Figure. 4.13B). A similar difference was seen in IHC of
mouse kidney tissues from control and proteinuric animals (Fig 4.14). The
semiquantitative analysis of the sections displayed a significant decrease of
cubilin expression in adriamycin mice (12.75 £ 0.45 % stained area) compared to

control (19.4 + 0.8 % stained area) (Figure.4.14 D).

Urinary excretion of cubilin was also examined in adriamycin nephropathy by
ELISA. As in protein overload proteinuria, mice with adriamycin nephropathy also
demonstrated an increase in urinary cubilin to 1.133 + 0.046 ng/mg creatinine
compared to control 0.146 + 0.08 ng/mg creatinine (Figure.4.15). Cubilin mMRNA
expression was markedly decreased in proteinuric mice with adriamycin
nephropathy to (0.85 *+ 0.104-fold) compared to control (1.0 £ 0.051-fold) (Figure
4.16). These results reveal a reduction of kidney cubilin expression in proteinuric
adriamycin treated mice, whereas in these animals urinary cubilin excretion was

increased.

Effect of adriamycin-induced proteinuria on the blood and urine biochemistry was
also studied. The urinary protein /creatinine (PCR) ratio showed a substantial
increase in adriamycin mice to 26.2 + 2.2 mg/mg compared to 9.7 + 1.4 mg/mg in
controls (Figure 4.17A). In adriamycin injected demonstrated a significant decline
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in total serum protein concentration at 17.2 +1.1 mg/ml compared to 22.15 + 1.2
mg/ml of controls (Figure. 4.17B). Serum creatinine levels also increased in
adriamycin mice to 3.66 + 0.3 mg/dl compared to 0.83 + 0.16 mg/dl in controls
(Figure.4.17C). These findings confirm that adriamycin treatment effected on the

kidney parameters and induced proteinuria.

As well, the effect of adriamycin treatment on the renal histology was studied. The
sections of a kidney from adriamycin mice showed tubular injury with brush border
loss, cellular swelling, and patchy tubular dilation, an increase in intratubular cast
formations and reduction in the glomeruli. By contrast, mice control showed no

obvious histological changes in the kidney structure (Figure 4.17C and D).
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Figure.4.13. Analysis of cubilin protein expression in mouse kidney by

immunoblotting.

(A) Kidney lysates from control and adriamycin mice were studied by
immunoblotting for cubilin. Representative blots are shown in each group in
comparison with a B-actin loading control. (B) Densitometric analysis of the cubilin
expression as a ratio to B-actin. Data are expressed as mean + SEM of 4 mice in
each group.*p<0.05, unpaired t-test and all experiments were performed in

triplicate.
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Figure.4.14. IHC analysis of mouse kidney tissue for cubilin in Adriamycin-

induced proteinuria.

Representative photomicrographs displaying (A) Negative control sections from
control animals treated without primary antibody. (B) Control mice. (C) Proteinuric
mice treated with adriamycin. (D) Semiquantitative analysis of cubilin, Data are
expressed as mean + SEM, **p <0.01, unpaired t-test test. All IHC was performed
in triplicate, Scale bars 100 uM
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Figure.4.15. Urinary excretion of cubilin in mouse urine by ELISA.

The urine samples from control and adriamycin mice were normalized to
creatinine and quantified by ELISA for cubilin. Data are expressed as mean +
SEM of 3 control and 4 adriamycin mice. *p < 0.05, unpaired t-test. Cubilin level

was measured in triplicate in each group of mice.
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Figure.4.16. Cubilin mRNA in the kidney of adriamycin-induced proteinuric and
control mice.

mMRNA was extracted from kidney cortex and cubilin quantified by gPCR. Data are
expressed as mean + SEM of 4 mice of each group, *p < 0.05, unpaired t-test. All

gPCR reactions were performed in triplicate.
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Figure.4.17. Renal histology and parameters of protein excretions in urine and

serum of adriamycin mice.

(A) Mouse urine protein /creatinine ratio in adriamycin and control mice **p < 0.01.
(B) Mouse total serum protein concentration *p < 0.05. (C) Mouse serum
creatinine concentration **p < 0.01. Kidney injury was assessed in H&E stained
kidney sections. (D) control mice, and (E) adriamycin mice. Data are expressed
as mean + SEM of 4 mice in each group.
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4.2.3.4. Amnionless expression in the kidney of proteinuric and control mice
To determine whether amnionless protein expression is affected by proteinuria,
kidney tissues from each group were investigated by immunoblotting. Amnionless
bands at 48 kDa were faint in samples from proteinuric mice in comparison with
controls (Figure.4.18A). When quantified, amnionless expression at the protein
level was significantly reduced in proteinuric mice (0.37 + 0.04 relative intensity)
compared to controls (1.23 £ 0.03 relative intensity) when normalized to B-actin

(Figure.4.18 B).

By IHC, amnionless is typically expressed at the apical membrane of the PTs in
normal mice (Figure.4.19 B). In proteinuric mice, amnionless immunostaining
reduced in the apical membrane of the PTs (Figure.4.19 C) compared to control
mice (Figure 4.19 B). Semiquantitative analysis of the sections demonstrated a
significant decrease in the amnionless expression in proteinuric mice (13.1 £ 0.9%
stained area) compared to control mice (26.85 + 0.8 % stained area) (Figure.4.19

D).

Moreover, the expression of amnionless mRNA was substantially reduced to
(0.44+/- 0.059-fold) in kidney cortex of mice with proteinuria compared to controls
(1+/- 0.079-fold) (Figure 4.20). Amnionless excretion in the urine of proteinuric
and control mice was also investigated by ELISA. It was significantly increased in
the urine of proteinuric mice (1.404 + 0.064 ng/mg creatinine) compared to
controls (0.28 + 0.02 ng/mg creatinine) (Figure.4.21 A). Urine was also examined
by immunoblotting and this revealed an excess of amnionless in the urine of
proteinuric mice. While the urine of control mice did not show amnionless bands

(Figure.4.21 B). Mouse kidney lysate was used as a positive control. These data
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demonstrated a decrease of amnionless expression associated with urinary

shedding of amnionless in proteinuric animals.
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Figure.4.18. Analysis of amnionless expression in mouse kidneys by

immunoblotting.

(A) Kidney cortex from control and proteinuric mice was evaluated by
immunoblotting for amnionless. Each lane represents a kidney sample from
different animal control and proteinuria in comparison with a B-actin loading
control. (B) Densitometric analysis of amnionless expression for control and
proteinuric animals expressed as a ratio to B-actin. **p < 0.01, unpaired t-test. All

experiments were conducted in triplicate.
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Figure.4.19. IHC analysis of mouse kidney tissue for amnionless in control and

proteinuric mice with protein overload proteinuria.

Representative photomicrographs showing (A) Negative control sections
prepared without primary antibody. (B) Control mice. (C) Proteinuric mice. (D)
Semiquantitative analysis of amnionless staining. Data are expressed as mean *
SEM, **p <0.01, unpaired t-test. Scale bars100 pm.
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Figure.4.20. Fold change in amnionless mMRNA expression in kidneys of

proteinuric and control mice.

MRNA was extracted from kidney cortex and subjected to qPCR. Data are mean
+ SEM of 4 mice in each group. The ** p < 0.01, unpaired t-test. qPCR was
performed in triplicate for each group.

135



2.0 e
1.54 EE‘
A

o
W,
1

—=—

Control Proteinuria

Urinary amninoless excretion
(ng/mg creatinine)
—
s

B Control Proteinuria

K
2 3 5 6 7 8

= 48 kDa

Figure.4.21. Urinary Excretion of amnionless in mouse urine.

(A) Urine samples from control and proteinuric mice normalized to creatinine were
gualifying by ELISA for amnionless. Results are expressed as mean = SEM of 4
mice in each group. **p < 0.01, unpaired t-test. (B) Representative immunoblot
showing the urinary amnionless excretion by proteinuric and control mice,

compared to the positive control, mouse kidney lysate (KL).
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4.2.4. Effect of protein overload proteinuria on proximal tubular DPP-IV

DPP-IV is commonly expressed on the brush border membranes of the absorptive
epithelial such as PTs, small intestine and in the glomerular capillary walls (Hopsu-
Havu and Ekfors, 1969, Chatelet et al., 1986). Previous investigators have used
the proximal tubular expression of DPP-1V as a control protein (Santoyo-Sanchez
et al., 2013). To investigate whether DPP-IV is affected by proteinuria, kidney
tissues from control and proteinuric mice were studied using immunoblotting and
IHC. By immunoblotting, DPP-IV bands at 110 kDa were similarly expressed in
control and proteinuric mice (Figure.4.22 A). When quantified, both endocytic
protein receptors were significantly reduced in proteinuric mice, for example,
cubilin (0.29 = 0.03 relative intensity) and amnionless (0.39 + 0.017 relative
intensity), while in controls, cubilin was at (1.05 + 0.02 relative intensity) and
amnionless was (1.1 = 0.02 relative intensity) when normalized to DPP-IV

(Figure.4.22 B).

In IHC, DPP-IV expressed at the apical membrane of the PTs and glomeruli in
normal mice. In proteinuric mice, there was no alteration of DPP-IV expression
(Figure.4.23). This confirms no significant difference in DPP-IV expression either
in control (20.2 £ 0.19% stained area) or proteinuric animals (20.2 +0.74% stained

area) (Figure.4.23 D).
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Figure.4.22. Analysis of DPP-IV expression in mouse kidney by immunoblotting.

(A) Kidney cortex from control and proteinuric mice was evaluated by
immunoblotting for previous amnionless and cubilin blots in comparison with DPP-
IV proximal tubular marker and (3-actin loading control. (B) Densitometric analysis
of cubilin and amnionless expression for control and proteinuria expressed as a
ratio to DPP-IV,4 mice in each group, **p< 0.01, unpaired t-test.
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Figure.4.23. IHC analysis of mouse kidney tissue for DPP-IV in control and

proteinuric mice with protein overload proteinuria.

Representative photomicrographs showing (A) Negative control sections from
control animals prepared without primary antibody. (B) Control mice. (C)
Proteinuric mice. (D) Semiquantitative analysis of DPP-IV staining. p=ns, unpaired
t-test. Scale bars 100 uM.
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4.2.5. Effect of protein overload proteinuria on aquaporin-1

AQP-1 water channel protein is normally expressed in the PTs of the kidney
(Maunsbach et al., 1997). To define AQP-1 protein expression in proteinuria,
kidney tissues from each group of mice were studied by immunoblotting and IHC.
AQP-1 bands at 32 kDa were clearly reduced in proteinuric mice in comparison
with controls (Figure.4.24A). When quantified, the AQP-1 protein was significantly
decreased in proteinuric mice (0.203 = 0.03 relative intensity) compared to
controls (1.024 + 0.04 relative intensity) when normalised to (-actin

(Figure.4.24B).

In comparison with the controls (Figure 4.25B), AQP-1 immunostaining was
reduced at the apical membrane of PTs in mice with proteinuria (Figure 4.24C).
The semiquantitative analysis confirmed a significant decline in AQP-1 expression
in proteinuric mice (9.49 +£0.147 %stained area) compared to control mice (19.64
+ 0.83 %stained area) (Figure.4.25D). For urinary AQP-1 excretion do not
examine in proteinuric mice. Taken together, these results indicate that proteinuria

has an adverse influence on the AQP-1 expression in the kidneys of mice.
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Figure.4.24. Analysis of AQP-1 in mouse kidneys by immunoblotting.

(A) Kidney cortex of control and proteinuric mice was evaluated by immunoblotting
for AQP-1 alongside B-actin as a loading control. Each lane represents an
individual animal. (B) Densitometric analysis of AQP-1 expression for control and
proteinuric animals expressed as a ratio to -actin. **p< 0.01, unpaired t-test and

4 mice for each group.
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Figure.4.25. IHC analysis of mouse kidney tissue for AQP-1 in control and
proteinuric mice with protein overload proteinuria.

Representative photomicrographs showing (A) Negative control sections from
control animals prepared without primary antibody, (B) Control mice. (C)
Proteinuric mice. (D). Semiquantitative analysis of AQP-1 staining. Data are
expressed as mean + SEM of 4 mice in each group, **p< 0.01 unpaired t-test.
Scale bars 100 pM.
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.2.6. Effect of protein overload proteinuria on MMPs

MMPs are a large family of zinc-dependent matrix degradation enzymes (Tan and
Liu, 2012). MMPs have an important role in proteinuria and progression of renal
impairment have been identified (Zeisberg et al., 2006). To explore whether MMPs
expression is affected by protein overload proteinuria, kidney tissue from each
group was examined by immunoblotting and IHC. MMP2 bands at 72 kDa were
observed in samples from proteinuric mice compared to controls (Figure.4.26 A).
When quantified, MMP-2 expression was significantly higher in proteinuric mice
(2.5 £ 0.17 relative intensity) than (0.19 £+ 0.04 relative intensity) in controls
(Figure.4.26 B). In addition, IHC revealed a significant rise in MMP2 expression in
the PTs of proteinuric mice (26.1 + 0.97 % stained area) compared to control mice

(2.4 £ 0.11 % stained area) (Figure 4.27D).

Similarly, blotting for MMP-3 revealed bands at 53 kDa, considerably increase in
mice with proteinuria (2.28 + 0.35 relative intensity) compared to controls (0.29 +
0.1 relative intensity) when normalized to B-actin (Figure.4.26). This finding was
confirmed by IHC result which showed a noticeable increase in MMP-3 expression
in glomeruli of proteinuric mice and some in tubules (16.94 + 1.0 % stained area)

in comparison with controls (1.6 = 0.20 % stained area) (Figure 4.28).

Moreover, MMP-7 bands detected at 22 kDa, a significant rise in proteinuric mice
(2.3 £ 0.26 relative intensity) compared to controls (0.76 + 0.05 relative intensity)
(Figure.4.26). This was also confirmed by IHC which revealed a significant
increase in MMP-7 expression in PT of proteinuric animals (21.49 + 0.71% stained

area) in comparison with controls (3.01 £ 0.1% stained area) (Figure.4.29).
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In addition, MMP-9 bands observed at 92 kDa, when quantified, were significantly
greater in proteinuric mice (2.47 £ 0.11 relative intensity) compared to controls
(0.38 = 0.07 relative intensity) (Figure.4.26). IHC results also confirmed these
findings, a significant increase of MMP-9 in PT of proteinuric animals (22.0 £ 0.7%
stained area) compared to controls (2.1 = 0.3% stained area) (Figure.4.30). These
results, therefore, demonstrate that protein overload proteinuria results in a

general increase in MMP expression in the kidneys of proteinuric animals.
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Figure.4.26. Analysis of MMPs expression in mouse kidneys by immunoblotting.

(A). Kidney cortex from control and proteinuric mice was examined by
immunoblotting for MMPs. Blots stripped and reprobed for multiple MMPs and [3-
actin loading control. (B, C, D, E). Densitometric analysis of MMPs expression for
control and proteinuric mice expressed as a ratio to B-actin. *p< 0.05, **p<0.01

unpaired t-test. All experiments were done in triplicate.
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Figure.4.27. IHC analysis of mouse kidney sections for MMP-2 in control and

Representative photomicrographs showing (A) Negative control sections from

control animals prepared without primary antibody. (B) Control mice. (C)

Proteinuria mice. (D) Semiquantitative analysis of MMP-2 staining. Data are
146
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proteinuric mice with protein overload proteinuria.
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Figure.4.28. IHC analysis of mouse kidney sections for MMP-3 in control and
proteinuric mice with protein overload proteinuria.

Representative photomicrographs showing (A) Negative control sections from
control animals prepared without primary antibody. (B) Control mice. (C)
Proteinuric mice. (D) Semiquantitative analysis of MMP-3 staining. Data are
expressed as mean = SEM, **p< 0.01, unpaired t-test. Scale bars 100 pM.
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Figure.4.29. IHC analysis of mouse kidney sections for MMP-7 in control and

proteinuric mice with protein overload proteinuria.

Representative photomicrographs viewing (A) Negative control sections from
control animals prepared without primary antibody. (B) Control mice (C)
Proteinuric mice. (D) Semiquantitative analysis of MMP-7 staining. Data are
expressed as mean = SEM, **p< 0.01, unpaired t-test. Scale bars 100 puM.
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Figure.4.30. IHC analysis of mouse kidney tissue for MMP-9 in control and
proteinuric mice with protein overload proteinuria.

Representative photomicrographs viewing (A) Negative control sections from
control animals prepared without primary antibody. (B) Control mice. (C)
Proteinuric mice. (D) Semiquantitative analysis of MMP-9 staining. Data are
expressed as mean = SEM, **p< 0.01, unpaired t-test. Scale bars 100 puM.
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4.3. Discussion

These results present a comprehensive study of the cubam protein endocytic
complex expression in proteinuria. The results reveal a general reduction in
protein expression of both the cubilin and amnionless components of cubam in
the PTCs of proteinuric animals accompanied by a similar reduction in mRNA
expression for both cubam components. At the same time, there is an increase in
urinary cubam excretion. Therefore, the decrease in renal cubam expression in
proteinuria is explained by a reduction in gene transcription combined with urinary

receptor shedding.

Phenotypically the protein overload model in this study is similar to previously
described mouse models associated with a rise in serum creatinine and a
significant increase in urinary protein excretion (Ishola et al., 2006, Eddy et al.,
2000, Donadelli et al., 2000, Donadelli et al., 2003). Despite different mouse
models of proteinuria, the current model is identical to tubulointerstitial damage
and is a non- glomerular or immune injury model (Eddy and Giachelli, 1995). Eddy
et al (1995) showed that induced proteinuria increased matrix protein synthesis
and changed matrix remodelling/degradation that leading to tubulointerstitial
inflammation (Eddy and Giachelli, 1995). In addition, Donadelli et al (2003)
revealed that an increase in serum creatinine indicates mild impairment of renal
function and develops proteinuria attributed to fractalkine gene stimulation through
NF-kB and p38 activation in proximal tubular cells (Donadelli et al., 2003).
Therefore, the present protein overload proteinuria model allows focussing on the
effect of ultrafiltered proteins such as albumin on protein expression of endocytic
receptors more precisely due to an increase in transcapillary movement of albumin

into the urinary space. Furthermore, in the current study mice were injected with
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low endotoxin BSA fatty acid-free for two weeks to minimise tubular injury;
however, albumin-bound to fatty acids has more effect on tubular damage (Kamijo

et al., 2002).

In comparison with the current model, the adriamycin model develops proteinuria
by damaging the glycocalyx layer of glomerular endothelial cells (Jeansson et al.,
2009), with changes in renal functions and structures that resemble focal
segmental glomerular sclerosis which develops over a long time (Wang et al.,
2000). In the present study, creatinine increased in the serum of proteinuric mice.
In the previous study experimental models showed that decreased interstitial
mononuclear cell infiltration associated with improved creatinine clearance and
decreased serum creatinine (Lan et al., 1993). This could explain that

tubulointerstitial damage associated with an increase in serum creatinine.

The previous literature described the urinary loss of tubular protein endocytotic
receptors in proteinuric patients and in animal models of renal disease. For
instance, an increase of cubilin in the urine is associated with microalbuminuria in
patients with Type 1 diabetes (Thrailkill et al., 2009b). Coffey et al 2015,
suggested that urinary cubilin may be used as a biomarker in patients with Type
1 diabetes where urinary shedding of cubilin arises prior to the development of
microalbuminuria (Coffey et al., 2015). A mouse model of type 1 diabetes showed
a decline of cubilin expression in the PTs: this correlated with an increase in
urinary cubilin excretion in diabetic animals (Coffey et al., 2015). Nevertheless,
another study revealed that cubilin expression was increased in patients with

nephrotic syndrome (YANG Jurong, 2008).

A further study describes significantly down-regulated cubilin expression in Goto-

Kakizaki (GK) rats with diabetic nephropathy. This study found that advanced
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glycation end products (AGESs) reduce albumin uptake by suppressing cubilin (Ke
et al., 2014). In addition, a proteinuric dog model of Alport disease found cubilin in
the urine of animals along with other proteins. This study suggests that an increase
in glomerular permeability and change in cubilin-mediated endocytosis ultimately

led to proteinuria (Vinge et al., 2010).

Previous investigators have described the joint function of cubilin and amnionless
as a cubam complex (Fyfe et al., 2004). For example, Imerslund-Grasbeck
syndrome (IGS) patients with amnionless mutations also lack cubilin expression,
and this leads to the excretion of protein in the urine (Amsellem et al., 2010).
Similarly, IGS studies in dogs revealed that effective cubam expression does not
occur in the absence of amnionless, which leads to a failure of apical cubilin
expression and proteinuria (He et al., 2005). A study on chimeras with amnionless
deficient cells has a proximal tubule dysfunction that showed an elevation of
albumin level (Strope et al., 2004). Therefore, these studies reveal a connection
between amnionless as a necessary component of the cubilin receptor. This has
also been supported by the present study in which amnionless expression
demonstrated a significant decrease in proteinuric animals’ kidney associated with
urinary shedding of amnionless. Likewise, is the similar effect of proteinuria on the
cubilin receptor.

The current study shows a decrease of cubilin and amnionless mRNA levels in
proteinuric mice, although the mechanism of endocytic receptor gene regulation
in the proteinuric kidney is uncertain. However, expression of cubilin is regulated
at both gene and protein levels in the PTs by transcriptional regulation of
peroxisome proliferator-activated receptor (PPAR) (Aseem et al., 2013).

Moreover, an amelioration of protein overload proteinuria by PPAR agonists was
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observed in other studies, that associated with an increase of cubilin level (Aseem
et al., 2013). In vivo study of acute kidney injury (AKI) revealed down-regulated
expression of cubilin mRNA, which was parallel with an increase of albumin
concentration and albumin/creatinine ratio in the urine of experimental
endotoxemia (Schreiber et al., 2012). Cubilin may be more quickly degraded in
cells that have amnionless gene silenced, this might explain an important mutual
interaction between amnionless and cubilin in the intracellular stability of the
cubam complex (Ahuja et al., 2008).

The present study showed a reduction of cubilin protein and mRNA level in the
kidney of adriamycin-induced proteinuria associated with an increase in urinary
cubilin excretion. However, anti-cubilin antisense RNA delivered by an adenoviral
vector improved the albuminuria-induced glomerulosclerosis and tubulointerstitial
damage in adriamycin nephrotic rats. This could be targeted by cubilin as a

therapeutic agent in this model of proteinuric nephropathy (Liu et al., 2011).

Cubilin mediated endocytosis is responsible also for the absorption of proteins and
nutrients in the intestine (Kozyraki et al., 2001, Barth and Argraves, 2001). Cubilin
dysfunction either by deletions or mutations in the cubilin gene or its partner leads
to vitamin Bi2 deficiency because of malabsorption in the small intestine. This
associated with proteinuria that developed due to PT’s failure to absorb filtered
proteins (Storm et al., 2011, Storm et al., 2013, Wahlstedt-Froberg et al., 2003).
However, in the current study of protein overload proteinuria revealed that cubilin
expression at both protein and mRNA level was not changed in the small intestine.
Ultimately, according to our data, there is no systemic effect on cubilin beyond the

kidney.
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The current study also exhibited a substantial reduction of AQP-1 expression level
in PTs of proteinuric animals. In an autosomal dominant form of diabetes patients
experienced a significant decrease in cubilin expression accompanying
proteinuria, whereas AQP-1 expression was significantly increased (Terryn et al.,
2016). Moreover, in mouse kidneys with defective endocytosis due to a defect in
chloride channel CIC-5 constitutively enhanced expression of AQP-1 in the PTs

was seen (Pohl et al., 2015).

Interestingly, the expression of MMP-2, MMP-3, MMP-7, and MMP-9 all
significantly increased in the current study of protein overload proteinuria. Aloumin
at diverse doses enhances the expression and activity of MMP-2 and MMP-9 in
mouse podocytes (Zheng et al., 2009). Similarly, primarily cultured rat tubule
epithelial cells incubated with albumin increased the expression and secretion of
MMP-9. Therefore, MMP-9 secretion may be driven by albumin endocytosis in
these cells via the ERK signalling pathway (Chen et al., 2017). Eddy et al (2000)
revealed that the activity of MMP-9 increased in a mouse model of protein
overload (Eddy et al., 2000). These observations are consistent with the present
work that showed a significant increase in the MMPs activities in proteinuric
animals. MMPs activity and expression was also detected in the urine of patients
with diabetic nephropathy (Thrailkill et al., 2007, Thrailkill et al., 2009a). These
enzymes activity may be enhanced in the parenchyma and tubular lumen of the
diabetic kidney where the cubam complex is shed from PT surfaces (Thrailkill et

al., 2009b).

An increase in MMP activity induced by proteinuria may contribute to shedding by
driving regulated intramembrane proteolysis (RIP). RIP plays an important role in
the regulation of a large number of transmembrane proteins (Lichtenthaler et al.,
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2011, Lal and Caplan, 2011). There are many functional sheddases including
proteases of the disintegrin and metalloprotease (ADAM) family, MMPs and,
gamma-secretase. These substrates of RIP are sequentially cleaved to release
an extracellular domain and a small intracellular fragment called intracellular
domain (Lichtenthaler et al., 2011). Shedding is generally increased by activation
of protein kinase-C, occurs close to the cell membrane and blocked by

metalloproteinase inhibitors (Hooper et al., 1997, Werb and Yan, 1998).

Previous studies revealed that megalin a transmembrane protein is targeted by
metalloproteinase-mediated shedding regulated by protein kinase-C. The RIP
process released megalin ectodomain into the tubular lumen; however, it leaves
an intracellular domain of the receptor. This part works as a substrate for gamma-
secretase to release intracellular megalin domain that is potentially
phosphorylated and has intrinsic signalling capacity (Zou et al., 2004,
Biemesderfer, 2006). There is evidence that RIP of megalin may also occur in
proteinuric patients. An individual with diabetic nephropathy and albuminuria
substantially increased urinary shedding of the extracellular domain of megalin
compared with non-albuminuric diabetic patients. Therefore, it could be supposed
that this is mediated by an increase in MMP activity in the diabetic kidney (Thrailkill
et al., 2009a). Though the mechanism of cubam complex excretion in the urine is
unresolved, as a consequence of their close association with megalin, this may
potentially be pulled free from the apical membranes of PTs as a consequence of
megalin ectodomain shedding (Fatah et al., 2017). This might clarify why the
cubam complex was excreted in the urine and reduced in the PTs in the present

studies.
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Overall protein excretion in the urine, especially albumin is the result of both
glomerular permselectivity and tubular reabsorption and this issue is still a
debated subject (Dickson et al., 2014, Peti-Peterdi, 2009, Comper et al., 2008b).
Previous studies revealed that tubular reabsorption of glomerular filtered proteins
is contributing to proteinuria (Dickson et al., 2014, Comper et al., 2008b). This
might show a relation between urinary protein excretion and impaired glomerular
permselectivity (Peti-Peterdi, 2009). The current study could not determine
between the increased glomerular leakage and /or decreased proximal tubular
reabsorption of filtered protein via cubam complex endocytic receptors in
proteinuria. These observations suggest that reducing tubular reabsorption of
filtered proteins because of reduced expression of these endocytic receptors could

likely contribute to a part of the increased urinary protein excretion.

Eventually, in proteinuria, expression of both essential protein re-absorptive
receptors is considerably reduced in the proximal tubular cells connected with a
rise of urinary shedding of cubilin and amnionless. Moreover, an increase of matrix
metalloprotease activity in proteinuria is associated with the urinary loss of these
receptors. Cubilin and amnionless may be used as potential markers in the

proteinuric nephropathy.
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Chapter Five

Effect of Matrix Metalloproteinase Inhibition on the Kidney Expression of

Cubam in Protein Overload Proteinuria in Mice

5.1. Introduction

PTs are adversely affected by abnormal filtered proteins that contribute to renal
inflammation and fibrosis. Renal fibrosis is a common process promoted by
epithelial remodelling, inflammation, fibroblast activation, and reorganization of
cellular interactions including extracellular matrix (Ronco and Chatziantoniou,
2008). Extracellular matrix proteins are regulated by extra-cellular MMPs zinc-
dependent matrix-degrading proteases (Turck et al., 1996, Woessner, 1999).
MMP activity is elevated in the urine of diabetic patients with diabetic nephropathy
(Thrailkill et al., 2007, Thrailkill et al., 2009a) which may indicate a role for MMPs
in the shedding of endocytic receptors from the proximal tubule surfaces (Thrailkill

et al., 2009b).

The previous chapter described reduced cubam complex in the kidneys of
proteinuric animals in association with significantly increased MMP activity. The
effect of inhibition of MMP activity in proteinuric kidney disease has not been
studied. The main objective of the following experiments was to investigate the

effect of MMP inhibition on cubam expression in protein overload nephropathy.
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5.2. Results

5.2.1. Effect of MMPI treatment on urine biochemistry in proteinuria

The effect of MMPI treatment on urine biochemistry and protein excretion in the
proteinuria was investigated. The total urinary protein concentration showed a
significant increase in proteinuric mice to 61.2 + 0.75 mg/ml compared with 17.6
+ 2.05 mg/ml in controls, while MMPI treated mice showed a significant reduction

to 22.1 + 2.5 mg/ml (Figure.5.1A).

Urinary albumin concentration was also increased in proteinuric mice to 6.1+ 0.4
mg/dl in comparison with controls to 0.8 = 0.2 mg/dl. However, the MMPI treatment
showed a substantial decrease to 1.5 + 0.21 mg/dl in protein injected mice
(Figure.5.1B). Moreover, urinary creatinine was significantly raised to 2.0 £ 0.9
mg/dl in MMPI treated mice compared to proteinuric mice 1.5 £ 0.25 mg/dl, while

controls mice were 2.2 + 0.6 mg/dl (Figure.5.1C).

To correct urinary concentration, the urine PCR ratio was calculated and found to
be 44.21 + 4.1 mg/mg in proteinuric animals. While urine PCR of MMPI treatment
groups reduced to 14.2 £ 2.15 mg/mg compared with controls (11.02 £ 1.67
mg/mg) (Figure.5.1D). These findings confirm that MMPI treatment preserved
urine biochemistry and protein within the normal limit range by inhibition of MMP

activity.
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Figure.5.1. Urine biochemistry and protein levels.

(A) Total urinary protein excretion. (B) Mouse urinary albumin concentration. (C)
Mouse urinary creatinine concentration. (D) Mouse urine protein /creatinine ratios.
Data are expressed as mean + SEM of 4 mice in each group, **p < 0.01, one-way
ANOVA.
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5.2.2. Effect of MMPI treatment on blood biochemistry in proteinuria

Influence of MMPI on serum biochemistry and protein excretion in proteinuria was
studied. Total serum protein concentration revealed a significant increase in
proteinuric mice compared to controls, but serum protein in MMPI treated mice
was still elevated in protein injected mice (Figure.5.2A). In addition, serum
creatinine levels exhibited a significant rise in proteinuric mice (2.49 £ 0.13 mg/dl)
compared to control, whereas MMPI treatment results in a decrease to (1.17 +
0.017 mg/dl) in protein injected mice (Figure.5.2B). These results indicate that
serum creatinine in proteinuric mice reverted to the normal limit range when

treated with the MMPI.
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Figure.5.2. Serum biochemistry and proteins levels in mice.

(A) Mouse total serum protein concentration. (B) Mouse serum creatinine levels.
Data are expressed as mean + SEM of 4 mice in each group, **p < 0.01, *p < 0.05,
one-way ANOVA.
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5.2.3. Effect of MMPI treatment on enzymatic activity of MMPs

To investigate the effect of MMPI treatment on the enzymatic activity of MMPs in
proteinuria, kidney cortex homogenates from each group were evaluated for total
MMP activity by a fluorometric assay. MMPs enzymatic activity was significantly
augmented in proteinuric mice (808.4 + 89.1 RFUs) in comparison with control
mice (164.0 + 27.1 RFUs) (Figure.5.3). Treatment of mice with MMPI showed a

substantially reduced renal MMP activity (210.0 + 40.2 RFUs) (Figure.5.3).

Both urine and kidney homogenates from each group were examined specifically
for MMP-2 and MMP-9 activity by gelatin zymography. In proteinuric mice, these
enzymes showed increased activity in both kidney and urine compared to non-
proteinuric controls. In comparison, MMPI treatment substantially reduced MMP-
2 and MMP-9 activity in both kidney and urine (Figure.5.4). These findings confirm
that MMPI has an inhibitory effect on renal MMP-2 and MMP-9 activities in

proteinuric mice.
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Figure.5.3. Effect of the MMPI on kidney cortex MMPs activity.

MMP activity was determined in control, proteinuric mice and protein injected mice
treated with the MMPI. Data expressed as mean + SEM of 4 mice in each group.
**p <0.01, one-way ANOVA.
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Figure.5.4. Gelatinase activity of MMP-2 and MMP-9 in control, proteinuric mice

and protein injected mice treated with the MMPI.

(A) Kidney cortex homogenate and (B) urine samples were subjected to gelatin
zymography. MMP-2 bands at 72-kDa gelatinase and MMP-9 bands at 94-kDa

gelatinase in comparison with (M) standard ladder protein.
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5.2.4. Effect of MMPI treatment on MMP protein expression in proteinuria

To investigate the effect of MMPI treatment on MMP expression in proteinuria,
kidney tissues from each group were studied for MMP-2, MMP-3, MMP-7 and
MMP-9 expression by immunoblotting. MMP bands were increased in proteinuric
animals compared with controls. however, MMP bands in MMPI treated mice were

reduced towards control levels (Figure.5.5).

These data were confirmed by densitometric analysis (Figure.5.6). For example,
MMP-2 expression increased significantly in proteinuric mice to (1.35 + 0.04
relative intensity) compared with control (0.19 + 0.03 relative intensity), while in
the MMPI treated mice decreased to (0.31 + 0.06 relative intensity). In MMP-3 the
other matrix enzyme was substantially increased in proteinuric animals to (1.7
0.09 relative intensity) compared with control (0.17 £ 0.04 relative intensity), but

MMPI treatment reduced this considerably to (0.36 £ 0.03 relative intensity).

Moreover, proteinuric mice showed a significant increase in expression for MMP-
7 (1.6 = 0.10 relative intensity) and MMP-9 (1.6 = 0.1 relative intensity) when
compared with control mice (0.12 £+ 0.06 relative intensity), (0.1 + 0.05 relative
intensity), respectively. On the other hand, MMPI treatment gave a significant
reduction in the expression of MMP-7 (0.29 + 0.2 relative intensity) and MMP-9

(0.31 = 0.06 relative intensity) in protein injected mice.
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Figure.5.5. Analysis of MMPs expression in mouse kidney by immunoblotting.

Kidney cortex from control, proteinuric mice and protein injected mice treated with
the MMPI were evaluated by immunoblotting for MMPs. Each lane represents a
kidney sample from an individual animal from each group. Blots stripped and

reprobed for multiple MMP and B-actin loading control shown for comparison.
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Figure.5.6. Densitometric analysis of MMPs expression.

MMPs expressed as a ratio to B-actin in control, proteinuric mice and protein
injected mice treated with the MMPI mice for (A) MMP-2 (B) MMP-3 (C) MMP-7
and (D) MMP-9. Data are expressed as mean + SEM of 3 mice per group. ** p <
0.01, one-way ANOVA.
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MMPs expression was also investigated by IHC in kidney sections from each
group of mice. Expression levels of all MMPs studied (MMP-2, -3, -7, and -9) were
increased in the kidney of proteinuric animals compared to controls. In contrast,

MMPI treatment of mice reduced MMP expression towards normal.

These data were confirmed by semi-quantitative analysis for sections. For
instance, MMP-2 expression was significantly increased in the PTs of proteinuric
mice (29.09 + 0.94 % stained area) compared with controls (2.4 £ 0.14 % stained
area), whereas mice treated with the MMPI declined to (4.6 £ 0.49 % stained area)
(Figure 5.7 and 5.8). Interestingly, MMP-3 expression was increased in the
glomeruli of proteinuric mice (17.1 £ 1.6 % stained area) compared with controls
(1.6 £ 0.2 % stained area). But, MMPI treatment of protein injected mice dropped

to (3.2 £ 0.68 % stained area) (Figure 5.9 and 5.10).

Moreover, MMP-7 expression elevated in the PTs of mice with proteinuria (21.4 +
0.7 % of stained area) compared to non-proteinuric mice control (2.07 + 0.5 %
stained area), whereas the MMPI treated mice was decreased to (4.2 + 0.74 %
stained area) (Figure 5.11 and 5.12). In addition, MMP-9 expression elevated in
the PTs of proteinuric animals to (23.0 + 1.66 % stained area), while MMPI
treatment of protein injected animals has a reduction in MMP-9 expression to (4.2
+ 0.7 % stained area) compared with controls (2.07 + 0.5% stained area)
(Figure.5.13 and 5.14). These finding revealed that MMPI treatment down-

regulated MMPs expression in proteinuria.
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Figure.5.7. IHC analysis of mouse kidney tissue for MMP-2 in control, proteinuric
mice and protein injected mice treated with MMPI.

Representative photomicrographs showing (A) Negative control sections from
control animals prepared without primary antibody. (B) Control mice. (C)
Proteinuric mice. (D) Protein injected mice treated with the MMPI. Scale bars 100
MM,
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Figure.5.8. Semi-quantitative analysis of renal MMP-2 staining in control,

proteinuric mice and protein injected mice treated with the MMPI.

Data are expressed as mean + SEM of 4 mice per group. *p< 0.01, one-way
ANOVA.
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Figure.5.9. IHC analysis of mouse kidney tissue for MMP-3 in control, proteinuric

mice and protein injected mice treated with MMPI.

Representative photomicrographs showing (A) Negative control sections from
control animals prepared without primary antibody. (B) Control mice. (C)
Proteinuric mice. (D) Protein injected mice treated with the MMPI. Scale bars 100
HM.
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Figure.5.10. Semi-quantitative analysis of renal MMP-3 staining in control,

proteinuric mice and protein injected mice treated with the MMPI.

Data are expressed as mean + SEM of 4 mice per group, ** p < 0.01, one-way
ANOVA.
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Figure.5.11. IHC analysis of mouse kidney tissue for MMP-7 in control, proteinuric

mice and protein injected mice treated with MMPI.

Representative photomicrographs showing (A) Negative control sections from
control animals treated without primary antibody. (B) Control mice. (C) Proteinuric
mice. (D) Protein injected mice treated with the MMPI. Scale bars100 puM.
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Figure.5.12. Semi-quantitative analysis of renal MMP-7 staining in control,

proteinuric mice and protein injected mice treated with the MMPI.

Data are expressed as mean + SEM of 4 mice per group. **p < 0.01, one-way
ANOVA.
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Figure.5.13. IHC analysis of mouse kidney tissue for MMP-9 in control, proteinuric
mice and protein injected mice treated with MMPI.

Representative photomicrographs showing (A) Negative control sections from
control animals prepared without primary antibody. (B) Control mice. (C)
Proteinuric mice. (D) Protein injected mice treated with the MMPI. Scale bars 100
MM,
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Figure.5.14. Semi-quantitative analysis of renal MMP-9 staining proteinuria in
control, proteinuric mice and protein injected mice treated with the MMPI.

Data are expressed as mean + SEM of 4 mice per group. **p< 0.01, one-way
ANOVA.
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5.2.5. Effect of MMPI treatment on MMPs gene expression in proteinuria

The gene expression of MMP-2, -3, -7 and -9 were assessed in kidney tissues for
each group by gPCR. The expression of each MMP gene was increased in the
kidney of proteinuric animals compared to non-proteinuric controls. Treatment with
the MMPI normalised the expression of each gene towards control levels
(Figure.5.15). For instance, the mRNA expression of MMP-2 increased
significantly in mice proteinuria to (1.95 + 0.07-fold) compared with control animals
(1 £ 0.05 -fold), while in protein injected mice treated with MMPI decreased to
(0.94 + 0.05-fold). In mRNA expression of MMP-3 was significantly increased in
mice proteinuria to (1.93 + 0.23-fold) compared with (1 £ 0.02-fold) of controls, but
in MMPI treatment reduced this considerably to (0.97 + 0.06-fold). Moreover,
proteinuric mice showed a significant increase in mRNA expression for MMP-7
(1.4 £ 0.08 -fold) and MMP-9 (1.34 + 0.10-fold) compared with control mice (1 +
0.02-fold) (1 £ 0.06-fold), respectively. On the other hand, MMPI treatment gave
a significant reduction in mRNA expression of MMP-7 (0.98 + 0.01-fold) and MMP-
9 (0.96 = 0.05 -fold) in protein injected mice. Regarding these results, MMPI
treatment diminishes the MMPs gene expression of MMP-2, MMP-3, MMP-7 and

MMP-9 in proteinuria.
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Figure.5.15. Fold change of MMPs mRNA expression in mice kidneys control,

proteinuric mice, and protein injected mice treated with MMPI.

MRNA was extracted from the kidney cortex and subjected to gPCR. Data are

expressed as mean = SEM of 4 mice per group. ** p < 0.01, one-way ANOVA
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5.2.6. Effect of MMPI treatment on cubam complex

5.2.6.1. MMPI ameliorate cubilin expression in proteinuria

To determine whether the cubilin expression is affected by MMPI in proteinuria,
kidney tissues from control, proteinuric mice and protein injected mice treated with
MMPI were investigated using immunoblotting. Cubilin expression was reduced in
proteinuric mice to (0.56 £ 0.07relative intensity) compared with controls (1.7 £ 0.3
relative intensity) when normalized to B-actin. While protein injected mice which
treated with the MMPI showed a significantly preserved cubilin expression to (1.69

+ 01 relative intensity) (Figure.5.16).

IHC was also used to investigate kidney sections from each group. Cubilin
immunostaining was decreased in the PTs of proteinuric animals compared with
controls. However, in protein injected mice treated with the MMPI, cubilin staining
was preserved in the apical membranes of PTs (Figure 5.17). By semiquantitative
analysis, cubilin staining significantly fell in proteinuric animals (13.8 + 0.43 %
stained area) compared with controls (36.6 + 0.9 % stained area). However, MMPI
treatment restored cubilin expression to (33.6 + 0.46 % stained area)

(Figure.5.18).

Effect of MMPI on cubilin gene expression was also studied by gPCR. Cubilin
MRNA expression was noticeably reduced to (0.51 = 0.02-fold) in the kidney
cortex of proteinuric mice compared with controls (1 + 0.07-fold). Though, protein
injected mice treated with the MMPI had increased expression of cubilin mRNA to
(0.94 * 0.05-fold) (Figure.5.19). These data indicate that MMPI treatment can

efficiently normalise cubilin gene expression.
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In addition, the effect of MMPI treatment on the urinary cubilin excretion of
proteinuric mice was determined by ELISA. The urine of proteinuric mice has
substantially increased cubilin excretion to (2.58 + 0.13 ng/mg creatinine)
compared with urine controls (0.523 + 0.02 ng/mg creatinine), but, urinary cubilin
excretion declined on MMPI treatment to (0.526 + 0.023 ng/mg creatinine) in
protein injected mice (Figure.5.20). These findings suggest that MMPI treatment
can protect cubilin from being shed into the urine of proteinuric mice. This
associated with improvement of cubilin expression in the kidney of proteinuric

animals.
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Figure.5.16. Analysis of cubilin expression in mouse kidneys by immunoblotting.

(A) Kidney cortex from control, proteinuric mice and protein injected mice treated
with the MMPI were evaluated by immunoblotting for cubilin in comparison with a
B-actin loading control. (B) Densitometric analysis of cubilin expression as a ratio
to p-actin, Data are expressed as mean = SEM of 3 mice per group. **p<0.01,

one-way ANOVA.
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Figure.5.17. IHC analysis of mouse kidney tissue for cubilin in control, proteinuric

mice and protein injected mice treated with the MMPI.

Representative photomicrographs showing (A) Negative control sections from
control animals prepared without primary antibody. (B) Control mice. (C)
Proteinuric mice. (D) Protein injected mice treated with the MMPI. Scale bars 100
MM,
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Figure.5.18. Semi-quantitative analysis of renal cubilin staining in control,

proteinuric mice, and protein injected mice treated with the MMPI.

Data are expressed as mean £ SEM of 4 mice per group. **p < 0.01, one-way
ANOVA.
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Figure.5.19. Fold change of cubilin mRNA expression in mouse kidneys of control,

proteinuric mice and protein injected mice treated with the MMPI.

MRNA was extracted from the kidney cortex and subjected to gPCR. Data are

expressed as mean = SEM, 4 mice per group, ***p< 0.001, one-way ANOVA.
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Figure.5.20. Urinary excretion of cubilin in mouse urine.

Urine samples from control, proteinuric mice and protein injected mice treated with
the MMPI normalised to creatinine and analysed for cubilin by ELISA. Data are

mean + SEM of 4 mice per group. **p< 0.01, one-way ANOVA.
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5.2.6.2. MMPI ameliorate amnionless expression in proteinuria

To investigate whether the amnionless expression is affected by MMPI in
proteinuria, kidney tissues from each group were examined using immunoblotting.
Amnionless expression at protein level substantially declined in proteinuric
animals to (0.7+ 0.07 relative intensity) compared with controls (1.6 £ 0.13 relative
intensity) when normalized to 3-actin. However, in protein injected animals treated
with the MMPI, expression was substantially maintained to (1.57 £ 0.10 relative

intensity) (Figure.5.21).

To confirm the immunoblotting results, Kidney sections from each group were
analysed by IHC. Amnionless expression was reduced at the apical membrane of
the PTs in proteinuric mice compared with control mice. While the MMPI treated
mice showed preservation of amnionless expression (Figure 5.22). The
guantification of amnionless staining revealed a significant decline in proteinuric
animals (14.4 + 0.98 % stained area) compared to controls (27.8 + 0.39 %).
However, amnionless staining was significantly improved in protein injected

animals treated with the MMPI to (24.7+ 0.70 %) (Figure.5.23).

By gPCR, the expression of amnionless mRNA was significantly decreased to
(0.49 £ 0.04-fold) in proteinuric mice compared with controls (1+ 0.07-fold).
Interestingly, the amnionless mMRNA was increased to normal in the MMPI

treatment of protein injected animals to (1.0 £ 0.10 -fold) (Figure.5.24).

By ELISA, it was found that urine of proteinuric mice contains a significant
excretion of amnionless (2.72 + 0.10 ng/mg creatinine) compared with control

(0.55 £ 0.016 ng/mg creatinine). However, the amnionless excretion was reduced
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in the urine of protein injected mice treated with MMPI to (0.55 + 0.04 ng/mg

creatinine) (Figure.5.25).

Overall these results suggest that MMPI treatment protect amnionless from being
lost in the urine of proteinuric animals. Likewise, the treatment preserves its

expression in proteinuric kidney and regulates the gene expression.
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Figure.5.21. Analysis of amnionless expression in mouse kidneys by

immunoblotting.

(A) Kidney cortex from control, proteinuric mice and protein injected mice treated
with the MMPI were assessed for amnionless, each lane represents a kidney from
each group in comparison with $-actin loading control. (B) Densitometric analysis
of amnionless expression as a ratio to $-actin. Results are expressed as mean +

SEM of 3 mice per group. **p<0.01, one-way ANOVA.
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Figure.5.22. IHC analysis of mouse kidney tissue for amnionless in control,
proteinuric mice and protein injected mice treated with the MMPI.

Representative photomicrographs showing (A) Negative control sections from
control animals prepared without primary antibody. (B) Control mice. (C)
Proteinuric mice. (D) Protein injected mice treated with the MMPI. Scale bars 100
MM,
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Figure.5.23. Semi-quantitative analysis of renal amnionless staining in control,

proteinuric mice and protein injected mice treated with the MMPI.

Results are expressed as mean £ SEM of 4 mice per group. **p< 0.01, one-way
ANOVA
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Figure.5.24. Fold change in amnionless mRNA expression in mouse kidneys of

control, proteinuric mice and protein injected mice treated with the MMPI.

MRNA was extracted from the kidney cortex and subject to g°PCR. Data are mean

+ SEM of 4 mice per group, **p< 0.01, one-way ANOVA.
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Figure.5.25. Urinary excretion of the amnionless in mouse urine.

Urine samples from control, proteinuric mice and protein injected mice treated with
the MMPI normalised creatinine and analysed for amnionless by ELISA. Data are
expressed as mean + SEM of 4 mice per group. **p< 0.01, one-way ANOVA.
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5.2.6.3. Colocalization of the cubam complex in protein overload proteinuria
Kidney tissues from each group were studied for cubilin and amnionless
colocalization by IF. Cubilin and amnionless expression were similar in the kidney
of protein injected mice treated with the MMPI and controls. In proteinuric mice,
cubilin and amnionless receptors were significantly reduced (Figure.5.26).
According to quantification analysis, the percentage of staining significantly
declined in proteinuric mice for cubilin (12.8 £+ 0.43 % stained area) and
amnionless (13.4 £ 0.98 % stained area) compared with the control of cubilin (26.6
+ 0.4 % stained area) and amnionless (26.8 + 0.39 % stained area). MMPI
treatment showed substantial preservation of cubilin to (25.9 + 0.46 % stained
area) and amnionless to (25.7 = 0.7 % stained area) in protein injected mice

(Figure.5.27).

Colocalisation of cubilin and amnionless in the small intestine of mice were also
investigated by IF. Interestingly, these data showed that colocalization of cubilin
and amnionless expression in proteinuric mice were similar to control mice
(Figure.5.28). Therefore, although the expression of receptors was down-
regulated in the diseased kidney and improved by MMPI, in the intestinal tissue,

this cubam complex compared with control had not expressed any change.
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Figure.5.26. IF analysis for colocalization of cubilin (red) and amnionless (green)

staining in mouse kidney tissue.

Representative photomicrographs showing negative control, control mice,
proteinuric mice and protein injected mice treated with the MMPI. Nuclei were
stained blue with DAPI (left panels). Middle panels represent cubilin (cubilin A-20
antibody) stained and amnionless (amnionless antibody) stained. Right-hand
panels represent merged (DAPI, cubilin and amnionless). All photomicrographs
scale bars 100 pm.
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Figure.5.27. Semi-quantitative analysis of renal cubilin and amnionless staining in

control, proteinuric mice and protein injected mice treated with the MMPI.

Data are expressed as mean + SEM of 4 mice per group. *p<0.01. one-way
ANOVA.
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Figure.5.28. IF analysis for colocalization of cubilin and amnionless staining in

mouse small intestine tissue.

Representative photomicrographs showing nuclei were stained blue with DAPI
(left panels). Middle panels represent cubilin (cubilin A-20 antibody) red-stained
and amnionless (amnionless antibody) green-stained. Right-hand panels
represent merged (DAPI, cubilin and amnionless). All photomicrographs scale

bars 100 pm.
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5.2.6.4. Effect of MMPI treatment on DPP-IV marker in proteinuria

Kidney tissue from each mice group was investigated for DPP-IV expression using
immunoblotting, IHC and IF. DPP-IV expression at 116 kDa in proteinuric mice
was similar to protein injected mice treated with the MMPI and controls
(Figure.5.29A). Quantification of both endocytic protein receptors and normalised
to DPP-IV found a significant decrease in proteinuric animals. For example, cubilin
was (0.43 = 0.05 relative intensity) and amnionless (0.38 + 0.03 relative intensity).
However, control mice, the cubilin was (1.4 £ 0.07) and amnionless was (1.3 +
0.09 relative intensity). While MMPI treated animals, cubilin was obviously
increased to (1.4 = 0.05 relative intensity) as well as amnionless to (1.3 £ 0.07

relative intensity) (Figure.5.29B).

Additionally, IHC and IF results showed that DPP-IV expression was identical in
each group (Figure.5.30 and 5.31). Quantification analysis depicted no significant
difference in proteinuric mice, protein injected mice treated with the MMPI and

controls (Figure.5.32).
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Figure.5.29. Analysis of DPP-IV expression in mouse kidney by immunoblotting.

(A) kidney cortex from control, proteinuric and protein injected mice treated with
the MMPI was assessed by immunoblotting for previous cubilin and amnionless
blots in comparison with DPP-IV proximal tubular marker and B-actin loading
control. Blots stripped and reprobed for DPP-IV and B-actin loading control. (B)
Densitometric analysis of cubilin and amnionless expression as a ratio to DPP-IV.
**p<0.01 and ***p<0.001, one-way ANOVA.
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Figure.5.30. IHC analysis of mouse kidney tissue for DPP-IV in control, proteinuric
mice and protein injected mice treated with the MMPI.

Representative photomicrographs showing (A) Negative control sections from
control animals prepared without primary antibody. (B) Control mice. (C)
Proteinuric mice. (D) Protein injected mice treated with the MMPI. Scale bars 100
HM.
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Figure.5.31. IF analysis of mouse kidney tissue for DPP-IV.

Representative photomicrographs showing negative control, control mice,
proteinuric mice and protein injected mice treated with the MMPI. Nuclei were
stained blue with DAPI (left panels). Middle panels represent DPP-IV (DPP-IV
antibody) red-stained. Right-hand panels represent merged (DAPI and DPP-IV).
Scale bars100 pM.
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Figure.5.32. Semi-quantitative analysis of renal DPP-IV staining in control,

proteinuric mice and protein injected mice treated with the MMPI.

Data are presented as mean + SEM of 4 mice per group. p=ns, one-way ANOVA.
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5.3. Discussion

Cubam complex is responsible for reabsorption a wide range of glomerular
ultrafiltered albumin (Pedersen et al., 2010, Amsellem et al., 2010). In the current
study cubilin and amnionless receptors reduced on the cell surface of PTs and
shed into the urine, which associated with loss of filtered proteins in the urine.
This correlates with an increase of MMPs expression in proteinuria. These matrix
enzymes could play an important role in the shedding of the extracellular domain
of protein receptors by driving regulated intramembrane proteolysis (RIP)
(Lichtenthaler et al., 2011, Lal and Caplan, 2011). The results of these
experiments clearly showed that inhibition of MMPs reduced proteinuria and
preserved the cell surface expression of cubilin and amnionless in the proximal

tubules.

Previous investigators reported that albumin overload significantly revealed an
increase in the expression and activity of MMPs. Albumin at diverse doses can
increase the expression and activity of MMP-2 and MMP-9 in mouse podocytes
(Zheng et al., 2009). Likewise, in vitro albumin overload led to upregulation and
activation of MMP-9 in the glomerular parietal epithelial cell through activation of
P44/42 MAPK pathway (Zhang et al., 2015). Another study found that albumin
overload enhances the expression of MMP-9 by albumin endocytosis in renal
tubule epithelial cells via the ERK signalling pathway (Chen et al., 2017). In a
mouse model similar to the current study, Eddy et al (2000) revealed that the
activity of MMP-9 increased but not significantly in TIMP-1 deficiency of albumin
overload proteinuria (Eddy et al., 2000). However, our present study showed that
MMP-2, MMP-3, MMP-7 and MMP-9 were significantly raised at both protein and

MRNA expression in proteinuric animals. This activation of MMP in the kidney of
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proteinuric mice may then contributes to the proximal tubular shedding of

endocytic receptors.

The current findings detected that MMPI treatment reduced both the activity and
expression of MMPs in proteinuric mice. MMPI (batimastat) is a broad-spectrum
MMP inhibitor that mediates its action by the binding of a hydroxamate group to
the zinc ion in the active site of MMPs (Botos et al.,, 1996). The previous
investigator demonstrated that MMPI treatment reduced the activity of MMPs in
various tissues. For instance, inhibition of MMPs activity by MMPI has been
explored in acute kidney allograft rejection model. In this model, MMPI effectively
inhibited MMP-2 and MMP-9 activity (Ermolli et al., 2003). Another study found
that the enzymatic activity of MMPs considerably declined in skeletal muscle of
mdx mice treated with MMPI (Kumar et al., 2010). Similarly, MMPI reduced the
increased activity of MMP-2 and MMP-9 in a model of breast cancer (Low et al.,
1996). Consistent with these studies, the findings of the present work displayed
that MMPI treatment significantly reduced the increased MMP activity in

proteinuric animals.

Although MMPI treatment inhibits the activity of MMPs the mechanism leading to
a reduction of the MMPs expression by this treatment is not well described. The
previous study demonstrated that reduced expression and activity of MMPs in
animals and patients receiving MMP inhibitor (doxycycline). For instance,
upregulation of expression and production of MMP-9 was reduced after
doxycycline in the experimental aortic aneurysm (Petrinec et al., 1996). Likewise,
both increased protein and mRNA expression of MMP-9 substantially declined in
aneurysm tissues of patients treated with doxycycline (Curci et al., 2000).
However, despite the fact that the models are different, MMPI treatment in the
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present study showed a significant reduction in the expression of both protein and
mMmRNA of MMP-2, MMP-3, MMP-7 and MMP-9 in proteinuric mice. Therefore, a
decrease in the expression of MMPs by MMPI treatment could 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 Ermolli et al (2003)
revealed that MMPI treatment (batimastat) caused a substantial reduction of
MMP-2 mRNA production in acute kidney allograft rejection model (Ermolli et al.,
2003). It seems that MMPI treatment is reducing the expression of MMPs, but the

mechanism of downregulation is not well-defined.

An influence of MMPI treatment on reducing the risk of development of kidney
diseases has been previously identified. For instance, MMPI treatment leads to a
significant decline in cyst formation and kidney weight in a rat model of polycystic
kidney disease (Obermuller et al., 2001b). Ermolli et al, (2003) illustrated that
MMPI was effectively able to reduce proteinuria in transplanted animals (Ermolli
et al., 2003). The significant point of the existing study showed that MMPI
treatment is greatly reduced proteinuria and improved the renal function in
proteinuric animals. This is proposing that MMPs activity may be contributing to
alteration of the endocytic receptor expression of the proximal tubular or
glomerular permselectivity in proteinuria. Another study supported that the
antiproteinuric effect of MMPI: proteinuria was significantly decreased in
hypertensive Dahl salt-sensitive rats, and type 2 DN rats treated with MMPI
(XLO81 and XL784) (Wiliams et al., 2011). As a consequence, these MMPIs
reduced glomerulosclerosis and renal injury in these animals, which might be by
reduced proteinuria decreasing glomerular and renal injury (Williams et al., 2011).

Furthermore, Lutz, et al (2005) revealed that early inhibition of MMPs after
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transplantation is essential to reduce 24 hr protein and chronic allograft

nephropathy (Lutz et al., 2005).

Synthetic broad-spectrum MMPIs, such as minocycline and synthetic peptide
MMPI showed that a significant decrease in the severity of the peritubular capillary
injury, which led to a decline in AKI and improved renal function, decreasing serum
creatinine after 24h in animals with ischemic AKI severity of PTC damage (Kunugi
et al., 2011). Inhibition of MMP with GM6001 in hypertensive Dahl/SS rats found
that reducing the intrarenal resistance, improved regional blood flow which
consequently decreases serum creatinine and preserved renal function
(Pushpakumar et al., 2013). Moreover, llomastat (GM6001) inhibited the activity
and expression of MMPs resulting in an improvement in renal function and
decreasing the blood urea nitrogen in cisplatin-induced injury (Ramesh and
Reeves, 2004). The existing study depicted similar results to the previously
mentioned studies that inhibition of MMPs by MMPI treatment decreases serum

creatinine as a result of the improvement of renal function in proteinuric animals.

The current findings showed a significant reduction in cubam complex receptors
at both protein and gene levels in kidneys of proteinuric animals. Previous
investigators in diabetic Goto—Kakizaki rats depicted that cubilin expression was
significantly reduced in PTs associated with a rise in urinary albumin excretion,
but after administration of gliquidone cubilin expression improved and urinary
protein excretion decreased. This improvement in protein reabsorption was
attributed to an amendment in endocytic receptors (Ke et al., 2014). Furthermore,
another study found that cubilin reduction in proteinuria improved at the gene and
protein level when treated with PPAR agonists. It appears that the mechanism of
cubilin expression regulates at the gene level in the PTs by PPAR a and y (Aseem
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et al., 2013). Different mechanisms can regulate the expression of the cubam
complex because the present study demonstrated that MMPI treatment improved
cubilin and amnionless at cell surface expression and mRNA expression in

proteinuric mice. However, the mechanism behind this effect is undetermined.

MMPs activity is obviously high in the tubular lumen of the diabetic kidney,
associated with the shedding of endocytic receptors into the urine (Thrailkill et al.,
2009b). Consistent with the above study, the findings of present work revealed
that cubam complex endocytic receptors are elevated in the urine of proteinuric
mice association with an increase of MMP activity. It is evident that MMPs are
involved in the cleavage of the extracellular domain of membrane proteins by
driving RIP (Nava et al., 2013, Lichtenthaler et al., 2011, Lal and Caplan, 2011).
In vitro studies, for example, showed that megalin ectodomain was cleaved by RIP
into the tubular lumen, whereas inhibition of MMP activity protected the cleavage
of megalin (Zou et al., 2004). In our mouse model of protein overload proteinuria
revealed that RIP could be an increase in urinary megalin excretion and its
reduced expression in PTs of proteinuric mice (Fatah et al., 2017). Even though
no evidence suggests that the RIP mechanism has a cleavage effect on cubam
complex, this complex is close physically to megalin which may explain that
cubam complex may be pulled free from the PTs as a consequence of megalin
ectodomain shedding in proteinuria. Therefore, in the present experiment, MMPI
treatment showed a significant decrease in cubilin and amnionless excretion in
the urine of proteinuric mice. Furthermore, urinary excretion of albumin reduced
in MMPI treated animals which indicate preservation of the cubam complex in the
PTs. These observations suggest that maintaining the cubam complex expression

is important in a reduction of proteinuria and the subsequent renal injury.
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These data suggest that MMPI reduced the activity of MMP in the kidney. In
addition, MMPI treatment reduced urinary excretion of plasma proteins which

served to ameliorate cubam complex endocytic receptors expression in the PTs.
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Chapter six

Matrix Metalloproteinase Inhibitor Ameliorates Renal Tubulointerstitial

Fibrosis and Apoptosis in Proteinuric Mice

6.1. Introduction

Proteinuria contributes to progressive kidney damage by encouraging
tubulointerstitial inflammation, fibrosis, tubular cell injury and death (Li et al.,
2010). This sequence develops through various pathways, which leads to
inflammatory cell infiltrate in the interstitium and sustained fibrogenesis (Abbate et
al.,, 2006, Gorriz and Martinez-Castelao, 2012). MMPs have a key role in
inflammatory cell recruitment and chemotaxis by regulating the inflammatory
response and apoptosis (Tan and Liu, 2012). Apoptosis is a process that occurs
in glomerular and tubulointerstitial areas of the kidney (Tejera et al., 2004),
predominantly reliant on the activity of caspase-3 (Cryns and Yuan, 1998).

In chapter Four increased of MMP expression in proteinuria is described in
association with reduced cubam expression. In these experiments, the effect of
MMPI inhibition on the development of renal fibrosis, inflammation, renal

proinflammatory mediators and apoptosis is examined.
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6.2. Results

6.2.1. Renal histopathology in protein overload proteinuria and MMPI

The effect of MMPI on the renal histology of proteinuric mice and proteinuric mice
with MMPI was investigated by histological assessment of H&E stained kidney
sections. Mice with proteinuria showed a tubular injury with brush border loss,
cellular swelling, and patchy tubular dilation and accumulation of tubular lumen
casts (Figure 6.1B). By contrast, control mice showed no apparent histological
changes in the kidney structure (Figure 6.1A). However, MMPI treatment resulted
in an apparent reduction of the tubular injury in the kidneys of albumin injected
mice (Figure 6.1C). The tubular injury scoring showed a significant increase in
proteinuric mice compared to controls, whereas MMPI treated mice reduced
(Figure.6.2). These results indicate that renal histological changes are reversible

in the proteinuric animals when treated with MMPI.
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Figure.6.1. Kidney histology in control, proteinuric mice and protein injected mice
treated with the MMPI.

Kidney injury was assessed in H&E stained kidney sections. (A) Control mice. (B)
Proteinuric mice. (C) Protein injected mice treated with the MMPI. kidney sections
of proteinuric mice illustrate the loss of brush border in renal tubules (yellow
arrowheads), cast formation (blue asterisk), tubular dilatation (blue arrows), and

intra-tubular blood cast (green arrowheads), Scale bars 100 um.
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Figure.6.2. Renal tubular injury scoring in mouse kidney from control, proteinuric

mice, and protein injected mice treated with the MMPI.

Data are expressed as mean + SEM of 4 mice per group. **p< 0.01, one-way
ANOVA.
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6.2.2. Effect of MMPI treatment on collagen deposition in proteinuria

Sirius red staining was used to determine collagen deposition in the kidney of
animals. Collagen deposition was barely detected in renal tissues from control
mice (Figure 6.3A). Proteinuric mice displayed an increase in collagen deposition
in the kidney (Figure 6.3B). Collagen in MMPI treated mice was significantly
decreased (Figure 6.3C). The area of collagen staining displayed a significant rise
in proteinuric mice (11.8 + 0.7% stained area) compared to control mice (1.5 +
0.22 % stained area). However, MMPI treatment gave a significant decline of
collagen to (1.5 £ 0.3 % stained area) in protein injected mice (Figure 6.4). This
result indicates that the development of renal collagen in proteinuria is reversed

by MMP inhibition.
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Figure.6.3. Sirius red staining of mouse kidney section for collagen deposition.

Representative photomicrographs of showing (A) Control mice. (B) Proteinuric
mice. (C) Protein injected mice treated with the MMPI. Scale bars 100 um
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Figure.6.4. Semi-quantitative analysis of collagen deposition in mouse kidney from

control, proteinuric mice and protein injected mice treated with the MMPI.

Results are expressed as mean £ SEM of 4 mice per group. **p< 0.01, one-way
ANOVA.
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6.2.3. Effect of MMPI treatment on renal macrophages in proteinuria

Macrophage F4/80 is a specific antigen marker on the surface of macrophages
used to assess the degree of renal inflammation in protein overload proteinuria
studies (Ma et al., 1998, Acosta et al.,, 2008, Donadelli et al., 2003).
Immunoblotting was used to examine the macrophage expression in proteinuria.
F4/80 bands at 160 kDa increased in proteinuric animals compared to controls
and protein injected animals treated with the MMPI (Figure 6.5A). Results were
guantified by densitometry and are shown in Figure 6.5B. A significant increase in
F4/80 expression was seen in proteinuric mice (1.35 + 0.034 relative intensity) in
comparison with controls (0.43 + 0.03 relative intensity), whereas protein injected

mice treated with the MMPI was clearly reduced to (0.46 + 0.09 relative intensity).

IHC results showed that greater F4/80 staining was detected in proteinuric mice
compared with control groups, but this was not seen in protein injected mice
treated with the MMPI (Figure 6.6). Semi-quantitative analysis of F4/80 staining
revealed a significant increase in proteinuric mice to (15.9 + 1.7% stained area)
compared to controls (0.41 + 0.7% stained area) but after MMPI treatment was

significantly reduced to (0.44 £+ 0.11% stained area) (Figure.6.7).

gPCR studies (Figure.6.8) demonstrated that the expression of macrophage
F4/80 mRNA was significantly increased to (7.9 + 0.55-fold) in proteinuric animals
compared to controls (1 + 0.2-fold). When protein injected animals were treated
with the MMPI this was substantially reduced to (0.99 = 0.15 -fold). Together these
results revealed that MMPI treatment decreased macrophages infiltration in

kidneys proteinuria.
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Figure.6.5. Analysis of macrophage F4/80 expression in mouse kidneys by

immunoblotting.

(A) Kidney cortex from control, proteinuric mice and protein injected mice treated
with the MMPI were evaluated for macrophage F4/80. Each lane represents a
kidney sample from an individual animal from each group. The lower panel depicts
a blot stripped and reprobed for $-actin as a loading control. (B) Densitometric
analysis of macrophage F4/80 expression as a ratio to B-actin. Results are
expressed as mean = SEM of 3 mice per group. **p< 0.01, one-way ANOVA.
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Figure.6.6. IHC analysis of mouse kidney tissue for macrophage F4/80 in control,
proteinuric mice and protein injected mice treated with the MMPI.

Representative photomicrographs showing (A) Negative control sections from
control animals prepared without primary antibody. (B) Control mice. (C)
Proteinuric mice. (D) Protein injected mice treated with the MMPI. Scale bars 100
MM,
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Figure.6.7. Semi-quantitative analysis of renal macrophage F4/80 staining in
mouse kidney from control, proteinuric mice and protein injected mice treated with
the MMPI.

Data are expressed as mean =+ SEM of 4 mice per group. **p< 0.01, one-way
ANOVA.
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Figure.6.8. Fold change in macrophage F4/80 mRNA expression in mouse
kidneys from control, proteinuric mice and protein injected mice treated with the
MMPI.

MRNA was extracted from the kidney cortex and subjected to gPCR. Data are

expressed as mean = SEM of 4 mice per group. **p< 0.01, one-way ANOVA.
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6.2.4. Effect of MMPI treatment on renal interleukin-6 expression in

proteinuria

To determine the effect of MMPI treatment on IL-6 in proteinuria, kidney tissues
from each group were investigated by immunoblotting. IL-6 bands at 21 kDa were
clearly detected in proteinuric animals. In contrast, IL-6 was virtually undetectable
in both control and MMPI treated animals (Figure 6.9A). When quantified IL-6
protein was significantly higher in proteinuric groups (1.52 = 0.1703 relative
intensity) than in controls (0.14 + 0.054 relative intensity). Conversely, IL-6
expression in protein injected groups treated with the MMPI was significantly

lowered to (0.218 + 0.085 relative intensity) (Figure.6.9B).

IHC displayed strong immunolabeling of IL-6 in the kidneys of proteinuric mice
compared with controls (Figure 6.10C vs 6.10B), whereas protein injected mice
treated with the MMPI exhibited no immunoreactive signals (Figure 6.10 D). Semi-
guantitative analysis of the kidney sections revealed a significant rise in IL-6
expression in proteinuric mice (30.9 = 0.9 % stained area) compared to control
mice (2.5 = 0.24 % stained area). However, MMPI treatment has significantly

reduced to (5.1 £ 0.19 % stained area) in protein injected mice (Figure.6.11).

gPCR confirmed that IL-6 mRNA expression was markedly increased in
proteinuric mice to (3.7 =+ 0.52-fold) compared with control mice (1 £ 0.26 -fold).
While MMPI treatment of protein injected mice showed a significant decline in IL-
6 MRNA expression to (1.06 + 0.28 -fold) (Figure.6.12). These results suggest that
MMPI treatment can decrease IL-6 expression and regulate its gene expression

in proteinuria.
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Figure.6.9. Analysis of IL-6 expression in mouse kidneys by immunoblotting.

(A) Kidney cortex from control, proteinuric mice and protein injected mice treated
with the MMPI were evaluated for IL-6. Each lane represents a kidney sample
from an individual animal from each group. The lower panel depicts a blot stripped
and reprobed for B-actin as a loading control. (B) Densitometric analysis of IL-6
expression as a ratio to p-actin. Results are expressed as mean + SEM of 3 mice

per group. **p< 0.01, one-way ANOVA.
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Figure.6.10. IHC analysis of mouse kidney tissue for IL-6 in control, proteinuric
mice and protein injected mice treated with the MMPI.

Representative photomicrographs showing (A) Negative control sections from
control animals prepared without primary antibody. (B) Control mice. (C)
Proteinuric mice. (D) Protein injected mice treated with the MMPI. Scale bars 100
MM,
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Figure.6.11. Semi-quantitative analysis of renal IL-6 staining in mouse kidney from

control, proteinuric mice and protein injected mice treated with the MMPI.

Data are expressed as mean + SEM of 4 mice per group. *p< 0.01, one-way
ANOVA.
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Figure.6.12. Fold change in IL-6 mMRNA expression in mice kidneys from control,

proteinuric mice and protein injected mice treated with the MMPI.

MRNA was extracted from the kidney cortex and subjected to gPCR. Data are

expressed as mean + SEM of 4 mice per group. **p< 0.01, one-way ANOVA.
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6.2.5. Effect of MMPI treatment on renal tumour necrosis factor-alpha (TNF-

a) expression in proteinuria

To investigate the effect of MMPI treatment on TNF-a expression in proteinuria,
kidney tissues from each group were assessed by immunoblotting. More
prominent TNF-a bands at 17 kDa were revealed in proteinuric mice compared to
controls. However, TNF-a bands were faintly detected in protein injected mice
treated with the MMPI (Figure 6.13A). Quantified TNF-a expression showed a
significant increase in proteinuric mice (1.3 £ 0.06 relative intensity) compared
with controls (0.2 = 0.06 relative intensity), while the MMPI treatment of protein
injected mice substantially reduced this to (0.39 £ 0.04 relative intensity) (Figure
6.13B).

IHC results revealed TNF-a immunostaining was prominently detected in the
kidneys of proteinuric aminals (Figure. 6.14C). Conversely, in MMPI treated mice
and in controls, this was not observed (Figure 6.14D and 6.14B). The semi-
guantitive analysis showed a significant increase in proteinuric animals (25.0 £ 2.1
% stained area) compared with controls (3.7 + 0.18 % stained area), whereas
MMPI treatment remarkably reduced (5.1 + 0.19 % stained area) (Figure.6.15).
By gPCR, proteinuric groups had a significant increase in mRNA levels of TNF-a
(8.5 + 0.58 -fold) compared with controls (1 £ 0.199 -fold) but MMPI treatment
considerably reduced the mRNA level to (1.001 £ 0.07 -fold) (Figure.6.16). These
data revealed that MMPI treatment suppresses TNF-a in the kidneys of protein

injected animals.

225



A Protein+
Control  Proteinuria MMPI

17 +oa | " <

—
o
M

TNF-o /p.actin
e
o

0.0-
Control Proteinuria Protein+MMPI

Figure.6.13. Analysis of TNF-a expression in mouse kidneys by immunoblotting.

(A) Kidney cortex from control, proteinuric mice and protein injected mice treated
with the MMPI were evaluated for TNF-a. Each lane represents a kidney sample
from an individual animal from each group. The lower panel depicts a blot stripped
and reprobed for B-actin as a loading control. (B) Densitometric analysis of TNF-
a expression as a ratio to B-actin. Results are expressed as mean + SEM of 3

mice per group. **p< 0.01, one-way ANOVA.
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Figure.6.14. IHC analysis of mouse kidney tissue for TNF-alpha in control,

proteinuric and protein injected mice treated with the MMPI.

Representative photomicrographs showing (A) Negative control sections from
control animals prepared without primary antibody. (B) Control mice. (C)
Proteinuric mice. (D) Protein injected mice treated with the MMPI. Scale bars 100
MM,
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Figure.6.15. Semi-quantitative analysis of renal TNF-alpha staining in mouse
kidney from control, proteinuric mice and protein injected mice treated with the
MMPI.

Data are expressed as mean + SEM of 4 mice per group. **p< 0.01, one-way
ANOVA.
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Figure.6.16. Fold change in TNF-a mRNA expression in mice kidneys from

control, proteinuric mice and protein injected mice treated with the MMPI.

MRNA was extracted from the kidney cortex and subjected to gPCR. Data are

expressed as mean + SEM of 4 mice per group. **p< 0.01, one-way ANOVA.
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6.2.6. Effect of MMPI treatment on renal transforming growth factor-beta

(TGF-B) expression in proteinuria

TGF-B expression was studied either in proteinuria or proteinuria with MMPI.
Kidney tissues from each group were studied by immunoblotting. More prominent
TGF-B bands were detected at 25 kDa in proteinuric mice compared with controls.
Similarly, their bands were faintly displayed in mice treated with MMPI (Figure
6.17A). By densitometric analysis, TGF- expression was significantly increased
in the kidney of proteinuric animals (1.17 + 0.026 relative intensity) in comparison
with controls (0.57+ 0.02 relative intensity). However, MMPI treatment has
dramatically decreased to (0.59 + 0.022 relative intensity) in protein injected

animals (Figure 6.17B).

To confirm the immunoblotting results, IHC found appreciable TGF-B staining in
the kidneys of proteinuric mice (Figure. 6.18 C). In contrast, no staining was
detected in mice with MMPI and controls (Figure.6.18D and 6.18B).
Semiquantitative analysis of TGF-B expression revealed a substantial rise in
animals with proteinuria (17.5 + 0.9 % stained area) while in controls (2.47+ 0.19
% stained area). In MMPI treatment of proteinuric animals, this was significantly

decreased (3.81+ 0.38 % stained area) (Figure.6.19).

In addition, the expression of TGF- mRNA in proteinuric mice was greatly
increased to (3.26 + 0.36 -fold) compared with controls (1 £ 0.19 -fold). Whereas
MMPI treatment has substantially reduced it to (1.1 + 0.167 -fold) (Figure.6.20).
These data demonstrated that MMPI treatment decreases the expression levels

of TGF-B at protein and gene levels in the kidneys of proteinuric mice.

230



A o Protein
Control  Proteinuria  +pmPI

42 kDa B_acti n

TGF-B /p-actin

Control Proteinuria Protein+MMPI

Figure.6.17. Analysis of TGF-3 expression in mouse kidneys by immunoblotting.

(A) Kidney cortex from control, proteinuric mice and protein injected mice treated
with the MMPI were evaluated for TGF-3. Each lane represents a kidney sample
from an individual animal from each group. The lower panel depicts a blot stripped
and reprobed for B-actin as a loading control. (B) Densitometry analysis of TGF-
immunoblots expressed as a ratio to p-actin. Results are expressed as mean *

SEM of 3 mice per group. **p< 0.01, one-way ANOVA.



Figure.6.18. IHC analysis of mouse kidney tissue for TGF-f in control, proteinuric

and protein injected mice treated with the MMPI.

Representative photomicrographs showing (A) Negative control sections from
control animals prepared without primary antibody. (B) Control mice. (C)
Proteinuric mice. (D) Proteinuric mice treated with MMPI, Scale bars 100 puM.
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Figure.6.19. Semi-quantitative analysis of renal TGF-B staining in control,

proteinuric mice and protein injected mice treated with the MMPI.

Data are expressed as mean + SEM of 4 mice per group. *p< 0.01, one-way
ANOVA.
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Figure.6.20. Fold change in TGF-B mRNA expression in mice kidneys from

control, proteinuric mice and proteinuric mice treated with the MMPI.

MRNA was extracted from the kidney cortex and subjected to gPCR. Data are

expressed as mean = SEM of 4 mice per group. **p< 0.01, one-way ANOVA.
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6.2.7. Effect of MMPI treatment on apoptosis in proteinuria

The influence of MMPI on apoptosis in proteinuria was studied by TUNEL assay.
In proteinuric animals, TUNEL staining was increased compared with controls
(Figure 6.21C vs 6.21B). In contrast, TUNEL staining was not detected in MMPI
treated mice (Figure 6.21D). Similarly, apoptotic cells revealed a significant
increase in proteinuric mice (32.4 + 0.5) with respect to controls (1.1 £ 0.03). While
MMPI treatment of protein injected mice showed a low number of apoptotic cells
(1.2 £ 0.04) (Figure.6.22). These results indicate that MMPI treatment reduces the

number of apoptotic cells in the kidneys of protein overload proteinuria mice.
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Figure.6.21. TUNEL stained mouse kidney sections for detection apoptosis.

Representative photomicrographs showing (A) Negative control sections from
control animals prepared without TdT. (B) Control mice. (C) Proteinuric mice. (D)
Protein injected mice treated with the MMPI. Scale bars 100 puM.
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Figure.6.22. Numbers of apoptotic cells counted by Image J in control, proteinuric

mice and protein injected mice treated with the MMPI.

Results are expressed as a percentage mean + SEM of 4 mice per group, **p<
0.01, one-way ANOVA.

237



6.2.8. Effect of MMPI treatment on renal caspase-3 expression in proteinuria
MMPI effects on caspase-3 expression in proteinuria were studied by
immunoblotting, IHC and IF. As shown in figure 6.23 A and B, caspase-3 bands
at 35 kDa displayed a significant increase in proteinuric mice (1.08 + 0.07 relative
intensity) compared with controls (0.1 = 0.02 relative intensity) but MMPI treated

mice was considerably reduced to (0.12 + 0.04 relative intensity).

IHC and IF results also confirmed that caspase-3 expression was substantially
increased in proteinuric mice (23.6 + 0.3 % stained area) compared with controls
(0.8 £ 0.11 % stained area). Caspase-3 expression was substantially reduced in

MMPI treated mice to (0.76 £ 0.12 % stained area) (Figure.6.24 to 6.27).
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Figure.6.23. Analysis of caspase-3 expression in mouse kidneys by

immunoblotting.

(A) Kidney cortex from control, proteinuric mice, and protein injected mice treated
with the MMPI were evaluated by immunoblotting for caspase-3. Each lane
represents a kidney sample from an individual animal from each group. The lower
panel depicts a blot stripped and reprobed for B-actin as a loading control. (B)
Densitometric analysis of caspase-3 expression, Results are expressed as a ratio

to B-actin, mean = SEM of 3 mice per group. **p< 0.01, one-way ANOVA.
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Figure.6.24. IHC analysis of mouse kidney tissue for caspase-3 in control,

proteinuric mice and protein injected mice treated with the MMPI.

Representative photomicrographs showing (A) Negative control sections from
control animals prepared without primary antibody. (B) Control mice. (C)
Proteinuric mice. (D) Protein injected mice treated with the MMPI. Blue

arrowheads represent the caspase-3 staining. Scale bars 100 puM.
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Figure.6.25. Semi-quantitative IHC analysis of renal caspase-3 staining in control,
proteinuric mice and protein injected mice treated with the MMPI.

Data are expressed as mean + SEM of 4 mice per group. **p< 0.01, one-way
ANOVA.
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Figure.6.26. IF analysis of mouse kidney tissue for caspase-3.

Representative photomicrographs showing (A) Negative control sections from
control animals prepared without primary antibody and DAPI nuclei stained. (B)
Control mice (no staining of caspase-3 (green) expression was merged with DAPI
nuclei stained). (C) Proteinuric mice (expression of caspase-3 (green) staining
merged with DAPI nuclei stained). (D) Protein injected mice treated with the MMPI
(no staining of caspase-3 (green) expression was merged with DAPI nuclei

stained). White arrows indicate the caspase-3 staining. Scale bars 100 uM.
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Figure.6.27. Semi-quantitative IF analysis of renal caspase-3 staining in control,
proteinuric mice and protein injected mice treated with the MMPI.

Data are expressed as mean + SEM of 4 mice per group. *p< 0.01, one-way
ANOVA.
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6.3. Discussion

Abnormal protein trafficking is a causative factor of renal tubular cell injury and
death (Li et al., 2010). This process stimulates a range of intracellular signalling
pathways in renal cells and triggers tubular epithelial cells to enter a
proinflammatory condition (Zoja et al., 2004, Tang et al., 2003). It then leads to a
profibrotic microenvironment with an accumulation of extracellular matrix (Wu et
al., 2014). MMPs were previously assumed to be an anti-fibrotic because of their
ability to degrade and remodel of the ECM (Zhao et al., 2013). However, various
studies found that MMPs regulate inflammatory response by recruitment of
inflammatory cells and chemotaxis components (Tan and Liu, 2012). Although
the biological functions of MMPs are much more complex and diverse, these
enzymes have a role in the release and activation of extracellular matrix-bound
growth factors and cytokines (Zhao et al., 2013). The current results reveal that
the MMPI significantly reduced the levels of interstitial inflammation and fibrosis
by decreasing the expression of proinflammatory cytokines and interstitial
infiltration of macrophages. Similarly, the MMPI reduces apoptosis and caspase-

3 in protein overload proteinuria.

Activation of MMP causes an accumulation of collagen-1V in the interstitial space
of proteinuria kidney leading to the glomerular disease that progress to ESRD
(Dimas et al., 2013). Previous studies also found that collagen deposition
elevated in the kidney interstitum of BSA treated mice after 7 days of
administration (Landgraf et al., 2014). Our present study showed that an increase
in collagen deposition in the kidney of proteinuric animals occurred in association
with a significant increase in TGF-B expression. This observation had found by

Eddy et al (2000) who illustrated that TGF-B expression and collagen deposition

244



increased in albumin overload mice associated with interstitial fibrosis (Eddy et
al., 2000). The current study revealed a significant increase in collagen deposition
in animals with proteinuria; however, collagen deposition has decreased
significantly when treated with MMPI. This might be explained by the inhibition of
MMPs in this model. This finding was supported by a unilateral ureteral
obstruction (UUO) which found that deposition of types Ill and | collagens were
raised in the kidney associated with an increase in the expression levels of MMP-
2 and MMP-9 in mice kidney (Du et al., 2012). Moreover, MMP-2*/*mice treated
with MMPI (minocycline) showed that the deposition of type Il and type | collagen
were diminished compared to MMP-2*/* mice. This explains that MMPs play an
important role in collagen deposition (Du et al., 2012). In salt-sensitive
hypertension, it was demonstrated that MMP inhibition reduced type | collagen
deposition and increased elastin in the intrarenal vessels with fibrosis reduction
(Pushpakumar et al., 2013). According to our finding and previous studies,
inhibition of MMP activity significantly reduced collagen deposition in proteinuric

animals.

Macrophages are recognised in renal injury and fibrosis (Eddy, 2000). In the UUO
model, it was confirmed that specific depletion of macrophages using CD11b-
DTR was accompanied by a decrease in the severity of renal fibrosis (Henderson
et al., 2008). The existing study demonstrated that macrophage was significantly
increased in proteinuric mice. This result is in line with previous models of protein
overload which revealed an increase of macrophage infiltration into the
interstitium of proteinuric mice (Landgraf et al.,, 2014, Eddy et al., 2000).
Interestingly, the current study detected an increase of macrophage into the

interstitium associated with an elevation of MMP activity in proteinuric animals.
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This data is consistent with a preceding study showing that MMP-2 expression
increased with macrophage infiltration into the kidney of UUO mice (Nishida et

al., 2007).

But MMP inhibition by MMPI in the present work showed a significant reduction in
macrophages recruitment into the kidney of proteinuria. This data is consistent
with Nishida et al. (2007) who discovered that inhibition of MMP-2 has significantly
reduced macrophage infiltration and kidney fibrosis in UUO mice (Nishida et al.,
2007). In addition, either MMP-27/- mice or MMP-2*/* mice that treated with
minocycline showed a considerable reduction in macrophage infiltration in the
UUO model (Du et al., 2012). It is possible then that, a reduction in macrophages

using batimastat may be correlated with MMP diminishing in proteinuric animals.

Clinical and experimental studies suggest that IL-6 contributes to the development
of renal injury. For instance, IL-6 expression was elevated in kidneys and urine of
patients with mesangial proliferative glomerulonephritis (Horii et al., 1989). Models
of lupus nephritis revealed that IL-6 activities stimulated the progression of kidney
damage while blocking of IL-6 using anti-IL-6 mAb showed prevention in the
development of severe kidney disease (Liang et al., 2006). Furthermore,
nephrotoxin-induced AKI study showed that IL-6 expression increased in the renal
tubular epithelial cells associated with kidney damage. Nonetheless, mice with IL-
6 deficiency have a reduced tendency towards neutrophil accumulation and are
relatively resistant to the injury (Nechemia-Arbely et al., 2008). The finding in the
present study revealed that IL-6 expression increased in the kidney with
proteinuric animals, whereas batimastat treatment displayed a substantial

decrease in the expression of IL-6 in the kidney of proteinuria. Consequently, IL-
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6 as a proinflammatory factor its reduction could be associated with a decrease in

macrophage and MMP expression.

TNF-a is another inflammatory cytokine increased in albuminuria of animal
models of diabetic nephropathy when exposed to streptozotocin (Kalantarinia et
al., 2003). This showed a similar result regarding the present study, TNF-a
expression increased in proteinuric animals. An in vitro study presented evidence
that effects of TNF-a increases MMP-9 in HK-2 (human proximal tubule cell line)
through TNF-receptor | (Nee et al.,, 2004). Gearing et al (1995) found that
inhibition of MMP-2/ MMP-9 activities might lead to inhibition of TNF-a activation
(Gearing et al., 1995). This indicates that there is a correlation between an
increase of TNF-a and MMPs activities (Gearing et al., 1994). This concept was
supported in the current study when the expression of TNF-a was significantly
reduced using MMPI treatment and ultimately ameliorated the renal injury in the

animal model of protein overload proteinuria.

TGF-B is a profibrotic cytokine that stimulates renal cells to produce ECM proteins
leading to glomerulosclerosis and tubulointerstitial fibrosis (Loeffler and Wolf,
2014). In vitro and in vivo studies showed that albumin activates the tubular
synthesis of TGF-3 (Abbate et al., 2002). Additionally, our study illustrated that an
increase in TGF-B expression in the kidney of proteinuric animals occurred in
association with a significant increase of MMP. This observation had found by
Eddy et al (2000) who showed that TGF-B expression increased in albumin
overload mice associated with interstitial fibrosis (Eddy et al., 2000). Moreover,
TGF-B is associated with upregulation of MMP-2/MMP-7 expression in
streptozotocin-induced diabetic nephropathy rats (Li et al., 2017). However,

inhibition of MMP activity using MMPI treatment showed a significant decrease in
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the expression of TGF-B levels accompanying a reduction in MMPs activities in
proteinuria. An animal study also revealed that expressions of TGF-, MMP-2 and
MMP-7 are considerably reduced in diabetic nephropathy rats when treated with

sodium hydrosulfide (Li et al., 2017).

Many experimental investigations and clinical observation proved that albumin
overload is associated with tubular cell death (Tejera et al., 2004, Eddy, 1989,
Sanz et al., 2008). In vitro studies described that renal tubular cell apoptosis plays
a role in the pathogenesis of renal tubular injury (Morigi et al., 2002, Zoja et al.,
1998). In albumin exposed PTCs, apoptosis has been detected due to an increase
in TGF-B expression and fibrosis development (Gentle et al., 2013). Moreover,
caspase-3 expression increased at both mRNA and protein levels during
reperfusion in a rat model of acute renal ischemia associated with apoptosis

(Kaushal et al., 1998).

These observations in the present experiment demonstrated that the apoptosis
and caspase-3 expression were raised significantly in the kidney of proteinuric
animals. Likewise, a previous study conducted on rats with protein-overload
proteinuria revealed a substantial increase in the tubular cell apoptosis (Thomas
et al., 1999); whereas pancaspase inhibitor diminished caspase-3 activity
associated with a reduction in apoptosis and brush-border damage in ischemic
mouse kidney (Jani et al., 2004). MMP expression in the current study has
increased in the proteinuric mice concomitant with apoptosis and caspase-3.
Although in the present findings the mechanism was not studied. Powell et al
(1999) mentioned that MMP-7 encourage apoptosis via cleaving and generating

active soluble Fas ligand (Powell et al., 1999). This may explain the inhibition
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effect of MMPI treatment that showed a significant reduction in the apoptosis and

caspase-3 expression in the existed model.

Taken together the results demonstrate increasing renal proinflammatory
cytokines, inflammatory cell infiltration, collagen deposition and apoptosis in
proteinuria reversed by MMP inhibition. The precise mechanisms of the MMPI

effect remain to be identified.
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Chapter Seven

Expression of Cubam complex in Human Nephrotic Syndrome

7.1. Introduction

Albumin is one of the filtered proteins reabsorbed in the proximal tubule mediated
by the cubam endocytic complex (Zhang et al., 2013). Proteinuria is a sensitive
marker and an adverse prognostic feature in renal diseases (Ruggenenti et al.,
2001, Abbate et al., 2006). In a proteinuric disease such as minimal change
nephrotic syndrome, a large amount of plasma proteins enters the tubules (Eddy,
2004). The mechanism behind these observations is unclear, but increasing the
load of protein taken up and recycled by the proximal tubular cells potentially

contributes to the development of inflammation and fibrosis (Gekle, 2005).

Nevertheless, expression of the cubam complex is not well studied in human
proteinuric diseases. A recent report showed downregulation of endocytic protein
receptors in mice protein overload nephropathy, but very little is known about the
cubam complex expression in humans. Available data rely on the phenotypes of
rare genetic disease resulting in dysfunction of cubilin and amnionless (Storm et
al., 2013). Therefore, in this chapter, human patients’ kidney biopsies from
different nephrotic diseases were investigated to assess change in cubam

expression.
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7.2. Results

To determine whether cubam is altered in human nephrotic syndrome, renal
biopsies from 29 patients with nephrotic syndrome due to minimal change disease
(MCD), membranous nephropathy (MN) and focal segmental glomerulosclerosis
(FSGS) were analysed for cubam complex by IHC.

Control biopsies harvested from the unaffected pole of nephrectomy specimens
well clear of the tumour margin from age-matched renal cell carcinoma patients

with normal eGFR were also studied by IHC (Table.7.1).
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Age

MCD 18
19
20
25
28
38
41
75
76
MN 24
33
41
41
47
48
70
71
73
73
FSGS 32
50
51
53
63
63
64
72
82

Gender

Female
Male
Male
Male

Female
Male

Female
Male
Male

Female

Female
Male
Male

Female
Male
Male
Male

Female
Male

Female

Female

Female
Male
Male
Male

Female
Male

Female

eGFR ml/min/1.73 m?

>90
> 90
>90
>90
> 90
>90
73
60
72
90
90
82
90
64
90
90
72
65
90
89
63
60
71
62
81
62
62
61

Urine PCR
mg/mmol
500
364
800
> 1000
> 1000
601
400
618
> 1000
714
450
580
618
>1000
805
612
384
985
>1000
>1000
>1000
720
>1000
500
>1000
>1000
822
>1000

Glomeruli
(n)
18
13
18
16

7
30
18
14
12
14
23
10
8
16
10
18
9
19
38
21
7
26
9

6
14
16
15

Table.7.1. Clinical parameters of nephrotic syndrome patients were provided that

kidney biopsy samples, adapted from (Fatah et al., 2017).
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7.2.1. Cubilin expression in human nephrotic syndrome

Cubilin expression in the kidney of proteinuric patients with the glomerular disease
compared with normal controls was investigated. In normal control biopsies,
cubilin expression was found on the apical membrane of proximal tubule as
previously described (Christensen and Birn, 2002). Conversely, cubilin staining
was noticeably reduced in the apical membrane of proximal tubules of MCD, MN
and tissue biopsies from FSGS (Figure 7.1C to E). All sections of nephrotic
patient’s biopsies were compared with healthy controls (Figure 7.1B).
Semi-quantitative analysis of the sections using ImageJ revealed a significant
reduction in cubilin expression in MND (9.0 + 0.86 % stained area), MN (6.8 + 0.69
% stained area) and FSGS patients (6.1 + 0.65 % stained area) compared to

healthy control biopsies (26.5 £ 0.9 % stained area) (Figure.7.2).

253



Figure.7.1. IHC analysis of human kidney biopsies for cubilin in patients with

nephrotic syndrome.

Representative photomicrographs showing (A) Negative control from healthy
control prepared without primary antibody, (B) Healthy human control, (C) MCD,
(D) MN and (E) FSGS. All IHC was done in triplicate, Scale bars 100 uM.
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Figure.7.2. Semi-quantitative analysis of renal cubilin expression in human
nephrotic syndrome.

Results are expressed as mean + SEM. ** p < 0.01 compared healthy controls
(n=10 except for FSGS where n=9), one-way ANOVA.
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7.2.2. Amnionless expression in human nephrotic syndrome

Amnionless expression was explored in the kidney of proteinuric patients with
glomerular diseases. In normal control biopsies, amnionless expression was
located at the apical surface of proximal tubules as previously defined (Coudroy
et al., 2005). Amnionless staining was significantly decreased in the apical
membrane of proximal tubules cells of patients with MCD, MN and tissue biopsies

from FSGS (Figure 7.2 C to E) compared with healthy controls (Figure 7.3B).

Semiquantitative analysis of sections using ImageJ demonstrated a substantial
decline in amnionless expression in patients with MND (11.3 = 0.73 % stained
area), MN (8.7 £ 0.73 % stained area) and FSGS (7.2 + 0.62 % stained area)

compared to control biopsies (25.4 £ 0.72 % stained area) (Figure 7.4).
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Figure.7.3. IHC analysis of human kidney biopsies for amnionless in patients with
nephrotic syndrome.

Representative photomicrographs showing (A) Negative control from healthy
control prepared without primary antibody, (B) Healthy human control, (C) MCD,
(D) MN and (E) FSGS. All IHC was done in triplicate, Scale bars 100 uM.
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Figure.7.4. Semi-quantitative analysis of renal amnionless expression in human
nephrotic syndrome.

Results are expressed as mean £+ SEM. **p < 0.01 compared healthy controls
(n=10 except for FSGS where n=9), one-way ANOVA.
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7.2.3. DPP- IV expression in human nephrotic syndrome

DPP-IV expression in proteinuric patients with the glomerular disease was studied
by IHC. DPP-IV staining was initially expressed on the apical surface of proximal
tubule as previous studies (Mentlein, 1999). Interestingly, DPP-1V immunostaining
was clearly unchanged in the proximal tubules of proteinuric patients with MCD,
MN and FSGS (Figure 7.5) In contrast with healthy controls (Figure 7.5B).
Semiquantitative analysis of the sections confirmed no significant difference in
DPP-IV expression between MND (23.6 + 0.95 % stained area), MN (23.5 + 0.92
% stained area) and FSGS (23.4 £ 0.98 % stained area) in comparison with

healthy control biopsies (23.6 + 1.7% stained area)(Figure 7.6).
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Figure.7.5. IHC analysis of human kidney biopsies for DPP-IV in patients with
nephrotic syndrome.

Representative photomicrographs showing (A) Negative control from healthy
control prepared without primary antibody, (B) Healthy human control. (C) MCD.
(D) MN and (E) FSGS. All IHC was done in triplicate, Scale bars 100 pM.

260



301
2
- ——
o
o
a) 201
— O
o £
o <
o g
M +~
E‘ 2]
S 10
2
[0}
o

O-

Control M CD M N FSGS

Figure.7.6. Semi-quantitative analysis of renal DPP-IV expression in human

nephrotic syndrome.

Results are expressed as mean + SEM, p=ns, one-way ANOVA.
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7.3. Discussion

Excessive reabsorption of proteins has been demonstrated to induce
tubulointerstitial inflammation and fibrosis (Zoja et al., 2015). Proteinuria is thought
to increase renal disease progression to ESRD (Abbate et al., 2006). The current
study showed that cubam complex expression was significantly reduced in the
proximal tubules from patients with MCD, MN and FSGS. In previous chapters on
proteinuric mice, we found that the decrease of cubam complex correlated with an
increase of MMPs expression and inflammatory markers. The mechanism behind
these results had not been examined due to a limitation of human biopsies
materials. However, reduction of the cubam complex in proteinuric human
diseases is relatively consistent with findings in the mouse model. Therefore,
endocytic receptors may be specifically downregulated in proteinuria to protect

tubular cells from protein overload

The reduction in cubam complex expression in the PTs in proteinuria is to some
degree selective as DPPIV unchanged. This is supported by a study on sub-
chronic exposure to cadmium, a model which revealed a reduction of cubilin
expression in the proximal tubule without alteration of DPP-IV expression in the

rat kidney (Santoyo-Sanchez et al., 2013).

In summary, although the result of IHC showed a significant reduction of cubam
complex, limitation of renal patient biopsies prevented mRNA or other more

detailed analyses to examine mechanisms behind the cubam complex reduction.
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Chapter Eight
Thesis discussion

8.1. Thesis summary

Proteinuria is prognostic of deteriorating renal function in patients with CKD
(Gorriz and Martinez-Castelao, 2012). Albumin is the most abundant protein in the
glomerular filtrate and is reabsorbed by the proximal tubule via endocytic
receptors (Birn and Christensen, 2006). In proteinuria, proximal tubular cells are
affected by abnormal filtered proteins which leads to renal inflammation and
fibrosis (Eddy, 2004, Zoja et al., 2015). MMPs have a role in the regulation of the
inflammatory response and apoptosis in proteinuric renal disease (Tan and Liu,
2012). This creates a pressing need for a better understanding of the molecular
mechanisms of proteinuria. The primary aim of this thesis was to investigate the
cubam complex endocytic receptor proteins that contribute to the interaction
between the proximal tubular cells and proteins in the tubular lumen. However,
little is known about the cubam complex expression in a renal disease
characterized by heavy proteinuria.

In general protein excretion in the urine, particularly albumin is the result of both
glomerular permselectivity and tubular reabsorption and this issue is still a
debated question (Dickson et al., 2014, Peti-Peterdi, 2009, Comper et al., 2008b).
Previous studies showed that tubular reabsorption of glomerular filtered proteins
is contributing to proteinuria (Dickson et al., 2014, Comper et al., 2008b). This
might show a relation between urinary protein excretion and impaired glomerular
permselectivity (Peti-Peterdi, 2009). Immunogold staining of endogenous albumin
by electron microscopy showed that endocytosed albumin appears to undergo

transcytosis, to the basolateral membrane where the albumin is ejected back to
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the peritubular blood supply (Russo et al., 2007). Moreover, the rate of uptake of
albumin by the PT is reduced in nephrotic rats. This is consistent with the reduced
expression of clathrin, megalin, and vacuolar H (+) ATPase A subunit, proteins
that are important components of the PT endocytotic process (Russo et al., 2007).
There is preliminary evidence that proposes more albumin leaks through the
glomerular filtration barrier, and that much of this is returned to the circulation
intact rather than being degraded (Comper et al., 2008a). These findings strongly
support the concept that the glomerular filter normally leaks albumin at nephrotic
levels. Albuminuria does not occur as this filtered albumin load is retrieved by
proximal tubular cells, whereas dysfunction of this retrieval pathway leads to
albuminuria (Comper et al., 2008a, Russo et al., 2007). The present study could
not define between the increased glomerular leakages and /or decreased
proximal tubular reabsorption of filtered protein via cubam complex endocytic
receptors in proteinuria. These observations suggest that reducing tubular
reabsorption of filtered proteins due to reduced expression of these endocytic
receptors might likely contribute to a part of the increased urinary protein

excretion.

This thesis has demonstrated that cubilin and amnionless are down-regulated in
the PTs of proteinuric kidney compared with non-proteinuric proximal tubules, and
this complex down-regulation was largely due to receptor shedding into the urine
and reduction in gene expression. The decrease of this complex was associated
with an increase in urinary excretion of aloumin; increase the enzymatic activity of
MMPs and increased cubilin and amnionless excretion into the urine of proteinuric
animals. Although the present study could not differentiate between the increased

glomerular leakage and/or decreased PT cells re-absorption of proteins via cubam
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complex, reduced tubular reabsorption of filtered proteins as a result of reducing
expression of these endocytic receptors could likely be a part of the increased
protein specifically albumin in the urine of proteinuric mice.

Due to the role of cubilin and amnionless in vitamin Bi2 absorption in the small
intestine, cubilin expression was studied in the intestine in proteinuric animals.
However, the receptor did not show any change at either the protein or gene
expression level. This illustrated that in protein overload proteinuria had no
systemic effect on cubam.

Investigating the mechanism of cubilin and amnionless reduction in proteinuric
animals has provided an insight into how the cell surface expression of cubilin and
amnionless are maintained in the PTs. The results demonstrate that increased
cubilin and amnionless expression are important as in proteinuric animals when
the expression and function of these endocytic receptors are downregulated, the
urinary exertion of plasma proteins is increased. This could be a result of the
increased enzymatic activity of metalloproteinases in the proteinuric animals.
These results suggest that increased activity of MMPs has an association with the
shedding of proteins endocytic receptors. Given the important associations
between the increase of MMPs expression and urinary shedding of the cubam
complex from proximal tubules surfaces (Thrailkill et al., 2009b), the current model
of protein overload proteinuria showed that RIP may be explained as an increase
in urinary megalin excretion and its reduced expression in PTs of proteinuric mice
(Fatah et al., 2017). Because the cubam complex is close physically to megalin
this could explain that complex may be pulled free from the PTs as a consequence

of megalin ectodomain shedding in proteinuria.
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Maintenance of cubilin and amnionless expression results in decreased urinary
excretion of plasma proteins indicating the essential role of these receptors in
normal reabsorption of glomerular filtered proteins in the kidney. Preservation of
cubilin and amnionless cell surface expression was associated with the reduced
activity of MMP that occurred by inhibiting by a broad-spectrum MMP inhibitor.
Inhibition of MMPs activity reduced cubilin and amnionless shedding into the urine
of proteinuric mice which in turn increased the expression of these receptors in
the PTs and reduction of urinary albumin excretion in protein overload animals.
Consequently, the reduced urinary excretion of plasma proteins is likely due to the
effect of MMPI on the availability of cubam complex in the PT.

In chapter six, it is revealed that protein overload led to renal tubulointerstitial
fibrosis, inflammation and apoptosis in experimental animals. In addition to the
negative effect of increased filtered protein in the tubular lumen on the expression
of endocytic receptors of the PTs, this resulted in a substantial increase in
proinflammatory cytokines and chemokines (TNF-a, TGF-B, IL-6). It also
increased the recruitment of inflammatory cells such as macrophage in the kidney
of proteinuric mice. Furthermore, protein overload caused abnormal collagen
deposition in the tubular interstitial space of proteinuric animals. Also, apoptotic
cells were markedly high in mice with proteinuria. Interestingly, Inhibition of MMPs
activity in the kidney of proteinuric animals with MMPI significantly ameliorated
renal tubulointerstitial fibrosis and inflammation as the all proinflammatory markers
expression decreased; reduced macrophage infiltration into the interstitial space
was seen, apoptosis and collagen deposition also were decreased. These data
illustrated that MMPI treatment was able to reduce the progression of

tubulointerstitial fibrosis and inflammation in the kidney of protein injected animals.
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Based on this, MMPI may be worthwhile therapeutic agents in proteinuric renal
diseases.

Ultimately, chapter seven demonstrated that cubilin and amnionless endocytic
receptors substantially declined in the PT in renal biopsies with minimal change
disease, membranous nephropathy and focal segmental glomerulosclerosis.

Interestingly, these findings were relatively consistent with the mouse model.
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Figure 8.3. Schematic diagram illustrates the effect of MMP inhibition treatment

on the proximal tubules in protein overload proteinuria.
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8.2. Conclusion

Proteinuria is an important prognostic feature in CKD. Reducing proteinuria may
be a therapeutic target to prevent the progression of renal impairments. This thesis
has provided evidence of a decrease in renal cubam complex expression
associated with albuminuria in the proteinuric animals and in human nephrotic
syndrome.

Data indicated that downregulation of cubam complex was involved in the
increased albumin excretion in the urine of proteinuric animals. Triggering MMP
activity in proteinuric animals is associated with the loss of cubam complex
receptors in the urine. However, inhibition of MMPs showed that preservation of
the expression of cubam protein endocytic receptors in the proximal tubules, as
well as reduced albuminuria in the proteinuric animals. Interestingly, MMPI
treatment in the present study ameliorated renal inflammation and fibrosis in the
proteinuric animals. This indicated a renoprotective action of MMP inhibitors in the
proteinuric nephropathy.

Understanding the mechanism of the reduction of these endocytic receptors would
be a great help for the future advance of this research field. It is clear that cubam
complex could be physiological targets for the treatment of proteinuria and kidney
diseases. This may have important clinical implications in the therapeutic

approach to albuminuria.
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8.3. Future work

Regarding cubam complex expression data, future study will examine the complex
in a different proteinuric model with a long period of time as an alternative of two
weeks of study to obtain more details about their expression. Further study will
investigate the mechanism of how the MMPs lead to shedding of the cubilin and
amnionless receptors from the apical membrane of the PTs in proteinuric animals.
In addition, further investigation will explore the effect of MMPI treatment on renal
impairment and cubam complex endocytic receptor following longer periods of
protein overload proteinuria model and study which pathway is behind the effect
of MMPI treatment. Further clinical studies are therefore needed to determine
whether this MMPI treatment has a beneficial effect in lessening the development
of proteinuria in human CKD. Recognizing the effectiveness of curative targeting

of MMPI treatment may illuminate the interplay between MMPs and proteinuria.
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Appendices

Appendix .1. Buffers, solutions and Materials used in this study

Appendix 1.1. Buffers and solutions

Block solution 2.5%
0.5 gram of milk powder in 20 ml TBST

Citrate buffer (PH 6.0)

2.94 gram of Sodium citrate in 2000 ml of distilled water

4x Laemmli sample buffer
900 pl of 4x Laemmli buffer (#161-0747)

100 ul of B-mercaptoethanol

Phosphate buffered saline (PBS) 1x (PH 7.4)
8 gram of Sodium chloride

0.2 gram of Potassium chloride
1.44 gram of Sodium phosphate, dibasic
0.24 gram of Potassium phosphate, monobasic in 1000 ml of distilled water

SDS Running Buffer x1(PH 8.3)
3.03 gram of 25 mM Tris-base

18.8 gram of 200 mM Glycine
1 gram of 0.1% (w/v) Sodium-dodecyl-sulphate (SDS) in1000 ml Distilled water

Tis-buffered saline (TBS) PH 7.4
2.4 gram of 25 mM Tris-base

5.8 gram of Sodium Chloride in1000 ml distilled water

Tis-buffered saline and Tween 20 (TBST) (PH 7.4)
2.4 gram of 25 mM Tris-base

5.8 gram of Sodium Chloride
500 pL of Tween 20 (0.05%) in1000 ml distilled water

Transfer Buffer for semi-dry Transfer

12 grams of 25 mM Tris —Base
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35 grams of 200 mM Glycine

0.75 gram of Sodium-dodecyl-sulphate (SDS) in 1000 ml distilled water PH not

adjusted.

Wash buffer 500 ml (1x) for ELISA
20ml concentrate wash buffer

480 ml distilled water

Biotin-antibody preparation (1x) for ELISA
10 pl of biotin antibody

990 pl of the antibody diluent

HRP-Avidin antibody preparation (1x) for ELISA
10 pl of HRP-Avidin antibody

990 ul of the antibody diluent
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Appendix 1.2. Ready-made Kkits

The ready-made kits were purchased from Vector Laboratories (Peterborough,

UK), BioAssay Systems, Universal Biologicals Ltd, (Cambridge, UK) and Bio-Rad

Laboratories (Hemel Hempstead, UK).
Amnionless mouse ELISA kit
EL001675MO)

ApopTag Peroxidase In situ detection kit
Avidin/biotin blocking kit

Coomassie Brilliant Blue R-250 staining kit
Cubilin mouse ELISA kit

EL006213MO)

DC protein assay reagents kit

Mouse on Mouse (M.O.M™) Basic Kit
MMP Activity Assay Kit (Fluorometric)
Peroxidase substrate (DAB) kit

Picro Sirius Red Stain Kit

ProteoSpin ™ Urine protein concentration
Micro Kit

QuantiChrom™ Creatinine Assay kit
QuantiChrom™ Albumin Assay Kit
Reverse transcriptase system

RIPA Lysis Buffer system

RNeasy Mini plus Kit

Vitamin B12 ELISA kit
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Cusabio Biotech (CSB
Millipore (S7100)

Vector Laboratories (SP-2001)
Bio-Rad Laboratories (161-0435)
Cusabio Biotech (CSB
Bio-Rad Laboratories (500-0116)
Vector Laboratories (BMK-2202)
Abcam (ab112146)

Vector Laboratories (SK-4100)
Abcam (ab150681)

Norgen Biotek corp (17400)

Bioassay system (DICT-500)
Bioassay Systems (DIAG-250)
Promega (A3500)

Santa Cruz (Sc-24948A)
Qiagen (74134)

Elabscience (E-EL010)



Appendix 1.3. Pre-cast gels

A variety of pre-cast gels were obtained from Bio-Rad Laboratories and

ThermoFisher Scientific (UK) as mentioned below: -
4-20% Tris-HCI gradient gel 10 well, 50 pl (cat no:161-1159),

7.5% Mini-PROTEAN® TGX™ Precast Protein Gels, 10-well, 30 ul (cat no: 456-

1023),

7.5% Mini-PROTEAN® TGX™ Precast Protein Gels, 10-well, 50 ul (cat no: 456-

1024),

4-20% Mini-PROTEAN® TGX™ Precast Protein Gels, 10-well, 50 ul (cat no: 456-

1094),

10% Mini-PROTEAN® TGX™ Precast Protein Gels, 10-well, 50 ul (cat no: 456-

1034).

Novex™ 10% Zymogram Plus (Gelatin) Protein Gels,1.0mm,10-well (cat no:

ZY00100BOX).
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Appendix 1.4. TagMan® Gene Expression Assays
All TagMan gene expression assays were used in a quantitative polymerase chain

reaction that obtained from ThermoFisher Scientific, the UK with catalogue

number 4331182.

Target

Assay ID

Mouse Amnionless
Mouse Cubilin
Mouse GAPDH

Mouse IL-6
Mouse MMP-2
Mouse MMP-3
Mouse MMP-7
Mouse MMP-9

Mouse Macrophage
Mouse TGF-

Mouse TNF-a
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MmO00473870_m1
Mm01325077_m1
Mm99999915 g1
MmO00446190_m1
MmO00439498 m1
MmO011168406_g1
Mm01168419 m1
MmO01240563_g1
Mm00802529 _m1l
MmO004417727_g1

MmO00443258 m1l



Appendix 1.5. Primary and secondary antibodies dilution in immunoblotting

analysis

Target

Amnionless

Cubilin

MMP-7

MMP-3

MMP-9

MMP-2

Macrophage

TNF-alpha

Aquporin-1

IL-6

TGF-beta

DDP-1V

Beta-actin

Primary Antibody

Amnionless
(SC-46727)

(K-14) antibody

Cubilin (A-20) antibody (SC-
20609)

Cubilin (T-16) antibody (SC-
23644)

MMP-7 Antibody (A-5) (SC-
515703)

MMP-3 Antibody (1B4) (SC-
21732)

MMP-9 goat polyclonal (AF902-
SP)

MMP-2 goat polyclonal (AF909-
SP)

F4/80 (C-7) monoclonal (SC-
377009)

TNFa antibody
monoclonal (SC-52746)

(52B83)
AQP1 antibody (B-11) (SC-
25287)

IL-6 antibody
monoclonal (SC-57315)

(10E5)

TGF-B (3C11) monoclonal (SC-
130348)

CD26/DPP IV goat polyclonal
(AF954)

Beta-actin monoclonal (AC-15)
(ab6276)
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Dilution

1:1000

1:1000

1:1000

1:500

1:500

1:500

1:500

1:400

1:500

1:1000

1:500

1:500

1:1000

1:5000

Secondary Antibody

Rabbit anti-goat (HRP)

Rabbit anti-goat (HRP)

Rabbit anti-goat (HRP)

Rabbit anti-mouse
(HRP)
Rabbit anti-mouse
(HRP)

Rabbit anti-goat (HRP)

Rabbit anti-goat (HRP)

Rabbit anti-mouse
(HRP)
Rabbit anti-mouse
(HRP)

Rabbit anti-goat (HRP)

Rabbit anti-mouse
(HRP)
Rabbit anti-mouse
(HRP)

Rabbit anti-goat (HRP)

Rabbit
(HRP)

anti-mouse



Appendix 1.6. Primary and secondary antibodies dilution in IHC analysis

Target

Amnionless

Aquaporin-1

Cubilin

Cubilin

DPP-IV

Caspase-3

Interlukin-6

Macrophage
F4/80

MMP-2

MMP-3

MMP-7

MMP-9

TNF-a

TGF-B

Primary antibody

Amnionless (K-14) goat
polyclonal antibody (sc-

46727)

AQP1 mouse monoclonal

Antibody (B-11) (sc-

25287)

Cubilin (A-20) goat
polyclonal (sc-20609)

Human Cubilin sheep
polyclonal (AF3700)

CD26/DPP IV goat
polyclonal (AF954)

Caspase-3 rabbit
polyclonal (H-277) (sc-

7148)

IL-6 (M-19) goat polyclonal

(sc-1285

Macrophage F4/80 (M-
300) Rabbit polyclonal (sc-

1348)

MMP-2 goat polyclonal

(AF902-SP)

MMP-3 (1B4) mouse
monoclonal (sc-21732)

MMP-7 (A-5) mouse

monoclonal (sc-515703)

MMP-9 goat polyclonal

(AF909-SP)

TNF-a (M-18) goat
polyclonal (sc-1348)

TGF-B (H-112) Rabbit
polyclonal (SC-7892)
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Dilution

1:100

1:50

1:800

1:50

1:50

1:100

1:100

1:50

1:50

1:50

1:200

1:200

1:100

1:100

Secondary Antibody

Rabbit anti-goat(biotinylated)

Goat anti-mouse(biotinylated)

Rabbit anti-goat (biotinylated)

Rabbit antisheep (biotinylated)

Rabbit anti-goat (biotinylated)

Swine anti-rabbit (biotinylated)

Rabbit anti-goat(biotinylated)

Rabbit anti-goat (biotinylated)

Rabbit anti-goat (biotinylated)

Goat anti-mouse (biotinylated)

Goat anti-mouse(biotinylated)

Rabbit anti-goat(biotinylated)

Rabbit anti-goat(biotinylated)

Swine anti-rabbit (biotinylated)



Appendix 1.7. Primary and secondary antibodies dilution in IF analysis

Target

Amnionless

Cubilin

Caspase-3

DPP- IV

Primary antibody

Amnionless (K-17) goat
polyclonal (Santa Cruz,
Germany),

Cubilin (A-20) goat
polyclonal (Santa Cruz,
Germany),

Caspase-3 (H-277) rabbit

polyclonal (Santa Cruz,
Germany)

DPP- IV goat polyclonal

Dilution

1:100

1:800

1:50

1:100

(1:50) (R&D Systems, US
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Secondary Antibody

Donkey anti-goat I1gG,
Alexa Fluor ® 488
conjugate

Donkey anti-goat I1gG,
Alexa Fluor ® 568
conjugate

Goat anti-Rabbit IgG,
Alexa Fluor 488

Donkey anti-goat I1gG,
Alexa Fluor ® 568
conjugate



Appendix.2. Standard Curve

0.5

R?=0.997
0.4

0.3

Optical Density 595 nm

0.0 T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5

Bovin Serum Albumin Concentration
(micrograms/pl)

A standard curve for determining protein concentration in mouse kidney lysate.
The concentrations were calculated by interpolating relative optical density 595
nm absorbance against a standard curve using Graph Pad Prism 7 analysis

software.
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0.4 4

0.3 4

0.2 9

Optical Density 595 nm

0.1

R%=0.999

0.0 T T T
0.0 0.5 1.0 1.5

2.0 2.5

Bovine Serum Albumin Concnetration

(micrograms/gl)

A standard curve for determining protein concentration in mouse small intestine

lysate. The concentrations were calculated by interpolating relative optical density

595 nm absorbance against a standard curve.
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0.4 9

0.3 1

0.2 1

0.1

Optical Density 595 nm

R%=0.9987

0.0 T T T
0.0 0.5 1.0 1.5

2.0 2.5

Bovine Serum Albumin Concnetration

(micrograms/ml)

A standard curve for determining protein concentration in mouse urine.

The concentrations were calculated by interpolating relative optical density (595

nm absorbance) against a standard curve.
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Optical Density
—®— Standard diluted
only in Buffer

Optical Density
=4+ Standard diluted in
Albumin Buffer

R%=0.9981
0.8
£
c 0.6
o
n
<
>
)
2 0.44
(0]
o
©
L
2 0.2
o
0.0 ke a T T T T T 1
0 100 200 300 400 500 600

Standard Protein Concentration
pg/mil

A standard curve for cubilin and amnionless ELISA assay.

The standard protein of ELISA is not affected by albumin. The relative optical
density of standard protein at 450 nm increases with the increase of standard
protein concentration. [BSA (0.003g) (Thermo Fisher Scientific) was dissolved in
1 ml of Sample Diluent Buffer. Two sets of standard protein were prepared as
follows; standard protein (A) was diluted in Sample Diluent Buffer only. Another

standard protein (B) was diluted in Sample Diluent Buffer with albumin].

284



R?=0.997
0.8

0.6

0.4

0.2

Optical Density 450 nm

0.0@ T T 1
0 200 400 600

Standard Protein Concentration
(Pg/ml)

A standard curve for determining the cubilin concentration in mouse urine.
The concentrations were calculated by interpolating relative optical density (450

nm absorbance) against a standard curve.
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R?=0.997

Optical Density 450 nm

0.0 T T 1
0 200 400 600

Standard Protein Concentration
(Pg/ml)

A standard curve for determining the amnionless concentration in mouse urine.
The concentrations were calculated by interpolating relative optical density (450

nm absorbance) against a standard curve.
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Appendix.3. Computerised image analysis Macro code

These codes were recorded using the Java programming language of the ImageJ
analysis processing software version1.51h (Schneider et al., 2012). | hereby state

that | have used these codes below for research purpose.

/The code starts:

run ("Image Sequence...", "open= ["photo analysis image\\Image.tif] sort");
open (" image\\image.tif");

run ("Colour Deconvolution”, "vectors= [H DAB] show");

selectWindow ("Image.tif-(compilemntaryColour_3)");

selectWindow ("Image.tif-(haemoxylin Colour_1)");

selectWindow ("Image.tif-(DAB Colour_2)"); choose
run ("Subtract Background...", "rolling=50 light");
call ("j.plugin. frame. Threshold Adjuster. Set Mode", "Red");

/frun ("Threshold...");

/IsetThreshold (180, 255);

run ("Convert to Mask");

run ("Set Measurements...", "area min area_fraction limit display redirect=None decimal=2");
run("Measure"); (Total area of non-staining IHC measurement);

run ("Save As"),

Call ("j.plugin. Frame. Threshold Adjuster. Set Mode", "Red");

/Irun ("Threshold..."); -

/Iset Threshold (0, 180);

run ("Convert to Mask");

run ("Set Measurements...", "area min area_fraction limit display redirect=None decimal=2");
run("Measure"); (Area of interesting target staining IHC measurement);

run ("Save As"),

run("Result");
run("Summarize");
run ("Save As"),
run ("All Close"),

/I End of the code.

Analysis of IHC images through using Macro code ImageJ analysis software
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I/start of code:

run (“lmage Sequence...”,” open photo analysis image, sort”);
open (“photo analysis image\\Compositennn.jpg”);

run (*Split Channels™);

selectWindow ("Compositennn.jpg (blue)”);

selectWindow ("Compositennn.jpg (green)”);

selectWindow (*Compositennn jpg (red)");

selectWindow ("Compositennn_jpg (green)’);
run (“8-bit");
run (*Subtract Background. ..

, "rolling=50 create™);
call (*ij.plugin. Frame. Threshold Adjuster. set Mode", "Red");

firun {("Threshold...");
setAutoThreshold ("Default dark™);
/iset Threshold (100, 225);
run (*Convert to Mask™);
run (*Set Measurements. ..
decimal=27);
run{"Measure"); Total Area of no fluorescence

. "area min integrated area_fraction limit display redirect=None

setAutoThreshold ("Default dark™);
/iset Threshold (0, 180);
run (*Convert to Mask™);
run (*Set Measurements. ..
decimal=27);
run({"Measure"); Area of fluorescence
save As ("Results”);
run{*Summarize");

run (*Close”);

. "area min integrated area_fraction limit display redirect=None

selecfWindow (*Compositennn jpg (red)’);
run (“8-bit");

setAutoThreshold ("Default dark™);

firun {("Threshold...");

/iset Threshold (100, 225);
run (*Convert to Mask™);
run (*Set Measurements. ..
decimal=27);
run{"Measure"); Total Area of no fluorescence

. "area min integrated area_fraction limit display redirect=None

setAutoThreshold ("Default dark™);
/iset Threshold (0, 180);
run (*Convert to Mask™);
run (*Set Measurements. ..
decimal=27);
run({"Measure"); Area of fluorescence
save As ("Results”);
run{*Summarize");

run (*Close”);

. "area min integrated area_fraction limit display redirect=None

The End of code

Analysis of immunofluorescent image using Macro code ImageJ analysis
software
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